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RESUMEN 

Una pregunta básica relacionada con los patrones diferenciales de expresión génica es: 

¿cómo se obtienen diferentes tipos celulares en un organismo, a pesar de contener el 

mismo templado de DNA? Desde que la 5-hidroximetilcitosina (5hmC) surgió como un 

metabolito intermediario en la desmetialción activa del DNA, se han incrementado los 

esfuerzos para dilucidar su función como una modificación estable en el genoma, 

incluyendo su papel en el establecimiento de patrones de expresión de genes específicos 

de tejido. En este trabajo se estudia la distribución de la 5hmC a nivel de genoma completo 

en un estado temprano de la diferenciación in vitro de células humanas tipo hepatocito. Se 

observó un incremento global de 5hmC así como una reducción de 5-metilcitosina a una 

semana de la diferenciación in vitro de progenitores bipotenciales, al tiempo en el que el 

programa de transcripción hepático ya se ha establecido; estos datos correlacionan con el 

enriquecimiento, recientemente descrito, de 5hmC mediado por TET1 sobre la región 

promotora del regulador maestro de la diferenciación de hepatocitos HNF4A, la cual 

precede la diferenciación de células hepáticas progenitoras adultas in vitro. La 5hmC se 

encontró, en general, más elevada en los cuerpos de genes sobreexpresados. Además se 

observó que al incrementar los niveles de S-adenosilmentionina a través de un derivado de 

adenosina, se disminuye el enriquecimiento de 5hmC, conduciendo a una menor 

adquisición  de marcadores de identidad celular. Estos resultados sugieren que la 5hmC 

puede ser un marcador de la identidad celular, así como un biomarcador útil en condiciones 

asociadas con la desdiferenciación celular como en el cáncer hepático. 
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ABSTRACT 

A basic question linked to differential patterns of gene expression is how cells reach different 

fates despite using the same DNA template. Since 5-hydroxymethylcytosine (5hmC) 

emerged as an intermediate metabolite in active DNA demethylation, there have been 

increasing efforts to elucidate its function as a stable modification of the genome, including 

a role in establishing such tissue-specific patterns of expression. Recently it has been 

described a TET1-mediated enrichment of 5hmC on the promoter region of the master 

regulator of hepatocyte identity, HNF4A, which precedes differentiation of liver adult 

progenitor cells in vitro. This work assessed the genome-wide distribution of 5hmC at early 

in vitro differentiation of human hepatocyte-like cells. A global increase in 5hmC as well as 

a reduction of 5-methylcytosine were found after one week of in vitro differentiation from 

bipotent progenitors, at a time when the liver transcript program is already established. 

5hmC was overall higher at the bodies of overexpressed genes. Furthermore, increasing S-

adenosylmethionine levels through an adenosine derivative we decrease 5hmC enrichment, 

triggering an impaired acquisition of hepatic identity markers. These results suggest that 

5hmC could be a marker of cell identity, as well as a useful biomarker in conditions 

associated with cell de-differentiation such as liver cancer. 
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RÉSUMÉ 

Une des questions fondamentales liée aux schémas différentiels d'expression des gènes 

est de savoir comment les cellules parviennent à des destinées différentes malgré 

l'utilisation de la même matrice d'ADN. Depuis que la 5-hydroxyméthylcytosine (5hmC) a 

été identifiée en tant que métabolite intermédiaire dans la déméthylation active de l'ADN, 

des efforts croissants ont été déployés pour élucider sa fonction en tant que modification 

stable du génome, notamment pour établir de tels modes d'expression spécifiques à un 

tissu. Récemment, il a été décrit un enrichissement de 5hmC médié par TET1 sur la région 

promotrice du gène régulateur principal de l'identité des hépatocytes, HNF4A, qui précède 

la différenciation in vitro des cellules progénitrices adultes du foie. Ce travail a évalué la 

distribution à l'échelle du génome de 5hmC au début de la différenciation in vitro de cellules 

ressemblant à des hépatocytes humains. Une augmentation globale de 5hmC ainsi qu'une 

réduction de la 5-méthylcytosine ont été observées après une semaine de différenciation in 

vitro des progéniteurs bipotents, à un moment où le programme de transcription du foie est 

déjà établi. 5hmC était globalement plus élevé au niveau de la partie transcriptionnelle des 

gènes surexprimés. De plus, en augmentant les taux de S-adénosylméthionine par le biais 

d'un dérivé de l'adénosine, nous diminuons l'enrichissement de 5hmC, ce qui entraîne une 

acquisition altérée des marqueurs d'identité hépatiques. Ces résultats suggèrent que 5hmC 

pourrait être un marqueur d'identité cellulaire, ainsi qu'un biomarqueur utile des conditions 

associées à la dédifférenciation cellulaire, comme le cancer du foie.  
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1. INTRODUCCIÓN 

La historia de la epigenética está ligada al estudio de la evolución y el desarrollo. Durante 

los últimos 50 años, el significado del término “epigenética” ha evolucionado en paralelo 

con el dramático incremento del conocimiento de los mecanismos moleculares que 

coordinan la regulación de la expresión genética en eucariontes. Las definiciones actuales 

de epigenética reflejan nuestro entendimiento referente a que el DNA es esencialmente el 

mismo en todas las células somáticas de un organismo, que los  patrones de expresión 

génica difieren en gran medida entre los diferentes tipos de células y que estos patrones 

pueden ser heredados clonalmente. Esto ha conducido a una definición de trabajo para 

epigenética como “el estudio de cambios mitótica y/o meióticamente heredables de la 

función génica, que no pueden ser explicados por cambios en la secuencia de DNA”. Más 

recientemente agregado a esta definición, se encuentra la restricción en torno a que el inicio 

del nuevo estado epigenético implica un mecanismo transitorio separado del requerido para 

mantenerlo. Considerando que la definición de epigenética ha evolucionado para ajustarse 

al avance del conocimiento, es importante tener en mente que la pregunta original era: 

¿cómo puede un óvulo fertilizado individual originar a un organismo complejo con células 

con diferentes fenotipos? [Felsenfeld, 2014]. 

Una vez que Fleming descubrió la existencia de los cromosomas en 1879, varios 

investigadores continuaron sobre la línea, incluidos Wilson y Boveri, que proveyeron 

evidencia sólida de que el programa de desarrollo residía en los cromosomas. Desde ese 

punto hubo un gran avance en torno al estudio de estas estructuras, sin embargo la 

pregunta de la “epigénesis” clásica continuaba: ¿qué moléculas dentro del cromosoma 

acarrean la información genética? ¿cómo es que dirigen el programa de desarrollo 

embrionario? y ¿cómo es que la información es transmitida durante la división celular? Ya 

era claro que tanto los ácidos nucleicos como las proteínas estaban presentes en los 
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cromosomas, pero su contribución relativa no era obvia; ciertamente, nadie creía que 

únicamente los ácidos nucleicos pudieran contener toda la información para el desarrollo y 

aún se mantenían preguntas en torno a la posible contribución del citoplasma. Este debate 

cambió dramáticamente por la identificación del DNA como el responsable de contener la 

información genética. En última instancia, este evento también fue útil para redefinir a la 

epigenética y distinguir entre las modificaciones heredables atribuibles a cambios en la 

secuencia de DNA, de los que no podían asociarse a este tipo de cambios [Felsenfeld, 

2014].  

En años recientes, el estudio de la epigenética se ha enfocado en definir mecanismos de 

transmisión de la información no codificada en el DNA. La definición del término epigenética 

ha cambiado, pero la pregunta sobre los mecanismos de desarrollo abordados por las 

generaciones tempranas de investigadores en el campo son ahora nuevamente el centro 

de atención. Los epigenéticos contemporáneos aún abordan estas preguntas centrales y 

con la llegada de este conocimiento, actualmente se puede afirmar que los mecanismos 

epigenéticos son, de hecho, responsables de una considerable parte del fenotipo de 

organismos complejos [Felsenfeld, 2014]. 

 

1.1. Regulación de la transcripción  

El control de los programas de transcripción está mediado por tres principales mecanismos 

que actúan en conjunto (Figura 1). El primero se basa en los factores de transcripción que 

se unen a secuencias específicas y que regulan un conjunto particular de genes. El segundo 

involucra mecanismos que tienen que ver con la metilación del DNA y las modificaciones 

post-traduccionales de histonas que en su conjunto proveen la memoria epigenética que 

ayuda a estabilizar el estado de diferenciación de una célula y su progenie y el tercero está 
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relacionado con la organización nuclear de la cromatina. A gran escala, el plegamiento de 

la cromatina puede afectar la expresión génica a través de localizar los genes en 

subcompartimentos nucleares específicos que son estimulantes o inhibitorios de la 

transcripción [Peric-Hupkes et al., 2010].  

 

Fig. 1. Mecanismos que regulan los programas de transcripción. Esquema donde se 
ilustran los tres principales niveles de regulación de la transcripción. 1. Factores de 
transcripción (TF). 2. Dinámica de la metilación del DNA y modificaciones post-
traduccionales de histonas y 3. Topología de la cromatina y organización tridimensional 
dentro del núcleo. Modificado de [Gericke et al., 2017; Matharu and Ahituv, 2015; Nelson 
and Cox, 2008] 

 

Con los avances en el entendimiento de la organización de la cromatina en el genoma 

eucarionte, se ha hecho evidente que no sólo la genética sino también la epigenética  influye 

tanto en la biología normal como en las enfermedades [Recillas-Targa, 2014]. Es por esto 

que los factores de transcripción y las modificaciones epigenéticas se han estudiado 

extensamente estudiados en diferentes procesos, desde la diferenciación hasta las 

enfermedades  [Rodríguez-Aguilera, 2015].  
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1.1.1. La dinámica de la metilación del DNA  

La metilación del DNA es uno de los procesos epigenéticos más estudiados durante el 

desarrollo de los organismos y la diferenciación celular [Bird, 2002]. Consiste en  la 

incorporación de un grupo metilo en la posición 5 de la citosina del dinucleótido CpG [Bird 

and Wolffe, 1999]. Existe evidencia que sustenta el papel de esta modificación en el 

mantenimiento de la estabilidad genómica, manteniendo la estructura de la cromatina con 

una configuración estable en cuanto a elementos móviles, como transposones y otras 

secuencias repetidas [Cordaux and Batzer, 2009; Smith and Meissner, 2013]. La 5-

metilcitosina (5mC) es una base poco abundante en el DNA de mamífero, constituye 1% 

de todas las bases del DNA y es casi exclusivamente como metilación simétrica del 

dinucleótido CpG [Ehrlich and Wang, 1981; Li and Zhang, 2014]. 

El descubrimiento de la DNA metiltransferasa de mantenimiento (DNMT1), proporcionó un 

mecanismo por el cual el patrón de metilación se puede mantener a lo largo de 

generaciones celulares. La actividad de metiltransferasa de DNA de mamífero responsable 

de la replicación semiconservativa de la metilación del DNA fue detectada en extractos 

celulares y purificada como una proteína de 200 kDa [Bestor and Ingram, 1983]. Esta 

enzima es específica para CpG y tiene actividad significativa contra DNA no metilado en 

ensayos bioquímicos. Sin embargo, su sustrato  preferido es el DNA hemimetilado (metilado 

en CpG en una de las dos cadenas) (Figura 2). Estudios genéticos subsecuentes indicaron 

que la inactivación de Dnmt1 en células troncales embrionarias de ratón conduce a una 

pérdida genómica de la metilación de CpG [Li et al., 1992]. Esta evidencia concuerda con 

la observación de que la Dnmt1 mantiene la metilación del DNA en las CpGs completando 

los sitios hemimetilados, lo que valida la hipótesis propuesta originalmente por los grupos 

de Pugh y Riggs en 1975 [Holliday and Pugh, 1975; Li and Zhang, 2014; Riggs, 1975]. 
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Las metiltransferasas (de DNA) de novo fueron descubiertas al buscar una homología de 

secuencia con las metiltransferasas de citosina procariotas, utilizando bases de datos de 

expresión de secuencias. Estas metiltrasferasas procariotas comparten un conjunto de 

motivos proteicos conservados [Posfai et al., 1989], características que se encontraron en 

la DNA metiltransferasa de mantenimiento, Dnmt1. La búsqueda de homología identificó 

tres genes que podían codificar potencialmente DNA metiltransferasas nuevas (Figura 2). 

Una proteína candidata, Dnmt2, mostró una actividad de DNA metiltransferasa mínima in 

vitro y su ausencia no tuvo un efecto discernible sobre la metilación del DNA de novo o de 

mantenimiento [Okano et al., 1998b]. Los otros dos genes, Dnmt3a y Dnmt3b, codificaron 

polipéptidos catalíticamente activos relacionados que no presentaron preferencia para 

metilar DNA hemimetilado in vitro, a diferencia de Dnmt1 [Okano et al., 1998a]. La 

inactivación tanto de Dnmt3a como Dnmt3b por selección de genes en ESC confirmó que 

estos genes constituían a las DNA metiltransferasas de novo, ya que ESC y embriones 

carentes de ambas proteínas no son capaces de metilar de novo a los genomas provirales 

y elementos repetitivos [Li and Zhang, 2014; Okano et al., 1999]. 

  



18 
 

 

Fig. 2. DNA metiltransferasas de mamífero. Los dominios catalíticos de las Dnmt1, Dnmt2 
y de los miembros de la familia Dnmt3 están conservados (los motivos I, IV, VI, IX y X son 
los más conservados en todas las metiltransferasas de citosina), pero hay poca similitud 
entre sus dominios regulatorios amino-terminales. PCNA, dominio de interacción con el 
antígeno nuclear de células en proliferación (PCNA); NLS, señal de localización nuclear; 
RFT, dominio de focalización de replicación; CXXC, dominio  rico en cisteína implicado en 
las secuencias de unión a DNA que contienen dinucleótidos CpG; BAH, dominio de 
homología bromo adyacente implicado en las interacciones proteína-proteína; PWWP, 
dominio que contiene un motivo altamente conservado de "prolina-triptófano-triptófano-
prolina" involucrado en la asociación con heterocromatina; ATRX, región rica en cisteína 
relacionada con la helicasa dependiente de ATP (ATRX) que contiene un dedo de zinc C2-
C2; PHD, dominio atípico implicado en interacciones proteína-proteína. Tomado de [Li and 
Zhang, 2014]. 

Las enzimas DNMTs transfieren el grupo metilo a la posición 5 de la citosina en el 

dinucleótido CpG a partir de la S-adenosilmetionina (SAM) convirtiéndola a S-

adenosilhocisteina (SAH) (Figura 3). La SAM es generada a partir de metionina a través de 

la adenilación de este aminoácido catalizada por las adenosilmetiltransferasas de metionina 

(MAT)  [Finkelstein, 1990; Tehlivets et al., 2013; Zhang, 2018]. Más adelante se 

profundizará entre la relación del metabolismo y la regulación epigenética, donde se 

detallarán las reacciones que dan origen a la SAM. 
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Fig. 3. Ruta de biosíntesis de S-adenosilmetionina (SAM) y su relación con procesos 
relacionados con la cromatina. La SAM es un co-factor esencial para las enzimas 
modificadoras de la cromatina como las proteínas metiltransferasas de arginina (PRMT), 
metiltransferasas de DNA (DNMT) y metiltransferasas de lisina (KMT). Esta ruta está 
metabólicamente influenciada por la ruta de recuperación de NAD en virtud de que la 
enzima SAH hidrolasa (SAHH) en su ruta de biosíntesis usa al dinucleótido de nicotinamida 
adenina (NAD). El principal producto del metabolismo de la SAM es la SAH, la cual tiene 
efectos inhibitorios sobre los complejos modificadores de la cromatina dependientes de 
SAM. HCy, homocisteina. Tomado de [Berger and Sassone-Corsi, 2016]. 

El DNA a lo largo del genoma de tejidos somáticos de mamífero se encuentra metilado en 

un 70-80% e todos los sitios CpG. Con los continuos avances en la tecnología ha habido 

un refinamiento constante en el nivel de detalle en el que se puede medir la metilación del 

DNA a una resolución de un sólo sitio CpG en un tipo celular dado. Estudios de trazado de 

mapas a lo largo del genoma indican que secuencias altamente metiladas incluyen DNAs 

satélite, elementos repetidos (incluyendo transposones y sus reliquias inertes), DNA 

intergénico no repetitivo y exones de genes. Muchas secuencias se encuentran metiladas 

de acuerdo a su frecuencia de dinucleótidos CpG. Excepciones clave a esta metilación 

global en el genoma de mamífero son las islas CpG (CGI) [Li and Zhang, 2014]. 
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Las CGIs son secuencias ricas en CG de aproximadamente 1 kb de longitud. Generalmente 

se encuentran no metiladas en células germinales, embriones tempranos y en varios tejidos 

somáticos [Bird et al., 1985]. Fue en los primeros estudios de trazado de mapas de 

promotores individuales de genes donde se identificaron estas regiones ricas en CG 

[McKeon et al., 1982] (Figura 4A). Actualmente es evidente que muchas (aunque no todas) 

las CGIs marcan los promotores en la región 5’ de los genes. De hecho, aproximadamente 

60% de los genes humanos presentan promotores CGI [Li and Zhang, 2014]. 

 

Fig. 4. Islas CpG (CGIs). (A) Las CGIs son regiones de la densidad de CpG (>50%), 
usualmente de 200 pb – 2 kb de longitud que carecen de metilación de DNA, y se 
encuentran en promotores de muchos genes humanos. Un silenciamiento de largo plazo 
de un gen puede atribuirse a la metilación de la región CGI. Por ejemplo, genes en el 
cromosoma X inactivo y ciertos genes improntados son silenciados de esta manera. 
También en células tumorales, ciertos genes son silenciados aberrantemente por metilación 
de CGIs. Las shores son regiones del genoma que residen 2 kb río arriba de las CGIs, 
mientras que las shelves se encuentran de 2 – 4 kb de distancia de las CGIs. (B) El Análisis 
de inmunoprecipitación de la cromatina (IP) de los sitios de unión de Kdm2b muestra que 
la proteína está enriquecida en CpGs del locus Hox donde se localizan CGIs sin metilación 
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(barras verdes). (C) Las proteínas Cfp1, Kdm2a, y Kdm2b comparten un dominio común 
CXXC que se une específicamente a sitios CpG no metilados. La longitud de la proteína se 
indica a la derecha de cada una. Abreviaciones de otros dominios incluyen PHD, plat 
homeodominio; A, dominio acídico; B, dominio básico; S, dominio de integración Set1; C, 
dominio coiled coil; LRR, dominio de repetidas ricas en leucina. Tomado de [Li and Zhang, 
2014]. 

Los genes con promotores CGI que se expresan de manera específica de tejido se 

expresan usualmente en embriones tempranos y después en el soma. Un patrón distinto 

de metilación del DNA se encuentra en el cromosoma X inactivo en hembras, donde 

contrario a la norma, las CGIs se metilan de novo en un gran número durante el proceso 

embrionario de inactivación del cromosoma X en la placenta [Wolf et al., 1984]. Este 

proceso es determinante para evitar la expresión de genes en el cromosoma inactivado, lo 

cual es crucial para la compensación de dosis, es por ello que ratones o células deficientes 

en metilación del DNA muestran frecuentemente reactivación transcripcional de genes 

relacionados al cromosoma X [Brockdorff and Turner, 2015; Li and Zhang, 2014]. 

Los estudios sobre los patrones de metilación se han enfocado en la pregunta ¿cómo la 

expresión génica es regulada por la metilación del DNA? Las CGIs normalmente 

permanecen sin metilar y diversos mecanismos están involucrados en su protección contra 

la metilación de novo por las DNMT3A y DNMT3B. El descubrimiento de dos proteínas que 

contienen un dominio de unión a DNA CXXC, Cfp1 y Kdm2 (Figura 4 B y C), que son 

capaces de unirse específicamente a CpGs no metiladas dentro de las CGIs [Blackledge et 

al., 2013; Thomson et al., 2010], ha mostrado una forma de cómo el DNA no metilado puede 

contribuir en la creación de un ambiente de cromatina transcripcionalmente competente y 

protegerse así de la metilación de DNA de novo [Cheng, 2014; Deaton and Bird, 2011], es 

decir, la unión de Cfp1 y Kdm2 en sitios no metilados de CGIs previene la metilación en 

esta región. 

El incremento de resolución con la cual se han analizado los metilomas de tipos celulares 

específicos ha comenzado a revelar patrones de metilación de DNA asociados al desarrollo 
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normal en comparación con estados patológicos como el cáncer o estados como el de 

envejecimiento. Los detalles han resultado en la caracterización de diferentes tipos de CGIs 

conteniendo un sitio de inicio de la transcripción (TSS) y comparando contra CGIs 

huérfanas que pueden estar localizadas intra- o intergénicamente. Los estudios han 

revelado también otras regiones diferencialmente metiladas denominadas shores 

(localizadas 2 kb río arriba de la CGI) y shelves (localizada entre 2-4 kb de la CGI [Irizarry 

et al., 2009] (Figura 4A). Un estudio ha propuesto que el estado de metilación del DNA en 

el primer exón de un gen es un mejor indicador de la represión transcripcional que las CGIs 

[Brenet et al., 2011]. La relevancia que estas categorías de regiones que contienen CpGs 

en el genoma con el ambiente cromatínico, el control de la transcripción así como su 

represión y el desarrollo de patologías o su asociación, aun es materia de análisis [Li and 

Zhang, 2014]. 

Uno de los aspectos más atractivos de la epigenética ha sido, hasta hace poco, el intenso 

debate sobre la reversibilidad de la metilación del DNA [Recillas-Targa, 2014]. En años 

recientes, la desmetilación activa del DNA ha surgido como una novedosa y reversible 

manera de regulación epigenética, en particular a través de la modificación de la 5mC en 

5-hidroximetilcitosina (5hmC) como parte de la cascada enzimática que conduce a la 

recuperación de una citosina sin modificar [Hahn et al., 2014]. La presencia de 5hmC en el 

genoma es conocida desde 1972, cuando Yura R. y colaboradores propusieron un método 

que permitía identificar esta modificación en el DNA de cerebro e hígado de rata [Penn et 

al., 1972], pero fue hasta 2009 cuando dos grupos independientes describieron la presencia 

de esta citosina oxidada en las neuronas de Purkinje y en células troncales embrionarias 

(ESCs, por sus siglas en inglés) [Kriaucionis and Heintz, 2009; Tahiliani et al., 2009] y pocos 

años después, fueron descritas otras formas más oxidadas que la 5hmC (5-formilcitoisna 
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(5fC), y 5-carboxilcitosina (5caC)), así como las enzimas que catalizan las reacciones de 

oxidación de la 5mC (Dioxigenasas TET (TET)) [Ito et al., 2011] (Figura 5). 

El descubrimiento de la hidroximetilación de la citosina sugirió una forma simple y activa de 

desmetilación de DNA y activación de genes. Sin embargo, diferentes estudios han 

revelado un proceso inesperado y complejo que implica tanto al mecanismo de 

desmetilación pasivo del DNA como al mecanismo activo y los estudios subsecuentes 

asociaron a tres familias enzimáticas al proceso activo de desmetilación (Figura 6): la familia 

TET que modifica a las citosinas metiladas primero por hidroxilación y después por 

oxidaciones subsecuentes; la activación inducida de la familia de la citidina desaminasa 

(AID/APOBEC), que desamina la base (tanto 5mC como 5hmC); y finalmente a la familia 

de glucosilasas involucradas en la reparación de DNA por escisión de bases (BER) [Bhutani 

et al., 2011]. Rutas bioquímicas ya validadas podrían estar participando en la modificación 

de la citosina dentro del DNA. Brevemente, el grupo metilo incorporado a la citosina por las 

metiltransferasas de DNA (DNMTs), enzimas que utilizan al donador universal de grupos 

metilo S-adenosilmetionina (SAM), genera a la 5mC. Esta citosina modificada puede 

oxidarse iterativamente hacia 5hmC, 5fC y 5caC (Figura 6). En la ruta de desmetilación 

pasiva, la 5hmC se diluye en un proceso dependiente de la replicación para generar una 

citosina sin modificación. Esto significaría que la pérdida pasiva de 5fC y 5caC altamente 

oxidados no es significativa. En la ruta de desmetilación activa, la cual es seguida de una 

restauración igualmente activa, la 5fC o 5caC son escindidas por la glucosilasa de timina 

de DNA (TDG), generando un sitio sin base como parte del sistema de reparación de DNA 

por escisión de bases que genera una citosina sin modificar [Kohli and Zhang, 2013]            

(Figura 6). 
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Fig. 5. Estructura de los dominios de la familia de proteínas Tet en ratón. Diagramas 
esquemáticos de las estructuras predichas de los dominios conservados en las tres 
proteínas Tet de ratón. Los dominios conservados incluyen al dominio zinc binding CXXC, 
el dominio rico en cisteína, y la doble hélice β (DSHB) encontradas en los miembros de la 
Superfamilia de dioxigenasas. Tanto el dominio rico en Cys y el DSBH han mostrado ser 
críticos para la actividad enzimática. Los números indican el número de aminoácidos. 
Tomado de [Li and Zhang, 2014]. 

 

Fig. 6. Proceso de desmetilación del DNA. Desde hace mucho tiempo se sabe que la 
desmetilación pasiva del DNA ocurre por una reducción en la actividad o ausencia de 
metiltransferasas de DNA (DNMTs) (flechas negras). Las DNMT3A y 3B son responsables de la 
metilación de DNA de novo, mientras que la DNMT1 mantiene los patrones de metilación del DNA a 
través de las sucesivas rondas de división celular. Tres familias enzimáticas están implicadas en la 
desmetilación activa del DNA a través de la reparación del DNA. (1) La 5-metilcitosina (5mC) puede 
ser oxidada por la familia de las dioxigenasas ten-eleven translocation (TET) (flechas azules) hacia 
5-hidroximetilcitosina (5hmC), la cual puede ser oxidada sucesivamente hacia 5-formilcitosina (5fC) 
y 5-carboxilcitosina (5caC). (2) La 5mC (o la 5hmC) pueden ser desaminadas por los miembros de 
la familia Desaminasa de Citosina Inducida por Activación / Enzima editora de la apolipoproteína B 
mediante mRNA semejante al polipéptido catalítico (AID/APOBEC) (flechas moradas) para formar al 
5-metiluracilo (5mU) o 5-hidroximetiluracilo (5hmU). (3) El reemplazo de estos intermediarios (por 
ejemplo 5mU, 5hmU o 5caC) es iniciado por la familia de la glucosilasa de uracilo de DNA de las 
glucosilasas de reparación por escisión de base (flechas verdes) como La glucosilasa de timina de 
DNA (TDG) o la glucosilasa de uracilo de DNA monofuncional selectiva monocatenaria (SMUG1), 
culminando en el reemplazo de la citosina y desmetilación del DNA. Tomado de [Bhutani et al., 2011]. 
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En la actualidad existen varios esfuerzos para elucidar las funciones epigenéticas de la 

5hmC. El descubrimiento de esta modificación del DNA generó una gran expectativa al ser 

capaz de incrementar fácilmente la expresión reprimida por 5mC en promotores de varios 

genes [Bhutani et al., 2011; Pastor et al., 2011], por lo que se establece que la función de 

la 5hmC es claramente diferente a la de la 5mC. 

Algunos de los esfuerzos por entender la función de la 5hmC han demostrado que la 

conversión de 5mC en 5hmC reduce considerablemente la afinidad de proteínas de unión 

a dominios de DNA metilado (MBDs) en ensayos in vitro [Valinluck et al., 2004], sin 

embargo, más recientemente se describió que MeCP2, una proteína MBD, presenta la 

capacidad de unirse a regiones de cromatina abierta enriquecida en 5hmC promoviendo la 

activación de genes [Mellen et al., 2012]. Otros estudios identificaron que la 5hmC se 

encuentra de manera abundante en el genoma de las ESCs y en el linaje neural [Ruzov et 

al., 2011] y que juega un papel importante en la autorenovación de ESCs [Ito et al., 2010]. 

Esto concuerda con el conocimiento en relación a que en ESCs, la cromatina se encuentra 

globalmente descompactada, enriquecida en marcas de histonas de activación en 

comparación con una célula diferenciada que presenta regiones de forma de 

heterocromatina compacta y acumulación de marcas de histonas de silenciamiento 

[Meshorer and Misteli, 2006]. (Figura 7). 
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Fig.7. Modelo a gran escala de las transiciones de los estados de la cromatina. La 
ilustración muestra los patrones de la cromatina a gran escala y su presencia relativa en 
células de diferente estado de desarrollo o ambiente. Aunque la cantidad de secuencia del 
genoma que participa en la actividad reguladora del gen es relativamente constante, la 
configuración de cromatina de las regiones inactivas varía considerablemente. En células 
troncales embrionarias (izquierda), las regiones inactivas están enriquecidas difusamente 
para los marcadores de intercambio de cromatina y accesibilidad. En células diferenciadas 
in vivo (centro), los loci inactivos, en su lugar, tienden a adoptar un estado de cromatina 
reprimida por Polycomb. En células diferenciadas in vitro (derecha), hay grandes dominios 
enriquecidos para la marca de heterocromatina H3K9me3 que emergen en regiones 
asociadas a la lamina nuclear. Tomado de [Zhu et al., 2013]. 

1.1.2. Las enzimas TETs como responsables de la formación de 5hmC  

Las enzimas TET originalmente llamadas Ten-eleven translocation proteins al haber sido 

identificadas fusionadas con la proteína MLL1 en leucemia mieloide aguda [Ono et al., 2002] 

son las responsables de la oxidación de la 5mC, y son los homólogos mamíferos de las 

proteínas de tripanosoma JBP1 y JBP2 a quién se les ha atribuido la función de oxidar al 

grupo 5-metilo de la timina [Tahiliani et al., 2009]. Estas enzimas se encuentran distribuidas 

en diferentes tejidos. Recientemente el grupo de Rao analizó la expresión de las tres 5mC-

oxidasas en tejidos murinos y encontró que Tet1 y Tet2 son los dos principales transcritos 

de Tet expresadas en células embrionarias de ratón, mientras que Tet3 se expresa 

escasamente; por otra parte, Tet2 y Tet3 son los principales transcritos Tet expresadas en 

tejidos diferenciados (Figura 8) [Tsagaratou and Rao, 2014]. 
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Fig. 8. Tejidos con mayor expresión de los transcritos que codifican a las 
dioxigenasas TET en ratón. Células troncales embrionarias de ratón (ESC) expresan 
principalmente Tet1 y Tet2; Tet3 se expresa escasamente en ESC pero es abundante en 
células diferenciadas. Basado en análisis de northern blot de [Tsagaratou and Rao, 2014]. 

 

Las enzimas TET son miembros de las dioxigenasas dependientes de Fe2+/α-cetoglutarato, 

las cuales pueden ser inhibidas competitivamente por la pérdida o ganancia de actividades 

que involucren la producción de α-cetoglutarato (α-KG) y 2-hidroxiglutarato (2-HG) 

respectivamente [Dang et al., 2009; Zhao et al., 2009] porque el 2-HG funciona como un 

antagonista del α-KG ya que se une en el mismo punto del sitio catalítico de la enzima TET 

[Xu et al., 2011]. El cambio en la producción de α-KG puede ser originado por mutaciones 

en genes que codifican para las enzimas isocitrato deshidrogenasas (IDH1 e IDH2). Tales 

mutaciones se han reportado en algunos tipos de neoplasias como la leucemia mieloide 

aguda [Mardis et al., 2009], el glioma [Parsons et al., 2008], el condrosarcoma [Amary et 

al., 2011a], el encondroma [Amary et al., 2011b; Pansuriya et al., 2011], en carcinomas de 

tiroides [Hemerly et al., 2010] y el colangiocarcinoma [Wang et al., 2019]. En este punto es 

importante mencionar que el grupo de Shi ha descrito un papel de IDH2 como supresor de 

Cerebro Pulmón   Músculo  
esquelético 

 

Timo Médula ósea ESC Ganglio 
 linfático 

Bazo 
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tumor en el carcinoma hepatocelular (HCC) [Liu et al., 2014], sin embargo la expresión de 

IDH2 mutada y el papel preciso de IDH2 en HCC aún se encuentra en investigación.  

Esta información resalta la relevancia de las enzimas TET así como de la 5hmC en la 

regulación y mantenimiento de la homeostasis en los diferentes tejidos. 

1.1.3. Abundancia de la 5hmC en diferentes tejidos  

Desde que se describió la presencia de la 5hmC, la investigación se ha enfocado en evaluar 

la función de esta modificación en el sistema nervioso, quizá por su relativa abundancia en 

este tejido, pero la 5hmC está  presente en diferentes linajes celulares. Diferentes tejidos 

de ratón, evaluados con un método de cromatografía líquida de alta resolución acoplada a 

espectrometría de masas (HPLC-MS) basado en isótopos ultra sensible y preciso, revelaron 

el nivel de 5hmC, el cual se clasificó dependiendo de su abundancia relativa en altos (5hmC 

de 0.3 – 0.7%), medios (5hmC de 0.15 a 0.17%) y bajos (5hmC de 0.03 – 0.06%) (Tabla 1) 

[Globisch et al., 2010]. Estos valores indican que la 5hmC se encuentra extensamente 

distribuida en los tejidos de ratón, lo cual abre la puerta a un nuevo mundo de regulación 

de manera específica de tejido. 

Tabla 1. Cantidad de 5hmC en tejido de ratón. Datos tomados de [Globisch et al., 2010]   
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Con respecto al ser humano, se ha desarrollado un inmunoensayo de alta sensibilidad que 

permite la distinción entre 5mC y 5hmC. Los tejidos con mayor porcentaje de 5hmC (0.45 – 

0.68 %) incluyen al cerebro, recto, hígado y colon (Tabla 2) [Li and Liu, 2011]. Este dato 

revela una notoria diferencia entre los tejidos de humano y ratón desde el punto de vista de 

la cantidad relativa de 5hmC. Esto pudiera sugerir que la 5hmC juega un papel importante 

y diferente en la dinámica de metilación del DNA, la remodelación de la cromatina y la 

expresión génica de manera órgano, tejido o célula  específica y probablemente con 

variaciones entre las especies. 

Tabla 2. Porcentaje de 5hmC en tejidos humanos. Datos tomados de [Li and Liu, 2011]. 
 

Tejido 
         

% 
5hmC 
gDNA 

0.68 0.57 0.46 0.45 0.38 0.14 0.06 0.05 0.05 

 

Considerando la amplia distribución de la 5hmC y la variabilidad en la cantidad relativa 

dependiendo del tejido estudiado, es importante, desde el punto de vista biomédico, 

desarrollar más estudios para determinar la importancia y la función de esta modificación 

epigenética tanto en un estado homeostático como en los diferentes estados de 

enfermedad.  

1.1.4. Distribución genómica de 5mC y 5hmC 

Utilizando un modelo carcinogénico no genotóxico en hígado roedor utilizando fenobarbital, 

el grupo de Meehan realizó ensayos de inmunoprecipitación de 5mC y 5hmC, encontrando 

una disminución de 5mC después de 28 días de exposición a fenobarbital. La distribución 

de 5hmC a lo largo de las regiones y genes afectados tiende a residir en el cuerpo de genes 

(68.4% en el cuerpo de genes, 56% en regiones intrónicas y 12.4% en regiones exónicas), 

mientras que únicamente 6.3% de todos los picos se encontraron en regiones promotoras 



30 
 

(-1 kb a + 250 pb). De manera similar, hay un enriquecimiento de los picos de 5mC dentro 

del cuerpo de los genes, lo cual posiblemente sugiere que la marca de metilación juega un 

papel dual y que cuando está presente en el core del gen, esté relacionada con la expresión 

del mismo [Thomson et al., 2012]. 

Este grupo [Thomson et al., 2012] expandió el análisis para estudiar el enriquecimiento de 

5hmC en regiones enhancer dentro del genoma y encontró que de las 23 556 sondas del 

microarreglo que cubrían enhancers definidos, el 15.4% sobrelapaba con picos de 5hmC, 

mientras que solo 1.5% lo hacía con picos de 5mC. Un análisis más profundo reveló que 

una región de 1 kb de largo en una región enhancer, presentaba significativamente más 

5hmC que la que se encontraba sobre regiones promotoras definidas. Por otra parte, no se 

observaron diferencias en este sentido para el caso de la marca de 5mC, lo cual sugiere 

que la regulación de 5hmC se extiende más allá de la región promotora e influye en 

elementos regulatorios distales. Con respecto a las regiones satelitales principales, los Long 

Interspersed Nuclear Elements (LINEs) y las partículas A intracisternales, secuencias 

retrovirales endógenas, se encontraron enriquecidos de 5mC pero no de 5hmC, lo que 

posiblemente hable de que la fracción genómica de 5hmC se encuentra limitada a regiones 

no repetitivas. 

En este mismo estudio [Thomson et al., 2012], el nivel de 5hmC sobre promotores y cuerpos 

de genes correlacionaron con la actividad transcripcional en el hígado de ratón. Este grupo 

encontró que los promotores de genes expresados se encontraban marcados con altos 

niveles de 5hmC, la cual se encontraba directamente sobre el TSS (TSS ± 1.5 kb), lo cual 

indica que la distribución de 5hmC en promotores de hígado de ratón, está asociada con 

niveles relativos de actividad transcripcional. Además, los elementos regulatorios 

localizados en la proximidad del TSS y enriquecidos en 5hmC están relacionados con genes 

involucrados en patrones de expresión tejido específicos. Adicionalmente, estas regiones 
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corresponden a áreas con densidad de CpGs intermedia (de 1 a 5 CpGs por cada 100 pb). 

A pesar de que las principales islas CGIs del hígado se encuentran no metiladas, un 

subconjunto contenía al menos un pico de 5hmC (601 picos alineados con los CGI). De 

esta, la vasta mayoría (78%) se encontró que correspondía a CGIs intragénicas, las cuales 

están asociadas con regiones promotoras. Resultados similares fueron encontrados en 

regiones río arriba de las CGIs (CGI shores), las cuales se han visto involucradas en 

metilación diferencial entre tejidos sanos, así como en tejidos neoplásicos [Irizarry et al., 

2009]. 

La relación entre las modificaciones de histonas y la modificación de 5hmC también fue 

evaluada por este grupo [Thomson et al., 2012]. El promedio de las señales de la marca de 

histona H3K4me2 reveló una correlación con los valores de 5hmC en promotores; por su 

parte, hay una menor correlación en cuerpos de genes, en los que la marca de histona 

H3K36me3 está enriquecida. Como estas marcas de histonas se encuentran típicamente 

asociadas con regiones de eucromatina, esto puede indicar que la 5hmC está asociada con 

cromatina transcripcionalmente activa, tanto en promotores como en el cuerpo de los 

genes. Además se encontró una correlación inversamente proporcional entre los niveles de 

5hmC en los promotores de genes y la marca de histona H3K27me3 en los cuerpos de los 

mismos. Aunque las señales de 5mC en promotores presentan una correlación mucho más 

débil con las modificaciones de las histonas, son opuestas a la observada para la 

modificación de 5hmC, indicando que estas dos marcas (5mC y 5hmC) son funcionalmente 

distintas, la primera asociada a represión y la segunda favoreciendo la transcripción. 

Estos hallazgos revelan una diferencia tanto en el contexto de compactación como en el 

funcional en la cromatina hepática entre ambas citosinas modificadas, lo cual va de acuerdo 

con las funciones de cromatina activa descritas para la 5hmC en el sistema nervioso central 

[Mellen et al., 2012]. 
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1.2. Dinámica global de la metilación del DNA en el hígado humano fetal y 

adulto  

Considerando las diferencias en la distribución y en la función de la 5mC y 5hmC, cobra 

trascendencia el proceso de adquisición de estas citosinas modificadas a lo largo de la 

biogénesis del hígado. Un estudio acerca de la dinámica de metilación del DNA durante el 

desarrollo del hígado humano fue realizado por el grupo de Ingelman-Sundberg [Ivanov et 

al., 2013], en dicho estudio se describió que el contenido medio de 5mC era de 4.2% con 

respecto al total de citosinas en hígado fetal, mientras que en hígado adulto era de 5.3%. 

Por el contrario, se encontraron niveles mucho menos abundantes de  5hmC en hígado 

fetal comparado contra el adulto. La muestras fetales presentaron un contenido de 5hmC 

menor a 0.125% mientras que la señal de muestras adultas estuvo alrededor del 0.2%. 

Para explorar la distribución de 5hmC en el hígado, el grupo [Ivanov et al., 2013] realizó 

inmunotinciones de secciones de tejido hepático humano para ambas citosinas modificadas 

y no encontró diferencias significativas referentes a la localización internuclear entre 5mC 

y 5hmC, pero el análisis tridimensional de las secciones además reveló una abundante 

distribución de 5hmC en la mayoría de los hepatocitos.  

Con el interés de conocer la función de los genes sobrerrepresentados con ocupación de 

5hmC, los investigadores analizaron la distribución de esta modificación a nivel de genoma 

completo [Ivanov et al., 2013]. En general las muestras de hígado fetal presentaron 

significativamente menos picos de 5hmC, cubriendo una porción pequeña del genoma (de 

10 a 40 Mb) comparada con las muestras adultas (de 80 a 203 Mb). Además, los picos de 

5hmC se encuentran distribuidos de forma desigual entre los cromosomas, estando 

sobrerrepresentados los cromosomas 16, 17, 19 y 22 y subrepresentados en los 

cromosomas sexuales. 
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Las diferencias observadas tanto en el contenido global de 5hmC como en el número de 

picos de 5hmC entre las muestras de hígado del feto y del adulto sugieren que la 

distribución de esta marca se modifica significativamente durante el desarrollo del hígado 

en todo el genoma. Comparando los hidroximetilomas fetal y adulto, este grupo [Ivanov et 

al., 2013] encontró 5 038 intervalos genómicos continuos que denominó “bloques de 5hmC” 

donde la 5hmC se detectó únicamente en el hígado fetal, mientras que las muestras de 

hígado adulto presentaron 96 097 bloques. Los genes que se encontraban en dichos 

bloques se clasificaron en 5 grupos que se presentan en la Tabla 3. 

Los bloques de 5hmC específicos del hígado fetal estuvieron enriquecidos de genes que se 

expresan en este estado (grupos I y II) pero fueron escasos para genes no relacionados 

con el desarrollo (grupo III) así como para genes específicos de adulto (grupos IV y V). Por 

su parte, los bloques específicos de hígado adulto presentaron subrepresentación de genes 

exclusivos del hígado fetal (grupo I), pero presentaron un enriquecimiento para genes que 

se expresan únicamente en hígados adultos (grupos IV y V). Es así que los patrones de 

desarrollo de 5hmC correlacionan con los patrones transcriptómicos del hígado de seres 

humanos [Ivanov et al., 2013]; estos cambios sugieren una función diferencial en los genes 

regulados por la marca de hidroximetilación en ambos estados. 
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Tabla 3. Clasificación de los bloques de 5hmC durante el desarrollo del hígado 

humano. Datos tomados de [Ivanov et al., 2013]. 

 

Clasificación Número de genes 

I. Genes fetales específicos 464 

II. Genes expresados en muestras fetales por lo menos 
dos veces más que en muestras adultas 

805 

III. Genes no expresados durante el desarrollo 8 731 

IV. Genes expresados en muestras adultas por lo 
menos dos veces más que en muestras fetales 

1 079 

V. Genes adultos específicos 306 

 

Los genes que adquieren 5hmC en el estado adulto están involucrados en procesos 

catabólicos, transporte de carbohidratos, oxidación de ácidos grasos y oxidación de lípidos, 

lo cual está en línea con las funciones del hígado adulto. Mientras que los genes asociados 

con una alta presencia de 5hmC en el estado fetal están relacionados con vías que están 

involucradas con la diferenciación celular y el desarrollo como la regulación de la 

diferenciación celular, el desarrollo de células troncales, y el establecimiento y 

mantenimiento de la polaridad celular. Los 10 principales procesos biológicos para ambos 

estados se presentan en la Tabla 4. 
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Tabla 4. Anotación funcional de las regiones de 5hmC exclusivas del hígado fetal e 

hígado adulto. Datos tomados de [Ivanov et al., 2013] 

 

Clasificación Proceso Biológico 

G
ru

p
o
 V

 

Genes enriquecidos en bloques de 5hmC 
exclusivos del hígado adulto 

Procesamiento catabólico de mRNA transcrito 
nuclearmente 

Procesamiento catabólico de mRNA 

Procesamiento de carbohidratos 

Localización vesicular 

Oxidación de ácidos grasos 

Oxidación de lípidos 

Procesamiento de la terminación 3´ de RNAm 

Procesamiento de ácidos monocarboxílicos 

Procesamiento de la terminación 3´ de RNA 

Procesamiento catabólico de ácidos grasos 

Clasificación Genes enriquecidos en bloques de 5hmC 
exclusivos del hígado fetal 

G
ru

p
o
 I
 

Regulación de la diferenciación de granulocitos 

Regulación de la diferenciación de células mieloides 

Inducción de apoptosis por señales extracelulares 

Regulación positiva del procesamiento metabólico 
de esteroides 

Desarrollo de células troncales 

Establecimiento y mantenimiento de la polaridad 
celular 

Regulación de la unión de proteínas 

Mantenimiento de la troncalidad celular 

Mantenimiento de la troncalidad celular somática 

Regulación negativa de la depuración de partículas 
lipoprotéicas 

 

Además este grupo analizó los cambios en el enriquecimiento de 5hmC tanto en hígado 

fetal como en hígado adulto y su relación con la expresión de TETs e IDHs. Se evaluó a 

través de qPCR la expresión de las enzimas dependientes de Fe2+/α-KG que oxidan a la 

5mC así como la expresión de IDHs y se encontró una disminución significativa de la 

expresión de los genes de TET en hígados adultos comparados con los fetales [Ivanov et 

al., 2013]. Sin embargo, un ligero incremento en la expresión de IDH1 e IDH2 en muestras 

adultas puede potencialmente explicar el incremento total del contenido de 5hmC en estos 
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hígados comparando contra el nivel fetal de 5hmC, porque la IDH es una enzima que 

cataliza la formación de α-KG desde el D-isocitrato y el incremento en la producción de α-

KG conduce a un incremento en la función de TETs (Figura 9). 

 
 

Fig 9. Interconexión entre el ciclo de Krebs y la oxidación de 5mC. El esquema resume 
la reacción de oxidación de las diferentes citosinas modificadas y señala la influencia de la 
IDH en la producción de α-KG, uno de los cofactores de las TETs.  
El ciclo de Krebs al fondo fue tomado y modificado del sitio en la red  
https://wikispaces.psu.edu/download/attachments/46695632/Krebs_cycle.jpg 
  

1.3. Los tumores hepáticos presentan niveles reducidos de 5hmC  

El carcinoma hepatocelular (HCC) es el carcinoma primario más común en el hígado. Más 

del 85% de los casos de HCC provienen de una inflamación crónica y la subsecuente 

aparición de cirrosis [Bosch et al., 2005]. De acuerdo a las bases de datos de GLOBOCAN-

IARC [The, 2018], el cáncer de hígado se estima en la séptima posición en incidencia de 

cáncer y en la cuarta causa de muerte por cáncer en 2018.  

Considerando a la cirrosis como un preludio de HCC, es entendible que muchos cánceres 

hepáticos sigan un patrón patológico de evolución, empezando por una cirrosis 

(caracterizada por nódulos regenerativos), hasta nódulos displásicos de bajo grado, 
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nódulos displásicos de alto grado, HCC temprano, progresión hacia HCC y finalmente HCC 

avanzado. Además este progreso de la enfermedad involucra un evidente desbalance entre 

los factores genéticos y epigenéticos; con respecto a los factores genéticos, los nódulos 

displásicos tempranos presentan un genoma con muy limitada variación génica, mientras 

que el HCC avanzado tiene un genoma heterogéneo con un intervalo de 72 a 182 

mutaciones [Castelli et al., 2017; Marquardt et al., 2014; Rodríguez-Aguilera et al., 2019].  

Por otra parte, concerniente a los aspectos epigenéticos, se ha descrito una hipometilación 

de DNA en HCC, la cual puede ser indicativo de un mal pronóstico de supervivencia [Miyata 

et al., 2018]. En el mismo sentido se ha descrito una metilación aberrante en genes 

diferencialmente expresados que están relacionados con el progreso del ciclo celular, la 

proteína supresora de tumores y guardián del genoma p53 y la vía de señalización de las 

proteínas cinasas activadas por mitógenos (MAPK) en HCC [Fan et al., 2018; Rodríguez-

Aguilera et al., 2019]. 

La metilación de CGIs en genes relacionados con tumores como APC, GSTP1, RASSF1A, 

p16, COX-2 y E-cadherin, es un evento temprano y frecuente y se acumulan durante la 

hepatocarcinogénesis [Lee et al., 2003].  

Por otra parte, la reducción en los niveles de 5hmC se ha asociado con la progresión de 

HCC [Liu et al., 2013]. Las alteraciones en el estado de metilación en HCC pueden ser 

explicadas por la subexpresión de las dioxigenesas TET con la subsecuente reducción de 

los niveles de 5hmC [Yang et al., 2013]. En tejido sano hay una diferencia característica  

entre regiones de eucromatina y heterocromatina que se pierde en cáncer; se ha sugerido 

que esta pérdida puede estar generada por una reducción de los niveles de 5hmC los cuales 

son de alrededor del 70%. Es importante comentar que la relación específica entre la 5hmC 

y las marcas de histonas del tejido sano se pierde en tumores y puede asociarse con 
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alteraciones en la estructura de la cromatina y en la desregulación de la expresión génica 

durante la tumorigénesis [Li et al., 2016b; Rodríguez-Aguilera et al., 2019]. 

Se han analizado muestras de tumores y de tejido sano para conocer el comportamiento 

de la 5hmC en diferentes tejidos tumorales  y se encontró que el tejido sano y peritumoral 

desplegaban niveles equivalentes de 5hmC, pero existe una disminución global de 5hmC 

tanto en adenoma hepático como en HCC si se compara con hígado sano. Resultados 

similares se encontraron en tumores de mama, pulmón, páncreas y próstata. 

Coincidentemente con la disminución de 5hmC todos los tejidos neoplásicos tienen una 

fuerte señal de la proteína Ki67, un marcador celular de proliferación, comparado con tejidos 

sanos [Haffner et al., 2011; Yang et al., 2013].  

En este mismo sentido, una reducción de 69% en el nivel de 5hmC se ha encontrado en 

tejidos de pacientes con HCC comparados contra tejidos no tumorales; además se ha 

descrito que bajos niveles de 5hmC están significativamente asociados con la edad (≥50 

años), género (masculino), tamaño de tumor (≥5 cm) y al nivel de α-fetoproteína (>400 

ng/mL) y con una supervivencia en general significativamente más corta que aquellos con 

alto nivel de 5hmC; por otro lado, no hubo correlación entre la abundancia de 5hmC en 

tejidos no tumorales y el parámetro clínico-patológico. En contraste, altos niveles de 5mC 

en tejidos con HCC correlacionaron significativamente con un una corta supervivencia [Liu 

et al., 2013].  

Utilizando cromatografía líquida de interacción hidrofílica de cuadrupolo (TOF) y 

espectrometría de masas, el grupo de Yuang obtuvo resultados equivalentes que se 

resumen en la Tabla 5. Este grupo encontró que el contenido de 5hmC correlaciona 

significativamente con la progresión del tumor. Sin embargo, no existe correlación con 

respecto a la edad, el género, los estados de inflación hepática, los estados de cirrosis, el 
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consumo de alcohol o los parámetros de función hepática. Adicionalmente, la 5mC no 

estuvo asociada con ningún parámetro evaluado por este grupo [Chen et al., 2013b]. 

Tabla 5. Abundancia de 5mC y 5hmC en tejidos tumorales y no tumorales. Datos 

tomados de [Chen et al., 2013b]. 

Muestra Contenido de 5mC Contenido de 5hmC 

Tejido tumoral 5.57% 0.37% 

Tejido adyacente al tumor 5.97% 1.72% 

DNA genómico de tejidos 
tumorales emparejados por 
pares 

6.00% 0.42% 

DNA genómico de tejido 
adyacente al tumor 

5.97% 1.72% 

 

Estos resultados en conjunto, sugieren que la 5hmC es un posible biomarcador, cuya 

disminución está asociada de manera amplia y estrecha con el desarrollo del tumor y puede 

ser una herramienta útil en pacientes con acceso a una biopsia para el establecimiento de 

un pronóstico clínico. 

Las enfermedades hepáticas, incluido el HCC, se han abordado también desde el punto de 

vista de la ciencia básica. Se han desarrollado modelos animales para el estudio de estas 

patologías; uno de estos modelos es el de daño hepático crónico inducido con 

dietilnitrosamina (DEN), que reproduce la cirrosis y la progresión hacia HCC, como lo que 

ocurre en pacientes, ya que genera un proceso inflamatorio que se vuelve crónico, 

conduciendo a la fibrosis, generación de cirrosis y finalmente desarrollo de HCC [Schiffer 

et al., 2005]. En este modelo se ha descrito que los niveles de 5hmC disminuyen 

gradualmente en el hígado, durante el periodo de inducción de daño con DEN si se 

comparan contra el tejido sano, el cual presenta un nivel elevado de 5hmC [Liu et al., 2013], 

lo cual concuerda con los hallazgos que se han descrito en muestras tumorales humanas.  
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En conjunto, los datos que se han descrito en pacientes así como en el modelo animal, 

demuestran que es importante y esencial conocer cuál es el contenido de 5hmC tanto en 

hígado sano como en las diversas enfermedades hepáticas, así como a lo largo del 

desarrollo, para identificar la dinámica de metilación en este tejido y cómo las alteraciones 

en esta dinámica pueden conducir al establecimiento del fenotipo patológico.  

Otro punto importante que debe considerarse, es la asociación de los niveles de 5hmC con 

el pronóstico del paciente. Un primer esfuerzo para determinar esta asociación ha sido la 

evaluación de la correlación entre los niveles de 5hmC y la historia clínica del paciente, 

donde el grupo de Shi encontró que bajos niveles de 5hmC correlacionan con el tamaño 

del tumor y con una expectativa de vida corta [Liu et al., 2014]. Este hallazgo puede estar 

relacionado, de acuerdo con los autores, al hecho de que las características 

histopatológicas agresivas, incluyendo niveles de α-feto proteína (AFP) altos eran 

significativamente más frecuentes en pacientes que presentaban niveles de 5hmC bajos 

que en aquellos con mayor abundancia. Además, asociado a los niveles de AFP altos se 

encontraba un mayor número de tumores y una mayor tinción positiva para metástasis 

nodo-tumoral avanzada. Este grupo además identificó correlaciones significativas entre 

bajos niveles de IDH2 y un fondo de antígeno de superficie de hepatitis B y un alto nivel de 

AFP con bajo grado de diferenciación tumoral. Otro dato importante de este estudio fue que 

altos niveles de 5hmC y elevada cantidad de IDH2 por separado y en combinación, 

correlacionaban significativamente con una mayor supervivencia y mayor tiempo a la 

reincidencia [Liu et al., 2014].  

Estos hallazgos están de acuerdo con el hecho de que la actividad de TETs y por lo tanto 

el enriquecimiento de 5hmC están enlazados a la actividad de IDH que actúa como 

productor de α-KG en el ciclo de Krebs y que se requiere para el funcionamiento de las 

dioxigenasas dependientes de Fe2+ / α-cetoglutarato. 
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1.4. La subexpresión de TETs está relacionada con cáncer  

El posible mecanismo que involucra la disminución de 5hmC en el cáncer de hígado ha sido 

abordado mediante la evaluación de los niveles de expresión de los genes que codifican a 

las enzimas TET, y se ha reportado una disminución significativa en el HCC así como en 

adenoma hepático cuando se compara contra el tejido normal [Yang et al., 2013]. El gen 

TET1 muestra la reducción más significativa en la expresión seguido de TET2 y TET3; esto 

podría reflejar una diferencia en la importancia de TET1 en humano comparado contra 

ratón, ya que en este último la expresión de esta 5mC dioxigenasa es detectada 

exclusivamente en ESC (Figura 8) [Tsagaratou and Rao, 2014]. 

Considerando que la proteína es la molécula relevante en el proceso catalítico, y 

considerando el conocimiento en los cambios del estado transcripcional, es importante 

determinar si la reducción global de 5hmC en HCC es debido a la disminución de la cantidad 

de TET en muestras de cáncer. El grupo de Quian abordó esta pregunta y encontró que la 

enzima TET1 estaba significativamente disminuida en tejidos con HCC y no encontró 

diferencias significativas para el caso de TET2 y TET3 [Liu et al., 2013]. Por lo anterior es 

posible que la diminución en la cantidad de TET1 represente uno de los mecanismos 

moleculares por los cuales ocurre la reducción de 5hmC en HCC.  

Estos hallazgos son relevantes porque definen posibles biomarcadores para cáncer y abren 

un nuevo horizonte en el área de fármacos epigenéticos que tengan como blanco la 

estimulación de TETs y sus reguladores, para mantener los niveles saludables de 5hmC. 
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2. La 5hmC, un marcador de identidad en la diferenciación de células 

progenitoras adultas   

La 5hmC ha sido asociada con la diferenciación en células de todas las capas germinales: 

 Endodermo 

El endodermo da origen a varios de los tipos celulares que forman el tracto gastrointestinal 

y los órganos relacionados. Se ha descrito una acumulación estable de 5hmC durante la 

diferenciación de enterocitos en sitios descritos para la unión de factores de transcripción y 

blancos involucrados en este proceso [Chapman et al., 2015; Kim et al., 2016]. De manera 

interesante, la redistribución de 5hmC va acompañada de una disminución de 5mC. 

Además, la pérdida de expresión génica en las células comprometidas se correlacionó con 

una disminución significativa en los niveles de 5hmC del cuerpo del gen (Figura 10) [Ecsedi 

et al., 2018]. 

 

 Mesodermo 

Dada la existencia de aproximaciones relativamente sencillas para realizar diferenciación y 

selección in vitro de tipos celulares hematopoyéticos bien caracterizados, datos 

sustanciales favorecen la hipótesis de que la 5hmC juega un papel en el programa 

transcripcional mieloide y linfoide durante la diferenciación  [Ecsedi et al., 2018].  

 

Globalmente, se ha descrito una disminución en los niveles de 5hmC durante la 

diferenciación de células troncales hematopoyéticas [Tsagaratou and Rao, 2014]. A pesar 

de esta reducción global, la 5hmC permanece enriquecida en loci particulares, coincidiendo 

su distribución con promotores y cuerpos de genes. Adicionalmente, se ha descrito 

enriquecimiento de 5hmC en enhancers [Caron et al., 2015; Garcia-Gomez et al., 2017; Lio 

et al., 2016; Montagner et al., 2016; Tekpli et al., 2016; Tsagaratou and Rao, 2014]  y sitios 

de unión a factores de transcripción específicos de linaje [Ichiyama et al., 2015; Madzo et 
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al., 2014]. En línea con lo anterior, los cambios en 5hmC están sobrerrepresentados en 

genes altamente transcritos [Ecsedi et al., 2018]. 

 

Además de las células sanguíneas, se ha sugerido que la 5hmC juega un papel importante 

en la diferenciación de condrocitos. Un incremento global de 5hmC fue observado en el 

primer estado de diferenciación, seguido de una disminución en estados más tardíos [Taylor 

et al., 2016]. De manera similar a lo descrito para células del sistema inmune, el incremento 

de 5hmC fue más evidente en el cuerpo de genes de factores específicos de linaje 

condrogénico (Sox9, 5 y 6, Runx2 y Col2a1) y se asoció con activación transcripcional 

[Ecsedi et al., 2018]. 

 

Se ha descrito un enriquecimiento global y localizado de 5hmC durante el desarrollo de 

miocitos  [Zhong et al., 2017] y cardiomiocitos [Greco et al., 2016; Kranzhofer et al., 2016]. 

El enriquecimiento de 5hmC se encuentra principalmente en el cuerpo de los genes y en 

las regiones regulatorias distales, marcando a los genes enriquecidos por la ocupación de 

Pol II, así como por marcas activas de histonas. La transición del corazón embrionario a 

adulto se caracteriza por picos de 5hmC en genes relacionados al desarrollo cardiaco 

(Figura 10), como los procesos basados en el filamento de actina y la regulación de la 

contracción cardiaca. Adicionalmente Tet2 se ha visto implicada tanto en el desarrollo de 

miocitos como de cardiomiocitos. El knockdown de Tet2, más no el de Tet1, 

significativamente reduce la expresión de genes miocíticos (Myog, Myf6 y Mymk) y altera la 

diferenciación de mioblastos [Ecsedi et al., 2018; Zhong et al., 2017]. 

 

Por su parte, durante el desarrollo de adipocitos, en un modelo de preadipocitos 3T3-L1 

(Figura 10), la proteína arquitectónica CTCF se encontró interactuando con las enzimas 

TET para promover la deposición de 5hmC en enhancers transcripcionales adipogénicos 
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[Dubois-Chevalier et al., 2014]. Además, las proteínas TET (en particular TET2) se 

requieren para la adipogénesis al incrementar 5hmC en el locus de PPARG con la 

consecuente inducción de su expresión [Yoo et al., 2017]. 

 

En un estudio reciente se ha demostrado que la 5hmC también se redistribuye en las células 

de Sertoli, células mesodérmicas que se requieren para la espermatogénesis. Se observó 

una reducción de 5mC asociada a la pubertad y un incremento de 5hmC [Landfors et al., 

2017]. Los picos de 5hmC ganados durante la maduración se relacionaron con el transporte 

celular, procesos catabólicos, función mitocondrial y endocitosis, lo cual va de la mano con 

el hecho de que las células de Sertoli presentan un metabolismo diverso y elevado con 

abundantes mitocondrias [Ecsedi et al., 2018]. 

 Ectodermo 

Al tiempo que se redescubrió la 5hmC, se identificó que esta citosina modificada constiyuye 

0.6% del total de nucleótidos en las células de Purkinje [Kriaucionis and Heintz, 2009]. 

Siendo altamente abundante en el cerebro, se sugirió que la 5hmC tiene un papel en el 

control genómico de las funciones neurales. Es así que en conjunto con las células troncales 

embrionarias, varios tipos de neuronas, su localización anatómica y sus niveles de 

diferenciación han sido de los tipos celulares más estudiados en términos del contenido de 

5mC/5hmC, su distribución y su función [Ecsedi et al., 2018].  

 

De manera similar a otros tipos de tejidos, la 5hmC está enriquecida en el cuerpo de los 

genes altamente transcritos en neuronas postmitóticas, y se acumula en regiones que 

enmarcan enhancers y sitios de factores de transcripción [Mellen et al., 2017; Wen and 

Tang, 2014; Yu et al., 2012]. Adicionalmente se ha encontrado que la 5hmC está 

enriquecida en neuronas adultas mientras ocurre la sinaptogénesis, aunque su contenido y 

distribución varía entre diferentes tipos de neuronas [Tekpli et al., 2016]. En línea con lo 



45 
 

anterior, las tres proteínas TET se expresan en el cerebro de mamífero, y todas están 

involucradas en la neurogénesis y la fisiología del cerebro [Wen and Tang, 2014]. 

Particularmente, se ha descrito que las células progenitoras neurales (NPC) están 

afectadas con la ausencia de TET1 con consecuencias a nivel funcional, incluyendo el 

aprendizaje y la memoria [Rudenko et al., 2013; Zhang et al., 2013]. De manera similar, se 

ha demostrado que la reducción de TET2 conduce a una reducción de los niveles de 5hmC 

(particularmente en genes neurogénicos) y parcialmente bloquea la ganancia de 5hmC 

durante la diferenciación. También se ha demostrado que FOXO3A interactúa físicamente 

con TET2 y regula la expresión de genes relacionados con la troncalidad 

neural/proliferación de progenitores [Li et al., 2017] (Figura 10). Por lo tanto, la 5hmC y las 

TETs controlan la expresión de genes y vías relacionadas con los programas neurales, 

varios de los cuales son regulados durante el desarrollo [Spiers et al., 2017]. Un 

enriquecimiento específico de 5hmC se ha observado en secuencias adyacentes a sitio de 

p300 en genes críticos para la diferenciación neuronal [Hahn et al., 2013] o de la vía Notch 

y Wnt en la neurogénesis de retina [Ecsedi et al., 2018; Seritrakul and Gross, 2017]. 

 

Otro hecho que incrementa el interés en la 5hmC es la posibilidad de unión de la proteína 

2 de unión a metilcitosina (MeCP2) como un lector de esta modificación [Williams et al., 

2011] además de que esta proteína se ha asociado previamente con desórdenes en el 

neurodesarrollo [Amir et al., 1999]. Además, recientemente se ha demostrado que la 

distribución de 5hmC en CG y en dinucleótidos no CpG es distinta y refleja la unión 

específica  y la ocupación genómica de MeCP2 [Mellen et al., 2017]. Adicionalmente, la 

pérdida de MeCP2 conduce a una reducción de la señal de 5hmC en regiones 

hidroximetiladas dinámicas intergénicas no-CpGs, involucradas en la activación génica 

[Ecsedi et al., 2018; Szulwach et al., 2011]. 
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Los altos niveles de 5hmC en las neuronas adultas (y su capacidad de incrementar), y su 

distribución específica a lo largo de los tipos celulares y las regiones cerebrales, indican un 

papel funcional importante relacionado con la preservación de la identidad celular [Ecsedi 

et al., 2018]. 

 

Fig. 10. Dinámica de la 5hmC durante la diferenciación. Evidencia de cambios dinámicos 
en la 5mC (líneas grises) o la 5hmC (líneas rojas) en los loci indicados, asociados con el 
compromiso de linaje. Las líneas punteadas representan evidencia adicional. 5mC, 5-
metilcitosina; 5hmC, 5-hidroximetilcitosina. Se muestran en rojo los correspondientes 
PMIDs de PubMed para cada estudio. Modificado de [Ecsedi et al., 2018]. 
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Estos estudios relacionan el proceso de diferenciación con un enriquecimiento de 5hmC, 

sugiriendo que hay un cambio general en la distribución de 5hmC el cual puede asociarse 

con la sobreexpresión de genes que definen el estado celular.  
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1.6. HepaRG, la línea celular troncal hepática  

En esta sección se presenta el relato de la Dra. Christiane Gugen-Guillouzo (tomada del 

sitio web de la línea celular HepaRG [Biopredic]), donde narra cómo se obtuvo la línea 

celular HepaRG. Esta narración nos permite comprender por qué esta línea celular facilita 

el estudio de los hepatocitos, al conservar muchas de las características de un cultivo 

primario células parenquimales de hígado: 

En las décadas de los 80s y 90s, un grupo de la universidad de Rennes era uno de los 

líderes mundiales de la comunidad científica que trabajaba con cultivos de hepatocitos 

primarios humanos. Este grupo, consciente de la problemática relacionada con las 

enfermedades hepáticas infecciosas y tomando ventaja de sus cultivos primarios de 

hepatocitos humanos diferenciados, asumió el reto de realizar una infección in vitro de los 

cultivos primarios, utilizando virus de hepatitis. 

Philippe Gripon, estudiante de Doctorado, tuvo éxito al infectar hepatocitos humanos 

maduros con alta eficiencia, utilizando suero de pacientes infectados con virus de hepatitis 

B (HBV). Sin embargo, la infección para el caso del virus de hepatitis C (HCV) fue más 

problemática. Por lo anterior se propuso obtener células hepáticas ya infectadas con HCV 

a partir de pacientes (in vivo). 

En este punto, el grupo consideró que podrían tener más posibilidades de éxito, al combinar 

la experiencia y los esfuerzos del grupo de Rennes con algunos colegas de la universidad 

de Lyon, quienes tenían experiencia en la virología de la hepatitis. Se estableció la 

colaboración y Sylvie Rumin asumió el reto del proyecto y sirviendo de puente entre Rennes 

(donde obtuvo su Doctorado y experiencia en el cultivo de hepatocitos) y Lyon, donde 

comenzó a trabajar como investigadora postdoctoral. 

Fue en 1999 que Sylvie Rumin obtuvo la pieza de tumor que posteriormente dio origen a la 

línea HepaRG años más tarde. 
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De acuerdo al protocolo experimental, el tumor tuvo su origen en una paciente que sufría 

de infección por HCV y fue operada en Lyon por ablación tumoral. La paciente dio el 

consentimiento de usar sus células con propósitos de investigación. Desafortunadamente, 

para el propósito del proyecto de Rennes, la infección por HCV gradualmente desapareció 

en conjunto con el desprendimiento y muerte de los hepatocitos normales que rodeaban el 

tumor y encontrando en los platos de cultivo, únicamente hepatocitos normales (no las 

células transformadas). Sin embargo, permanecieron vivas poblaciones mixtas de células 

del tumor. 

A pesar de que estas células fueron negativas para marcadores de HCV, se tomó la 

decisión de no desecharlas, porque Sylvie Rumin estaba intrigada desde un comienzo 

debido a que esas células a baja confluencia presentaban una morfología que mimetizaba 

una forma epitelial hepática. Posteriormente ella decidió proporcionar viales de dichas 

células a investigadores de ambos equipos, quienes podían estar interesados en 

caracterizarlas a mayor profundidad. 

Nuevamente Philippe Gripon aceptó tomar el reto, el cual implicó un esfuerzo de un año 

hasta obtener una población enriquecida de hepatocitos. 

Como recompensa por la importante contribución de ambos jóvenes científicos, la Dra. 

Christiane Gugen-Guillouzo decidió utilizar la primera letra de sus apellidos para identificar 

a las células, por lo que actualmente se conocen como HepaRG (por Rumin y Gripon). 

Posteriormente siguió un periodo con observaciones entusiastas, donde se encontró que 

todas las funciones específicas del hígado estaban altamente expresadas en las células 

HepaRG, principalmente aquellas asociadas con la desintoxicación y metabolismo y 

demostrando que las células son susceptibles a la infección por HBV y soportan la 

replicación viral. 
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Fue la primera vez en la que se demostró una infección por HBV en una línea celular 

estabilizada y se proporcionó una fuerte evidencia de que las células HepaRG pudieron 

llegar a una completa diferenciación de hepatocitos. 

Los resultados descritos se publicaron en la revista Proceedings of the National Academy 

of Sciences (PNAS) en 2002 en conjunto con la primera descripción de la línea celular 

[Gripon et al., 2002] y el Instituto Nacional Francés de Investigación en Salud y Medicina 

(INSERM) inició simultáneamente el proceso de patentado que en la actualidad cubre varios 

países a nivel mundial. 

La empresa Biopredic compró la licencia en 2003 e inmediatamente se hizo cargo del banco 

celular de trabajo y de preservación para preservar la estabilidad de la línea celular hasta 

el día de hoy.   

Tomó más tiempo evidenciar el mantenimiento no predecible de los progenitores hepáticos 

y en identificar la propiedad biológica de trans-diferenciación publicada por [Cerec et al., 

2007], que hacen a la línea celular HepaRG un modelo hepático único, al compartir junto 

con las células troncales altas propiedades de plasticidad. 

Y finalmente fue en 2011 cuando estos grupos obtuvieron las condiciones para hacer 

susceptible a la línea HepaRG a la infección por HCV [Biopredic]. 

1.6.1. Diferenciación de las células HepaRG en hepatocitos y células biliares  

Entre las líneas celulares humanas derivadas de hepatoma, las células HepaRG aisladas 

de un tumor diferenciado grado 1 de Edmonson secundario a una infección crónica por 

HCV, exhiben características únicas; presentan un cariotipo pseudodiploide. De manera 

constitutiva y sincrónica, muestran un fenotipo similar tanto a hepatocitos como a células 

biliares cuando se encuentran en confluencia, lo que indica que poseen características de 

progenitor bipotencial [Gripon et al., 2002; Parent et al., 2004]. Cuando se diferencian de 

manera óptima soportan la infección por HBV [Gripon et al., 2002] y expresan un gran panel 
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de genes específicos de hígado, incluyendo aquellos que expresan enzimas metabólicas 

[Aninat et al., 2006; Cerec et al., 2007].  

 

Cuando las células HepaRG diferenciadas y confluentes se resiembran a baja confluencia 

en presencia de insulina y corticoesteroides, son capaces de originar células 

indiferenciadas que proliferan activamente por 3 a 4 días y se comprometen a vías de 

diferenciación de hepatocitos y células bliares justo después de alcanzar confluencia al día 

5 (Figura 11 A y B). Las células se organizan en células epiteliales planas claras o en 

cordones de células poligonales granulares (Figura 11C). La máxima diferenciación celular 

se alcanza después de dos semanas de exposición al dimetilsulfóxido (DMSO). Las células 

tipo hepatocito exhiben un fenotipo muy cercano al de hepatocitos humanos (Figura 11D), 

con estructuras similares a canalículos biliares funcionales (Figura 11D). Las células tipo 

hepatocito son positivos para el citocromo P450 3A4 (CYP3A4), mientras que las células 

epiteliales aplanadas que las rodean son negativas (Figura 11F). Asimismo, ambas células 

presentan la citoquetarina 18 (CK18), siendo más abundante en hepatocitos que en células 

biliares (Figura 11G). En contraste, la citoqueratina 19 (CK19) y la integrina α6 (CD49F) 

están presentes únicamente en células biliares (Figura 11H) y CD49a (Integrina α1) está 

limitada a hepatocitos (Figura 11 I-J).  
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Fig. 11. Morfología de las células HepaRG y expresión de marcadores de 
diferenciación durante este proceso. Fotografías de contraste de fase de las células 
HepaRG a (A) 2, (B) 5, (C) 15 y (D) 30 días después de la siembra. A los 15 días el medio 
se suplementó con DMSO al 2% y las células se cultivan por 15 días más. La barra 
representa 60 μm. Las flechas negras señalan la estructura tipo canalículo biliar. (E) 
Micrografía de la tinción de diacetato de fluoresceína donde se observa la excreción de esta 
molécula, lo que evidencia la funcionalidad del canalículo. Inmunolocalización de (F) 
CYP3A4, citoqueratina (G) 18 y (H) 19, (I) integrina α1 y (J) α6 en las células HepaRG 
diferenciadas al día 30. La barra representa 30 μm. H, hepatocito, BC célula biliar. Las 
flechas negras indican tinción positiva. Tomado de [Cerec et al., 2007]. 
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En cuanto a la expresión de factores nucleares hepáticos, durante los 2 a 3 días iniciales de 

proliferación activa, las células HepaRG en estado de progenitor presentan el factor nuclear de 

hepatocitos 3 β (HNF3β). Su expresión disminuye drásticamente en el día 4 y está 

completamente ausente en las células diferenciadas En contraste el factor nuclear de 

hepatocitos 4α (HNF4α) es poco abundante en progenitores, progresivamente se acumula hasta 

alcanzar su máxima expresión en células diferenciadas. Por su parte HNF1α exhibe un perfil 

estable durante la diferenciación (Figura 12). 

 

 
 

Fig. 9. Niveles de los factores transcripción hepáticos durante la diferenciación de 
las células HepaRG. Análisis por inmunoblot de los factores nucleares hepáticos HNF4α, 
HNF3β, y HNF1α a los diferentes tiempos de cultivo. La proteína cinasa 11 (CDK11p110) se 
utilizó como control de carga. Tomado de [Cerec et al., 2007]. 
 

Por lo anterior es posible afirmar que las células HepaRG presentan plasticidad celular y 

soportan transiciones in vitro de células indiferenciadas hacia los linajes hepático y biliar 

[Cerec et al., 2007]. 

 

1.7. Factores nucleares hepáticos (HNFs)   

Los factores nucleares hepáticos (HNFs) están presentes en una gran variedad de tejidos 

y órganos incluyendo el hígado, el páncreas y el riñón. La manera espacio-temporal en la 
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que se los HNFs se expresan, regula el desarrollo embrionario y subsecuentemente el 

desarrollo de múltiples tejidos durante la edad adulta [Lau et al., 2018].  

Algunos estudios han identificado los motivos de unión de HNFs en diferentes familias y 

dichos motivos no parecen ser exclusivamente activos en el hígado. Una variedad de genes 

hepáticos y extra hepáticos contienen los motivos de HNFs en su promotor y en regiones 

enhancer, lo que sugiere la presencia de múltiples redes regulatorias involucrando a estos 

factores de transcripción, y que no están restringidas al desarrollo y función del hígado [Lau 

et al., 2018], sin embargo, en el presente trabajo resaltaremos las propiedades hepáticas 

en las que están involucrados estos factores transcripcionales. 

 

Los HNFs se clasifican en cuatro familias, las cuales son HNF1, Forkhead box A ([FOXA] o 

HNF3), HNF4 y One cut ([OC] o HNF6), cada una caracterizada por distintos dominios 

funcionales (Figura 13A). La familia HNF1 comprende a HNF1α y HNF1β, cuyo dominio de 

unión a DNA (DBD) se une a la secuencia consenso palindrómica GTTAATNATTANC. El 

dominio de dimerización (DD) en el dominio N-terminal permite tanto a HNF1α como a 

HNF1β formar homodímeros o heterodímeros [De Simone et al., 1991; Rey-Campos et al., 

1991]. Los genes que codifican ambos genes presentan tres isoformas (A, B y C) con 

funciones específicas de tejido [Bach and Yaniv, 1993; Harries et al., 2006; Lau et al., 2018]. 

 

FOXA (formalmente conocido como HNF3) pertenece a la subfamilia de las proteínas 

Forkhead box (FOX), que comprende a FOXA, FOXA2 y FOXA3 [Kaestner et al., 2000; Lai 

et al., 1991]. La familia de proteínas FOXA contiene una estructura de hélice alada (winged 

helix (WH) o también conocida como el dominio forkhead) enmarcada por secuencias 

requeridas para la localización nuclear (Figura 13B) [Friedman and Kaestner, 2006]. Estos 

factores de transcripción también comparten un DBD altamente conservado y se unen a su 

DNA blanco como monómero [Rausa et al., 1997]. Los dominios N- y C- terminal de las 
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proteínas FOXA están conservados y se ha descrito que actúan como dominios de 

transactivación (TAD) [Lau et al., 2018; Pani et al., 1992; Qian and Costa, 1995]. 

 
 

 
Fig. 13. Dominios 
estructurales de las familias 
de HNF. (A) Diagrama 
esquemático de HNF1α y 
HNF1β. El N-terminal consiste 
del DD. El DBD de la familia 
consiste del homeodominio 
POU-s u POU-h. El C-terminal 
contiene al TAD, el cual es 
menos conservado entre los dos 
miembros de la familia HNF1. 
(B) Diagrama esquemático 
representando a los miembros 
de la subfamilia Forkhead box 
que son FOXA1, FOXA2 y 
FOXA3. Los dos TADs 
enmarcan cada extremo de 
estos factores de transcripción. 
El DBD de la familia consiste de 
una estructura WH con 
secuencias para la localización 
nuclear. (C) Diagrama 
esquemático de la familia de 
receptores nucleares huérfanos 
HNF4 que comprende a HNF4α 
y a HNF4γ. El dominio A/B 
contiene a la AF-1 en el N-
terminal, el dominio C contiene 
al DBD altamente conservado, el 
dominio D se refiere a la región 
bisagra (hinge region (H)) que 

conecta a los dominios C y E, mientras que el dominio E contiene al dominio de unión a 
ligando (LBD) con dos dedos de zinc que reconocen y se unen a motivos específicos en el 
DNA. El LBD también contiene a la AF-2. Las proteínas HBF4 también tienen una región 
represora (dominio F) en el C-terminal. (D) diagrama esquemático de los miembros de la 
familia ONECUT HNF6 (OC1), OC2 y OC3. Una region STB box se localiza cerca del 
extremo N-terminal de las proteínas OC. En conjunto el dominio cut (CD) y el homeodominio 
divergente (HD) forman el DBD bipartita cerca del extremo C-terminal.  Los esquemas están 
realizados a escala. AF-1/2, función activadora 1/2; CD, dominio cut; DBD, dominio de unión 
a DNA; DD, dominio de dimerización; FOXA, forkhead box A; HD, homeodominio; HNF, 
factor nuclear de hepatocito; LBD, dominio de unión a ligando; OC, ONECUT; POU-s, 
dominio POU específico; POU-h, homeodominio POU; TAD, dominio de transactivación; 
WH, winged helix. Tomado de [Lau et al., 2018]. 
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El HNF4 pertenece a la familia de receptores nucleares huérfanos y comprende a HNF4α y 

HNF4γ (Figura 13C). Contienen dos dominios con función transactivadora, función 

transactivadora 1 y 2 (AF-1 y AF-2), localizada en los dominios N- y C-terminal 

respectivamente, y activan la transcripción de manera independiente del tipo celular. Un 

dominio de unión a ligando (LBD) se localiza adyacente a AF-2 y transactiva genes de 

manera dependiente de ligando, proveyendo un punto de control adicional para la 

regulación de la actividad de la proteína. Además, las proteínas HNF4 contienen también 

un dominio represor, región F, con funciones inhibitorias [Hadzopoulou-Cladaras et al., 

1997] que no han sido caracterizadas en otras familias de HNF.  

 

El HNF4α regula la expresión de muchos genes involucrados en varios procesos, como el 

desarrollo [DeLaForest et al., 2011], el metabolismo [Xu et al., 2015], y transición epitelio-

mesénquima [Santangelo et al., 2011]. El HNF4α también juega un papel crucial en el 

desarrollo del endodermo, tal que el knockout en ratón resulta en letalidad embrionaria 

[Chen et al., 1994]. Mutaciones polimórficas del gen HNF4A se han asociado con un amplio 

espectro de enfermedades, incluyendo la diabetes de la adolescencia [Anuradha et al., 

2011], la enfermedad de Crohn [Marcil et al., 2012] y el síndrome inflamatorio del intestino 

[Chahar et al., 2014] y se ha observado que las isoformas de HNF4α (HNF4α 1/2/3/7/8/9) 

difieren en su habilidad para activar el promotor core del virus de hepatitis B, afectando así 

la eficiencia de la replicación viral [Ko et al., 2017; Ko et al., 2019]. 

 

El HNF4A está codificado por dos promotores regulados de acuerdo a la etapa de desarrollo 

(P1 y P2) y el uso diferencial de promotores y el splicing alternativo generan 12 isoformas 

(Figura 14), P1 dirige a HNF4A1-6 y P2 a HNF4A7-12), que son expresadas de manera 

específica de acuerdo al tiempo y al tejido [Drewes et al., 1996; Huang et al., 2009; Lau et 

al., 2018; Sladek et al., 1999; Thomas et al., 2001]. Con la excepción de HNF4α4 y HNF4α6, 
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el resto de las isoformas han sido validadas (Figura 14B) y se ha encontrado expresión 

diferencial en una variedad de tejidos. Las 12 isoformas difieren solamente en las regiones 

N- y C- terminal, que son los responsables de activar [Briancon and Weiss, 2006] y reprimir 

[Ruse et al., 2002] la trascripción, respectivamente. Sin embargo, una expresión aberrante 

de las isoformas resulta en la alteración de los perfiles de expresión genética asociado con 

enfermedades como el carcinoma hepatocelular [Tanaka et al., 2006], cáncer de colon 

[Schwartz et al., 2009] y diabetes mellitus [Anuradha et al., 2011], y se reconoce que cada 

isoforma desarrolla una función distinta para regular un subconjunto específico de genes 

de manera específica de tejido [Li et al., 2006; Torres-Padilla and Weiss, 2003]. Por ejemplo, 

se ha descrito que HNF4α2 está enriquecido en el hígado y actúa como supresor tumoral, 

cuya pérdida se asocia con carcinoma hepatocelular, mientras que HNF4α8 se expresa 

altamente en colon y controla la expresión de genes promotores del crecimiento [Ko et al., 

2019; Vuong et al., 2015]. 

Se ha descrito a HNF4α como homodímero [Jiang and Sladek, 1997; Lu et al., 2008] que 

comprende 2 cadenas polipeptídicas idénticas. Se sabe que los monómeros de HNF4α 

dimerizan con otros receptores nucleares. Se han encontrado combinaciones que generan 

alta o baja actividad transcripcional, indicando que la coexpresión de 2 isoformas genera 

heterodímeros de isoformas que son funcionalmente distintos de su correspondiente 

homodímero de isoformas [Ko et al., 2019]. A lo largo del presente trabajo haremos 

referencia a HNF4α y a sus promotores P1 y P2. 
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Fig. 14. HNF4α humano se expresa como 12 isoformas funcionales distintas. (A) El 
esquema muestra la estructura del gen de HNF4A humano y sus 12 transcritos, generados 
por el uso alternativo de los promotores P1 o P2, y por splicing alternativo en los extremos 
N- y C- terminal. (B) Esquema que representa los homodímeros de las isoformas del factor 
nuclear hepático HNF4a con diferentes combinaciones de N y C-terminales. Tomado de [Ko 
et al., 2019] 
 

OC1 (o HNF6) pertenece a la familia de genes one cut homeobox. Consiste en un solo 

dominio cut (CD) y un homeodominio divergente (HD) (Figura 13D) que forma el DBD 

bipartita [Iyaguchi et al., 2007; Lemaigre et al., 1996]. El HD contiene secuencias que 

median la localización nuclear y la activación transcripcional, en conjunto con la región 

enriquecida en serina/treonina/prolina) (STB box) [Lannoy et al., 2000; Rausa et al., 1997]. 

Los miembros de esta familia son OC1 y sus dos parálogos OC2 [Jacquemin et al., 1999] y 

OC3 [Lau et al., 2018; Vanhorenbeeck et al., 2002]. 

 

Con la información anterior es posible notar que los miembros de la familia albergan 

características comunes como las capacidades de unión y transactivación de DNA, las 

cuales están ampliamente definidas por dominios estructurales definidos que explican su 

diversidad funcional. Además, las múltiples isoformas dentro de cada subfamilia, confieren 
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mayor complejidad a su potencial regulatorio de las funciones celulares y tisulares [Lau et 

al., 2018]. 

1.7.1. Perfil de expresión de HNFs durante el desarrollo embrionario hepático y la 

etapa adulta  

Los patrones de expresión de los miembros de la familia de HNF durante el desarrollo 

embrionario de mamíferos ha sido mejor caracterizado en roedores que en humanos. Es 

sabido que el hígado, el páncreas y el riñón exhiben altos niveles de varios miembros de la 

familia de HNF y que la desregulación de estas proteínas está implicada en varias 

enfermedades [Lau et al., 2018].  

 

En el ratón, la expresión de Hnf1b se detecta por primera vez en el endodermo primitivo en 

el día embrionario E4.5 y se requiere para la especificación del linaje primitivo endodermal 

[Barbacci et al., 1999; Cereghini et al., 1992].La expresión de Hnf1b precede a Hnf1a 

durante la embriogénesis, es así que los trascritos de Hnf1a se detectan por primera vez 

en el saco vitelino en el día E8.5 [Cereghini et al., 1992]. Hnf4a se expresa en el endodermo 

visceral desde el día E4.5 [Chen et al., 1994; Duncan et al., 1994; Li et al., 2000; Parviz et 

al., 2003; Taraviras et al., 1994] y subsecuentemente se detecta en el brote del hígado y en 

el intestino posterior a partir del día E8.5 [Chen et al., 1994; Duncan et al., 1994; Li et al., 

2000; Nammo et al., 2008; Parviz et al., 2003; Taraviras et al., 1994]. Por otra parte, Foxa1, 

Foxa2 y Foxa3 tienen patrones temporales de expresión distintos y aparecen en dominios 

parcialmente traslapantes del endodermo definitivo y del notocordio [Lau et al., 2018]. 

 

Los transcritos de Hnf1b son detectados subsecuentemente en el endodermo del intestino 

anterior en el día E9, a partir del cual se desarrollan el hígado y el páncreas. Durante el 

desarrollo del hígado, tanto los transcritos de Hnf1a como Hnf1b pueden ser detectados en 

el primordio hepático al día E10.5 y continúan presentes en el hígado a lo largo de la vida 
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embrionaria [Ott et al., 1991]. En el día E9.5, Foxa1 y Foxa2 se encuentran altamente 

expresados durante la formación del brote del hígado, mientras que Foxa3 se expresa a 

bajos niveles. Posteriormente, la expresión de Foxa1 y Foxa2 disminuye entre los días 

E12.5 y E15.5 antes de incrementar nuevamente en el hígado adulto. En contraste Foxa3, 

que inicialmente se expresa poco, incrementa su expresión en el día E10.5 y permanece 

elevado durante el desarrollo hepático [Monaghan et al., 1993]. De manera similar al patrón 

observado para Foxa1 y Foxa2, Oc1 se detecta al día E9, cuando la diferenciación hepática 

ocurre, luego disminuye de manera transitoria entre los días E12.5 y E15, antes de continuar 

una expresión estable dentro del sistema biliar extrahepático y durante el desarrollo del 

hígado [Barbacci et al., 1999; Landry et al., 1997; Lau et al., 2018; Rausa et al., 1997]. 

 

En contraste con Foxa y Oc1, altos niveles de los transcritos de Hnf4 se localizan en la 

periferia del hígado donde se desarrollan los hepatocitos del día E11.5 al E16, pero no en 

el centro, donde las células hematopoyéticas se diferencian [Taraviras et al., 1994]. En el 

hígado de ratón hay un switch controlado del promotor P2 (distal) hacia el promotor P1 

(proximal) que dirigen la transcripción de Hnf4a de la vida fetal hacia el nacimiento, y los 

transcritos dirigidos por P1 continúan su expresión a niveles significativos en el hígado 

adulto [Dean et al., 2010]. La activación temprana de Hnf1b, Foxa1, Foxa2, Hnf4a y OC1 

en el desarrollo del hígado entre los días E8.5-E9.5 sugiere su importancia en el 

compromiso temprano hacia el linaje de hepatoblasto [Lau et al., 2018]. 

 

Durante la etapa adulta, Hnf1a y Hnf1b se expresan en tejidos como el hígado, el páncreas, 

el riñón y el intestino. Hnf1b puede tener papeles regulatorios más amplios, ya que se 

expresa en órganos que carecen de Hnf1a, como el timo, el pulmón, los testículos y los 

ovarios [Cereghini, 1996; Reber and Cereghini, 2001]. Foxa1 y Foxa2 se expresan de 

manera elevada, principalmente en células epiteliales del hígado y páncreas desarrollados. 
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Los transcritos de Hnf4 se expresan de manera más abundante en el hígado, riñón e 

intestinos adultos, con relativamente baja expresión observada en el páncreas, la piel y el 

estómago [Cattin et al., 2009; Miquerol et al., 1994; Sladek et al., 1990]. En el ratón adulto, 

solo Oc1 se detecta en altos niveles en el páncreas y en muy bajos niveles en los testículos. 

Tanto los transcritos de Oc1 como de Oc2 se expresan altamente en el hígado [Davidson, 

2006; Lau et al., 2018; Vanhorenbeeck et al., 2002]. 

 

1.7.2. Regulación diferencial de las isoformas de HNF4α en hígado y páncreas  

 

Las múltiples isoformas de HNF4A generadas a través de splicing alternativo destacan la 

complejidad de la expresión y función de HNF4. El consenso es que las isoformas derivadas 

del promotor P1 se expresan predominantemente en el hígado adulto (aunque también en 

el riñón), mientras que las isoformas reguladas por el promotor P2 son activas tanto en el 

hígado embrionario como en las células β pancreáticas (Figura 15). Se han descrito sitios 

de unión para HNF1, OC1 y el factor de transcripción 6 que se une a la secuencia GATA 

(GATA6) en el promotor P1 [Kyrmizi et al., 2006]. En el hígado embrionario, se ha sugerido 

que HNF1β coopera con GATA6 para activar la expresión de HNF4A1 [Hatzis and 

Talianidis, 2001] (Figura 15). Sin embargo en el hígado adulto, el sinergismo entre FOXA2 

y OC1 dirige la expresión de HNF4A1 [Kyrmizi et al., 2006; Lau et al., 2018]  (Figura 15). 

El promotor alternativo P2, que da origen a HNF4A7, puede dirigir la activación de HNF1β 

y OC1 en el hígado embrionario [Kyrmizi et al., 2006]. Mientras que en el páncreas, el 

promotor P2 se activa por los factores de transcripción pancreáticos HNF1α, OC1 y 

Pancreatic and Duodenal Homeobox 1 (PDX1) [Lau et al., 2018] (Figura 15).  
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Fig. 15. Regulación diferencial de las isoformas de HNF4A en el hígado y páncreas. 
HNF1, OC1, GATA6 y FOXA2 están involucrados en activar la expresión de las isoformas 
reguladas por el promotor P1 de HNF4α en el hígado embrionario. HNF1β coopera con 
GATA6 para activar a P1-HNF4A, mientras que el hígado adulto, el sinergismo entre FOXA2 
y OC1 dirige la expresión de P1-HNF4A. De manera similar, la expresión de P2-HNF4A es 
dirigida por OC1, HNF1β (hígado embrionario) y HNF1α (hígado adulto). El promotor P2 de 
HNF4A contiene sitios de unión para factores de transcripción en donde sus mutaciones 
conducen a diabetes de la adolescencia (MODY), nombrada HNF1α (MODY3), HNF1β 
(MODY5) y PDX1 (MODY4). FOXA, forkhead box A; HNF, factor nuclear de hepatocitos; 
OC, ONECUT. Tomada de [Lau et al., 2018]. 

 

Una vez revisada la red de regulación mediada por los HNFs, se puede entender que la 

variación en su expresión influya en el estado del desarrollo y diferenciación celular así 

como en el establecimiento de patologías. 

  



63 
 

2.  ANTECEDENTES 

2.1.  HNF4A es desmetilado progresivamente durante la diferenciación de los 

progenitores hepáticos adultos HepaRG 

Recientemente se han descrito los cambios que ocurren a nivel de la dinámica de metilación 

de DNA en el locus de HNF4A durante el proceso de diferenciación de la línea celular 

humana HepaRG. En un modelo in vitro, el progenitor hepático HepaRG se ha cultivado en 

condiciones de diferenciación durante 1 mes, encontrando que cambios en el estado de 

metilación e hidroximetilación del promotor P1 del gen HNF4A podrían ser los responsables 

del desencadenamiento de la diferenciación [Ancey et al., 2017].  

En este estudio se aisló el DNA genómico en cada una de las semanas del mes de 

diferenciación y se realizó un análisis de metilación diferencial, encontrando que la mayor 

disminución en el estado de metilación correspondía al promotor P1 de HNF4A además, 

entre los sitios que progresivamente se hipometilan se encontraban blancos de HNF4α 

como GDF7, CEP85, UBE2I, F2, SERPINA1, SBNO2, HDAC4, MET, CPT2 y PTPRK. 

Asimismo,  los autores subrayan que no se encontraron cambios en la metilación del DNA 

en otros genes que incrementan su expresión durante la diferenciación, tales como ALB, 

ALDOB, GSTA1 y CYP3A4 [Ancey et al., 2017]. 

2.2.  La desmetilación se asocia con un switch reversible de la expresión de las 

isoformas reguladas por el promotor 1 de HNF4A 

Al estudiar el efecto de la desmetilación de HNF4A P1 a nivel de expresión, los 

investigadores [Ancey et al., 2017] encontraron que las isoformas dependientes del 

promotor P1 aumentaron su expresión, la cual correlacionaba negativamente con la 

desmetilación de la región, comparada con la expresión del promotor P2 (Figura 16). 
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Fig. 16. Correlación entre la expresión de las isoformas reguladas por los promotores 
P1 y P2 de HNF4A a lo largo del proceso de diferenciación de la línea celular HepaRG. 
Los valores de expresión se muestran normalizados al tiempo 0 de la diferenciación para 
cada RT-qPCR. Los valores de P para cada correlación (Pearson) se muestran en los 
paneles inferiores. Tomado de [Ancey et al., 2017]. 
 

Cuando las células completamente diferenciadas se resembraron a baja confluencia para 

inducir una desdiferenciación, protocolo previamente descrito [Dubois-Pot-Schneider et al., 

2014], los programas de transcripción vuelven a mostrar un patrón asociado al estado de 

progenitor a las 24 h del resembrado. Las isoformas reguladas por el promotor P1 de 

HNF4A revelaron un silenciamiento progresivo de su expresión, mientras que las isoformas 

dirigidas por el promotor P2 se reexpresaron (Figura 17), patrón opuesto al que caracterizó 

al proceso de diferenciación [Ancey et al., 2017].  



65 
 

Fig. 17. Inversión del patrón de 
expresión de las isoformas de 
HNF4A  en la desdiferenciación. 
Hepatocitos diferenciados durante 1 
mes se resembraron a baja 
confluencia para inducir la 
desdiferenciación y la expresión de las 
isoformas reguladas por los 
promotores P1 y P2 fue evaluada por 
RT-qPCR. Los datos muestras el 
promedio ± DE. Tomado de [Ancey et 
al., 2017].  

 

 

Con esta información los autores demostraron que existe un switch en la expresión de las 

isoformas reguladas por los promotores P2 y P1 de HNF4A en los progenitores HepaRG 

detectable a 1 semana del proceso de diferenciación hacia hepatocitos, y reversible a 1 día 

después de iniciada la desdiferenciación [Ancey et al., 2017]. 

2.3.  La hidroximetilación del promotor P1 de HNF4A precede la diferenciación 

terminal de los hepatocitos  

Como se describió en la sección introductoria, la desmetilación puede ser el resultado de 

una adición deficiente del grupo metilo en las cadenas nacientes de DNA durante la división 

celular (desmetilación pasiva) o la consecuencia de una oxidación progresiva de las 

citosinas metiladas, la cual es mediada por las dioxigenasas TET (desmetilación activa) 

[Kriaucionis and Heintz, 2009; Schubeler, 2015; Tahiliani et al., 2009]. Cuando los 

progenitores hepáticos HepaRG, se cultivan en estado de confluencia durante una semana, 

divisiones celulares adicionales no pueden llevarse a cabo (la proliferación se encuentra 

limitada). Lo anterior sugeriría que la desmetilación que los autores observaron durante el 

proceso de diferenciación no estaría ocurriendo de manera pasiva al no haber división 

celular, sino más bien, la desmetilación podría asociarse a un proceso activo. 
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En este estudio, los investigadores encontraron que la expresión de TET1 y TET2 se 

encuentra incrementada a una semana de diferenciación (Figura 18), lo cual correlacionaba 

con la mayor expresión de las isoformas reguladas por el promotor P1 de HNF4A [Ancey et 

al., 2017]. 

Fig. 18. Expresión de TET1 y TET2 
durante la diferenciación de hepatocitos. 
Expresión de TET1 (panel izquierdo) y TET2 
(panel derecho) evaluada por RT-qPCR a 
cada semana del proceso de diferenciación 
de la línea celular HepaRG. *Indica un valor 
de p menor a 0.05 en la prueba de t student. 
Tomado de [Ancey et al., 2017]  
 

De igual manera, se encontró un incremento de 5hmC en el promotor P1 de HNF4A 

después de una semana de la diferenciación del progenitor hepático. Sin embargo, se 

observó una menor ocupación de 5hmC en las semanas subsecuentes de la diferenciación 

hasta alcanzar el estado de hepatocito maduro a los 30 días. (Figura 19). Este 

enriquecimiento de 5hmC alcanza el nivel más bajo a las 24 h de resembrar a baja 

confluencia los hepatocitos diferenciados por 30 días (Figura 19). 

 

Fig. 19. El promotor P1 de HNF4A se 
enriquece en 5hmC durante la 
diferenciación de hepatocitos. La cinética 
de 5hmC fue evaluada a través de hMeDIP 
para el promotor P1 de HNF4A hasta la 
completa diferenciación de los hepatocitos 
(panel izquierdo) y seguida también durante la 
desdiferenciación (panel derecho). Los datos 
muestran el promedio ± DS de tres 
experimentos independientes. * p < 0.05 en la 
prueba de t de student. Tomado de [Ancey et 
al., 2017]. 

 

Con estos datos los autores señalan que hay un enriquecimiento en 5hmC que precede a 

la expresión de las isoformas reguladas por el promotor P1 de HNF4A durante la 
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diferenciación de progenitores hepáticos, por lo que se puede sugerir que esta zona 

diferencialmente hidroximetilada representa una región de regulación [Ancey et al., 2017]. 

2.4.   El factor de transcripción pionero FOXA2 colocaliza con TET1 en el promotor 

de HNF4A 

Los datos descritos en los párrafos anteriores sugieren un modelo en el que los progenitores 

bipontenciales hepáticos se encuentran enriquecidas en 5hmC en el promotor P1 de 

HNF4A, lo cual estaría determinado por las enzimas TET en un estado temprano de la 

diferenciación terminal de los hepatocitos. Sin embargo, estas enzimas dioxigenasas 

requieren de cofactores para ser reclutadas a sitios específicos del genoma. Los autores 

identificaron que en el locus de HNF4A se encuentra un sitio de unión para el factor pionero 

de hepatocitos FOXA2 entre -306 y -7 bp río arriba del TSS regulado por P1 y validaron la 

unión de este factor de transcripción tanto en el estado de progenitor como a una semana 

de diferenciación, así como la unión de TET1 en este sitio en las células con una semana 

de diferenciación (Figura 20) mientras que no se encontraron cambios significativos en el 

caso de TET2. La ocupación de FOXA2 se detectó, pero no presentó cambios en el 

promotor P1, de manera consistente con su papel de pionero. No hubo cambios 

significativos en ninguna de las tres proteínas en el promotor P2 [Ancey et al., 2017]. 
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Figura 20. TET1 y FOXA2 colocalizan en el locus P1 de HNF4A. Se realizó 
inmunoprecipitación de la cromatina (ChIP) con anticuerpos anti-dioxigenasas TET y contra 
FOXA2 en el estado de progenitor (Prolif) y después de una semana de diferenciación          
(Wk 1). qPCRs fueron realizadas para los promotores P1 y P2 de HNF4A. Las barras grises 
representan la señal de fondo de IgG. Se realizaron tres réplicas biológicas. Se muestran 
resultados representativos. Los datos muestran el promedio ±  DE. * p < 0.05 en la prueba 
de t de student. Tomado de [Ancey et al., 2017]. 

 

2.5.  FOXA2 y TETs son requeridos para el switch de expresión en HNF4A 

relacionado con 5hmC 

Utilizando RNAs de interferencia pequeños (siRNAs), el grupo de Hernández-Vargas 

demostró que la inducción de la expresión de las isoformas coordinadas por el promotor P1 

de HNF4A a la semana de diferenciación fue significativamente afectada después del 

silenciamiento de TET1/TET1 (Figura 21), esta afectación fue aún más drástica al silenciar 

FOXA2 (Figura 21), mientras que las isoformas reguladas por P2 no presentaron cambios 

con estos silenciamientos (Figura 21). Por su parte, la inducción de la expresión de las 

isoformas reguladas por P1 correlaciona con un pico de 5hmC en el promotor P1 (Figura 

21); de manera equivalente, este enriquecimiento se vio afectado después de silenciar las 

TETs y FOXA2, sin cambios significativos en el promotor P2 (Figura 21) [Ancey et al., 2017]. 
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Fig. 21. TET1 y FOXA2  se 
requieren para el switch de 5hmC 
y las isoformas de HNF4A. 
Después de una semana de 
diferenciación expuestas a los 
RNAs de interferencia siTETs y 
siFOXA2, se extrajo el RNA para 
evaluar las isoformas dirigidas por 
los promotores P1 (panel superior 
izquierdo) y P2 (panel superior 
derecho) por RT-qPCR. Bajo las 
mismas condiciones de 
silenciamiento, se extrajo DNA para 
cuantificar la 5hmC utilizando 
hMeDIP sobre los promotores P1 
(panel inferior izquierdo) y P2 
(panel inferior derecho). Los 
ensayos se realizaron por 
triplicado. Los resultados muestran 
el promedio ± DE. * p < 0.05 en la 
prueba de t de student. Tomado de 
[Ancey et al., 2017]. 

 

 

Al realizar una inmunoprecipitación de cromatina (ChIP) durante la primera semana de 

diferenciación (cuando ocurre el mayor enriquecimiento de 5hmC), los autores comprobaron 

que TET1 se enriquece en el promotor P1 (Figura 22) y que este incremento no ocurre en 

presencia del siRNA contra FOXA2 (Figura 22), demostrando que el incremento de 5hmC 

se ve eliminado al silenciar TETs o FOXA2 y que este efecto es limitado a la región del 

promotor P1 de HNF4A [Ancey et al., 2017]. 
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Fig. 22. El reclutamiento de TET1 al promotor P1 de 
HNF4A depende de la presencia de FOXA2. 
Ocupación de TET1 en el promotor P1 de HNF4A 
evaluado por ChIP en condiciones control (siControl) o 
después del silenciamiento de FOXA2 (siFOXA2). Los 
resultados muestran el promedio ± DE. * p < 0.05 en la 
prueba de t de student. Tomado de [Ancey et al., 2017]. 

 

 

 

En conclusión, el trabajo de Ancey y colaboradores revela que tanto la enzima dioxigenasa 

TET1 como el factor pionero FOXA2 se requieren para el switch de expresión de HNF4A 

mediado por el enriquecimiento de 5hmC y que marca un paso inicial de la diferenciación 

de progenitor hepático bipotencial HepaRG. 

2.6.  Interrelación entre el metabolismo y la cromatina ¿Podría la modulación 

farmacológica de metabolitos intervenir en la expresión tanto fisiológica como 

patológica de genes? 

 Un área relevante en la investigación epigenética que ha surgido en años recientes 

relaciona cómo el metabolismo celular regula varios eventos involucrados en la 

remodelación de la cromatina. Las células perciben estos cambios en el ambiente y las 

traducen como modulaciones específicas en el epigenoma a través de una gran variedad 

de componentes de señalización, algunos de los cuales son proteínas con actividad 

enzimática de modificadores de histonas y de DNA. Las enzimas que llevan a cabo estas 

modificaciones dependen críticamente de la disponibilidad de grupos fosfato, acetilo y 

metilo, por mencionar algunos. Esto constituye un enlace entre el metabolismo celular y el 

control epigenético. Sin embargo aún es incierta la especificidad y el grado de cambio en 
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que los niveles de los metabolitos celulares puedan influir en el epigenoma [Berger and 

Sassone-Corsi, 2016]. 

En este trabajo haremos énfasis en la regulación de los niveles de la S-adenosilmetionina 

(SAM), el sustrato requerido para la metilación del DNA, por un derivado de adenosina y su 

papel como metabolito capaz de influir en la regulación epigenética, en particular de la 

hidroximetilación del DNA.  

La metilación del DNA (así como la de histonas y otras proteínas no histónicas) requiere del 

metabolito SAM como fuente de grupos metilo. La SAM es un co-sustrato involucrado en la 

transferencia de grupos metilo y se obtiene a partir de ATP durante el ciclo de la metionina 

por las enzimas metionina adenosiltransferasas (MATs) (Figura 23) [Grillo and Colombatto, 

2008]. El grupo metilo (CH3-) en la SAM es reactivo y es donado al aceptor de sustratos por 

trans-metilación. Después de esta reacción, SAM se convierte en S-adenosilhomocisteina 

(SAH), que es un potencial inhibidor de las metiltrasferasas. Se ha caracterizado una gran 

variedad de metiltransferasas que están involucradas en el control epigenético, incluyendo 

las DNMTs. Ya que la fuente de la SAM es el ATP y la metionina, la concentración 

intracelular de ATP así como su sublocalización puede influir en la disponibilidad de SAM 

para las reacciones de metilación [Berger and Sassone-Corsi, 2016]. 
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Fig. 23. Síntesis de SAM a partir de metionina y ATP. Esquema que representa el ciclo 
de la metionina donde se destacan las reacciones de trans-metilación biológicas mediadas 
por la S-adenosilmetionina (SAM). Cada componente del ciclo esta denotado por colores: 
adenosina en verde, metionina y su precursor homocisteina en azul, fosfatos en negro y el 
grupo metilo en rojo. 
 

Como se muestra en la figura 23, la adenosina, que es una molécula fisiológica, constituye 

una parte de la estructura de carbono de SAM, y se incorpora a la metionina a través de las 

enzimas MAT que toman el nucleósido a partir del ATP.  

La capacidad del sistema adenilato para modular los niveles energéticos (ATP) de la célula 

ha sido propuesta previamente [Atkinson, 1968]. Nuestro grupo ha evaluado los efectos 

farmacológicos de la adenosina, entre los cuales se encontró que el nucleósido genera un 

incremento de la carga energética del hígado después de su administración intraperitoneal 

en ratas sanas, lo cual se denota por un incremento en los niveles de ATP [Chagoya de 

Sanchez et al., 1972]. Este cambio metabólico puede ser explicado de acuerdo a la hipótesis 

de Atkinson, la cual propone que la carga de energía controla la velocidad y la dirección de 

una secuencia metabólica [Atkinson, 1968]. Un efecto equivalente se encontró cuando la 

adenosina se administró en un modelo de hepatotoxicidad inducida por etanol [Hernandez-
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Munoz et al., 1978]  y tetracloruro de carbono (CCl4) [Hernandez-Munoz et al., 1990] en 

ratas y más recientemente este efecto se reprodujo usando una sal derivada de la 

adenosina, denominada IFC-305 (Patente UNAM 207422), en un modelo de intoxicación 

hepática crónica por dietilnitrosamina [Chavez et al., 2017]. 

Considerando la capacidad de la adenosina para incrementar la carga energética de la 

célula, a través del incremento de los niveles de ATP, en el laboratorio se ha propuesto que 

el IFC-305 es capaz de estimular la síntesis de SAM al ser una reacción dependiente de 

ATP. En un contexto fisiológico se encontró un pico endógeno en la concentración de 

adenosina que correlaciona con un incremento de SAM durante la evaluación de los ritmos 

circadianos de estas moléculas (Figura 24A)  [Chagoya de Sanchez et al., 1991]. Por otra 

parte, la administración de IFC-305 favorece la recuperación de los niveles de SAM en la 

cirrosis inducida con CCl4 (Figura 25A) [Rodriguez-Aguilera et al., 2018], y en un modelo de 

intoxicación crónica con dietilnitrosamina (Figura 25B) [Lozano-Rosas et al., 2019]. Además 

la regulación de la capacidad metilante (SAM/SAH) mediada por adenosina, se puede 

relacionar con la metilación endógena de fosfolípidos (Figura 24B) [Chagoya de Sanchez 

et al., 1991] y con los niveles de metilación y de hidroximetilación de DNA durante la 

recuperación de la cirrosis (Figura 25C) [Rodriguez-Aguilera et al., 2018]. 
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Fig. 24. Variaciones de los sustratos y productos de las reacciones de trans-
metilación en el hígado de rata durante 24 h. (A) Se muestran los cambios de adenosina, 
S-adenosilmetionina (SAM) y S-adenosilhomocisteina (SAH) a lo largo del día. El eje de las 
abscisas indica las horas del día, la región en negro representa el periodo de oscuridad. 
Los valores muestran el promedio ± DE de 5 animales. De acuerdo con la prueba de Mann-
Whitney en el panel superior, comparando el valor de la adenosina a las 2 h vs las 24 h 
tiene un valor de p < 0.05; para 12 h vs 24 h p < 0.01, para 12 h vs 8 h p <0.02. En el panel 
intermedio, los valores de SAM a las 12 h y 2 h vs 24 h tienen un valor de p < 0.01 y 0.02 
respectivamente. En el panel inferior, los valores de SAH son significativamente diferentes; 
para 2 h vs 24 h p < 0.02 y para 2 h vs 4 h p <0.05. (B) Variaciones de la actividad metilante 
en el hígado de rata a lo largo del día. El eje de las abscisas indica el tiempo del día, con la 
región negra representando el periodo de oscuridad. Las ordenadas representan la relación 
SAM/SAH (línea continua) y la relación fosfatidil colina/fosfatidil etanolamina (PC/PE), que 
indica la metilación de fosfolípidos (línea discontinua). Se observa una correlación entre el 
pico de adenosina con el pico de SAM y de SAM/SAH a las 12 h, lo que indica un efecto de 
la adenosina sobre la actividad metilante y por otro lado una correlación entre el pico de 
SAM/SAH y de PC/PE a las 12 h, por lo que se puede asociar la actividad metilante con la 
metilación de fosfolípidos a este tiempo. Tomado de [Chagoya de Sanchez et al., 1991]. 
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Fig. 25. El derivado de adenosina IFC-305 regula los niveles de SAM y la dinámica de 
metilación del DNA en el estado patológico. Cuantificación de SAM (A) en cirrosis 
inducida por CCl4 y en (B) carcinoma hepatocelular inducido por dietilnitrosamina. (C) 
Cuantificación de la metilación global del DNA en cirrosis. (D) Cuantificación de la 
hidroximetilación global del DNA en cirrosis. Los datos representan el promedio ± DEM de 
tres ratas/grupo. *Diferencia estadística (p < 0.05) comparado contra grupo control. 
**Diferencia estadística (p < 0.05) comparada contra cirrosis (to). #Diferencia estadística (p 
< 0.05) comparada contra cirrosis (to) y to + 5ss. Para el panel B: a indica diferencia 
estadística contra el grupo control, b indica diferencia estadística contra el grupo de 
carcinoma hepatocelular (HCC) y c indica diferencia estadística contra el grupo de 
progresión de cáncer (CP). (p < 0.05). Tomado de [Lozano-Rosas et al., 2019; Rodriguez-
Aguilera et al., 2018]. 

 

Esta propiedad de la adenosina y de su derivado, el IFC-305, de modular los niveles de 

SAM podría ser el origen de los diferentes efectos que presentan estos compuestos, al estar 

modulando la expresión génica a través de mecanismo epigenéticos. Dichos efectos se 

revisan a detalle en [Rodríguez-Aguilera et al., 2019] y están relacionados con la reducción 

de la fibrosis y un mejoramiento de la función hepática a través de cambios en el 
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transcriptoma [Perez-Carreon et al., 2010], la promoción de la recuperación del ciclo celular 

en el hígado cirrótico [Chagoya de Sanchez et al., 2012], la polarización hacia macrófagos 

antiinflamatorios en cirrosis [Perez-Cabeza de Vaca et al., 2018], la prevención de la 

activación de células estelares hepáticas [Velasco-Loyden et al., 2010], además de 

presentar propiedades antineoplásicas [Chavez et al., 2017; Lian et al., 2019; Lozano-

Rosas et al., 2019; Velasco-Loyden et al., 2017]. 

Con los datos anteriores, podemos sugerir que el metabolismo celular puede influir en el 

estado de diferenciación de las células al regular metabolitos implicados en el control 

epigenético. El estado energético directamente afecta a los reguladores de la cromatina que 

modulan la transcripción, alterando la disponibilidad de metabolitos celulares como SAM 

entre otros cofactores de  enzimas modificadoras de la cromatina. Dado que la reserva local 

de energía puede influir en el estado epigenético de las células [Harvey et al., 2019], una 

reprogramación metabólica podría considerarse una herramienta potencial para estudiar los 

diferentes estados de diferenciación, así como la influencia del estado metabólico sobre 

modificaciones epigenéticas como la hidroximetilación del DNA, que a su vez puede 

relacionarse con la identidad celular. Además, tanto la reprogramación metabólica como 

epigenética pudieran ser utilizadas también en patologías relacionadas con la regeneración 

tisular y como medida de intervención temprana para enfermedades donde ocurre una 

desdiferenciación celular, como en el cáncer. 
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3.  JUSTIFICACIÓN 

A pesar de que la distribución de la 5hmC durante la diferenciación de células progenitoras 

adultas se ha evaluado en diferentes tejidos (revisado en [Ecsedi et al., 2018]), hay una 

carencia de información de cómo ocurre este proceso en el hígado. Previamente se 

describió un cambio específico de 5hmC en el locus de HNF4A, que ocurre a una semana 

de cultivo celular lo cual conduce a la diferenciación de progenitores hepáticos [Ancey et 

al., 2017]. Este hallazgo fue una motivación para realizar un mapa más detallado de 5hmC 

en el modelo in vitro  de diferenciación de progenitores hepáticos. 

Hasta donde tenemos conocimiento, no existe un análisis de 5hmC, con una resolución a 

nivel de nucleótido, durante la diferenciación de progenitores hepáticos bipotenciales 

putativos hacia hepatocitos. A pesar de las limitaciones, este modelo ofrece la ventaja de 

estudiar los hepatocitos en aislamiento, lo cual es más problemático con aproximaciones in 

vivo en tejido hepático completo. 

Al momento de la redacción de éste documento ya ha habido varias revisiones sobre la 

distribución y la función de 5hmC [Cimmino and Aifantis, 2017; Ecsedi et al., 2018; Laird et 

al., 2013; Liang et al., 2016; Lopez et al., 2017; Shi et al., 2017; Szyf, 2016; Zhu et al., 2018] 

y se ha descrito la distribución de 5hmC en el hígado sano, demostrando que ésta sufre 

cambios durante el desarrollo del carcinoma hepatocelular [Li et al., 2016b]. Además se 

sabe que hay un incremento de 5hmC en el hígado adulto humano comparado contra el 

hígado fetal, con una ocupación sobrerrepresentada en genes involucrados en procesos 

catabólicos y metabólicos [Ivanov et al., 2013]. Otro estudio ha relacionado los patrones de 

metilación del DNA y los ha relacionado con la edad del tejido hepático en el ratón, 

encontrando que la mayoría de los cambios ocurren entre los días postnatales 5 y 20 

[Cannon et al., 2016], sin embargo este estudio no distinguió entre 5mC y 5hmC. 
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Por otra parte, las aproximaciones que se han realizado en modelos in vitro sobre la 

diferenciación de hepatocitos, han utilizado células troncales humanas mesenquimales, 

donde se ha inhibido la metilación del DNA y se ha observado un incremento en la eficiencia 

de diferenciación [Chaker et al., 2018; Lee et al., 2017; Seeliger et al., 2013]. Además, otro 

reporte describe una acumulación transitoria de 5-carboxilcitosina, otro intermediario en el 

proceso de desmetilación activa del DNA durante la diferenciación de células 

pluripotenciales troncales humanas inducibles a hepatocitos [Lewis et al., 2017]. 

4.  PLANTEAMIENTO DEL PROBLEMA 

Algunos estudios han descrito los cambios en la distribución genómica de la 5hmC durante 

el desarrollo hepático humano y de ratón. También se ha sugerido que en procesos 

patológicos como el cáncer hepático, hay una pérdida de esta citosina modificada. Sin 

embargo, aún no hay información relacionada con la abundancia, localización genómica y 

función de la 5hmC durante el proceso de diferenciación de progenitores hepáticos adultos 

en humano. Es por ello que el presente estudio plantea la evaluación de la distribución de 

5hmC a lo largo del genoma, a una semana de diferenciación, como posible marcador de 

identidad celular de hepatocitos. 

5.  HIPÓTESIS 

La diferenciación de progenitores hepáticos adultos humanos hacia hepatocitos, involucra  

un enriquecimiento genómico de 5hmC asociado con la activación de genes relacionados 

con la fisiología hepática. 
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6.  OBJETIVO GENERAL 

Identificar los dinucleótidos CpGs hidroximetilados a nivel genómico durante la 

diferenciación del progenitor hepático HepaRG, así como el efecto de la modificación del 

estado metabólico por un derivado de adenosina, sobre la adquisición de la 

hidroximetilación del DNA y de marcadores hepáticos en este proceso. 

7.  OBJETIVOS PARTICULARES 

1. Identificar los genes diferencialmente expresados entre el estado de progenitor 

hepático y las células con una semana de diferenciación. 

2. Analizar la distribución de 5hmC durante la diferenciación del progenitor hepático 

HepaRG. 

3. Asociar las CpGs diferencialmente hidroximetiladas con genes diferencialmente 

expresados y correlacionarlos con la función hepática. 

4. Evaluar la viabilidad de la línea celular HepaRG en respuesta a la exposición con el 

derivado de adenosina, inductor de SAM, IFC-305. 

5. Determinar si la intervención metabólica con el derivado de adenosina puede influir en 

la dinámica de metilación de DNA y por consecuencia en el proceso de diferenciación. 
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8. MÉTODOS 

8.1.  Sustancias químicas 

Los reactivos fueron adquiridos con Sigma Chemical Co. (St. Louis, MO). El IFC-305 es la 

sal de aspartato de adenosina: 2-aminosuccinic acid-2-(6-amino-9H-purin-9-il)-5-

(hidroxmetil) tetrahidrofuran-3,4-diol (1:1), y se sintetizó en el laboratorio de acuerdo con la 

patente UNAM 207422. 

 

8.2.  Cultivo de la línea celular HepaRG 

 

Las células HepaRG (Biopredic) se cultivaron a 37°C y CO2 al 5% de la siguiente manera. 

La células en diferenciación (4.4 x 104/cm2) se crecieron por una semana en medio William’s 

E (Gibco 12551-032) y se suplementó con suero fetal bovino al 10% (Eurobio 

CVFSVF0001), penicilina/estreptomicina 1x (Gibco 10378016), insulina 5 μg/mL (Sigma 

I9278) e hidrocortisona 3 x 10-5 mM (Sigma H0888) en placas de cultivo de 6 pozos (Figura 

26), el medio fue reemplazado 24 h después del sembrado y una vez más después de 3 

días. Para la condición proliferante, las células se sembraron a baja confluencia, para evitar 

el contacto célula-célula y, con esto, la diferenciación.  

El tratamiento con IFC-305 comenzó 24 h después del sembrado celular, y las células se 

trataron nuevamente a los 3 días de cultivo, cuando el medio se reemplazó (Figura 26); las 

células expuestas a la glicina dimetiloxalílica (DMOG (Biotechne CAS# 89464-63-1)) 

siguieron el mismo esquema de tratamiento que las células expuestas al IFC-305, a las 

concentraciones correspondientes; las células expuestas a la S-adenosilmetionina (SAM) 

en su forma de p-toluensulfonato [Cabrales-Romero Mdel et al., 2006; Li et al., 2015; Stiuso 

et al., 2016; Tomasi et al., 2012] (Sigma A-2408) fueron tratadas cada 24 h con una 

concentración de 1 mM en medio fresco, la cual es equivalente a la concentración utilizada 
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para IFC-305, el tratamiento inició 24 h después del sembrado de las células y continuó 

hasta el día 6. Los tres compuesto se solubilizaron directamente en el medio William’s E.  

Por otra parte, una mezcla de siRNAs contra TET1, TET2 y TET3 o siRNA control (siRNA 

CTRL) (Dharmacon, On-Target Plus siRNA) fue transfectada en la células HepaRG (4.4 x 

104/cm2), sembradas 24 h previas a la transfección, en placas de cultivo de 12 pozos, a una 

concentración de 20 nM utilizando Lipofectamina 2000 (Invitrogen 11668) utilizando 3 μL 

por reacción en 350 μL de Medio William´s sin suplementar, mezclando de acuerdo a las 

instrucciones del fabricante. La mezcla de lipofectamina + siRNA se incubó a temperatura 

ambiente por 15 min y se agregaron, por goteo, 50 μL de la mezcla a los pozos 

correspondientes. La transfección se incubó durante 12 h a 37°C y CO2 5%. Transcurrido 

este tiempo, se cambió el medio de cultivo y se reemplazó por 3 mL de medio William’s 

suplementado, y se siguió el esquema de los tratamientos químicos para diferenciar durante 

una semana. Las células se recuperaron 7 días después de la siembra para obtener el 

material biológico necesario para cada ensayo.  

 

8.3. Análisis del transcriptoma 

 

El RNA se aisló directamente del cultivo utilizando TRIzol (Invitrogen 15596018) y tratado 

con DNAsa (Invitrogen 18068-015) como se describe a continuación: 

Preparación de la muestra 

En la placa de cultivo de 6 pozos: 

 Lavar las células con 5 mL de solución reguladora de fosfatos (PBS) 1x. 

 Adicionar 300 μL de TRIzol por pozo, las células se despegarán inmediatamente, 

utilizando la micropipeta, lavar varias veces con la mezcla TRIzol-células y transferir 

el volumen a un tubo de mricrocentrífuga de 1.5 mL. 

 En este punto, la muestra puede congelarse inmediatamente a -70°C. 
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Extracción 

 Descongelar el tubo con la mezcla TRIzol-células, en hielo. 

 Centrifugar a 12 000 g por 10 min a 4°C para remover el material insoluble. 

 Transferir el sobrenadante a un tubo de microcentrífuga de 1.5 mL, nuevo y libre de 

RNasas. 

 Incubar la muestra durante 5 min a temperatura ambiente. 

 Agregar 0.2 mL de cloroformo por cada 1 mL de TRIzol (60 μL para 300 μL de 

TRIzol). 

 Mezclar vigorosamente por 30 s e incubar a temperatura ambiente de 2 – 15 min. 

 Centrifugar a 12 000 g por 15 min a 4°C. 

Aislamiento de RNA 

 Transferir la fase acuosa a un tubo nuevo. 

 Agregar 0.5 mL de isopropanol 100% por cada 1 mL de TRIzol (150 μL para 300 μL 

de TRIzol), mezclar. 

 Incubar la muestra a temperatura ambiente de 5 – 10 min. 

 Centrifugar a 12 000 g por 10 min a 4°C (Mantener siempre en hielo los tubos que 

contienen el RNA). 

 Remover el sobrenadante y lavar el botón de RNA adicionando 1 mL de etanol 75% 

por cada 1 mL de TRIzol (300 μL para 300 μL de TRIzol). 

 Mezclar en vortex y centrifugar a 7 500 g por 5 min a 4°C. 

 Secar brevemente (no completamente) el botón de RNA invirtiendo el tubo en una 

servitoalla a temperatura ambiente. 

 Adicionar 30 μL de agua inyectable (nunca utilizar agua DEPC ya que inhibe la 

reacción de retrotranscriptasa). 
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 Medir la concentración de RNA y la relación de densidad óptica 260/280, la cual 

debe ser cercana a 2. 

 Verificar la integridad del RNA en un gel de agarosa al 1% con 1 μL de RNA. 

 Almacenar a -70°C. 

Tratamiento con DNasa 

Para 1 μg de RNA: 

1 μL de solución reguladora (buffer) de reacción de DNasa I 

1 μL de DNasa I Amp Grade, 1 U/μL 

cbp 10 μL H2O inyectable 

 Incubar la mezcla por 15 min a temperatura ambiente 

 Calentar a 65°C por 10 min. 

Obtención del Transcriptoma 

Utilizando el estuche Illumina ToatlPrep-96 RNA Amp (Ambion 4393543), 500 ng de 

RNA fueron transcritos inversamente a cDNA, se sintetiza una segunda cadena para 

actual como templado de la RNA polimersa T7 y ser etiquetada con biotina-UTP.  

2 000 ng de cDNA etiquetado se hibridaron en el microarreglo Illumina HumanHT-12 v3 

(Illumina) y se procedió de acuerdo a las instrucciones del fabricante. Las laminillas se 

leyeron inmediatamente utilizando el Illumina BeadStation iScan (Illumina). Los ensayos 

se realizaron por duplicado con dos cultivos independientes por condición. 

 

8.4. RT-PCR cuantitativa 

 

La síntesis de cDNA se realizó con 2 μg de RNA total utilizando la M-MLV transcriptasa 

inversa (Invitrogen 28025-013) y random primers.  

1 μL Random primers 250 μg/μL. 

1 μL dNTPs mix 10 mM. 
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cbp 12 μL H2O inyectable. 

2 μg RNA. 

Incubar la mezcla a 65°C por 5 min y enfriar rápidamente en hielo. Centrifugar 

brevemente y adicionar: 

4 μL First-Srand solución reguladora 5x 

2 μL Ditiotreitol (DTT) 0.1 M 

Mezclar el contenido de tubo suavemente e incubar el tubo a 25°C por 2 min. 

 Adicionar 1 μL (200 U) de M-MLV RT y mezclar con la micropipeta suavemente hacia 

arriba y hacia abajo. 

Incubar a 37°C durante 50 min. 

Inactivar la reacción calentando a 70°C por 15 min. 

Todos los ensayos de PCR cuantitativa se realizaron independientemente utilizando 3 

cultivos por condición en duplicado. Se utilizó el estuche Mesa Green qPCR 2x Master Mix 

Plus (Eurogentec 05-SY2X-06+WOU) en el sistema CF96 PCR (Bio-Rad). Los 

oligonucleótidos fueron descritos previamente [Ancey et al., 2017] y se muestran en la Tabla 

6. La expresión relativa fue calculada de acuerdo al método ΔΔCt como se describe a 

continuación: Nivel de expresión = 2^-(ΔΔ Ct), dónde ΔCt = (promedio Ct gen evaluado – 

promedio Ct gene housekeeping), y ΔΔCt = ΔCt - Promedio ΔCt Condición control). La normalización se 

realizó contra las células proliferantes, que fueron consideradas como condición control 

para comparar los niveles de expresión y SFRS4 fue utilizado como gene housekeeping.  
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Tabla 6. Lista de oligonucleótidos utilizada en RT-PCR cuantitativa. 

 

Región Secuencia 

SFRS4 Fw (5'-GGCTACGGGAAGATCCTGGA-3') 

 Rv (5'-TGCATCACGCAGATCATCAA-3') 

ALDOB Fw (5'-TGTTCACACGGGTTCTTCTG-3') 

 Rv (5'-CGGGCATTGGACCCTAGTA-3') 

GSTA Fw (5'-GGGAGAGAACTATTGAGAGGAACA-3') 

 Rv (5'-TTAAACGCTGTCACCGTCCT-3') 

ALB Fw (5'-GCTTATTCCAGGGGTGTGTTT-3') 

 Rv (5'-CTGAGCAAAGGCAATCAACA-3') 

HNF4A P1 Fw (5'-ATGGACATGGCCGACTACAGTGCT-3') 

 Rv (5'-CGAATGTCGCCGTTGATC-3') 

HNF4A P2 Fw (5'-CTTGGCCATGGTCAGCGTGAACG-3') 

 Rv (5'-CGAATGTCGCCGTTGATC-3') 

TET1 Fw (5'-GCTATACACAGAGCTCACAG-3') 

 Rv (5'-GCCAAAAGAGAATGAAGCTCC-3') 

TET2 Fw (5'-CTTTCCTCCCTGGAGAACAGCTC-3') 

  Rv (5'-TGCTGGGACTGCTGCATGACT-3') 

IDH1 Fw (5'-CGGAACCCAAAAGGTGACAT-3') 

 Rv (5'-TGGCAACACCACCACCTTCT-3') 

IDH2 Fw (5'-CACGGCCTCAGCAATGTG-3') 

 Rv (5'-TCGAGGAAGTCCGTGGTGTT-3') 

DNMT1 Fw (5'-GATGTGGCGTCTGTGAGGT-3') 

 Rv (5'-CCTTGCAGGCTTTACATTTCC-3') 

DNMT3A Fw (5'-CCTGAAGCCTCAAGAGCAGT-3') 

 Rv (5'-TGGTCTCCTTCTGTTCTTTGC-3') 

DNMT3B Fw (5'-CAAATGGCTTCAGATGTTGC-3') 

 Rv (5'-TCCTGCCACAAGACAAACAG-3') 

MAT1A Fw (5'-GGGCAGGAGATCAGGGTTTG-3') 

 Rv (5'-GCCCTGATGACTTGCTCCTT-3') 

MAT2A Fw (5'-CTACGAGTAGAACGCTGTCCG-3') 

 Rv (5'-CCAGTTTTAGCAACAGTTTCACA-3') 
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8.5. Evaluación de la supervivencia celular 

 

Las células HepaRG en diferenciación y en diferenciación expuestas al IFC-305 por 1 

semana, se trataron con tripsina y se contaron utilizando un contador automatizado TC20 

(Bio-Rad) en laminillas de doble cámara y azul tripano (Bio-Rad 1450003). El número de 

células totales y células vivas se determinó automáticamente y el porcentaje de 

supervivencia se determinó comparando las células vivas de cada condición con el 

promedio de las células no tratadas, el cual se consideró como 100%. 

 

8.6.  Inmunofluorescencia 

 

Se sembraron 400 000 células HepaRG por pozo en placas de 6 pozos con 4 cubreobjetos 

redondos por pozo y se trataron de acuerdo al modelo de diferenciación con o sin IFC-305. 

Se sembraron 100 000 células en las mismas condiciones durante 24 h, las que se 

designaron como proliferantes. A diferentes tiempos, las células se lavaron con PBS 1x, se 

fijaron con formaldehido al 4% y se lavaron dos veces con PBS 1x. Los anticuerpos 

utilizados fueron anti-HNF4α (Cell signalling 3113S) diluido 1:200 y anti-5hmC (Active motif 

39769) diluido 1:400. Los cubreobjetos se incubaron toda la noche a 4°C. En seguida los 

cubreobjetos se incubaron durante 1 h a temperatura ambiente con anti-conejo Alexa Fluor 

488 IgG de cabra (Invitrogen) y con anti-conejo Alexa Fluor 568 IgG de cabra (Invitrogen) 

respectivamente. Después de la incubación, los cubreobjetos se lavaron y se montaron 

sobre un portaobjetos con medio de montaje con 2-(4-amidinofenil)-1H-indol-6-

carboxamidina (DAPI Vectashield). La fluorescencia se visualizó con un microscopio 

invertido Olympus modelo IX71 y las imágenes se capturaron con una cámara digital 

Evolution/QImaging utilizando el programa Image Pro Plus (Media Cybernetics). Los 

controles negativos se realizaron sin exponer los cubreobjetos al anticuerpo primario. La 
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configuración para la adquisición de imágenes fue la siguiente: gain 8, gamma 1,                   

offset -1000; White balance: R 1.240, G 1.000, B 1.40; para DAPI (azul), el tiempo de 

exposición fue de 50 ms; para Alexa 488 (verde), el tiempo de exposición fue de 800 ms; 

para Alexa 568 (rojo), el tiempo de exposición fue de 4.5 s. El análisis de datos se realizó 

utilizando la herramienta measure  y el plugin integrative 3D surface plot en ImageJ 

(National Institutes of Health, http://imagej.nih.gov). 

 

8.7. Inmunoblot 

Cantidades equivalentes de lisados de proteína (30 μg) se separaron por electroforesis en 

un gel de poliacrilamida-dodecilsulfato de sodio (SDS-PAGE) y se transfirieron a una 

membrana de Immobilion-P (Millipore). Se utilizaron los anticuerpos primarios específicos 

para las isoformas reguladas por los promotores P1 y P2 de HNF4A (R&D Systems). 

 

8.8.  Bisulfito oxidante y obtención del hidroximetiloma 

 

Para el aislamiento de DNA genómico, se añadieron 500 μL de solución reguladora de lisis 

(Tris-HCl 50 mM pH 8, EDTA 100 mM, NaCl 100 mM, SDS 1% y proteinasa K 0.5 mg/mL) 

a cada pozo de la placa de 6, previamente lavados dos veces con PBS 1x. Las células se 

despegaron utilizando la micropipeta y la suspensión se incubó 2 h a 55°C. Se agregaron 

200 μL de NaCl 6 M, la muestra se mezcló y se centrifugó 10 min a máxima velocidad en 

una microcentrífuga Eppendorf 5415D. El sobrenadante se recuperó y el DNA se precipitó 

con 500 μL de isopropanol. Se centrifugó nuevamente a máxima velocidad y el botón se 

lavó con 500 μL de etanol 70% y se secó en servitoalla invirtiendo el tubo. El DNA se 

resuspendió con 25 μL de H2O inyectable. Se convirtieron por bisulfito convencional y 

oxidante 1 000 ng de DNA utilizando el estuche TrueMethyl Seq (Cambridge Epigenetix) de 

acuerdo a las instrucciones del fabricante. El bisulfito oxidante permite la distinción entre 
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5mC y 5hmC al oxidar esta última a 5fC, que es leída como timina (la citosina no modificada 

y la 5mC son leídas como timina y citosina respectivamente, como en el bisulfito 

convencional), ambas conversiones se realizan simultáneamente y mientras el bisulfito 

oxidante informa de la 5mC real, la sustracción entre ambas conversiones permite identificar 

a la 5hmC [Booth et al., 2013]. 

El DNA convertido fue analizado con la plataforma MethylationEPC (Illumina), utilizando los 

protocolos recomendados por el fabricante, para la amplificación, etiquetado, hibridación y 

lectura del microarreglo. Para las células proliferantes y en diferenciación, cada análisis de 

metilación se realizó con dos cultivos independientes, mientras que para el tratamiento con 

IFC-305 el análisis se realizó con cultivos en triplicado.  

El bisulfito oxidante seguido de PCR específica para metilación (oxBS-qMSP) se realizó 

como previamente fue descrito [Hernández-Vargas and Goldsmith, 2019], utilizando 

oligonucleótidos específicos para los promotores P1 y P2 de HNF4A (Tabla 7). 

Tabla 7. Lista de oligonucleótidos utilizados para hidroximetilación por bisulfito 
oxidante y PCR cuantitativa específica para metilación  
 

Región Secuencia 

 Metilado 

HNF4A P1 Fw (5'-TGAGTTAAGGGTTAAATGAGTGTTC-3') 

 Rv (5'-CGCCGATAAATAAACTAAACGAA-3') 

HNF4A P2 Fw (5'-GAGATTTAAAATTGAGATAAAAGAAACG-3') 

  Rv (5'-CAAAATCATCCTATCTAACGTCT-3') 

 No metilado 

HNF4A P1 Fw (5'-GTGAGTTAAGGGTTAAATGAGTGTTT-3') 

 Rv (5'-CCCACCAATAAATAAACTAAACAAA-3') 

HNF4A P2 Fw (5'-ATTTAAAATTGAGATAAAAGAAATGGG-3') 

  Rv (5'-AACAAAATCATCCTATCTAACATCT-3') 
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8.9.  Análisis bioinformático 

 

Los datos crudos de expresión y metilación se importaron y procesaron utilizando la 

paquetería bioinformática de R/Bioconductor para Illumina bead arrays [Du et al., 2008]. La 

calidad de los datos se inspeccionó utilizando gráficas de cajas (boxplots) para la 

distribución de señales de expresión y para la relación entre muestras se utilizaron gráficas 

de escalamiento multidimensional y agrupamiento no supervisado.  

Para los datos de metilación, se removieron las sondas con baja calidad con un valor de 

detección p > 0.01 en más del 10% de las muestras. Se procedió con una normalización de 

swan (subconjunto de cuantiles dentro del microarreglo) [Maksimovic et al., 2012] 

implementada en el programa minfi [Aryee et al., 2014], los “picos” de 5hmC se identificaron 

por la substracción de la señal del bisulfito oxidante de la señal del bisulfito convencional. 

En seguida se realizó una estimación de máxima verosimilitud (Maximum Likelihood 

Estimation, MLE) de 5mC y 5hmC (oxBS.MLE) con el programa ENmix [Xu et al., 2016]. 

Utilizando un modelo binomial en cada locus CpG de cada muestra, el oxBS.MLE arroja 

una matriz de MLEs de los niveles de 5mC y una matriz de MLEs de los niveles de 5hmC, 

configurando como NA cada valor negativo.  

Para definir los genes diferencialmente expresados (DEGs), las posiciones diferencialmente 

metiladas (DMPs) y las posiciones diferencialmente hidroximetiladas (DhMPs), se 

modelaron condiciones experimentales como variables categóricas en una regresión lineal 

utilizando una aproximación empírica de Bayesian [Smyth, 2004]. Las regiones 

diferencialmente metiladas e hidroximetiladas (DMRs y DhMRs, respectivamente) se 

identificaron con el programa DMRcate utilizando los criterios recomendados de proximidad 

[Peters et al., 2015]. Las comparaciones de false discovery rate (FDR) con un valor de P 

ajustado menor a 0.05 para un  fueron consideradas como estadísticamente significativas. 

Adicionalmente, sólo los DhMPs con al menos 10% de cambio en 5hmC se consideraron 
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significativos para cada comparación dada, lo cual ha sido sugerido como un límite de 

sensibilidad para esta técnica [Skvortsova et al., 2017]. Los DEGs, DhMPs y DhMRs se 

analizaron para determinar el enriquecimiento funcional utilizando EnrichR [Chen et al., 

2013a].  

Las anotaciones del contexto genómico, incluidos los estado de la cromatina (ChromHMM) 

se realizaron a través de los programas ChIPseeker [Yu et al., 2015] y Annotatr [Cavalcante 

and Sartor, 2017]. El programa EnrichedHearmap [Gu et al., 2018] se utilizó para realizar 

los mapas de calor que resumen el contexto genómico. Una lista de genes housekeeping 

se descargó de https://m.tau.ac.il/elieis/HKG/ [Eisenberg and Levanon, 2013].  

 

8.10.  Inmunoprecipitación de DNA 

 

Se sonicaron 80 μL de DNA genómico acuoso (100 ng/μL) en un microTUBE AFA Fiber 

Pre-Slit Snap-Cap 6x16mm Covaris en un sonicador S220 (Covaris) para obtener 

fragmentos entre 400-800 pb (Temperatura < 7°C, peak power 105.0, duty factor 5.0, 

Cycles/Burst 200 y tiempo de 40 s). Se utilizaron 130 ng de DNA por inmunoprecipitación 

empleando el estuche Auto hMeDIP (Diagenode C02010033) de acuerdo a las 

instrucciones del fabricante. Brevemente, la precipitación se ajustó de la siguiente manera: 

15 h para la mezcla a 4°C a una velocidad media de mezclado; para los lavados el tiempo 

de 8 min a 4°C y una velocidad media de mezclado. Las inmunoprecipitaciones se 

realizaron en tres cultivos independientes por condición. Se analizaron 5 μL del DNA 

hidroximetilado inmunoprecipitado para las regiones enriquecidas en 5hmC de acuerdo a 

los datos de oxBS (regiones con al menos 3 CpGs conteniendo un DhMPs con 10% de 

diferencia entre células proliferantes y diferenciadas (Delta 10%)), el promotor del gen 

Splicing factor, arginine/serine-rich 4 (SFRS4) se utilizó como control de una región sin 

enriquecimiento de 5hmC. Todos los ensayos de PCR cuantitativa se realizaron por 
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duplicado con Mesa Green qPCR 2x MasterMix Plus (Eurogentec 05-SY2X-06+WOU) en 

un sistema CFX96 PCR (Bio-Rad), utilizando los oligonucleótidos indicados en la Tabla 8. 

El enriquecimiento de 5hmC se determinó como % (hmeDNA-IP/ Total input) de la siguiente 

forma: % (hmeDNA-IP/ Input total) = 2^[(Ct(10% input) - 3.32) - Ct(hmeDNA-IP)]x 100%, dónde 2 es 

la eficiencia de amplificación, Ct(10% input) y Ct(hmeDNA-IP) son los valores límite obtenidos de la 

fase exponencial de la qPCR para el input y el DNA hidroximetilado, respectivamente; el 

factor compensatorio (3.32) es utilizado para considerar la dilución 1:10 del input. 

Tabla 8. Lista de oligonucleótidos utilizados para hMedIP. 

 

Región Sequencia Localización (hg19) 

SFRS4 P Fw (5'-CCTCTTTCGCCCTCCTCA-3') chr1:29508139- 
 Rv (5′-TGTAGGCTGGGTCCAGTG-3′) 29508338 

HNF4A P1 Fw (5′-ATCTTCCCAGAGGACGGTTT-3′) chr20:43029881- 
 Rv (5′-TGTAGGCTGGGTCCAGTG-3′) 43030082 

TCHP Fw (5'-GCCAGGTTCTCTGCATCAT-3') chr12:110352469- 
 Rv (5'-ATGGCATGTACCTCGTAGAAAG-3') 110352877 

RAB7A Fw (5'-TCTGAGTCCTGGTGGTAGTT-3') chr3:128483808- 

  Rv (5'-GTTGTGGGTAGCAGAGACATT-3') 128484074 
 

8.11.  Cuantificación de adenosina, S-adenosilmetionina y S-adenosilhomocisteina 

por HPLC 

 

Los niveles de adenosina, SAM y SAH se determinaron modificando protocolos previamente 

descritos [Hernandez-Munoz et al., 1984; Korinek et al., 2013]. Brevemente, se sembraron 

10 x106 células HepaRG proliferantes en platos de Petri de 15 cm; 24 h después del 

sembrado, las células se cultivaron con y sin IFC-305 por una semana para permitir la 

diferenciación, o colectadas en condiciones de células proliferantes. En seguida las células 

se congelaron con nitrógeno líquido y se preservaron a -70°C.  

Las células congeladas se cosecharon  con 1.5 mL de ácido trifluoroacético al 0.03% en 

metanol al 90%. Las muestras se incubaron a temperatura ambiente durante 10 min a 
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temperatura ambiente y en seguida se pasaron a través de un homogenizador Dounce para 

romper mecánicamente a las células. Las soluciones obtenidas se sonicaron dos veces 

durante un minuto en un sonicador Bransonic 220 y se centrifugaron a 16 000 g por 13 min 

a 4°C. Los sobrenadantes se recuperaron y se centrifugaron a sequedad en un 

concentrador Eppendorf 5301 a 45°C. Las muestras se reconstituyeron con 200 μL de agua 

MilliQ y se determinó la concentración de proteína por el método de Bradford. Las muestras 

se diluyeron para obtener una concentración de 1.2 μg/μL de proteína en un volumen de 

300 μL y se agregaron 100 μL de HClO4 1.6 M para obtener una concentración final de 0.4 

M y la muestra se incubó por 10 min en hielo. Se añadieron 10 μL de K2CO3 5 M a las 

muestras y estas se incubaron una vez más en hielo por 10 min. Las muestras diluidas se 

centrifugaron a 14 000 rpm durante 5 min en una microcentrífuga Eppendorf 5415C. Se 

recuperaron los sobrenadantes y se filtraron utilizando filtros de jeringa Phenex PFTE de      

4 mm. A 95 μL de la muestra filtrada se le añadieron 5 μL de una mezcla de los estándares 

de adenosina 400 mM y SAM 400 mM, estos 100 μL se analizaron en un equipo de 

cromatografía líquida de alta resolución HPLC Knauer E4310 (El estándar de SAM contenía 

contaminación de SAH, la cual de determinó utilizando una curva estándar de SAH). Las 

muestras se separaron en una columna ACE 5 C 18 (150 x 4.6 mm) (Advanced 

Chromatography Technologies LTD) utilizando una fase móvil consistente en 

heptanosulfonato de sodio 8 mM, NH4H2PO4 40 mM y metanol isocrático al 15% a pH 3, 

con un flujo de 1 mL/min. La detección se realizó a una absorbancia de 254 nm y el tiempo 

total de separación fue de 60 min. Los picos se analizaron con el programa EUROCHROME 

para Windows versión 3.05 (Knauer GmbH). 
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8.12.  Análisis estadístico 

La paquetería de R/Bioconductor se utilizó para el análisis de los microarreglos, como se 

describió previamente en esta sección. Los gráficos fueron generados utilizando Graph Pad 

Prism 5.0 (Graph Pad Software, Inc., La Jolla CA) para Windows. La prueba de Wilcoxon 

para análisis no pareado fue utilizada para comparar el promedio entre condiciones y se 

realizó en RStudio 1.1.463 (RStudio, Inc.). Los valores de P < 0.05 fueron considerados 

estadísticamente significativos. 

8.13.  Disponibilidad de datos y materiales 

Todos los datos de expresión y metilación se han depositado en el repositorio Gene 

Expression Omnibus (SuperSeries GSE130849, SubSeries GSE130844 y GSE130848). 
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9. RESULTADOS 

9.1. Las Células HepaRG en diferenciación por una semana expresan marcadores 

hepáticos 

Las células HepaRG son progenitores hepáticos bipotenciales que pueden diferenciarse in 

vitro después de 4 semanas tanto en hepatocitos como en colangiocitos, estas células se 

cultivaron durante una semana en presencia de insulina e hidrocortisona para inducir la 

diferenciación hacia hepatocitos. Para determinar el perfil de expresión génica a una 

semana de cultivo celular (Figura 26A), el RNA total fue aislado de células en diferenciación 

y células proliferantes y se realizó un análisis de transcriptoma. Se encontraron 4175 DEGs 

(Figura 26B) de los cuales los genes subexpresados (n=2066 sondas, correspondientes a 

1772 genes anotados en hg19) estuvieron relacionados con linfoblastos y células 

endoteliales (Figura 26C), y asociados con el programa de transcripción de E2F4 (Figura 

27E), las vías de señalización involucradas en la progresión del ciclo celular, procesos 

biológicos relacionados con el metabolismo del DNA y replicación y funciones moleculares 

implicadas en la actividad de DNA dependiente de ATPasa (Figura 27F-H). En contraste, 

los genes sobreexpresados (2109 sondas, correspondientes a 1822 genes anotados en 

hg19) estuvieron altamente asociados con hígado e hígado fetal (Figura 26D) y estuvieron 

enriquecidos en genes blancos del programa de transcripción de HNF4A (Figura 27A). Las 

vías y ontologías relacionadas con genes sobreexpresados incluyeron oxidaciones 

biológicas y metabolismo (ácidos grasos, regulación de lípidos, homeostasis de triglicéridos 

y actividades de oxidoreductasa, endopeptidasa y alcohol deshidrogenasa) (Figura 27B-D). 

Para validar estos datos, se evaluaron los niveles de expresión de marcadores hepáticos 

sobreexpresados en el transcriptoma, confirmando que las isoformas derivadas del 

promotor P1 de HNF4A, GSTA y ALDOB se encuentran sobreexpresados a una semana 
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de diferenciación (Figuras 26E-H). Las regiones analizadas para el promotor P1 de HNF4A 

se presentan en la figura 28.  

Estos resultados en conjunto, indican que después de una semana de diferenciación, las 

células HepaRG se encuentran expresando un programa de transcripción tipo hepatocito, 

mientras que los genes relacionados con el estado proliferante, se silencia 

progresivamente. 
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Fig. 26. El programa de transcripción de hígado se expresa en las células HepaRG a 
una semana de diferenciación. (A) Modelo de diferenciación de HepaRG. Para la 
condición proliferante (progenitor), las células fueron sembradas y tratadas con tripsina 
antes de alcanzar 50% de confluencia; para la condición de diferenciación, las células 
fueron sembradas a 70-80% de confluencia para que alcance el 100% de confluencia 24 h 
después de ser sembradas. (B) El transcriptoma fue analizado en ambas condiciones. Mapa 
de calor que representa los genes diferencialmente expresados (DEGs) con más de cuatro 
veces de cambio. Las células o tejidos asociados con genes subexpreados (C) y 
sobrexpresados (D) en las células en diferenciación (EnrichR), se muestran los valores de 
p ajustados. (E-H) La expresión de los marcadores de hepatocitos fue valida por RT-qPCR, 
los datos representan el promedio ± DEM de 3 cultivos independientes/condición; 
*Diferencia estadística (p < 0.05).  
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Fig. 27. Enriquecimiento funcional de las células en diferenciación. (A y E) Factores 
de transcripción consenso de la enciclopedia de elementos de DNA (ENCODE) y análisis 
de enriquecimiento de ChIP-X (ChEA) de los genes sobreexpresados y subexpresados en 
células en diferenciación. (B-D) ontologías relacionadas con genes sobreexpresados en 
células en diferenciación. (F-H) Ontologías relacionadas con genes subexpresados en 
células en diferenciación. Los datos fueron obtenidos a través de EnrichR, los números 
muestran el valor de p ajustado del tejido asociado.  
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Fig. 28. Regiones analizadas sobre HNF4A. El mapa muestra un acercamiento del 
cromosoma 20 (q13.12) donde se localiza el locus de HNF4A, Los promotores P1 y P2 
están indicados en rojo. Los exones de NHF4A se denotan con cajas de colores sobre la 
RefSeq de HNF4A  (simbolizada por un pentágono rosa). Los pares de oligonucleótidos 
para la qRT-PCR y para hMeDIP están representados por cajas de colores debajo de la 
RefSeq de HNF4A. Se muestra un acercamiento de las regiones donde los oligonucleótidos 
fueron diseñados, los pare de oligos para las isoformas controladas por el promotor P2 de 
HNF4A se denotan por medias flechas moradas, los pares de oligos para las isoformas 
controladas por el promotor P1 de HNF4A están representadas por medias flechas azules 
y los pares para hMeDIP sobre la región promotora P1 de HNF4A se simbolizan con medias 
flechas verdes. El esquema fue armado con información de UCSC Genome Browser [2018] 
y construido con la plataforma Benchling (http://benchling.com). 

 

9.2. La diferenciación temprana de HepaRG se asocia con un incremento global de 

5hmC 

Considerando que a una semana de diferenciación hay un enriquecimiento de 5hmC en el 

promotor P1 de HNF4A mediado por TET1 [Ancey et al., 2017] y que el transcriptoma refleja 

un perfil tipo hepatocito a este tiempo, se escogió este punto para evaluar los niveles de 

5hmC en la línea celular HepaRG comparado con su estado proliferante. La inmunotinción 

contra 5hmC revela la presencia de esta citosina modificada en las células en 

diferenciación, en contraste con su prácticamente ausencia en las células proliferantes 

(Figura 29A y Figura 30).  
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Fig. 29. Enriquecimiento de 5hmC a lo largo del genoma durante la diferenciación de 
hepatocitos. (A) Inmunofluorescencia de 5hmC en células HepaRG proliferantes (Prolif), 
en diferenciación (dif) y en diferenciación + IFC-305 (IFC). Las barras de cuantificación de 
la señal de 5hmC están basadas en el promedio ± DEM de 3 campos/grupo. *Diferencia 
estadística (p < 0.05) comparada con células proliferantes, o *+ (p < 0.05) comparada con 
células proliferantes u en diferenciación. (B) Las mismas condiciones fueron analizadas 
para 5mC/5hmC a resolución de nucleótido, utilizando bisulfito clásico (BS) y bisulfito 
oxidante (OxBS) seguido de una hibridación en microarreglos EPIC (ver métodos). La 
proporción de la pérdida de la señal después de la oxidación (promedio de la señal de 
OxBS/ promedio de la señal de BS) se usó como una estimación de la 5hmC global en cada 
condición. BS representa la variación entre dos réplicas técnicas. Distribución global de la 
5hmC para una muestra representativa de cada condición, de acuerdo con las islas CpG 
(CGI) (C) y con los sitios de inicio de la trascripción (TSS) (D). En ambos casos, los niveles 
de 5hmC están promediados a través de todas las regiones genómicas anotadas de hg19. 
(E) Mapa de calor mostrando la comparación del hidroximetiloma entre las células en 
diferenciación y las proliferantes. Las posiciones diferencialmente hidroximetiladas 
(DhMPs) se filtraron por la magnitud del cambio de metilación (delta beta) de al menos 20% 
con un valor de p ajustado < 0.05. Dos cultivos independientes se utilizaron para las células 
proliferantes y en diferenciación, y tres cultivos independientes para las células en 
diferenciación expuestas al IFC-305 1 mM. 
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Fig. 30. La 5hmC surge en las células en diferenciación. Inmunofluorescencia contra 
5hmC en células proliferantes (panel superior), en diferenciación (panel intermedio) y en 
diferenciación + IFC-305 (panel inferior). Se muestran imágenes representativas de 3 
campos por condición, así como la medición de la intensidad de fluorescencia.   

 

En seguida se procedió a evaluar el hidroximetiloma a resolución de nucleótido. En este 

punto es importante mencionar que la conversión de DNA con bisulfito de sodio tradicional 

(BS) no es capaz de distinguir entre 5mC y 5hmC. Una alternativa para evaluar ambas 

modificaciones de manera independiente, es el uso de bisulfito oxidante (oxBS); el cual 

permite la identificación de 5mC a través de la oxidación de 5hmC hacia 5-formilcitosina 

(5fC) con KO4Ru [Booth et al., 2013]. Por lo que se aisló DNA de células proliferantes y en 

diferenciación y se realizó BS y oxBS utilizando el estuche TrueMethyl Seq (Cambridge 

Epigenetix), seguido de hibridación en microarreglos Infinitum EPIC.  

Una vez realizado el proceso de oxidación, el protocolo del estuche TrueMethyl Seq señala 

que el sobrenadante en los tubos de reacción debe permanecer en color anaranjado debido 

a que hay un remanente de reactivo oxidante y que la reacción de oxidación se ha 
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completado, es decir, que el color de la solución es indicativo del éxito de la oxidación. Si 

la solución se torna en un color diferente al anaranjado (verde, café/negro) (Figura 31A), 

implica que la reacción del oxidante ocurrió en presencia de trazas de otros compuestos en 

la solución de oxidación (por ejemplo, Tris, etanol, etc.) y señala que la reacción de 

oxidación pudiera estar comprometida. Esto puede conducir a una conversión incompleta 

de 5hmC a uracilo y a la variabilidad en los resultados.  

Una vez ocurrida la reacción de oxidación ya descrita, se obtuvo una suspensión color gris 

que una vez centrifugada dio paso a un botón y sobrenadante color anaranjado (Figura 

31B), señalando que la conversión de 5hmC a uracilo se completó exitosamente, por lo que 

se procedió a la conversión con BS. 

 

Fig. 31. Colores en la solución de oxidación. (A) posibles cambios de color en la solución 
de oxidación. A, solución de oxidación concentrada suministrada en el estuche TrueMethyl 
Seq de Cambridge Epigenetix, si esta solución presenta un color amarillo oscuro con 
precipitados blancos considerables, indica que el reactivo se ha expuesto a contaminantes 
o CO2; B, Solución de oxidación diluida 10 veces en la solución alcalina; C, Concentración 
de trabajo de la solución oxidante (WOC), la solución debe presentar este color después de 
la reacción de oxidación; D, Exceso de WOC:etanol en una relación molar 5:1, este color 
es indicativo de una descomposición parcial del oxidante, sin embargo la oxidación de la 
muestra puede ser adecuada; E, Exceso de etanol:WOC en una relación molar 20:1, este 
color indica que es probable que el oxidante se haya consumido completamente por una 
reacción secundaria con especies contaminantes, en esta circunstancia, es probable que 
la oxidación del ADN sea subóptima. (B) Los tubos de las muestras analizadas, mostraron 
un color anaranjado, indicando que la reacción de oxidación se llevó acabo correctamente. 
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Después de realizar la conversión con BS, se procedió a la evaluación cualitativa de la 

oxidación de 5hmC y la conversión con bisulfito antes de proceder a la hibridación en 

microarreglos Infinitum EPIC.  

El estuche TrueMethyl Seq de Cambridge Epigenetix contiene secuencias de DNA control 

que se añaden a las muestras y que permiten realizar esta evaluación. La secuencia que 

funciona como control de digestión contiene un sitio de restricción para la enzima Taqα1   

(5’-TCGA-3’). La citosina dentro de este motivo en el control de digestión es 5hmC. Una 

completa conversión de esta base a uracilo durante el proceso con el estuche TrueMethyl, 

hará que el motivo sea resistente a la digestión por la TaqαI. El motivo será digerido después 

de una conversión incompleta o una falla en el proceso de oxidación. En la figura 32 se 

presenta un gel de agarosa al 2% donde se analizaron las digestiones de las muestras 

estudiadas y se encontró una oxidación y conversiones eficientes, por lo que se procedió 

análisis del metiloma e hidroximetiloma utilizando microarreglos Infinitum EPIC.  

 

Fig. 32. Digestión con TaqαI del amplicón del control de digestión en las muestras 
analizadas. Muestras BS, el sitio de corte de TaqαI se mantiene durante la conversión con 
bisulfito, la enzima corta el amplicón de 100 pb del control de digestión generando dos 
bandas de 40 y 60 pb respectivamente (en el gel de agarosa al 2% estas bandas no se 
resuelven y aparecen como una sola banda). Muestras oxBS, el sitio de corte de TaqαI se 
ha convertido de TCGA a TTGA durante la oxidación y conversión con bisulfito por lo que 
la enzima no es capaz de cortar el amplicón de 100 pb del control de digestión. 1-2, En 
diferenciación; 3-5, en diferenciación + IFC-305; 6, proliferante. 

 

Utilizando únicamente la señal de oxBS (que corresponde al contenido “real” de 5mC), se 

observó la esperada distribución de 5mC en islas CpG (CGIs) y en los inicios de la 
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transcripción (TSS) (Figura 33). Aunque no se observaron diferencias globales entre las 

condiciones analizadas, se identificaron 3351 DMPs mostrando menor metilación después 

de una semana de diferenciación (Figura 34A). 

 

Fig. 33. Distribución de 5mC sobre las islas CpG y los inicios de la transcripción 
durante la diferenciación de hepatocitos. Distribución global de 5hmC para una muestra 
representativa de cada condición, se acuerdo a las islas CpG (A) y en los sitios de inicio 
dela transcripción (B). En ambos casos, los niveles de 5mC están promediados a través de 
todas las regiones genómicas anotadas de hg19. Dos cultivos independientes se utilizaron 
para las células proliferantes (Prolif) y en diferenciación (Dif), y tres cultivos independientes 
para las células en diferenciación expuestas al IFC-305 1 mM (IFC). 
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Fig. 34. El proceso de diferenciación involucra desmetilación a lo largo del genoma. 
(A) Mapa de calor presentando la comparación del metiloma entre las células en 
diferenciación y las células proliferantes. (B) Mapa de calor presentando la comparación 
entre el metiloma de las células en diferenciación expuestas al IFC-305 y las células 
proliferantes. Las posiciones diferencialmente metiladas (DMPs) fueron filtradas por la 
magnitud del cambio de metilación (delta beta) de al menos 20% con un valor de p ajustado 
< 0.05. Se utilizaron dos cultivos independientes fueron utilizados para las células 
proliferantes y en diferenciación y tres cultivos independientes para las células en 
diferenciación expuestas a 1 mM de IFC-305. 
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Una pérdida de señal después de oxBS relativo a BS indica la presencia de 5hmC. Mientras 

que en las células proliferantes el análisis genómico reveló que casi no hay una pérdida de 

señal entre ambas conversiones, en las células en diferenciación hay una pérdida global y 

significativa, sugiriendo una ganancia global de 5hmC durante la primera semana de 

diferenciación (Figura 29B). Esta ganancia de 5hmC fue consistente, independientemente 

de la ubicación relativa en CGIs y TSS (Figura 29 C-D). 

Enseguida estudiamos la 5hmC a través de la comparación directa de los datos de oxBS y 

BS. Si bien no se observaron diferencias significativas en las células proliferantes (Figure 

29B), se identificó una ganancia de 5hmC en 11766 sitios en células en diferenciación, 

definidos por una reducción significativa de la señal de metilación después del oxBS de, al 

menos, 10% (“picos” de 5hmC). La evaluación de hidroximetilación diferencial, reveló 6952 

posiciones diferencialmente hidroximetiladas (DhMPs) entre las células proliferantes y 

diferenciadas (Figura 29E). Adicionalmente, se identificaron 2482 regiones diferencialmente 

hidroximetiladas (DhMRs). Entre estas, se identificó una región con 3 CpGs sobre HNF4A 

así como una región con 21 CpGs, una con 5 CpGs y dos con 3 CpGs sobre los genes 

IDH3G, TET1, y TET3 respectivamente (Estos loci pueden observarse a través de la sesión 

del UCSC Genome Browser [2018] y en las Figuras 35-39). Es de destacar que estos genes 

se encuentran involucrados en el establecimiento de la 5hmC. 

Estos resultados revelan que mientras la 5hmC es escasa en el estado de progenitor, esta 

modificación se enriquece en múltiples posiciones genómicas al iniciar la diferenciación de 

hepatocitos.   
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Fig. 35. Región de 5hmC sobre HNF4A. Pantalla de la sesión del UCSC Genome Browser 
[2018] presentando la región chr20: 43001569-43001703, que enmarca los 3 sitios CpG 
enriquecidos en 5hmC sobre el gen de HNF4A. Los datos de 5hmC están mostrados en 
azul y los de 5mC en café; la intensidad del color es proporcional al grado de 
enriquecimiento. Células proliferantes (Prolif), en diferenciación (Diff) y en diferenciación + 
IFC-305 (IFC). Se muestran algunos tracks adicionales: Islas CpG < 300 pb; metilación de 
CpGs por el microarreglo 450K de ENCODE/HAIB para hepatocitos y la línea celular 
HepG2; metilación de DNA por el consorcio Roadmap Epigenomics Mapping (REMC) por 
secuenciación de bisulfito en hígado adulto (AL BS), la intensidad de grises es proporcional 
al grado de enriquecimiento; Segmentación del estado de la cromatina por el modelo 
Hidden Markov (ChromHMM) de hígado adulto (LIV ADLT) y la línea celular HepG2; tracks 
de las proteína arquitectónica CTCF, EZH2 y las marcas de histonas H3K4me1 
(enhancers), H3k36me3 (elongación), H3K9me3 y H3K27me3 (marcas de cromatina 
cerrada) y H3K27ac (marca de cromatina abierta) de ENCODE/Broad; Vista enhancer 
Handbook and Methods (HMR) at the Lawrence Berkeley National Laboratory (LBNL), los 
picos denotan enriquecimieno; y CG percent, los picos denotan abundancia. El código de 
color para cada track se muestra en la Figura 40. 
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Fig. 36. Región de 5hmC sobre IDH3G. Pantalla de la sesión del UCSC Genome Browser 
[2018] presentando la región chrX:153058860-153060546, que enmarca los 21 sitios CpG 
enriquecidos en 5hmC sobre el gen de IDH3G. Los datos de 5hmC están mostrados en 
azul y los de 5mC en café; la intensidad del color es proporcional al grado de 
enriquecimiento. Células proliferantes (Prolif), en diferenciación (Diff) y en diferenciación + 
IFC-305 (IFC). Se muestran algunos tracks adicionales: Islas CpG < 300 pb; metilación de 
CpGs por el microarreglo 450K de ENCODE/HAIB para hepatocitos y la línea celular 
HepG2; metilación de DNA por el consorcio Roadmap Epigenomics Mapping (REMC) por 
secuenciación de bisulfito en hígado adulto (AL BS), la intensidad de grises es proporcional 
al grado de enriquecimiento; Segmentación del estado de la cromatina por el modelo 
Hidden Markov (ChromHMM) de hígado adulto (LIV ADLT) y la línea celular HepG2; tracks 
de las proteína arquitectónica CTCF, EZH2 y las marcas de histonas H3K4me1 
(enhancers), H3k36me3 (elongación), H3K9me3 y H3K27me3 (marcas de cromatina 
cerrada) y H3K27ac (marca de cromatina abierta) de ENCODE/Broad; Vista enhancer 
Handbook and Methods (HMR) at the Lawrence Berkeley National Laboratory (LBNL), los 
picos denotan enriquecimieno; y CG percent, los picos denotan abundancia. El código de 
color para cada track se muestra en la Figura 40. 
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Fig. 37. Región de 5hmC sobre TET1. Pantalla de la sesión del UCSC Genome Browser 
[2018] presentando la región chr10:70457799-70458175, que enmarca los 5 sitios CpG 
enriquecidos en 5hmC sobre el gen de TET1. Los datos de 5hmC están mostrados en azul 
y los de 5mC en café; la intensidad del color es proporcional al grado de enriquecimiento. 
Células proliferantes (Prolif), en diferenciación (Diff) y en diferenciación + IFC-305 (IFC). Se 
muestran algunos tracks adicionales: Islas CpG < 300 pb; metilación de CpGs por el 
microarreglo 450K de ENCODE/HAIB para hepatocitos y la línea celular HepG2; metilación 
de DNA por el consorcio Roadmap Epigenomics Mapping (REMC) por secuenciación de 
bisulfito en hígado adulto (AL BS), la intensidad de grises es proporcional al grado de 
enriquecimiento; Segmentación del estado de la cromatina por el modelo Hidden Markov 
(ChromHMM) de hígado adulto (LIV ADLT) y la línea celular HepG2; tracks de las proteína 
arquitectónica CTCF, EZH2 y las marcas de histonas H3K4me1 (enhancers), H3k36me3 
(elongación), H3K9me3 y H3K27me3 (marcas de cromatina cerrada) y H3K27ac (marca de 
cromatina abierta) de ENCODE/Broad; Vista enhancer Handbook and Methods (HMR) at 
the Lawrence Berkeley National Laboratory (LBNL), los picos denotan enriquecimieno; y 
CG percent, los picos denotan abundancia. El código de color para cada track se muestra 
en la Figura 40. 

 

[1-50] 

[1-50] 

[1-50] 

[1-50] 

[1-50] 

[1-50] 

[1-50] 

[1-50] 



109 
 

 

 

Fig. 38. Primera región de 5hmC sobre TET3. Pantalla de la sesión del UCSC Genome 
Browser [2018] presentando la región chr2:74332041-74332729, que enmarca los 5 sitios 
CpG enriquecidos en 5hmC sobre el gen de TET3. Los datos de 5hmC están mostrados en 
azul y los de 5mC en café; la intensidad del color es proporcional al grado de 
enriquecimiento. Células proliferantes (Prolif), en diferenciación (Diff) y en diferenciación + 
IFC-305 (IFC). Se muestran algunos tracks adicionales: Islas CpG < 300 pb; metilación de 
CpGs por el microarreglo 450K de ENCODE/HAIB para hepatocitos y la línea celular 
HepG2; metilación de DNA por el consorcio Roadmap Epigenomics Mapping (REMC) por 
secuenciación de bisulfito en hígado adulto (AL BS), la intensidad de grises es proporcional 
al grado de enriquecimiento; Segmentación del estado de la cromatina por el modelo 
Hidden Markov (ChromHMM) de hígado adulto (LIV ADLT) y la línea celular HepG2; tracks 
de las proteína arquitectónica CTCF, EZH2 y las marcas de histonas H3K4me1 
(enhancers), H3k36me3 (elongación), H3K9me3 y H3K27me3 (marcas de cromatina 
cerrada) y H3K27ac (marca de cromatina abierta) de ENCODE/Broad; Vista enhancer 
Handbook and Methods (HMR) at the Lawrence Berkeley National Laboratory (LBNL), los 
picos denotan enriquecimieno; y CG percent, los picos denotan abundancia. El código de 
color para cada track se muestra en la Figura 40. 
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Fig. 39. Segunda región de 5hmC sobre TET3. Pantalla de la sesión del UCSC Genome 
Browser [2018] presentando la región chr2:74214662-74215659, que enmarca los 5 sitios 
CpG enriquecidos en 5hmC sobre el gen de TET3. Los datos de 5hmC están mostrados en 
azul y los de 5mC en café; la intensidad del color es proporcional al grado de 
enriquecimiento. Células proliferantes (Prolif), en diferenciación (Diff) y en diferenciación + 
IFC-305 (IFC). Se muestran algunos tracks adicionales: Islas CpG < 300 pb; metilación de 
CpGs por el microarreglo 450K de ENCODE/HAIB para hepatocitos y la línea celular 
HepG2; metilación de DNA por el consorcio Roadmap Epigenomics Mapping (REMC) por 
secuenciación de bisulfito en hígado adulto (AL BS), la intensidad de grises es proporcional 
al grado de enriquecimiento; Segmentación del estado de la cromatina por el modelo 
Hidden Markov (ChromHMM) de hígado adulto (LIV ADLT) y la línea celular HepG2; tracks 
de las proteína arquitectónica CTCF, EZH2 y las marcas de histonas H3K4me1 
(enhancers), H3K36me3 (elongación), H3K9me3 y H3K27me3 (marcas de cromatina 
cerrada) y H3K27ac (marca de cromatina abierta) de ENCODE/Broad; Vista enhancer 
Handbook and Methods (HMR) at the Lawrence Berkeley National Laboratory (LBNL), los 
picos denotan enriquecimieno; y CG percent, los picos denotan abundancia. El código de 
color para cada track se muestra en la Figura 40. 
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Fig. 40. Código de color de cada track mostrado en las pantallas del UCSC Genome 
Browser. (A) Metilación de CpGs por microarreglos Methyl 450K de ENCODE/HAIB de 
hepatocitos y la línea celular HepG2 [UCSC-Genome-Browser, 2018a]. Segmentación de 
los estados de la cromatina por  el modelo Hidden Markov (ChromHMM) de hígado adulto 
(LIV ADLT) y de la línea celular HepG2 (B [UCSC-Genome-Browser, 2018c] y C [UCSC-
Genome-Browser, 2018b] respectivamente).  
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9.3. Contexto genómico y funcional de los sitios diferencialmente hidroximetilados 

asociados con la diferenciación temprana de hepatocitos 

Con el interés de saber si existe una relación entre el enriquecimiento de 5hmC y la 

expresión génica, se comparó la asociación el gen más próximo a los DhMPs con los DEGs 

asociados a una semana de diferenciación. Se encontraron 6952 DhMPs asociados a 

genes, 522 y 482 sobre y subexpresados respectivamente (Figura 41A). Los DhMPs 

asociados con un incremento de la expresión génica se relacionaron con células hepáticas 

y células hepáticas fetales y estuvieron enriquecidos en vías involucradas con los 

programas transcripcionales regulados por el receptor de andrógenos (AR) y el factor 

nuclear eritroide 2 relacionado con el factor 2 (NFE2L2) así como con rutas metabólicas 

(Figuras 42 A–C). Los DhMPs asociados con genes subexpresados se relacionaron con 

linfoblastos B y estuvieron enriquecidos en vías involucradas en el control del ciclo celular, 

como el programa de transcripción regulado por E2F2 (Figura 42 D-F). 
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Fig. 41. Asociación entre la 5hmC y la expresión diferencial. (A) Diagrama de Venn 
representando los traslapes entre las posiciones diferencialmente hidroximetiladas 
(DhMPs) y los genes diferencialmente expresados (DEGs). Para este análisis, las DhMPs 
se anotaron a su gen más cercano. Los niveles de 5hmC están promediados a lo largo de 
las regiones genómicas anotadas en hg19, a su vez dividido en genes control, 
sobrexpresados y subexpresados. Las DhMPs fueron también anotadas de acuerdo a las 
características génicas (B), distribución de acuerdo a las CGIs (C), y a los estados de 
cromatina de la línea celular HepG2 (ChromHMM) (D). Para cada contexto genómico, la 
distribución se muestra de manera separada pata todos los DhMPs y para todas las sondas 
en el microarreglo EPIC como control. (E) Mapas de calor metagénicos mostrando la 
distribución de 5mC (dos paneles izquierdos) y 5hmC (dos paneles derechos) en células 
HepaRG proliferantes y diferenciadas por una semana. Todos los paneles muestran el 
promedio de la distribución de los valores de 5mC/5hmC en el cuerpo de genes 
sobreexpresados (rojo), subexpresados (verde) después de una semana de diferenciación. 
Los genes housekeeping que no muestran un cambio significativo se muestran en azul. Dos 
cultivos independientes fueron utilizados para las células proliferantes y en diferenciación. 
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Fig. 42. Enriquecimiento funcional de los traslapes entre DhMPs y DEGs. (A) 
Células/tejidos asociados con las posiciones enriquecidas en 5hmC en células en 
diferenciación y los genes sobreexpresados comparando células en diferenciación vs. 
Células proliferantes. (B) Factores transcripcionales (TF) conceso de ENCODE ChEA de 
las posiciones enriquecidas en 5hmC de células en diferenciación y genes 
sobreexpresados. (C) Ontologías relacionadas con las posiciones enriquecidas en 5hmC 
en células en diferenciación y genes sobrexpresados. (D) Células/tejidos asociados con las 
posiciones enriquecidas en 5hmC en células en diferenciación y los genes subexpresados 
comparando células en diferenciación vs. Células proliferantes. (E) Factores 
transcripcionales (TF) consenso de ENCODE ChEA de las posiciones enriquecidas en 
5hmC de células en diferenciación y genes subexpresados. (F) Ontologías relacionadas 
con las posiciones enriquecidas en 5hmC en células en diferenciación y genes 
subexpresados. Datos de EnrichR, el número muestra el valor de p ajustado asociado al 
tejido. 
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Enseguida, para explorar un papel menos evidente del enriquecimiento de 5hmC en la 

expresión génica, se comparó la distribución de DhMPs relativa a diferentes localizaciones 

genómicas anotadas. Los DhMPs están enriquecidos en regiones intrónicas y están 

ausentes en promotores y CGIs (Figura 41 B-C). Además, cuando se evaluaron 

características genómicas anotadas para células hepáticas HepG2 y se compararon contra 

los datos obtenidos en HepaRG, se encontró una sobrerrepresentación de DhMPs en loci 

relacionados con transcripción débil y elongación de la transcripción (Figura 41D). 

Enseguida, se analizó el enriquecimiento de 5mC y 5hmC en los cuerpos de los genes tanto 

en células HepaRG proliferantes como en células con una semana de diferenciación. El 

contenido de 5mC fue mayor en los genes regulados al alza incluso a nivel proliferativo, con 

una reducción general después de iniciada la diferenciación (Figura 41E). Además se 

encontró un incremento de 5hmC. A pesar de los bajos niveles de 5hmC, el incremento es 

evidente en el subconjunto de genes sobreexpresados después de una semana de 

diferenciación (Figura 41E). En resumen, estos datos indican que únicamente 14% del 

enriquecimiento de 5hmC en la diferenciación temprana de HepaRG puede asociarse 

directamente con genes que muestran un cambio en la expresión y que se encuentran 

vecinos al sitio de enriquecimiento. Sin embargo, el contenido de 5hmC es en general más 

alto en los cuerpos genéticos de los genes regulados al alza, lo cual concuerda con otros 

análisis realizados con una resolución a nivel de nucleótido y que relacionan a genes 

altamente expresados con la presencia de 5hmC [revisado por [Ecsedi et al., 2018]]. 
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9.4. La exposición al derivado de adenosina y la inhibición de TET tiene 

repercusiones en la diferenciación de hepatocitos 

Considerando el incremento de 5hmC a nivel de genoma completo desde la diferenciación 

temprana de HepaRG, se evaluó si la estimulación metabólica de las reacciones de trans-

metilación pudiera impactar en los niveles de 5hmC, conduciendo a una modificación en el 

proceso de diferenciación de hepatocitos. Para abordar esta pregunta, se utilizó un derivado 

de adenosina previamente descrito, IFC-305, que es capaz de regular los flujos metabólicos 

favoreciendo la disponibilidad de SAM y modulando la dinámica de metilación de DNA  

[Rodriguez-Aguilera et al., 2018]. 

En primer lugar se evaluó la viabilidad de las células HepaRG en respuesta a la exposición 

con IFC-305 y se encontró que la viabilidad no se afecta en concentraciones por debajo de 

1 mM durante 1 semana de diferenciación (Figura 43).  
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Fig. 43. Bajas concentraciones del derivado de adenosina no alteran la viabilidad de 
la línea celular HepaRG. (A) Fenotipo de la línea HepaRG durante 1 semana de 
diferenciación. Se muestran imágenes representativas a un aumento de 20x de cada grupo. 
Es posible observar que el tratamiento con IFC-305 5 mM retine el fenotipo elongado propio 
de células proliferantes y que las concentraciones de 0.2 y 1 mM no modifican el fenotipo 
celular comparado con las células en diferenciación sin tratamiento. (B) Número total de 
células. (C) Número de células viables. (D) Porcentaje de supervivencia. Los datos 
representan el promedio ± DEM de siete cultivos independientes. Diferencia estadística (p 
< 0.05) comparado con las células en diferenciación sin tratamiento.   
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Se analizó la expresión de marcadores hepáticos en respuesta  a diferentes dosis de IFC-

305 y notamos que 1 mM del compuesto produce valores menores de ALDOB y GSTA  en 

comparación con células en diferenciación no tratadas (Figura 44A). La expresión de 

albúmina no presentó cambios en las células sin tratamiento ni en las tratadas con IFC-305, 

excepto por la reducción en la expresión con IFC-305 5 mM (Figura 44A) comparada con 

células proliferantes. Con respecto a las isoformas reguladas por el promotor P1 de HNF4A, 

su expresión presentó el mismo incremento con IFC-305 0.2 y 1 mM que en células en 

diferenciación no tratadas, mientras que una concentración de 5 mM de IFC-305 generó 

una sobreexpresión de estas isoformas comparadas con células proliferantes y 

diferenciadas (Figura 44B). Por otra parte, las isoformas reguladas por el promotor P2 de 

HNF4A incrementaron su expresión solo con IFC-305 0.2 y 1 mM comparadas con células 

proliferantes (Figura 44B).  A nivel de proteína, el IFC-305 a 1 mM se asoció con una 

reducción de la inmunoreactividad nuclear de HNF4α en células en diferenciación 

comparadas con las células en diferenciación sin tratamiento (Figura 45).  

Este comportamiento de la expresión de marcadores de hepatocitos sugiere que la 

exposición de HepaRG al IFC-35 durante la diferenciación influye en la maduración de 

hepatocitos. Explorando esta posibilidad, extendimos el modelo de diferenciación a un 

periodo más largo (20 días). A 13 días, las células en diferenciación no tratadas presentaron 

una morfología similar a la de hepatocitos, mostrando pequeñas células poligonales con 

granularidad incrementada y organizados en trabéculas bien delineadas, separadas por 

estructuras brillantes similares a canalículos (Figura 46). El IFC-305 retrasa la aparición de 

este fenotipo de manera dependiente de la concentración, con 1 mM de IFC-305, las células 

tratadas muestran un fenotipo retrasado de al menos una semana, y 5 mM de IFC-305 

retiene un fenotipo similar al de células proliferantes incluso a 20 días de diferenciación 

(Figura 44C y Figura 46). Esta variación del fenotipo, reduce los niveles de marcadores de 
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hepatocitos (por ejemplo las isoformas reguladas por el promotor P1 de HNF4A, ALDOB  y 

GSTA) e incrementa la expresión de las isoformas reguladas por el promotor P2 de HNF4A, 

así como una tendencia a la reducción de la expresión de TET1 (Figura 47A), sugiriendo 

que el IFC-305 es capaz de retrasar la diferenciación de hepatocitos a concentraciones de 

1 y 5 mM. 

 

Fig. 44. Alteración de la expresión de marcadores de hepáticos tras la exposición al 
derivado de adenosina. (A) La expresión de marcadores de hepatocitos se evaluó por RT-
qPCR, los datos representan el promedio ± DEM de tres cultivos independientes/condición. 
(B) Se evaluó la expresión de las isoformas reguladas por los promotores P1 y P2 de 
HNF4A por RT-qPCR, los datos representan el promedio ± DEM de tres cultivos 
independientes/condición. (C) Imágenes de contraste de fases mostrando el fenotipo de las 
células HepaRG durante 20 días de exposición a un gradiente de concentraciones 
crecientes de IFC-305. Se muestran imágenes representativas a un aumento de 20x de 
siete cultivos independientes. *Diferencia estadística (p < 0.05) cuando se compara con 
células en diferenciación sin tratamiento. 
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Fig. 45. HNF4α incrementa en células en diferenciación. (A) Inmunofluorescencia de 
HNF4α en células proliferantes (panel superior), en diferenciación (panel intermedio) y en 
diferenciación expuestas al IFC-305 (panel inferior). Imágenes representativas de 3 
campos/condición. (B) Cuantificación de la señal positiva de inmunofluorescencia para 
HNF4α. Los datos representan el promedio ± DEM de 3 campos/grupo. *Diferencia 
significativa (p < 0.05) cuando se compara con las células proliferantes. **Diferencia 
estadística (p < 0.05) comparada con las células en diferenciación. (C) Western blots con 
anticuerpos específicos contra cada las isoformas codificadas por los promotores P1 y P2 
de HNF4α en proteínas totales de células HepaRG proliferantes y en diferenciación. Se 
utilizó actina como control de carga.  
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Fig. 46. Las células en diferenciación expuestas a IFC-305 1 mM presentan un 
fenotipo menos diferenciado. Imágenes mostrando el fenotipo de células en 
diferenciación durante un lapso de 20 días con un gradiente de concentración creciente de 
IFC-305. Se muestran imágenes representativas a un aumento de 20x de siete cultivos 
independientes por condición. 
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Fig. 47. Alteración de la expresión de marcadores de hepáticos tras la disminución 

transcripcional de TETs. Expresión de TET1 (A) y TET2 (B) después de la exposición de 

las células HepaRG al IFC-305, a la DMOG o a los siTETs durante una semana de 

diferenciación; (C-G) Expresión modificada de marcadores hepáticos en respuesta a la 

exposición a la DEMOG y a los siTETs, durante una semana de diferenciación de las células 

HepaRG. Los datos representan el promedio ± DEM de3 cultivos independientes/condición. 

*Diferencia estadística (p < 0.05) cuando se compara con las células en diferenciación sin 

tratamiento. **Diferencia estadística (p < 0.05) cuando se compara con la exposición a 

siCTRL. Fenotipo de las células HepaRG no tratadas expuestas al IFC-305 1 mM (H) o a 

DMOG 200 μM (I) y entre siCTRL y siTETs (J) a una semana de diferenciación; se muestran 

imágenes representativas a 20x de aumento de 3 cultivos independientes.  
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Con el interés de saber si la diferenciación es regulada por la adquisición de 5hmC a una 

semana de la diferenciación de las células HepaRG, se evaluaron los efectos de inhibidores 

químicos y transcripcionales de TETs a concentraciones que no afectan la viabilidad celular. 

Las células HepaRG fueron expuestas a la DMOG, un derivado de la N-oxalilglicina (NOG), 

que es capaz de penetrar a las células y que inhibe a las dioxigenasas dependientes de 

Fe2+/2-oxoglutarato como las enzimas TET [Rose et al., 2011]  o transfectadas con una 

mezcla de siRNAs contra TET1 y TET2. La DMOG a 200 μM es capaz de reducir la 

expresión de TET1 cuando se compara contra las células no tratadas (Figura 47A). Un 

comportamiento similar es observado para los siTETs, como era de esperarse. Por lo tanto, 

el inhibidor químico como el transcripcional de TETs reducen la expresión de TET1 a una 

semana de diferenciación de la línea celular HepaRG. En ambas condiciones (DMOG a 200 

μM y siTETs), la expresión del regulador maestro de la diferenciación de hepatocitos 

regulada por su promotor P1 HNF4A se reduce en comparación con las células no tratadas 

y con el siCTRL, respectivamente (Figura 47C).  Lo anterior indica que una inhibición 

específica de TET1 reduce los niveles esperados de expresión de HNF4A P1 a una semana 

de diferenciación. Previamente se ha demostrado que esta reducción de HNF4A P1 

correlaciona con la ausencia de 5hmC en el promotor P1 [Ancey et al., 2017]. Estos 

resultados en su conjunto sugieren que la interferencia con los niveles de expresión de 

TETs, alteran la regulación del programa de transcripción de hepatocitos desde HNF4A 

locus. 

El análisis de los marcadores de expresión de hepatocitos indicó que la DMOG a 200 μM 

presenta un comportamiento similar al IFC-305: reduce marcadamente la expresión de 

ALDOB, GSTA y ALB. Mientras que los siTETs incrementan la expresión de ALDOB, 

presentan una tendencia similar en GSTA y no inducen cambios de expresión en ALB  

(Figura 47 E-G). No se observó algún efecto fenotípico con ninguno de los dos tratamientos 
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(DMOG y siTETs) a una semana de diferenciación de HepaRG (Figura 47 H-J). Con los 

datos anteriores es posible sugerir que ambos inhibidores de TET afectan en forma 

diferente la expresión de los marcadores hepáticos a una semana del proceso de 

diferenciación de HepaRG, posiblemente porque la DMOG al igual que el IFC-305 es un 

regulador metabólico, mientras que los siTETs inhiben directamente al mensajero de TETs. 

A pesar de que el IFC-305 no es inhibidor específico de las TETs, se escogió a  este análogo 

de nucleósido para los siguientes experimentos, ya que representa una forma de 

contrarrestar la carencia del donador de grupos metilo que ocurre en varias patologías como 

la cirrosis [Rodriguez-Aguilera et al., 2018] y el carcinoma hepatocelular [Lozano-Rosas et 

al., 2019], propiedades que lo sustentan como un compuesto no tóxico para el hígado. 

9.5. El cambio en el ambiente metabólico por el derivado de adenosina modifica el 

paisaje de 5hmC asociado a la diferenciación de hepatocitos 

Las Células HepaRG proliferantes fueron expuestas a IFC-305 1 mM en condiciones de 

diferenciación durante 1 semana. Bajo estas condiciones, la reducción de 5 mC y la 

acumulación de 5hmC se afectan (Figuras 29 A-B). De manera similar, solo una fracción de 

DhMPs relacionados con la diferenciación se detectaron en presencia de IFC-305 utilizando 

microarreglos de metilación con resolución de nucleótido (Figura 29E). Como se describió 

anteriormente, se aprecia un cambio en 5hmC durante la diferenciación de hepatocitos, el 

cual es particularmente evidente en el cuerpo de los genes sobreexpresados (Figura 48A, 

panel izquierdo). En contraste, las células que crecieron expuestas al IFC-305 desplegaron 

una acumulación intermedia de 5hmC (Figura 48A, panel derecho). A pesar de este fenotipo 

atenuado, fue posible detectar hidroximetilación diferencial en 8460 en CpGs asociadas a 

genes (Figura 48B) y 1890 regiones, en comparación con células proliferantes. 

Comparando estos genes con DEGs sobreexpresados en células en diferenciación, 
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encontramos un empalme de 173 genes, los cuales están altamente asociados con 

expresión hepática, de acuerdo con la base de datos ARCH4 (Figura 49). 
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Figura 48. La perturbación de los niveles del donador de grupos metilo reduce el 
enriquecimiento de 5hmC. 5hmC en células proliferantes, en diferenciación y en 
diferenciación expuestas al IFC-305, evaluadas a través de BS y OxBS seguido de 
hibridación en microarreglos EPIC (ver métodos y Figura 26). (A) Mapa de calor metagénico 
mostrando el cambio en el contenido de 5hmC después de una semana de diferenciación 
de las células HepaRG en condiciones control (panel izquierdo) o después de ser expuestas 
al derivado de adenosina IFC-305 (panel derecho). Se trazaron gráficas por separado para 
el incremento en el contenido de 5hmC en cuerpos de genes sobre (rojo) o sub (verde) 
expresados después de una semana de diferenciación. Los genes housekeeping que no 
mostraron cambio significativo se muestran en azul. (B) Mapa de calor mostrando la 
comparación del hidroximetiloma entre las células en diferenciación expuestas al IFC-305 
y las células proliferantes. Las posiciones diferencialmente hidroximetiladas (DhMPs) se 
filtraron por la magnitud del cambio de metilación (delta beta) de al menos 20% con un valor 
de p ajustado < 0.05. Dos cultivos independientes se utilizaron para las células proliferantes 
y tres cultivos independientes para las células en diferenciación expuestas a IFC-305 1 mM. 
(C) Validación de cambios en 5hmC. El enriquecimiento de 5hmC fue evaluado por hMeDIP 
y qPCR; El promotor del gen SFRS4 fue usado como control de una región no enriquecida 
de 5hmC, el promotor P1 del gen HNF4A se usó como control positivo de enriquecimiento 
de 5hmC a una semana de diferenciación, los datos representan el promedio ± DEM de 3 
cultivos independientes/condición; *Diferencia estadística (p < 0.05) comparado con células 
proliferantes. **Diferencia estadística (p < 0.05) comparada con células en diferenciación. 
(D) El contenido de S-adenosilhomocisteina (SAH) y S-adenosilmetionina (SAM) se evaluó 
utilizando HPLC en las diferentes condiciones experimentales, se utilizaron estándares 
internos en cada muestra. Las barras indican el índice de metilación, calculado como la 
relación SAM/SAH, promedio ± DEM de 4 cultivos/condición.   

 

Fig. 49. Algunas regiones diferencialmente hidroximetiladas en las células en 
diferenciación tratadas con IFC-305 se relacionaron con genes diferencialmente 
expresados. (A) Comparación entre las regiones diferencialmente hidroximetiladas 
(DhMRs) en células expuestas al IFC-306 y los genes sobreexpresados en las células en 
diferenciación. (B) Enriquecimiento funcional relacionado con las regiones enriquecidas en 
5hmC en las células en diferenciación expuesta al IFC-305 y los genes sobreexpresados 
en las células en diferenciación. Los datos fueron obtenidos utilizando EnrichR, el número 
indica el valor de p ajustado asociado al tejido.  
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Para validar el incremento de 5hmC durante el proceso de diferenciación, se utilizó el 

ensayo de inmunoprecipitación de DNA hidroximetilado (hMeDIP) en regiones con alto 

enriquecimiento de 5hmC. Se evaluaron dos regiones en la vecindad de TCHP y RAB7A. 

Además, evaluamos la región donde se da el switch de 5mC/5hmC en el promotor P1 de 

HNF4A, y se utilizó al promotor del gen SFRS4 como región control. Pudimos observar un 

nivel constante de 5hmC sobre el promotor de SFRS4 en células proliferantes y en 

diferenciación (Figura 48C). El promotor P1 de HNF4A presentó un incremento de 5hmC a 

una semana de diferenciación, como previamente se había encontrado [Ancey et al., 2017]. 

Este incremento se afectó por la exposición con IFC-305 y un comportamiento similar se 

observó en las regiones TCHP y RAB7A (Figura 48C). 

A continuación, nos preguntamos ¿cómo el derivado de adenosina es capaz de modificar 

los niveles de 5hmC conduciendo a un retraso en la diferenciación de hepatocitos? Para 

abordar esta pregunta, evaluamos algunos componentes del ciclo de la metionina, el cual 

es la ruta metabólica responsable de las reacciones biológicas de trans-metilación 

[Kharbanda, 2007]. Estas reacciones, incluyendo la metilación del DNA, pueden ser 

modificadas por la disponibilidad de SAM, así como por los niveles de S-

adenosilhomocisteína (SAH) [Auta et al., 2017; Garcea et al., 1989]. Previamente 

demostramos que la adenosina, así como el IFC-305, es capaz de modular los niveles de 

SAM, favoreciendo la metilación de fosfolípidos [Chagoya de Sanchez et al., 1991] y 

restaurando los niveles globales de metilación de DNA y 5mC en un modelo de cirrosis 

inducido con CCl4 [Rodriguez-Aguilera et al., 2018]. Con este razonamiento, evaluamos el 

contenido de adenosina, SAM y SAH, a través de HPLC (Figura 50). Una tendencia hacia 

la disminución de SAM se observó en las células en diferenciación comparadas con las 

células proliferantes (Figura 50 A, B y E), consistente con la reducción global de 5mC a una 

semana de diferenciación (Figura 34A), con una tendencia no significativa al incremento de 
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SAH (Figura 50 A, B y F). El índice de metilación (relación SAM/SAH) derivado de estos 

datos, fue menor y menos variable en las células en diferenciación (Figura 48D). Un índice 

de metilación más alto y disperso se observó en células proliferantes y en diferenciación 

expuestas a IFC-305 los cuales correlacionan con elevada abundancia de 5mC a lo largo 

del genoma (Figura 34B). El contenido de adenosina fue mayor en las células en 

diferenciación comparadas con las células proliferantes, con los niveles más altos en las 

células en diferenciación expuesta a IFC-305 1 mM (Figura 50 A. B, C y G; un 

cromatograma de los estándares se muestra en la Figura 50D); un comportamiento similar 

se encontró para SAM, con el nivel más elevado observado en las células expuestas al IFC-

305 (Figura 50 A, B, C y D).  
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Fig. 50. La S-adenosilmetionina tiende a disminuir en la diferenciación temprana de 
las células HepaRG. (A-D) Cromatogramas representativos identificando adenosina, S-
adenosilmetionina (SAM) y S-adenosilhomocisteina (SAH) a través de HPLC en las 
condiciones analizadas y generados con estándar interno, los números indican el área bajo 
la curva, se muestran los primeros 26 min del tiempo de separación. (E-G) Cuantificación 
de cada analito. Los datos representan el promedio ± DEM de 4 cultivos /condición. 
*Diferencia estadística (p < 0.05) cuando se compara con las células en diferenciación sin 
tratamiento. **Diferencia estadística (p < 0.05) cuando se compara con células proliferantes. 
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Estos resultados sugieren que el IFC-305 genera un ambiente metilante que compite con 

la ola de desmetilación asociada a la diferenciación de hepatocitos y subraya la importancia 

del enriquecimiento de 5hmC en este proceso. 

Con el interés de determinar si los efectos del derivado de adenosina pueden ser atribuidos 

a su capacidad para incrementar el nivel de SAM, se expusieron las células HepaRG a SAM 

a una concentración de 1 mM durante una semana de diferenciación. Se observó una 

reducción en el número celular (Figura 51A), principalmente en la periferia del cultivo. Se 

observó una sobreexpresión de los transcritos codificados tanto por el promotor P1 como 

P2 de HNF4A, pero los marcadores hepáticos ALDOB, GSTA, y ALB se subexpresaron 

comparados con las células en diferenciación sin tratamiento (Figura 51C). La ruta de 

metilación de DNA también mostró una reducción, subexpresándose las DNA 

metiltransferasas (DNMT1, DNMT3A y DNMT3B), así como los transcritos 

correspondientes a las enzimas adenosiltransferasas (MAT1A y MAT2A) (Figura 51D). 

Analizando la expresión de la ruta de oxidación de la metilcitosina, se encontró un 

incremento del transcrito de TET1 y una misma tendencia para el trascrito de TET2, así 

como una subexpresión de los transcritos de las enzimas isocitrato deshidrogenasas (IDH1 

e IDH2), enzimas que generan al α-cetoglutarato, metabolito requerido para el 

funcionamiento de TET (Figura 51E) y que pudiera estar relacionada con la reducción de 

5hmC debida a la exposición a SAM (Figura 52). En cuanto a los efectos del IFC-305, se 

pudo observar una sobrexpresión de las DNA metiltransferasas, un mismo nivel del 

transcrito de MAT2A, se validó la subexpresión de TET1 y TET2, y se observó un nivel 

intermedio de expresión de IDH2, comparando con las células en diferenciación sin 

tratamiento (Figura 51).  
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Fig. 51. Disminución de la expresión de marcadores hepáticos, rutas de metilación 
de DNA y de oxidación de citosinas después del tratamiento a la línea celular HepaRG 
con el derivado de adenosina y con S-adenosilmetionina. (A) Fenotipo celular de 
HepaRG a lo largo de una semana de diferenciación, se muestran imágenes 
representativas por grupo con un aumento de 10x. (B) El mapa de calor representa la 
expresión diferencial de los genes analizados y fue construido utilizando la plataforma 

(http://heatmapper.ca/). (C) Expresión de los marcadores de diferenciación de 
hepatocitos en respuesta a los diferentes tratamientos, a una semana de diferenciación.  
(D) Expresión de las metiltransferasas de DNA (DNMTs) y de las metionina 
adenosiltransferasas (MATs) después de una semana de exposición durante el proceso de 
diferenciación. (E) Expresión de los transcritos de las dioxigenasas TET y de las isocitrato 
deshidrogenasas (IDHs) después de una semana de diferenciación y el efecto de la 
exposición al IFC-305 y SAM. Los datos representan el promedio ± DEM de 3 cultivos 

independientes/condición. *Diferencia significativa (p< 0.05) cuando se compara contra las 

células en diferenciación sin tratamiento. UD: indetectable. 
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Fig. 52. El derivado de adenosina y la S-adenosilmetionina reducen el 
enriquecimiento de 5hmC a una semana de diferenciación de HepaRG.                                     
(A) Inmunofluorescencia de 5hmC en células proliferantes (panel superior), en 
diferenciación (panel superior intermedio), en diferenciación + IFc-305 (panel inferior 
intermedio) y en diferenciación + SAM (panel inferior). Se muestran imágenes 
representativas con un aumento de 10x de 3 cultivos independientes/condición, así como 
la medición de la intensidad de fluorescencia. (B) La gráfica de barras de la cuantificación 
de la señal de 5hmC se basa en el promedio ± DEM de 3 campos por grupo. * Diferencia 
significativa (p < 0.05), comparada con las células en diferenciación. ND: Sin diferencia 
comparando entre las células en diferenciación tratadas con IFC-305 y con SAM. 
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Considerando los resultados en su conjunto, es posible sugerir que la exposición a la SAM 

genera un fenotipo similar al que resulta de la exposición al IFC-305, en términos de la 

reducción en el enriquecimiento de 5hmC y la menor adquisición de expresión de 

marcadores hepáticos. La reducción de 5hmC por el derivado de adenosina puede estar 

mediada por la sobreexpresión de DNMTs y la subexpresión de TETs, mientras que la 

reducción de 5hmC en respuesta a la SAM, puede al menos estar parcialmente relacionada 

con la disminución en la expresión de IDH. 

Desde un punto de vista más general, estos resultados pueden indicar que el estado 

metabólico es capaz de influir en la regulación de la diferenciación de la línea celular 

HepaRG, así como en los niveles de 5hmC durante este proceso.  
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10.  DISCUSIÓN 

En este trabajo, se evaluó la relación entre la dinámica de metilación del DNA y el 

establecimiento del programa de transcripción tipo hepatocito, a una semana del proceso 

de diferenciación de la línea celular HepaRG. Se encontró que a este tiempo se ha puesto 

en marcha el programa transcripcional de hepatocitos, mientras que existe una reducción 

de la metilación del DNA y la 5hmC emerge a lo largo del genoma. Se encontró una 

asociación de únicamente 14% de los DhMPs con los cambios de expresión génica en las 

células en diferenciación en comparación con las células proliferantes. Estos sitios con 

elevación de 5hmC estaban enriquecidos en intrones y fueron escasos en promotores y 

CGIs. En particular, el contenido de 5hmC en general fue más alto en el cuerpo de genes 

sobreexpresados, lo cual concuerda con estudios previos en torno a la distribución de 5hmC 

(revisado en [Pfeifer and Szabo, 2018]). Finalmente se encontró que la perturbación en el 

metabolismo de SAM utilizando un derivado de adenosina puede reducir el enriquecimiento 

de 5hmC asociado a la diferenciación. Esto además se relacionó con una reducción de la 

expresión de los marcadores hepáticos (Figura 53). 
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Fig. 53. Interrelación entre el metabolismo, el enriquecimiento de 5hmC y la identidad 
celular durante la diferenciación de progenitores hepáticos adultos in vitro. La 
diferenciación de células progenitoras hepáticas involucra un proceso de desmetilación del 
DNA así como un incremento de 5hmC en el genoma completo. El enriquecimiento de 
5hmC durante la diferenciación es más evidente en el cuerpo de genes sobreexpresados.  
La intervención metabólica con un derivado de adenosina, el IFC-305 favorece un estado 
metilante que genera una reducción en el nivel de 5hmC y una menor expresión de 
marcadores hepáticos en células en diferenciación, además de presentar una atenuación 
del fenotipo diferenciado. Estos resultados sugieren un papel fisiológico de la adquisición 
de 5hmC, modulando la expresión de genes relacionados con la identidad celular.                 
Met, metionina; MAT, metionina adenosiltransferasas; ATP, trifosfato de adenosina;                         
Pi + PPi, Fosfato + Pirofosfato; SAM, S-adenosilmetionina; SAH, S-adenosilhomocisteina; 
C, Citosina, DNMT, metiltransferasas de DNA; 5mC, 5-metilcitosina; IDH, isocitrato 
deshidrogenasas; α-KG, alfa-cetoglutarato; TET, Dioxigenasas de citosina modificada; 
5hmC, 5-hidroximetilcitosina. 

 

Desde su redescubrimiento en 2009 [Kriaucionis and Heintz, 2009; Tahiliani et al., 2009], la 

5hmC surgió como un intermediario para la desmetilación activa del DNA, sin embargo, 

evidencia que va en aumento ha considerado a esta citosina modificada como “la sexta 

base” debido a su estabilidad y a su funcionalidad característica y distinta a la de la 5mC. 

Independientemente de su significado funcional, los eventos de 5hmC correlacionan con 

pasos clave de la diferenciación en células de mamífero adultas [Ecsedi et al., 2018]. El 

análisis de BS y OxBS de las células HepaRG con una semana de diferenciación así como 
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la inmunotinción (Figuras 29 A-B y 30) revelan un incremento de esta citosina modificada a 

lo largo del genoma, que corresponde con hallazgos previos en el promotor P1 de HNF4A 

[Ancey et al., 2017]. Este comportamiento en el enriquecimiento de 5hmC ha sido descrito 

también en tejidos de cada capa germinal (por ejemplo enterocitos [Chapman et al., 2015; 

Kim et al., 2016], miocitos [Zhong et al., 2017], adipocitos [Dubois-Chevalier et al., 2014; 

Yoo et al., 2017] y neuronas [Hahn et al., 2013; Li et al., 2017]), lo que sugiere que se trata 

de un proceso general [Lin et al., 2017]. 

La especialización celular se acompaña por una transición dramática en el paisaje 

epigenético desde un único estado accesible en la pluripotencia, hacia configuraciones que 

incrementan su restricción en estados diferenciados [Zhu et al., 2013]. Sin embargo, la 

5hmC se ha relacionado frecuentemente con genes con alta expresión, específicos de cada 

linaje celular [Li et al., 2016b; Lin et al., 2017]. Lo anterior va en línea con los hallazgos 

descritos en este trabajo, en los que hay una correlación con el enriquecimiento de 5hmC 

en y los programas de transcripción específicos de hepatocitos, como los relacionados con 

rutas metabólicas y con funciones hepáticas especializadas como en la síntesis de los 

componentes del complemento, la regulación del metabolismo de lípidos, la degranulación 

plaquetaria y la actividad de oxidoreductasa. Esto sugiere que la 5hmC puede operar en 

conjunto con mecanismos que generan una cromatina restrictiva que ocurriría en loci no 

relacionados con la función hepática. Además se encontraron DhMRs asociados con TETs 

e IDH3G, los cuales pueden estar relacionados con un asa de retroalimentación positiva de 

5hmC para reforzar la diferenciación. En relación con estos hallazgos, recientemente se ha 

descrito que TET1 es regulada a través de la metilación del DNA sobre su promotor [Li et 

al., 2016a]. 

Es importante mencionar que no podemos descartar a la posibilidad de que otros 

mecanismos epigenéticos (como las modificaciones post-traduccionales de histonas, los 
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remodeladores de cromatina dependientes de ATP, RNA no codificantes, la organización 

tridimensional y la topología de la cromatina, por mencionar algunos) tengan papeles 

importantes en este modelo al tiempo estudiado o incluso en etapas posteriores. Es posible 

que estos otros aspectos de la regulación de la cromatina puedan estar regulando algunos 

de los genes diferencialmente expresados, lo cuales no estuvieron directamente 

relacionados con un enriquecimiento de 5hmC en cis en la vecindad genética. 

Se requieren más estudios para evaluar la estabilidad de la 5hmC durante la diferenciación 

de hepatocitos. En este sentido, es de destacar que utilizando bisulfito oxidante seguido de 

PCR cuantitativa específica para metilación, se confirmó que la acumulación de 5hmC en 

el locus de HNF4A P1 en las células HepaRG en diferenciación es transitoria (Figura 54). 

De manera similar, la 5hmC es prácticamente ausente en ese locus en hepatocitos 

humanos primarios terminalmente diferenciados (Figura 46). Sin embargo, si una cinética 

similar ocurre a nivel de genoma completo, será un tema de futuros análisis. 

 

Fig. 54. Cuantificación de 5hmC por OxBS-qMSP, en los promotores P1 (A) y P2 (B) del gen 
HNF4A. PHH= hepatocitos primarios humanos 



138 
 

 

Se encontró un enriquecimiento de 5hmC en el cuerpo de los genes (intrones) durante la 

diferenciación, característica que concuerda parcialmente con un estudio en el hígado de 

ratón, el cual indica que la 5hmC se enriquece en regiones intergénicas [Lin et al., 2017]. 

Sin embargo un estudio anterior relacionado con la diferenciación de hepatocitos [Thomson 

et al., 2013] provee un modelo in vivo más cercano para contrastar estos resultados. En 

dicho trabajo, los autores encontraron que los patrones globales de 5hmC fueron suficientes 

para estratificar los hígados murinos de acuerdo a su edad, subrayando que la 5hmC es un 

identificador de tejido hepático y del estado celular. Cuando se compararon los genes 

diferencialmente hidroximetilados en las células HepaRG con las diferencias en 

hidroximetilación durante la maduración hepática de la publicación de Thomson, se 

encontró un traslape de 122 genes (40% más que los esperados al azar, utilizando una 

prueba hipergeométrica, p < 4.8e-05). De manera similar, en el hígado adulto sano, ha sido 

descrito un paisaje de 5hmC específico, el cual incluye una acumulación bimodal de 5hmC 

alrededor del TSS y un nivel incrementado a lo largo del cuerpo de los genes, con otro pico 

justo después de la terminación de la trascripción [Li et al., 2016b]. Además, se encontró 

que algunos DhMPs pueden estar relacionados con elementos regulatorios distales, tal 

puede ser el caso de la región rica en 5hmC asociada a TET3 (Figura 34), la cual colocaliza 

con un enhancer en el hígado adulto y traslapa con las señales de marcas de histona 

H3K4me1 y de histona H3K27ac en células HepG2, de acuerdo con el Consorcio 

Epigenome Road Map y con ENCODE respectivamente. A pesar de esta correlación, no se 

encontró un traslape global entre el enriquecimiento de 5hmC intragénico y las marcas de 

histonas relacionadas con enhancers (Figura 55). 
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Fig. 55 Distribución de DhMPs en células HepaRG en diferenciación vs Proliferantes, 
relativa a marcas de histonas. Las regiones genómicas con 5hmC diferencial se anotaron 
utilizando las características de ChromHMM para HepG2. La anotación determina varios 
estados cromatínicos diferentes (A) enfatizando los correspondientes a las marcas de 
cromatina  H3K4me1/H3K27ac (B). La figura presenta los DhMPs de los genes con señal 
de 5hmC, los genes sobre expresados (sobre-), subexpresados (sub-) y los que no tienen 
cambio (control/housekeeping). 

El enriquecimiento de 5hmC hallado durante la diferenciación no puede ser atribuido a una 

subpoblación celular en particular. Será interesante analizar desde una aproximación 

unicelular si el incremento de 5hmC a una semana de diferenciación de la línea HepaRG 

correlaciona con la expresión de marcadores hepáticos. Adicionalmente, un problema que 

ha persistido durante largo tiempo en el campo, es la falta de evidencia causal de una 

relación directa entre la metilación del DNA y la expresión génica. Las nuevas herramientas 

de edición epigenética pudieran ser capaces de proveer este tipo de evidencia, sin embargo 

esto será tema de futuras investigaciones.  
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Con el propósito de entender la dinámica de 5hmC en respuesta a la perturbación del 

metabolismo, se evaluó el efecto de un derivado de adenosina, IFC-305, el cuál es capaz 

de modular los niveles de SAM, 5mC y 5hmC durante la cirrosis experimental [Rodriguez-

Aguilera et al., 2018]. Se encontró que el hidroximetiloma de las células HepaRG expuestas 

al IFC-305 presenta un estado intermedio entre las células proliferantes y las células en 

diferenciación (Figuras 44 y 46). Esto puede ser explicado parcialmente por la capacidad 

del IFC-305 de incrementar los niveles de SAM (Figura 50E). Además, el IFC-305 influye 

en el ambiente de metilación a través de la sobreexpresión de DNMTs (Figura 51D), que 

favorece la metilación del DNA. Por otra parte, el derivado de adenosina genera la 

subexpresión de TETs (Figura 51E) disminuyendo las reacciones de oxidación de 5mC con 

la consecuente reducción de 5hmC a lo largo de genoma (Figuras 29 y 48). Es así que en 

esta condición es posible decir que el nivel de 5hmC está atenuado, pero es suficiente para 

permitir que las células entren al proceso de diferenciación. 

Previamente se ha demostrado que la SAM es un metabolito clave que regula el crecimiento 

de los hepatocitos, la muerte y la diferenciación dependiendo de su concentración. Además, 

es altamente inestable, con una vida media corta y se convierte a metiltioadenosina 

rápidamente in vitro [Mato and Lu, 2007]. Debido a este efecto dual regulando el crecimiento 

y la muerte, el nivel hepático de SAM debe ser finamente regulado [Mato and Lu, 2007]. Es 

probable que al menos parte del efecto de la exposición al IFC-305, incluida la expresión 

reducida de los marcadores de hepatocitos, dependa de su capacidad para actuar como un 

estimulador de la disponibilidad fisiológica de SAM. Adicionalmente, se observó una menor 

expresión de DNMTs debido después de la exposición de a SAM (Figura 51D), lo cual 

concuerda con otro reporte donde se demostró que en la exposición in vitro de otras líneas 

celulares a SAM conduce a la subexpresión de DNMTs [Kar et al., 2014], y desde el punto 

de vista químico, es entendible que la expresión de enzimas requeridas para sintetizar SAM 
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(MAT1A y MAT2A) se encuentre disminuida (Figura 51D) si hay un exceso del producto que 

estas generan (SAM). Por otra parte, a pesar de la sobreexpresión de los transcritos de las 

enzimas TET (Figura 51E), la falta de expresión de IDHs (Figura 51E) podría no favorecer 

el enriquecimiento de 5hmC (Figura). 

Contrario a nuestro enfoque donde las células son expuestas a un compuesto que estimula 

la producción de SAM, un modelo de ratón con una dieta deficiente de metionina y colina, 

el cual tiene como consecuencia la reducción de la disponibilidad de SAM, no causa una 

reducción los niveles de 5mC, en su lugar induce una sobreexpresión de Tet2, Tet3, timina 

DNA glucosilasa y de la endonucleasa 1 apurínica/apirimídica, e incrementa la expresión 

de Dnmt1 y Dnmt3a [Takumi et al., 2015]. Entonces, mientras que la dinámica de metilación 

puede sobrellevar la deficiencia de SAM, un incremento de SAM conduce a una reducción 

del enriquecimiento de 5hmC asociado a un retraso en la diferenciación (Figura 46). 

La posibilidad de modular la diferenciación a través de la regulación de la 5hmC representa 

una observación relevante. En efecto, algunos estudios indican que una de las alteraciones 

tempranas en el carcinoma hepatocelular es una reducción global y significativa de 5hmC  

[Liu et al., 2013], un comportamiento también observado en la infección con virus de 

hepatitis B [Liu et al., 2018], en cirrosis [Rodriguez-Aguilera et al., 2018] y durante la tras-

diferenciación de HSCs a miofibroblastos [Page et al., 2016]. Patrones alterados de 5hmC 

no solo son detectados en pares tumor-tejido sano a partir de resecciones de biopsias, sino 

también en DNA circulante en pacientes con cáncer [Pfeifer and Szabo, 2018], sugiriendo 

que la 5hmC es un potencial biomarcador para la detección temprana de cáncer.  

La posibilidad de modular la diferenciación a través de la regulación de 5hmC representa 

una herramienta relevante. En este sentido, algunos estudios indican que una de las 

alteraciones tempranas en HCC es una disminución significativa de la 5hmC global, un 

comportamiento que también se observa en la infección por virus de hepatitis B [Liu et al., 
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2018], cirrosis [Rodriguez-Aguilera et al., 2018] y durante la trans-diferenciación de HSC a 

miofibrobalstos [Page et al., 2016]. Los patrones alterados de 5hmC no solo son detectables 

en pares de tejidos tumorales y normales de resecciones o biopsias, sino que también en 

DNA circulante de pacientes con cáncer [Pfeifer and Szabo, 2018] sugiriendo que la 5hmC 

es un potencial biomarcador para la detección temprana de esta patología. Además la 

posibilidad de modificar la identidad celular a través de la regulación de la distribución y los 

niveles  de 5hmC representa un método farmacológico innovador para prevenir y revertir 

patologías relacionadas con procesos de desdiferenciación como el cáncer hepático.  
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11. CONCLUSIONES 

 

1. A una semana de diferenciación in vitro, la línea celular de progenitores hepáticos 

HepaRG, ha encendido el programa de transcripción de hepatocitos. 

2. Las células HepaRG a una semana de diferenciación, presentan una hipometilación a lo 

largo del genoma si se comparan contra las células en estado proliferante. 

3. Un enriquecimiento de 5hmC se presenta a nivel de genoma completo a una semana de 

diferenciación del progenitor hepático HepaRG. 

4. Particularmente el cuerpo de los genes sobreexpresados, se enriquece con 5hmC a una 

semana de diferenciación de la línea celular HepaRG. 

5. Únicamente 14% de los sitios diferencialmente hidroximetilados entre las células 

proliferantes y en diferenciación, se asocian a genes diferencialmente expresados.  

6. No se encontró una correlación global entre el enriquecimiento de 5hmC y las 

modificaciones de histonas H3K4me1 y H3K27ac, asociadas a enhancers, en la primera 

semana de diferenciación. 

7. La intervención metabólica con el derivado de adenosina, IFC-305, genera una reducción 

en el enriquecimiento de 5hmC a una semana de diferenciación en la línea celular 

HepaRG. 

8. La expresión del regulador maestro de la diferenciación de Hepatocitos HNF4A no se 

ve modificada con la exposición al IFC-305 a 1 mM, a una semana de diferenciación, 

sin embargo su proteína se encuentra reducida. 

9. La exposición al derivado de adenosina durante una semana de diferenciación produce 

una menor expresión de marcadores hepáticos comparando contra las células sin 

tratamiento. Este efecto se ve reproducido al exponer a las células al inhibidor químico 

de las enzimas TET, DMOG, así como a la SAM.  
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10. La exposición de las células HepaRG al derivado de adenosina, IFC-305, conduce 

a un incremento fisiológico del nivel de SAM y una sobreexpresión de las DNA 

metiltransferasas que podrían favorecen un ambiente metilante, a una semana de 

diferenciación. 

11. La expresión de los transcritos que codifican a las dioxigenasas TET1 y TET2 se 

encuentra reducida en respuesta a la exposición al IFC-305, al igual que los transcritos 

de las isocitrato deshidrogenasas IDH1 e IDH2, por lo que las reacciones de oxidación 

de la 5mC se encuentran desfavorecidas, a una semana de diferenciación. 

12. El reducido nivel de expresión de marcadores hepáticos debido a la exposición de 

las células HepaRG al derivado de adenosina, puede ser entendido en parte, por la 

reducción en el  enriquecimiento de la 5hmC a una semana de diferenciación. 

Enriquecimiento que se ve comprometido al competir una desfavorecida reacción de 

oxidación de citosinas modificadas contra el ambiente prometilante generado por el 

IFC-305.    

13. La adquisición de un fenotipo diferenciado atenuado en conjunto con una 

reducción en el nivel de 5hmC durante el proceso de diferenciación, sugiere una 

relación de esta citosina modificada con la identidad celular. 

14. Considerando que en procesos neoplásicos hay una reducción de la 5hmC, y que 

el nivel y la distribución de esta citosina modificada está relacionada con la adquisición 

del fenotipo hepático, la 5hmC pudiera ser considerada como un biomarcador para la 

identificación temprana de enfermedades relacionadas con la desdiferenciación celular 

como el cáncer hepático. 

15. La posibilidad de modificar el nivel de 5hmC a través de la regulación del ambiente 

metabólico, proporciona una potencial herramienta para el desarrollo de fármacos 

antineoplásicos.      
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12. PERSPECTIVAS 

Una vez definido el hidroximetiloma a una semana de diferenciación en la línea celular 

HepaRG, será interesante estudiar el nivel y distribución de la 5hmC una vez que se 

complete la diferenciación in vitro, para identificar si el patrón molecular adquirido al inicio 

de la diferenciación, es característico de este tiempo o se retiene en los hepatocitos 

maduros. Así mismo, será importante comparar la firma de hidroximetilación entre los 

hepatocitos derivados de HepaRG y hepatocitos primarios humanos o muestras de hígado 

humano adulto, ya que se ha descrito una gran similitud entre la fisiología de la línea celular 

una vez diferenciada y los hepatocitos adultos del ser humano.  

Si se encontrara una analogía entre el hidroximetiloma de las células HepaRG diferenciadas 

y los hepatocitos humanos adultos, se estaría contando con un modelo que facilitaría el 

estudio biológico del hígado, ya que el material podría obtenerse fácilmente, al ser una línea 

celular.  

Otro punto interesante sería la comparación del hidroximetiloma de hepatocitos humanos 

adultos, con el de muestras de cáncer hepático, para identificar las regiones 

diferencialmente hidroximetiladas en ambas condiciones, la función de estas regiones y con 

ello plantear estrategias que permitan un diagnóstico oportuno así como el desarrollo de 

terapias encaminadas al restablecimiento del patrón del 5hmC en el tejido. 

En este sentido, la capacidad de las células HepaRG diferenciadas de recuperar el fenotipo 

de progenitor si se resiembran a baja confluencia, pudiera representar un modelo 

interesante para el estudio genómico del proceso de desdiferenciación, así como para la 

evaluación de fármacos que pudieran estar contribuyendo a la retención del fenotipo 

diferenciado, por ejemplo, modulando el nivel de 5hmC. 
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El derivado de adenosina, IFC-305, ha presentado efectos hepatoprotectores en un modelo 

experimental del cirrosis, favoreciendo la recuperación de la función y arquitectura hepática, 

mediados en parte, por el restablecimiento de los niveles globales de 5mC y 5hmC 

abrogados durante la patología, por lo que será interesante evaluar el efecto del fármaco 

en las células HepaRG completamente diferenciadas, así como durante el proceso de 

desdiferenciación. 

Finalmente el estudio de los efectos del IFC-305 sobre líneas celulares de carcinoma 

hepatocelular, en particular sobre el transcriptoma e hidroximetiloma podrá revelar blancos 

farmacológicos de este compuesto, los cuales pudieran ser de utilidad para el desarrollo de 

estrategias terapéuticas.           
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Anexo 1. Catálogo histológico de un modelo de intoxicación hepática crónica con 

dietilnitrosamina en ratas wistar 

De acuerdo con el trabajo del grupo de Rosmorduc [Schiffer et al., 2005], el tratamiento de 

ratas con dietilnitrosamina (DEN) permite tener un modelo experimental para inducir cirrosis 

y su progresión hacia carcinoma hepatocelular (HCC), es así que este modelo representa 

una herramienta válida para evaluar potenciales efectos antitumorales en el hígado. Los 

animales de experimentación reciben semanalmente una administración intraperitoneal de 

DEN (50 mg/kg) seguida de un período de lavado de 2 semanas; la cirrosis se presenta a 

las 14 semanas y el HCC multifocal a las 18 semanas. 

Como parte de los objetivos con respecto a los efectos hepatoprotectores del IFC en cáncer, 

se replicó en el laboratorio el modelo de DEN en ratas Wistar de 200 g, obteniendo 

muestras de tejido hepático  a las 18  y 22 semanas de tratamiento, para contar con un 

estado neoplásico (18 semanas) y una evolución del mismo (22 semanas).  

Con el interés de validar el modelo, se estableció una colaboración con el Dr. Pedro 

Valencia Mayoral, hepatopatólogo del Hospital Infantil de México “Federico Gómez”, quien 

realizó un diagnóstico doble ciego para cada muestra generada.  

En seguida se presentan imágenes representativas de muestras clasificadas 

macroscópicamente como no tumorales y tumorales, fijadas con paraformaldehído al 4% y 

300 mosM, a las que se les realizó una tinción de hematoxilina-eosina y posteriormente un 

diagnóstico histopatológico, basado en la identificación de cúmulos clónales de células 

alteradas que indicaran la presencia de HCC. 
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Tabla A1. Características fenotípicas de los hígados de ratas tratadas con dietilnitrosamina 

(DEN) 

Fenotipo macroscópico Clasificación macroscópica y diagnóstico 

 

 
                               22 semanas - control 3 

 
                                 Sin alteración 

 

Tumor No tumor 

 
18 semanas - DEN 4 

Displasia leve 

 
18 semanas-DEN 4 
Displasia difusa leve 

 

 

Tumor Tumor adherente No tumor 

 
18 semanas - DEN 5 
Displasia multinodular 

 
18 semanas – DEN 5 

Hepatocarcinoma 

 
18 semanas-DEN 5  
Displasia multinodular 

 

Fenotipo macroscópico Clasificación macroscópica y diagnóstico 

 

 

Tumor No tumor 

 
22 semanas - DEN 1  
Displasia leve difusa 

 
22 semanas -DEN 1 
Displasia leve difusa 

 

 
22 semanas - DEN 8 

Hepatocarcinoma multinodular 

 
22 semanas - DEN 8 
Displasia leve difusa 

Se muestran imágenes representativas a una amplificación de 10x 
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La Tabla A2 condensa los diagnósticos encontrados por muestra. 

Tabla A2. Diagnósticos histopatológicos por muestra 

Clasificaci Macroscópica: T, tumor; NT, No tumor 

  

18 semanas   

Tratamiento Diagnostico Tratamiento Diagnostico 

18 Control 1 Sin alteración 18 Control 4 Sin alteración 

18 Control 2 Sin alteración 18 Control 5 Sin alteración 

18 Control 3 Sin alteración 18 Control 6 Sin alteración 

 

Tratamiento Diagnostico Tratamiento Diagnóstico 

18 DEN 1 T Displasia nodular leve 18 DEN 1 NT Displasia grave 

18 DEN 3 T Sin dato 18 DEN 3 NT Displasia focal leve 

18 DEN 4 T Displasia leve 18 DEN 4 NT Displasia difusa leve 

18 DEN 5 T Displasia multinodular leve 18 DEN 5 NT Displasia multinodular 

18 DEN 5 TA HCC   

18 DEN 6 T Displasia difusa moderada 18 DEN 6 NT Displasia moderada 

18 DEN 7 T Displasia difusa leve 18 DEN 7 NT Displasia leve 

18 DEN 8 T Displasia multinodular 

moderada 

18 DEN 8 NT Displasia multinodular leve 

18 DEN 9 T Displasia leve  + posible HCC 18 DEN 9 NT Displasia multinodular 

extensa 

 
22 semanas 

  

Tratamiento Diagnostico Tratamiento Diagnostico 

22 Control 1 Sin alteración 22 Control 4 Sin alteración 

22 Control 2 Sin alteración 22 Control 5 Sin alteración 

22 Control 3 Sin alteración 22 Control 6 Sin alteración 

    

Tratamiento Diagnostico Tratamiento Diagnóstico 

22 DEN 1 T Displasia leve difusa 22 DEN 1 NT Displasia leve difusa 

22 DEN 2 T Displasia leve difusa 22 DEN 2 NT Displasia leve difusa 

22 DEN 2 TA Tumor maligno vascularizado e 

indiferenciado 

  

22 DEN 4 T Displasia leve difusa 22 DEN 4 NT Displasia leve 

22 DEN 5 T Displasia nodular grave y 

extensa + HCC 

22 DEN 5 NT Displasia multinodular 

moderada 

22 DEN 6 T Displasia leve difusa 22 DEN 6 NT Displasia leve difusa 

22 DEN 8 T HCC multinodular 22 DEN 8 NT Displasia leve difusa 

22 DEN 9 T Displasia leve difusa + HCC 22 DEN 9 NT Displasia leve 
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En seguida se resumen los casos de neoplasias encontradas 

Tabla A3. Resumen de muestras del modelo de Schiffer que presentaron neoplasias 

 

 

 

 

 

 

 

 

 

El diagnóstico histopatológico del modelo analizado mostró que la mayoría de las muestras 

de hígados de rata tratadas con DEN presentan una gran variedad de displasias y muy 

pocos casos con características de carcinoma hepatocelular, al no observarse cúmulos 

clonales de células transformados. Como se comentó al inicio de esta sección, se ha 

descrito que este modelo presenta en una primera etapa cirrosis a las 14 semanas de 

evolución, sin embargo en las muestras tanto de 18 como de 22 semanas, no se observa 

la acumulación de colágena, que es característica de esta patología. 

Con el interés de determinar el origen de la falta de reproducibilidad entre los datos 

previamente descritos por Schiffer y los obtenidos en el laboratorio, se decidió evaluar la 

efectividad de la DEN empleada a través de un ensayo de toxicidad aguda, utilizando una 

dosis de 220 mg/kg, correspondiente a la dosis letal 50 (DL50) reportada en la ficha de 

datos de seguridad del producto, comercializado por Sigma-Aldrich. 

Se preparó una solución de DEN, en oscuridad para evitar la degradación por 

fotosensibilidad, a una concentración de 0.045 g/mL y se administraron volúmenes 

equivalentes a la dosis letal de DEN. Se utilizaron 6 ratas Wistar de 200 g, con el 

carcinógeno y una rata control a la que únicamente se le administró solución salina. 

Tratamiento n 

Tumor maligno 

vascularizado e 

indiferenciado 

Carcinoma 

hepatocelular 

Muerte 

durante el 

tratamiento 

Clasificación 

Macroscópica 
 Tumor 

No 

tumor 
Tumor 

No 

tumor 
 

18 Control 6 0 0 0 0 0 

18 DEN 10 0 0 2 0 2 

22 Control 6 0 0 0 0 0 

22 DEN 10 1 0 2 0 2 
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Una vez realizada la administración, las ratas continuaron con alimentación y agua ad 

libitum y se les dio seguimiento durante 14 días. Todas los animales experimentales 

sobrevivieron, lo cual habla de una baja efectividad del compuesto carcinogénico. Es 

posible que el mismo se encuentre en un estado de degradación tal que no puede ejercer 

su efecto tóxico agudo, con este hecho es posible entender la variabilidad biológica 

encontrada en el modelo de Schiffer así como el reducido número de casos donde se 

presentó el carcinoma hepatocelular. 

Transcurridos los 14 días de seguimiento, se sacrificaron los animales, se realizó la 

disección del hígado y se tomaron muestras para la evaluación histopatológica. En seguida 

se muestran imágenes de los cortes histológicos de cada tejido. 

Tabla A4.  Características fenotípicas de los hígados de ratas administradas con DL50 de DEN 

Fenotipo macroscópico Corte histológico y diagnóstico 

 
DEN 1 

 
Displasia leve difusa 

 
DEN 2 

 
Cambios leves displásicos 
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Continuación Tabla A4 

 

Fenotipo macroscópico Corte histológico y diagnóstico 

 
DEN 3 

 
Cambios citoplásmicos y nucleares mínimos 

 
DEN 4  

Cambios citoplásmicos y nucleares mínimos 

 
DEN 5 

 
Cambios citoplásmicos y nucleares mínimos 

 
DEN 6 

 
Cambios citoplásmicos y nucleares mínimos 

 
Control, solución salina 

 
Cambios mínimos 

Se muestran imágenes representativas a una amplificación de 10x 

 

Estos resultados sugieren que la DEN utilizada presenta baja efectividad, al no observarse 

toxicidad aguda después de la administración de una dosis letal, lo que pudiera explicar la 

variabilidad obtenida en el modelo de inducción de HCC en rata. Se concluyó que en estas 

condiciones, el modelo obtenido no nos permitiría realizar la evaluación de los efectos 

antineoplásicos del IFC-305, ya que la DEN no estaba generando la patología. 
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Abstract 

How cells reach different fates despite using the same DNA template, is a basic question linked 

to differential patterns of gene expression. Since 5-hydroxymethylcytosine (5hmC) emerged as 

an intermediate metabolite in active DNA demethylation, there have been increasing efforts to 

elucidate its function as a stable modification of the genome, including a role in establishing 

such tissue-specific patterns of expression. Recently we described TET1-mediated enrichment of 

5hmC on the promoter region of the master regulator of hepatocyte identity, HNF4A, which 

precedes differentiation of liver adult progenitor cells in vitro. Here we asked whether 5hmC is 

involved in hepatocyte differentiation.  We found a genome-wide increase of 5hmC as well as a 

reduction of 5-methylcytosine at early hepatocyte differentiation, a time when the liver 

transcript program is already established. Furthermore, we suggest that modifying s-

adenosylmethionine (SAM) levels through an adenosine derivative could decrease 5hmC 

enrichment, triggering an impaired acquisition of hepatic identity markers. These results suggest 

that 5hmC is a regulator of differentiation as well as an imprint related with cell identity. 

Furthermore, 5hmC modulation could be a useful biomarker in conditions associated with cell 

de-differentiation such as liver malignancies. 

Keywords: DNA methylation, differentiation, hepatocytes, hydroxymethylation, progenitor cells. 

 

Graphical Abstract 

It has been suggested that 5-
hydroxymethylcytosine (5hmC) is an 
imprint of cell identity. Here we show 
that commitment to a hepatocyte 
transcriptional program is characterized 
by a demethylation process and 
emergence of 5hmC at multiple 
genomic locations. Cells exposed to an 
adenosine derivative during 
differentiation did not reach such 5hmC 
levels, and this was associated with a 
lower expression of hepatocyte-
markers. These results suggest that 
5hmC enrichment is an important step 
on the road to hepatocyte cell fate. 
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Introduction 

Chronic liver disease comprises multiple different pathologies, such as non-alcoholic fatty liver 

disease, liver fibrosis and cirrhosis. Commonly these pathologies are the background to develop 

liver cancer [Sia et al., 2017], which encompass a heterogeneous group of malignant tumours 

with different histological features, and unfavourable prognosis. Hepatocellular carcinoma 

(HCC) and intrahepatic cholangiocarcinoma (iCCA) are the most common primary cancers of the 

liver [Ervik et al., 2016], which was estimated as the seventh in incidence and fourth highest 

cause of cancer-related death worldwide in 2018 [The, 2018].  

Several studies point to adult hepatocytes as the cell of origin of liver cancer [Mu et al., 2015; 

Shin et al., 2016], through de-differentiation into hepatocyte precursor cells that later become 

HCC cells or through trans-differentiation into biliary-like cells, which give rise to iCCA [Sia et al., 

2017]. In spite of their different aetiologies, chronic liver damage is a shared factor in HCC and 

iCCA development. This constant insult results in high cell turnover, and aberrant genetic and 

regulatory landscapes that favours liver cell transformation [Castelli et al., 2017]. As 

transformation takes place, progenitor-like cells accumulate, in a process known as ductular 

reaction [Mu et al., 2015] where cholangiocytes could also trans-differentiate into stress-

resistant hepatocytes to help in liver repopulation of damaged regions [Manco et al., 2019]. This 

underscores the importance of understanding hepatocyte differentiation as a key process in 

chronic liver injury, where cell identity is lost. 

With the advance on the understanding of chromatin organization of the eukaryotic genome it 

has been clear that epigenetics influences both, normal human biology and disease [Recillas-

Targa, 2014], being DNA methylation one of the most studied epigenetic modifications. DNA 

methyl-transferases (DNMTs) establish 5-methylcytosine (5mC) from S-adenosylmethionine 

(SAM), the principal methylating agent in the body derived from the methionine cycle [Tehlivets 

et al., 2013]. In humans, the liver is the organ with the highest turnover of SAM and metabolism 

of methionine [Mato et al., 2002]. It has been suggested, that adenosine could be able to 

modulate SAM methylation in the liver, promoting either the metabolic flow of methyl group 
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transfer-reactions or their inhibition by inducing S-adenosylhomocysteine (SAH) accumulation 

[Chagoya de Sanchez et al., 1991]. 

As opposed to DNMTs, Tet Methylcytosine Dioxygenases (TET) are involved in the oxidation of 

methylated cytosine in DNA forming 5-hydroxymethylcytosine (5hmC) and together, with the 

base excision DNA repair machinery, leading to active cytosine demethylation [Kriaucionis and 

Heintz, 2009; Tahiliani et al., 2009]. Moreover, 5hmC is emerging as a stable modified base with 

unique functions that suggests that the dynamic distribution of 5hmC could be an acquired 

“imprint” of cell identity during adult progenitor cell differentiation in several tissues (reviewed 

in [Ecsedi et al., 2018]) including liver. Indeed, using an in vitro model of hepatocyte 

differentiation, we recently described a switch in 5mC/5hmC state of promoter 1 (P1) of the 

master transcription factor (TF) of hepatocyte identity HNF4A [Ancey et al., 2017]. 

The capacity to modulate epigenetic modifications, offers an opportunity to develop new 

strategies for the early prevention and treatment of diseases [Li et al., 2018]. An adenosine 

derivative, IFC-305 (UNAM Patent 207422), administered in a cirrhotic rat model has previously 

been able to recover SAM levels abrogated in cirrhosis which triggers the re-establishment of 

5mC and 5hmC in this condition [Rodriguez-Aguilera et al., 2018]. IFC-305 also has several 

hepatoprotective properties (reviewed in [Rodríguez-Aguilera et al., 2019]), such as, reduction 

of fibrosis and amelioration of liver function through regulation of transcriptome [Perez-Carreon 

et al., 2010], promotion of cell cycle recovery in the liver [Chagoya de Sanchez et al., 2012], anti-

inflammatory effects during cirrhosis [Perez-Cabeza de Vaca et al., 2018], prevention of hepatic 

stellate cells (HSCs) activation [Velasco-Loyden et al., 2010], and anti-carcinogenic effects 

[Velasco-Loyden et al., 2017]. 

Here, we asked whether 5hmC is present and/or redistributed in the genome of differentiating 

hepatocytes. We describe 5hmC genomic enrichment and its relationship with gene expression. 

Moreover, we show that 5hmC accumulation and hepatocyte differentiation are impaired by 

perturbing SAM metabolism using IFC-305. 
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Results 

HepaRG cells differentiated for 1 week express hepatocyte markers 

HepaRG cells are bipotent liver progenitor cells that differentiate in vitro after 4 weeks into 

either hepatocytes or cholangiocytes. Our group previously found a TET1-dependent switch 

from methylated to hydroxymetylated DNA status at HNF4A promoter P1 in HepaRG cells, 

triggering differentiation at one week of cell culture [Ancey et al., 2017]. In order to determine 

the gene expression profile at this stage of hepatocyte differentiation (Figure 1A), RNA was 

isolated and a transcriptome analysis was performed to identify differentially expressed genes 

(DEGs) (Figure 1B). We found 4175 DEGs upon one week of differentiation. While down-

regulated genes (n=2066 probes, corresponding to 1772 hg19-annotated genes) were related to 

lymphoblasts and endothelial cells (Figure 1C), over-expressed genes (2109 probes, 

corresponding to 1822 hg19-annotated genes) were highly associated with liver and foetal liver 

cells (Figure 1D). In addition, we found that over-expressed genes were enriched in targets of 

the HNF4A transcription program (Supplementary Figure S1A). Pathways most related with 

these genes included biological oxidation and metabolism related signalling pathways 

(Supplementary Figure S1B). Gene ontologies revealed fatty acids, regulation of lipids, and 

triglyceride homeostasis, metabolic processes as well as oxidoreductase, and endopeptidase 

and alcohol dehydrogenase activities (Supplementary Figures S1C and S1D). On the other hand, 

down-regulated genes in differentiating cells are associated with E2F4 transcriptional program 

(Supplementary Figure S1E), signalling pathways involved in cell cycle progression, biological 

process related with DNA metabolism and replication, and molecular functions implicated in 

DNA dependent ATPase activity (Supplementary Figures S1F - S1H). We assessed expression 

levels of hepatocyte markers over-expressed in transcriptome data and validated the 

overexpression of HNF4A P1 isoforms, GSTA, and ALDOB (Figures 1E- 1H).  

Altogether, these results indicate that after 1 week of differentiation, HepaRG cells have turned 

on a hepatocyte-like expression program, while proliferative related genes become 

progressively silenced. 
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Figure 1. Liver transcription 
program is expressed in 
HepaRG cells at 1 week of 
differentiation. (A) HepaRG 
differentiation model. For 
proliferative (progenitor) 
condition, cells were seeded 
and trypsinized after reaching 
50% confluence; for 
differentiating conditions, cells 
were seeded at 70-80% 
confluence in order to reach 
100% confluence 24 h after 
seeding. (B) Transcriptome 
was analyzed in both 
conditions. Heatmap 
represents differentially 
expressed genes (DEGs) with 
fold change greater than four. 
Cell/tissues types associated 
with genes down-regulated (C) 
and up-regulated (D) in 
differentiating cells (EnrichR), 
adjusted p-values are shown. 
(E-H) Expression of hepatocyte 
markers was validated by RT-
qPCR, data represent mean ± 
SEM 3 independent 
cultures/condition; *Statistical 
difference (p < 0.05). 

 

 

 

HepaRG differentiation involves an early 5hmC landscape remodelling   

Considering that at 1 week of HepaRG differentiation there is a TET1-mediated 5hmC 

enrichment on HNF4A promoter P1 [Ancey et al., 2017] and the transcriptome already reflects a 

hepatocyte-like profile, we chose this time point to assess 5hmC levels of the HepaRG cell line 

compared to its proliferative state. Immunostaining against 5hmC reveals the presence of this 

modified cytosine in differentiating cells, in contrast with its almost complete absence in 

proliferative HepaRG cells (Figure 2A and Supplementary Figure S2). 
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Figure 2. 5hmC genome-wide enrichment during hepatocyte differentiation. (A) Immunofluorescence of 5hmC in 
proliferative (Prolif), differentiating (Diff) and differentiating + IFC-305 (IFC) HepaRG cells. Quantification barplots of 
5hmC signal are based on mean ± SEM from 3 fields/group. *Statistical difference (p < 0.05), or *+ (p < 0.05) when 
compared with proliferative and differentiating cells. (B) The same conditions were assessed for base-resolution 
5mC/5hmC, using BS and OxBS followed by EPIC beadarray hybridization (see Methods). Proportion of signal loss 
after oxidation (mean oxBS signal / mean BS signal) was used as an estimation of global 5hmC in each condition. BS 
represents the variation between two BS technical replicates. (C) Global distribution of 5hmC for one 
representative sample of each condition, according to CpG islands (CGI) (C) and transcription start sites (TSS) (D). In 
both cases, 5hmC levels are averaged across all hg19-annotated genomic regions. (E) Heatmap showing 
hydroxymethylome comparison between differentiating and proliferative cells. Differentially hydroxymethylated 
positions (DhMPs) were filtered by the magnitude of change in methylation (delta beta) of at least 20% and p-
adjusted value < 0.05. Two independent cultures were used for proliferative and differentiating cells, and three 
independent cultures for differentiating + 1 mM IFC-305.  
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Next, we proceeded to evaluate the hydroxymethylome at base resolution. At this point it is 

worth mentioning that conventional DNA bisulfite conversion is not able to distinguish 5mC and 

5hmC. An alternative to evaluate both modifications independently, is the use of oxidative 

bisulfite; which allows for the identification of 5mC through the oxidation of 5hmC to 5-

formylcytosine (5fC) with KO4Ru [Booth et al., 2013]. Therefore, we isolated DNA from 

proliferative and differentiating HepaRG cells and performed oxidative and conventional 

bisulfite conversion (oxBS and BS, respectively), followed by hybridization on Infinium EPIC 

arrays.  

Using only oxBS signal, we observed the expected distribution of 5mC in CpG islands (CGIs) and 

transcription start sites (TSS) (Supplementary Figure S3). Although no global differences were 

evident between conditions, we identified 3351 differential methylated positions (DMPs) 

displaying lower methylation after one week of differentiation (Supplementary Figure S4A). 

Roughly, a loss of signal after oxBS relative to conventional BS indicates the presence of 5hmC. 

While analysis of genomic data showed almost no signal loss between oxBS and BS in 

proliferative cells, a significant global loss was evident in differentiating cells suggesting a global 

gain in 5hmC during the first week of differentiation (Figure 2B). Such gain in 5hmC was 

consistent, regardless of relative location across CGIs and TSS (Figure 2C and 2D).  

Next, we studied 5hmC by directly comparing oxBS and BS data. While no significant global 

signal in 5hmC was observed in proliferative cells (Figure 2B), we identified a gain of 5hmC at 

11766 sites in differentiating cells, defined by a significant reduction of methylation signal after 

oxBS of at least 10% (5hmC peaks).  Differential hydroxymethylation performed at these sites 

revealed 6952 differentially hydroxymethylated positions (DhMPs) between proliferative and 

differentiating cells (Figure 2E). In addition, we identified 2482 differentially hydroxymethylated 

regions (DhMRs). Among these, a 3-CpGs region on HNF4a was identified as well as a 21-CpGs 

region, a 5-CpGs region and two 3-CpGs regions on IDH3G, TET1 and TET3 genes, respectively 

(Supplementary Figures S5 – S9). All of these genes are involved themselves in establishment of 

5hmC.  
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Together, these results show that while 5hmC is poorly present at the HepaRG progenitor stage, 

it is enriched at multiple genomic locations upon entering hepatocyte differentiation. 

Genomic context of differentially hydroxymethylated sites associated with early hepatocyte 

differentiation 

In order to know whether there is a relationship between 5hmC enrichment and gene 

expression, we compared the nearest associated gene of DhMPs with DEGs associated with one 

week of differentiation (described above). Out of 6952 DhMP-associated genes, 522 and 482 fall 

near an up- or a down-regulated DEG, respectively (Figure 3A). Globally, however, there was no 

difference in the genomic 5hmC distribution in DEGs (up- or down-regulated) compared to 

control genes (Figure 3B). 

DhMPs associated with increased gene expression were related with liver and fetal liver cell 

types, and enriched in pathways involved in androgen receptor (AR) and Nuclear Factor 

Erythroid 2-Related Factor 2 (NFE2L2) transcription programs as well as part of metabolism 

signalling pathways (Supplementary Figures S10A – S10C). DhMPs associated with down-

regulated genes, were related with B lymphoblasts and enriched in pathways involved in cell 

cycle control, such as the E2F4 transcription program (Supplementary Figures S10D - S10F). 

Next, in order to explore a less evident role of 5hmC enrichment on gene expression, we 

compared distribution of DhMPs relative to different genomic annotations. DhMPs were 

enriched in intronic regions, and depleted from promoters and CGIs (Figure 3C and 3D). In 

addition, when we assessed genomic annotated features of liver HepG2 cells, we found an over-

representation of DhMPs in weak transcription and transcription elongation loci (Figure 3E). 

In summary, these results show that only 17% of 5hmC enrichment during HepaRG 

differentiation can be directly associated with gene expression changes at the neighbouring 

genomic location. 
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Figure 3. Association between 5hmC and differential expression. (A) Venn diagram representation of the overlaps 
between 5hmC differentiated positions (DhMPs) and differential expressed genes (DEGs). For this analysis, DhMPs 
were annotated to its nearest gene. (B) Global distribution of 5hmC according to transcription start sites. 5hmC 
levels are averaged across all hg19-annotated genomic regions, in turn divided into control, up-regulated, or down-
regulated genes. DhMPs were also annotated according to gene features (C), distribution according to CpG islands 
(D), and HepG2 chromatin states (ChromHMM) (D). For each genomic context, distribution is shown separately for 
all DhMPs, and all EPIC beadarray probes, as a control. Two independent cultures were used for proliferative and 
differentiating cells, and three independent cultures for differentiating + 1 mM IFC-305. 
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Methyl-donor perturbation has repercussions for hepatocyte differentiation  

Considering the genome-wide increase in 5hmC upon early HepaRG differentiation, we 

evaluated if a disruption in 5hmC levels could modify the hepatocyte differentiation process. To 

assess this question, we used a previously described adenosine derivative, IFC-305, which is able 

to ameliorate liver function and reduce collagen accumulation during cirrhosis. IFC-305 recovers 

both 5mC and 5hmC, abrogated during cirrhosis, improving SAM availability [Rodriguez-Aguilera 

et al., 2018]. 

Firstly, we evaluated HepaRG cell viability in response to IFC-305 exposure and we found that 

viability was not affected at concentrations of up to 1 mM for 1 week of differentiation 

(Supplementary Figure S11). With this maximum concentration, we analysed the expression of 

hepatocyte markers in response to different concentrations of IFC-305 and noticed 1 mM 

triggered lower values of ALDOB and GSTA in comparison with non-treated differentiating cells 

(Figure 4A). Albumin expression did not change, neither on differentiating non-treated cells nor 

after IFC-305 treatment, except for a reduction in expression levels with 5 mM IFC-305 (Figure 

4A) compared with proliferative cells. Regarding HNF4A isoform regulated by P1 gene promoter, 

its expression showed the same increment level with 0.2 and 1 mM IFC-305 and non-treated 

differentiating cells, but a concentration of 5 mM generated an over-expression of this isoform 

compared with proliferative cells (Figure 4B). On the other hand, HNF4A isoforms regulated by 

P2 gene promoter increased its expression only with 0.2 and 1 mM IFC-305 on differentiating 

cells in comparison with proliferative cells (Figure 4B). However, at the protein level, 1 mM IFC-

305 was associated with a reduced HNF4α nuclear immunoreactivity signal in differentiating 

cells compared with non-treated differentiating ones (Supplementary Figure S12).  
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Figure 4. Impaired hepatocyte marker expression upon adenosine derivative exposure. (A) Expression of 
hepatocyte markers was assessed by RT-qPCR, data represent mean ± SEM 3 independent cultures/condition. (B) 
Expression of isoforms from HNF4A promoters 1 and 2 was assessed by RT-qPCR, data represent mean ± SEM 3 
independent cultures/condition. (C) Phase contrast images showing HepaRG differentiated phenotype after 20 days 
of exposure to an increasing gradient of IFC-305. Representative 20x magnification images from seven independent 
cultures are shown. *Statistical difference (p < 0.05). *+Statistical difference (p < 0.05) when compared with 
proliferative and differentiating non-treated cells. 
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This pattern of expression of hepatocyte markers suggests that HepaRG exposure to IFC-305 

during differentiation influences hepatocyte maturation. Exploring this possibility, we extended 

the differentiation model to a longer period (20 days). At 13 days, differentiating non treated 

cells show hepatocyte-like cell morphology, emergence of small polygonal cells with increased 

granularity and organized in well-delineated trabeculae, separated by bright canaliculi-like 

structures (Supplementary Figure S13). IFC-305 delays this phenotype in a concentration-

dependent manner, with 1 mM IFC-305 treated cells showing a phenotypic delay of at least one 

week, and 5 mM IFC-305 retaining a proliferative-like phenotype up to day 20 of differentiation 

(Figure 4C and Supplementary Figure S13). Such phenotypic variation, reduced levels of 

hepatocyte markers (i.e. HNF4A isoforms regulated by P1 gene promoter, AldoB and GSTA) and 

increased expression of HNF4A isoforms regulated by P2 gene promoter, suggest that IFC-305 is 

able to delay hepatocyte differentiation. 

Methyl-donor perturbation disrupts the 5hmC landscape associated with hepatocyte 

differentiation 

Proliferative HepaRG cells were exposed to 1 mM IFC-305 in differentiating conditions during 1 

week. Under these conditions, 5mC reduction and 5hmC accumulation are impaired, as 

assessed by IF and global oxBS and BS analyses (Figures 2A and 2B, #Supplementary Figure S4B). 

Similarly, only a fraction of differentiation-related DhMPs are detected in presence of IFC-305 

using base-resolution methylation bead arrays (Figure 2E). Despite this attenuated phenotype, 

differential hydroxymethylation was identified at 8460 gene associated CpGs sites (Figure 5A), 

and 1890 regions, relative to proliferative cells. Comparing these genes with up-regulated DEGs 

in differentiating cells, we found an overlap of 173 genes which are highly associated with liver 

expression, according to the ARCHS4 Tissues data base (Supplementary Figure 14). 

In order to validate the increment of 5hmC through the differentiation process, we performed 

hydroxymethylated DNA immunoprecipitation assays (hMeDIP) on selected regions with the 

highest 5hmC increase. We assessed two different regions in the vicinity of TCHP and RAB7A. 

Furthermore, we evaluated the region where a switch in 5mC/5hmC on HNF4A P1 occurs, using 

SFRS4 promoter as a control region. We could observe a constant level of 5hmC on SFRS4 
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promoter in proliferative and differentiating cells (Figure 5B). HNF4A P1 showed an increment 

of 5hmC at 1 week of differentiation as previously shown [Ancey et al., 2017]. A similar 

behaviour was found in TCHP and RAB7A regions (Figure 5B). 

Figure 5. Reduced 5hmC enrichment 
under methyl-donor exposure. (A) 5hmC 
in proliferative, differentiating and 
differentiating + IFC-305 HepaRG cells, as 
assessed using BS and OxBS followed by 
EPIC beadarray hybridization (see 
methods and Figure 2). Heatmap showing 
hydroxymethylome comparison between 
differentiating + IFC-305 and proliferative 
cells. Differentially hydroxymethylated 
positions (DhMPs) were filtered by the 
magnitude of change in methylation 
(delta beta) of at least 20% and p-
adjusted value < 0.05. Two independent 
cultures were used for proliferative and 
differentiating cells, and three 
independent cultures for differentiating + 
1 mM IFC-305. (B) Validation of 5hmC 
changes. 5hmC enrichment was assessed 
by hMeDIP and qPCR; SFRS4 gene 
promoter was used as non-5hmC 
enriched control region, HNF4A promoter 
P1 was used as 1 week differentiation 
5hmC enrichment positive control, data 
represent mean ± SEM 3 independent 
cultures/condition; *Statistical difference 
(p < 0.05) compared with proliferative 
cells. **Statistical difference (p < 0.05) 
compared with differentiating cells. (C) 
Content of S-adenosylhomocysteine 
(SAH) and S-adenosylmethionine (SAM) 
was assessed using HPLC in different 
experimental conditions and generated 
by standards. Barplots indicate the 
methylation index, calculated as the 
SAM/SAH ratio, mean        ± SEM from 4 
cultures/condition. 

 

Next we asked how an adenosine derivative is able to disturb 5hmC levels triggering a 

differentiation delay on hepatocytes. To address this question we evaluated several 

components of the methionine cycle, which is the metabolic pathway responsible for biological 
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trans-methylation reactions [Kharbanda, 2007]. Such reactions, including DNA methylation, 

could be modified by SAM availability as well as SAH levels [Auta et al., 2017; Garcea et al., 

1989]. We previously showed that adenosine as well as IFC-305 are able to modulate SAM 

levels, favouring phospholipids methylation [Chagoya de Sanchez et al., 1991] and restoring 

global DNA methylation and 5hmC levels in a CCl4-mediated cirrhosis model [Rodriguez-Aguilera 

et al., 2018]. With this rationale, we evaluated the content of adenosine, SAM and SAH, through 

HPLC (Supplementary Figure S15). A trend to reduced SAM levels was observed in 

differentiating cells (Supplementary Figures S15A, S15B and S15E), consistent with global 5mC 

reduction at 1 week of HepaRG differentiation (Supplementary Figure S4A), with a non-

significant trend to increase in SAH levels (Supplementary Figures S15A, S15B and S15F). 

Methylation index (SAM/SAH ratio) derived from these data, was lower and less variable in 

differentiating cells (Figure 5C). Higher and dispersed methylation index was observed in 

proliferative and IFC-305 exposed cells and correlates with high 5mC abundance genome wide 

(Supplementary Figure S4B). Adenosine measurement showed an increment in differentiating 

compared with proliferative cells, with the highest levels observed in differentiating + 1 mM IFC-

305 cells, although not statistically significant (Supplementary Figure S15A, S15B, S15C and 

S15G; standard chromatogram is shown in Supplementary Figure S15D).  

These results suggest that IFC-305 generates a methylation environment which competes with 

the demethylation wave associated with hepatocyte differentiation and highlights the 

importance of 5hmC enrichment in this process.  

 

Discussion 

In this work, we have assessed the link between DNA methylation dynamics and the 

establishment of the hepatocyte-like transcription program after one week of HepaRG cells 

differentiation. We found that HepaRG cells at one week of differentiation have already 

triggered a hepatocyte transcriptional program, a time where there is a reduction of DNA 

methylation and 5hmC emerges genome-wide. While only 17% of DhMPs were associated to 
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changes in gene expression, they were enriched in introns and depleted from promoters and 

CGIs. Finally, we found that perturbation of S-adenosylmethionine metabolism through an 

adenosine derivative, can reduce 5hmC enrichment associated to differentiation, triggering 

reduced levels of expression of hepatocyte markers. 

Since its rediscovery in 2009 [Kriaucionis and Heintz, 2009; Tahiliani et al., 2009], 5hmC emerged 

as an intermediate of active DNA demethylation, but increasing evidence considers this 

modified cytosine as the “sixth base” because of its stability and its distinct functionality. 

Furthermore, 5hmC events correlate with key differentiation steps in mammal adult progenitors 

cells [Ecsedi et al., 2018]. Analysis of BS and OxBS from one week differentiating HepaRG cells as 

well as 5hmC immunostaining (Figures 2A and 2B, Supplementary Figure S2), showed a genome 

wide increase of this modified cytosine which corresponded with our previous findings on the 

HNF4A P1 gene promoter [Ancey et al., 2017]. This behaviour of 5hmC enrichment has been 

described also in tissues from every germ layer, for example: enterocytes [Chapman et al., 2015; 

Kim et al., 2016], myocytes [Zhong et al., 2017], adipocytes [Dubois-Chevalier et al., 2014; Yoo 

et al., 2017] and neurons [Hahn et al., 2013; Li et al., 2017]. Hence, we could suggest that 5hmC 

enrichment in the last stage of cell differentiation is a mechanism widely present in human 

tissues; besides that, distribution of this mark at specific genomic locations could be 

characteristic of each cell type as it is observed in adult tissues [Lin et al., 2017]. 

It has been described that cell specification is accompanied by a stark transition in epigenetic 

landscape from a uniquely accessible state in pluripotency, to increasingly restrictive 

configurations in differentiated stage [Zhu et al., 2013]. However, 5hmC is often related to 

highly expressed cell specific genes [Li et al., 2016b; Lin et al., 2017]; hence in the present study, 

it is potentially playing a role in opening chromatin regions involved in hepatocyte specific 

transcription programs like metabolic pathways and with liver specialized functions as synthesis 

of complement components, regulation of lipids metabolism, platelet degranulation and 

oxidoreductase activity (Supplementary Figure S1A-S1D). Furthermore, we validated 5hmC 

enrichment on HNF4A and found DhMRs associated with TETs, and IDH3G (Supplementary 

Figures S5-S9), which could be related with a 5hmC feedback loop to reinforce differentiation. In 
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line with these finding, it has been recently described that TET1 is regulated through DNA 

methylation on its promoter [Li et al., 2016a]. This does not exclude that some other regulators 

could cooperate with this process or could also be generating restrictive chromatin context in 

non-hepatocyte related loci.  

We found 5hmC enrichment in gene bodies (introns) and transcriptional features (Figure 3C and 

E) upon differentiation, features that partially agree with a report in adult mouse liver which 

indicates 5hmC is enriched in intragenic regions [Lin et al., 2017]. Similarly, in adult healthy liver, 

a specific 5hmC landscape has been described, which includes a bimodal 5hmC accumulation 

around TSS and an increased level along gene bodies, with another peak right after transcription 

termination [Li et al., 2016b].  Furthermore, we noticed that some DhMPs might be related with 

distal regulatory elements, as it could be the case for the 5hmC region associated with TET3 

(Supplementary Figure S9) which colocalizes with an enhancer for adult liver and overlaps with 

H3K4me1 and H3K27ac histone mark signals in HepG2 cells, as reported on the Epigenome Road 

Map Consortium and ENCODE, respectively.  

In order to understand if acquisition of 5hmC is a key factor for differentiation, we assessed the 

effect of an adenosine derivative, IFC-305, which is able to modulate 5mC and 5hmC levels 

during experimental cirrhosis [Rodriguez-Aguilera et al., 2018]. We round that the 

hydroxymethylome of HepaRG cells exposed to IFC-305 presents an intermediate state between 

proliferative and differentiating cells (Figures 4 and 5, Supplementary Figure S13). This could be 

explained by the capacity of IFC-305 to increase SAM levels (Supplementary Figure S15E). SAM 

increase favours a methylating environment which could compete with DNA demethylation, 

therefore bringing a lower enrichment of 5hmC associated with attenuated differentiation. 

Contrary to our approach where cells are exposed to a SAM stimulating compound, a mouse 

model of methionine-choline-deficient diet which reduces SAM availability, did not cause a 

significant reduction of 5mC levels, instead inducing an up-regulation of Tet2, Tet3, thymine 

DNA glycosylase and apurinic/apyrimidic-endonuclease 1, and increased expression of Dnmt1 

and Dnmt3a [Takumi et al., 2015]. Thus, while methylation dynamics could overcome SAM 
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deficiency, SAM increase leads to reduced 5hmC enrichment with the consequent delay in 

differentiation evident at longer culture time (Supplementary Figure S13).  

The possibility to modulate differentiation through regulation of 5hmC represents a relevant 

tool. In this sense, some studies indicate that one of the early alterations in HCC is a significant 

decrease of global genomic 5hmC, a behaviour also observed in hepatitis B virus infection [Liu et 

al., 2018], cirrhosis [Rodriguez-Aguilera et al., 2018], and during HSCs trans-differentiation to 

miofibroblast [Page et al., 2016]. Altered patterns of 5hmC are not only detectable in tumour-

normal tissue pairs from resections or biopsies, but also in circulating DNA from cancer patients 

[Pfeifer and Szabo, 2018] suggesting that 5hmC is a potential biomarker for early cancer 

detection. Moreover, the possibility to modify cell identity through regulation of 5hmC 

distribution and levels represents an innovative pharmacological method to prevent or reverse 

certain pathologies. 

 

Conclusions 

Our findings illustrate how differentiation of liver progenitor cells involves a demethylation 

process as well as a genome-wide increase in 5hmC. This 5hmC increase matches the 

enrichment of the same modified cytosine on promoter P1 of hepatocyte differentiation master 

regulator, HNF4A, and the activation of a liver transcriptional program at 1 week of 

differentiation.  Moreover, a fraction of enriched 5hmC sites could be associated with over-

expressed genes in differentiating cells. Furthermore, we found that cells exposed to an 

adenosine derivative presented lower 5hmC and did not reach levels of hepatocyte-expression 

markers observed in differentiating cells as well as presenting a less-differentiated phenotype. 

These results suggest a physiological role of 5hmC in acquisition of cell identity and support this 

modified cytosine as a potential biomarker for early detection of liver pathologies related with 

de-differentiation processes such as liver cancer. 
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Methods 

Chemicals 

Reagents were from Sigma Chemical Co. (St. Louis, MO).  IFC-305 is the aspartate salt of 

adenosine: 2-aminosuccinic acid-2-(6-amino-9H-purin-9-yl)-5-(hydroxymethyl) tetrahydrofuran-

3,4-diol (1:1). It was synthesized in the laboratory in agreement with UNAM patent 207422. 

HepaRG cell culture 

Human HepaRG cells (Biopredic) were cultured as follows. Differentiating cells (4.4 x 104/cm2) 

were grown for 1 week in William’s E medium (Gibco 12551-032) supplemented with 10% fetal 

bovine serum (Eurobio CVFSVF0001), 1x penicillin/streptomycin (Gibco 10378016), 5 μg/mL 

insulin (Sigma I9278) and 3 x 10-5 mM hydrocortisone (Sigma H0888) in 6 well plates (Figure 1), 

medium was replaced 24 h after seeding and once more after 3 days. For proliferative 

conditions, cells were seeded at low confluence, avoiding cell to cell contact to prevent cell 

differentiation. Treatment with IFC-305 began 24 h after cell seeding, and cells were re-treated 

at 3 day of culture when medium was replaced; this compound was directly solubilised in 

William’s E medium (Figure 1). Cells were harvested 7 days after seeding. 

Transcriptome analysis 

RNA was isolated, directly from culture plate, with TRIzol (Invitrogen 15596018) and treated 

with DNase (Invitrogen 18068-015). Using the Illumina TotalPrep-96 RNA Amp Kit (Ambion 

4393543), 500 ng of RNA was reverse transcribed into cDNA, which undergoes second strand 

synthesis to become a template for T7 RNA polymerase and thereby labelled with biotin-UTP. 

Hybridization of 2000 ng of labelled cDNA to the Illumina HumanHT-12 v3 (Illumina) were 

processed according to the manufacturer’s protocol. Slides were scanned immediately using 

Illumina BeadStation iScan (Illumina). Assays were performed in two independent cell 

cultures/condition. 

Quantitative RT-PCR 
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cDNA synthesis was performed from 2 μg of total RNA using M-MLV Reverse Transcriptase 

(Invitrogen 28025-013) and random primers. All quantitative PCR assays were performed 

independently in 3 cell cultures/condition in duplicate, with the delta-delta Ct method, using 

Mesa green qPCR 2x MasterMix Plus (Eurogentec 05-SY2X-06+WOU) on a CFX96 PCR system 

(Bio-Rad). Primers were described previously [Ancey et al., 2017]. 

Cell survival evaluation 

Differentiating and IFC-305 treated HepaRG cells cultured for 1 week were trypsinized and 

counted using TC20 automated cell counter (Bio-Rad) with dual chamber slides and trypan blue 

(Bio-Rad 1450003). Total cell and live cell numbers were determined automatically and % 

survival was determined by comparing live cells in each condition, with the mean of non-treated 

live cells which was considered as 100 %.  

Immunofluorescence 

400 000 HepaRG cells/well were seeded in 6-wells plate with 4 coverslips/well, and were 

treated according to differentiation model with or without IFC-305. 100 000 cells were seeded 

in the same conditions during 24 h and were designated as proliferative cells. At different time 

points cells were washed with PBS, fixed in 4 % formaldehyde and washed twice with PBS. 

Primary antibodies for immunofluorescence were anti-HNF4α (Cell signalling 3113S), anti-5hmC 

(Active Motif 39769). After secondary antibodies, coverslips were washed and mounted on a 

slide with a mounting medium containing DAPI (Vectashield). Fluorescence was visualized with 

an Olympus Inverted Microscope model IX71 and images captured with Evolution/QImaging 

Digital Camera (Cybernetics). Data analysis was performed using ImageJ (National Institutes of 

Heatlh). 

Oxidative Bisulfite and Methylation Bead Arrays 

For genomic DNA isolation, 500 μL of lysis buffer (50 Mm Tris-HCl pH 8, 100 mM EDTA, 100 mM 

NaCl, 1% SDS and 0.5 mg/mL proteinase K) were added to wells from 6-well plates, previously 

washed twice with PBS 1x.  Cells were detached by pipetting and suspension was incubated 2 h 
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at 55°C. 200 μL of 6 M NaCl was added, sample was mixed and centrifuged 10 min at full speed. 

Supernatant was recovered and DNA was precipitated with 500 μL isopropanol, washed with 

500 μL 70% ethanol and dried by inverting the tube on a tissue. DNA was resuspended with 25 

μL injectable water. 1000 ng DNA was oxidative bisulfite- and conventional bisulfite-converted 

using TrueMethyl Seq Kit (Cambridge Epigenetix) according to manufacturer’s instructions.  This 

technique oxidises 5hmC to 5fC which is read as thymine (non-modified cytosine and 5mC are 

read as thymine and cytosine respectively, as in conventional bisulfite) [Booth et al., 2013]. 

Converted DNA was analysed with MethylationEPIC arrays (Illumina) using recommended 

protocols for amplification, labelling, hybridization, and scanning. For proliferative and 

differentiating cells, each methylation analysis was performed in two independent culture wells 

and for IFC-305 treatment in triplicates. 

Bioinformatic Analyses 

Raw expression and methylation data were imported and processed using R/Bioconductor 

packages for Illumina bead arrays [Du et al., 2008]. Data quality was inspected using boxplots 

for the distribution of expression signals, and inter-sample relationship using multidimensional 

scaling plots and unsupervised clustering. For methylation data, we removed low quality probes 

with a detection P value > 0.01 in more than 10% of the samples. Following swan (Subset-

quantile Within Array) normalization [Maksimovic et al., 2012] implemented in the minfi 

package  [Aryee et al., 2014], 5hmC “peaks” were identified by subtracting the signal of 

oxidative bisulfite from the signal of conventional bisulfite. Next, we performed Maximum 

Likelihood Estimate (MLE) of 5mC and 5hmC (oxBS.MLE) with the ENmix package [Xu et al., 

2016]. Using a binomial model at each CpG locus in each sample, oxBS.MLE outputs a matrix of 

MLEs of 5mC levels and a matrix of MLEs of 5hmC levels, setting as NA any negative value. To 

define differentially expressed genes (DEGs), differentially methylated positions (DMPs) and 

differentially hydroxymethylated positions (DhMPs), we modelled experimental conditions as 

categorical variables in a linear regression using an empirical Bayesian approach [Smyth, 2004]. 

Differentially methylated and hydroxymethylated regions (DMRs and DhMRs, respectively) were 

identified with the DMRcate package using the recommended proximity-based criteria [Peters 
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et al., 2015]. Comparisons with an FDR-adjusted P value below 0.05 were considered statistically 

significant. In addition, only DhMPs with at least 10% change in 5hmC were considered as 

significant for any given comparison, as this has been suggested as a threshold for the sensitivity 

of this technique [Skvortsova et al., 2017]. DEGs, DMPs, and DMRs were further analyzed to 

determine functional pathways and ontology enrichment using EnrichR [Chen et al., 2013]. 

Genomic context annotations, including chromatin states (ChromHMM) were performed with 

the ChIPseeker [Yu et al., 2015] and Annotatr [Cavalcante and Sartor, 2017] packages. 

EnrichedHeatmap package [Gu et al., 2018] was used for summary heatmaps of genomic 

context. All expression and methylation data will be deposited to the Gene Expression Omnibus 

repository. 

DNA immunoprecipitation 

80 uL of aqueous genomic DNA (100 ng/uL) were sonicated in Covaris microTUBE AFA Fiber Pre-

Slit Snap-Cap 6x16mm with Covaris sonicator S220 to obtain fragments between 400-800 bp 

(Temperature < 7°C, peak power 105.0, duty factor 5.0, Cycles/Burst 200 and time 40 s). 130 ng 

DNA was used per immunoprecipitation. Auto hMeDIP kit (Diagenode C02010033) was used 

according to manufacturer instructions. Precipitation was adjusted to 15 h for mixing at 4°C and 

middle mix speed; for washes mixing time was 8 min, at 4°C and middle mix speed. 

Immunoprecipitations were performed independently in 3 cell cultures/condition. 5 uL of 

immunoprecipitated hydroxymethyl DNA was analysed for enriched 5hmC regions according to 

oxBS data (regions with at least 3 CpGs containing a DhMP with 10 % difference between 

proliferative and differentiating cells (Delta 10%)), SFRS4 gene promoter was used as control of 

non-5hmC enrichment. All quantitative PCR assays were performed in duplicate with Mesa 

green qPCR 2x MasterMix Plus (Eurogentec 05-SY2X-06+WOU) on a CFX96 PCR system (Bio-Rad) 

using primers indicated in Supplementary Table S1. 5hmC enrichment was determined as % 

(hmeDNA-IP/ Total input) as follows: % (hmeDNA-IP/ Total input) = 2^[(Ct(10%input) - 3.32) - 

Ct(hmeDNA-IP)]x 100%, where 2 is the amplification efficiency; Ct (hmeDNA-IP) and Ct 

(10%input) are threshold values obtained from exponential phase of qPCR for the 
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hydroxymethyl DNA sample and input sample respectively; the compensatory factor (3.32) is 

used to take into account the dilution 1:10 of the input.  

Adenosine, S-adenosylmethionine and S-adenosylhomocysteine quantification by HPLC 

Adenosine, SAM and SAH levels were determined modifying protocols previously described 

[Hernandez-Munoz et al., 1984; Korinek et al., 2013]. Briefly, 10*106 proliferating HepaRG cells 

were seeded in a 15 cm Petri dish; 24h after seeding, cells were either cultured with or without 

IFC-305 for 1 week to get differentiate, or collected for the Proliferative condition. Next, cells 

were frozen with liquid nitrogen and preserved at -70°C. Frozen cells were harvested with 1.5 

mL 0.03% trifluoroacetic acid in 90% MeOH. Samples were incubated 10 min at room 

temperature and passed through a Dounce homogenizer. Obtained solutions were sonicated 

twice for 1 min in a Bransonic 220 and centrifuged at 16 000 g for 13 min at 4°C. Supernatants 

were recovered and centrifuged until dry in a speedvac at 45°C. Samples were reconstituted 

with 200 μL MilliQ water and protein concentration was determined by Bradford assay. Samples 

were diluted to 1.2 ug/uL protein and 100 μL 1.6 M HClO4 was added to 300 μL of diluted 

sample (0.4 M HClO4 final concentration) before incubating for 10 min on ice. 10 μL of 5 M 

K2CO3 was added to samples and incubated for 10 min on ice. Sample dilutions were centrifuged 

at 14 000 rpm during 5 min in a Eppendorf 5415C Micro-Centrifuge. Recovered supernatants 

were filtered using Phenex PTFE 4 mm syringe filters and 95 μL supernatant + 5 μL of 400 mM 

adenosine and 400 mM SAM standards mix were injected to HPLC Knauer E4310 (SAM standard 

contains SAH contamination, which was determined using SAH standard curve (data not 

shown)). Samples were separated in an ACE 5 C 18 column (150 x 4.6 mm) (Advanced 

Chromatpgraphy Technologies LTD) using a mobile phase consisting of 8 mM sodium 

heptanesulfonate, 40 mM ammonium phosphate monobasic and 15 % methanol pH 3 without 

gradient, at 1 mL/min flux, detection was measured at 254 nm absorbance, and separation total 

runtime of 60 min. Peaks were analyzed using EUROCHROME for windows version 3.05 (Knauer 

GmbH). 
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Abstract: Recently described as the sixth base of the DNA macromolecule, the precise role of
5-hydroxymethylcytosine (5hmC) is the subject of debate. Early studies indicate that it is functionally
distinct from cytosine DNA methylation (5mC), and there is evidence for 5hmC being a stable derivate
of 5mC, rather than just an intermediate of demethylation. Moreover, 5hmC events correlate in time
and space with key differentiation steps in mammalian cells. Such events span the three embryonic
germ layers and multiple progenitor cell subtypes, suggesting a general mechanism. Because of the
growing understanding of the role of progenitor cells in disease origin, we attempted to provide
a detailed summary on the currently available literature supporting 5hmC as a key player in adult
progenitor cell differentiation. This summary consolidates the emerging role for 5hmC in defining
cellular fate.

Keywords: DNA methylation; progenitor cells; differentiation; 5mC; 5hmC

1. Introduction

Like evidence in a crime scene, cytosine DNA methylation (5mC) can reconstitute diverse
information about the origin and context of the host cell [1]. While sex can be easily identified
from 5mC data, algorithms designed in recent years use 5mC to also extract information about the
major tissue types in which a given cell resides and the age of the donor [2]. Even in complex samples
such as blood, DNA methylation can be used to infer the proportion of major cell subpopulations [3],
illustrating the tissue- and cell-specificity of 5mC. More recently, several studies showed that, at the
level of progenitor cell differentiation, it is the loss of 5mC at particular intragenic regions that precedes
a switch in cell identity, as we will show throughout this study. The improved knowledge of how this
DNA demethylation occurs is leading to a redefinition of DNA methylation dynamics.

Presence of 5-hydroxymethylcytosine (5hmC) in the genome was suggested in 1972, in rat’s
brain and liver DNA [4]. However, it was not until 2009 when 5hmC was identified as an unusual
nucleotide when comparing the abundance of 5mC in Purkinje and granule cells [5]. In parallel,
Tet Methylcytosine Dioxygenase 1 (TET1) was first described as an enzyme able to convert 5mC to
5hmC by oxidation [6]. Increasing the complexity of this field, additional oxidized derivatives of
5mC (i.e., 5-carboxylcytosine (5caC) and 5-formylcytosine (5fC) [7] and two new members of the TET
family (i.e., TET2 and TET3) have been described [8,9]. Although with a slightly distinct chemical
construction, all three TET proteins are considered as 5hmC “writers” [8,9], while all three oxidized
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derivatives of 5mC were initially defined as intermediaries in the active process of DNA demethylation
(Figure 1).
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DNA Methyl-Transferases (DNMTs) can be iteratively oxidized to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) by the action of Tet Methylcytosine Dioxygenases
(TETs). Three “writers” (i.e., TET1, TET2, and TET3), and at least one “reader” (i.e., UHRF2), have been
identified for 5hmC. α-KG: α-ketoglutarate; BER: base excision repair; SAH: S-adenosylhomocysteine;
SAM: S-adenosylmethionine; TDG: thymine DNA glycosylase.

Ever since the discovery of the “sixth base”, strenuous efforts have been made to characterize the
precise role of 5hmC in development. Such roles are becoming more evident as we learn about 5hmC
specific genomic localization, its relative stability, and its recognition by other proteins. Based on the
available evidence, we illustrate here how 5hmC is consistently found as a dynamic mark during the
establishment of cell identity in multiple model systems.

2. 5-Hydroxymethylcytosine: “Localized, Stable and Readable”

Mapping 5hmC location represented a first step in deciphering its function. Early methods such
as immunofluorescence (IF) and mass spectrometry (MS) allowed researchers to assess global levels
of 5hmC, and high-performance liquid chromatography-mass spectrometry (HPLC-MS) is still the
most accurate method for 5hmC global detection [10]. However, the development of locus-specific
methods has played a pivotal role in our comprehension of the functional role of 5hmC. In general,
affinity-based enrichment methods are widely used and can be easily combined with genome-wide
profiling. Affinity-based applications can be divided into antibody and chemical capture-based
methods, with both approaches providing highly reproducible results [11], and the vast majority of
information on the distribution of 5hmC has been generated by antibody-based methods as 5hmC
immunoprecipitation (hMeDIP) [12]. Regarding chemical labelling enrichment technics, those based on
β-glycosyltransferase (βGT)-catalyzed 5hmC glycosylation such as glycosylation labelled sequencing
(hMe-Seal), glucosylation, periodate oxidation and biotinylation (GLIB), and J-binding protein 1
sequencing (JBP-1) have also been extensively used; however, they are claimed to exhibit relatively
low resolution compared to the antibody-based methods [11,13]. More recently, oxidative bisulfite
sequencing (oxBS-Seq) [14] and TET assisted bisulfite sequencing (TAB-Seq) [15] were published
and, starting now, they will be widely used methods in order to provide single resolution maps
of 5hmC. However, both techniques require excessive chemical treatments and therefore can cause
DNA damage. Furthermore, oxBS-seq and TAB-Seq require at least 30x sequencing depths to provide
reliable, quantitative results.
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Globally, 5hmC was shown by IF to be enriched in the euchromatin compartment [16].
Although exposed and accessible to anti-5hmC antibodies in euchromatin, the presence of 5hmC in
heterochromatin seems to be hindered by binding proteins under non-denaturizing IF conditions [17].
Novel chemical methods allowed researchers to precisely map the genomic distribution of 5hmC and
distinguish it from other cytosine variants. Immunoprecipitation with 5hmC antibodies followed by
sequencing (hMeDIP-Seq) provided the first genome-wide map of 5hmC distribution, and confirmed
its association with active transcription, CpG islands, 5′ regions of LINE1, CTCF, and pluripotency
transcription factor (TF) binding sites and, in general, regions marked by 5mC decrease and active
chromatin marks [16]. Upon differentiation from embryonic stem cells (ESCs) into embryonic bodies,
the levels of 5hmC decreased. As will be discussed below, with the exception of neurogenesis,
this distribution and global decrease of 5hmC is consistent across many models of differentiation.
Also in ESCs, 5hmC was described in association with bivalent promoters (i.e., simultaneously occupied
by histone marks H3K4me3 and H3K27me3). In this sense, it was recently shown that TET enzymes
block aberrant hypermethylation in this type of promoter, ensuring robust lineage-specific transcription
upon differentiation [18]. Another type of “bivalency” has been recently described at later stages
of differentiation, in which genes simultaneously display promoter 5mC and gene body 5hmC at
developmentally important genes [19]. Finally, Ficz et al. also described 5hmC association with
non-CpG methylation resulting in strand bias that increased as a response of TET1/2 silencing.
Interestingly, whenever 5hmC and 5mC occurred in parallel, gene expression was higher compared to
regions in which 5mC occurred alone [16].

Growing evidence confirms the distribution and dynamics of 5hmC during embryonic cell
development, outlining that it is functionally distinct from 5mC. However, the relatively low levels
of 5hmC in the human genome, as well as the presence of other oxidized cytosine variants (5fC and
5caC), raised fundamental questions regarding the stability of the novel mark. Indirectly, genome-wide
acquisition of 5hmC during neurogenesis in the absence of a major 5mC drop suggested that rather
than an intermediate of demethylation, 5hmC serves as a stable signal on its own [20,21]. In addition,
direct evidence of 5hmC stability in different cell types was obtained from ultrasensitive analytical
liquid chromatography-tandem mass spectrometry (LC-MS/MS), showing no change in the levels
of 5hmC over cell cycle phases [22]. Moreover, data suggested that 5mC oxidation does not occur
on the nascent strand but must be formed in the double-stranded DNA produced immediately after
replication [22]. Although several fundamental questions remain to be explained regarding TET
binding and interaction affinities, a single, remarkable study described 5hmC-DNA interactions as
much more stable and less prone than 5mC-DNA to further oxidation [23]. Favoring the idea that
5hmC is a persistent mark, compared to 5fC and 5caC, 5hmC is a poor substrate for TETs, thus
protecting 5hmC from further oxidation [23,24] (reviewed in [25]). In a similar way, 5fC and 5caC are
more efficiently recognized by thymine-DNA glycosylase (TDG) for removal and subsequent base
excision repair (BER) leading to demethylation [26] (Figure 1). Together, higher affinities of TETs and
TDG for 5fC and 5caC ensure a relative abundance and recognition of 5hmC in the genome.

In addition to confined genomic location and biochemical stability, a characteristic of other
chromatin marks such as histone modifications is their capacity to be read and interpreted by
specific proteins. A computational method that combined 139 published assays (chromatin
immunoprecipitation sequencing (ChIP-Seq), MeDIP-Seq and glucosylation, periodate oxidation
and biotinylation sequencing (GLIB-Seq), involving 77 chromatin features (3 cytosine modifications,
13 histone marks, and 61 chromatin related proteins), revealed four different co-evolutionary
associations of 5hmC with chromatin related proteins: SIN3A/LSD1, TET1/MBD2, MBD2/MLL2,
and OGT/TAF1 [27]. The associations of these 5hmC writers/erasers (i.e., TET1, OGT, and LSD1)
do not reflect direct physical interactions of the protein pairs but rather their roles in the control of
cytosine modifications and gene regulation. Although early studies described several molecules as
potential readers of 5hmC, further mass spectrometry (MS) measurements failed to provide direct
evidence on binding to 5hmC (reviewed by [28]). A single MS study revealed that the Set and Really
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Interesting New Gene (RING) finger-associated (SRA) domain of UHRF2 specifically interacts with
5hmC [29]. This discovery was subsequently supported by a structural and biochemical study [30],
which demonstrated that the UHRF2-SRA domain, unlike the equivalent domain in UHRF1, does
not preferentially bind to hemi-methylated DNA. Instead, it binds to fully hydroxymethylated and
hemi-hydroxymethylated DNA 3.2- and 1.5-fold more tightly than it does to hemi-methylated DNA,
respectively. In addition, the Chromatin target of Prmt1 (CHTOP)-methylosome complex, which
methylates H4R3, has been recently described as a novel molecular interactor of 5hmC in a study
conducted in gliomas [31,32].

Interestingly, 5fC and 5caC seem to be associated with numerous molecular readers [28,33–35].
Of note, these methylated variations have been shown to cause pause at the transcription rate generated
by RNA Polymerase II (Pol II) binding. No similar mechanism has been detected for 5hmC so far, which
is in line with the previously described phenomenon that 5hmC is a hallmark of active gene expression.

3. Specific 5-Hydroxymethylcytosine Enrichment Identifies Blood Cell Subtypes

In agreement with its relative stability and readability, recent studies provide ample evidence of
the importance of the “sixth base” during differentiation and lineage commitment of several adult
cell types. Given the existence of relatively easy approaches to perform in vitro differentiation and
selection of well-characterized types of hematopoietic cells, substantial data has been accumulated
to favor the role of 5hmC in transcriptional programming of myeloid and lymphoid differentiation
(Table 1).

Table 1. 5-hydroxymethylcytosine (5hmC) and blood cell subtypes.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors

Myeloid & Lymphoid

HSCs Hs umbilical cord CD34+
cells RRHP + NGS exons, promoters,

enhancers no data Tekpli et al., 2016

HSCs Mm Tet2 and Dnmt3a
knockout mice CMS-IP + sequencing

promoters and gene
bodies of highly
expressed genes

Dnmt3a, Tet2 Zhang et al., 2016

Myeloid

Macrophages,
Osteoclasts Hs in vitro differentiation OxBS + HM450

enhancers, 5hmC changes
at promoters and gene
bodies

TET2, TDG, AID Garcia-Gomez et
al., 2017

Macrophages Hs monocyte elutriation and
differentiation OxBS + sequencing

Demethylation at
nucleosome-free loci that
gain active enhancer
marks

TET2 Wallner et al., 2016

Dendritic
cells Hs in vitro differentiation

hMedIP (and
glycosylation-sensitive

restriction) + qPCR
candidate gene promoters TET2 Klug et al., 2013

Mast cells Mm Tet2 knockout mice +
in vitro differentiation GLIB-Seq TSS distal (enhancers),

gene bodies Tet2 Montagner et al.,
2016

Erythrocytes Hs in vitro culture of HSCs hMe-Seal; TAB-Seq
TF binding sites, gene
bodies of overexpressed
genes

TET2, TET3 Madzo et al., 2014

Erythrocytes Hs cultured cord blood
CD34+ cells LC-MS global loss of 5hmC TET2, TET3 Yan et al., 2017

Lymphoid

B cells Hs in vitro activation of
human naïve B cells hMe-Seal

enhancers, gene bodies. B
cell identity genes lose
whereas Plasma Cell
identity genes gain 5hmC

no data Caron et al., 2015

B cells Mm mice deficient for Tet2
and Tet3 in early B cells CMS-IP + sequencing

B cell enhancers,
chromatin-accessible
regions

Tet2, Tet3 Lio et al., 2016

T cells Mm
purified naïve and
in vitro differentiated T
cell subtypes

CMS-IP + sequencing
gene bodies of highly
expressed genes, active
tissue-specific enhancers

no data Tsagaratou et al.,
2014

T cells Mm sorted mouse cell
subpopulations

βGT catalyzed
restriction enzyme

protection + qPCR; OxBS
+ qPCR

candidate gene approach
(CD4 locus) no data Sellars et al., 2015
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Table 1. Cont.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors

Tfh cells Mm
in vivo-generated Tfh
cells from Bcl6-RFP
reporter mice

hMedIP-Seq
5hmC loss in Tfh cells at
Bcl6 binding sites
compared to naïve T cells

Tet1 Liu et al., 2016

Tfh cells Hs human PBMCs, and
lupus prone mice

DNA dot plot,
MedIP-Seq

global 5hmC gain, no
genome context data TET2, TET3 Wu et al., 2016

CD4 T cells Hs human CD4+ T cell
differentiation ex vivo

Methyl/Hydroxymethyl
sensitive qPCR

(EpiMark)

gene body enrichment
and TSS depletion,
actively transcribed genes

TET1 Nestor et al., 2016

CD4 T cells Mm mouse T cell subtypes hMedIP + sequencing
introns and intergenic
regions, lineage-specific
TFs

Tet2 Ichiyama et al.,
2015

CD8 T cells Mm
mouse CD8+ T cells with
low or high HIF
signalling

hMedIP + qPCR overall reduction of
5hmC Tet2 Tyrakis et al., 2016

iNKT cells Mm Tet2-Tet3 DKO mice CMS-IP + sequencing

chromatin
accessible-regions
associated with iNK T cell
development

Tet2, Tet3 Tsagaratou et al.,
2017

Treg cells Mm H2S-deficient (Cbs−/−)
mice dot blot; hMedIP + qPCR Foxp3 promoter and

CNS2 Tet1, Tet2 Yang et al., 2015

Treg cells Mm Tet2-Tet3 DKO mice OxBS + sequencing Foxp3 CNS1 and CNS2 Tet2, Tet3 Yue et al., 2016

Hs: Homo Sapiens; Mm: Mus Musculus; HSC: Hematopoietic stem cells; iNKT cells: Invariant natural killer T
cells; Peripheral blood mononuclear cells (PBMCs); HIF: Hypoxia-inducible factors; DKO: Double knock-out;
RRHP: reduced representation of hydroxymethylation profiling; NGS: next-generation sequencing; CMS-IP:
cytosine-5-methylenesulphonate immunoprecipitation; OxBS: oxidative bisulfite; HM450: Infinium 450K bead
arrays; hMeDIP: 5hmC immunoprecipitation; hMeDIP-Seq: hMeDIP Sequencing; qPCR: Quantitative polymerase
chain reaction; GLIB: glycosylation, periodate oxidation, and biotinylation; GLIB-Seq: GLIB-Sequencing; hMe-Seal:
βGT-catalyzed 5hmC glycosylation labelled sequencing; TAB-Seq: Tet-assisted bisulfite sequencing; LC-MS:
liquid chromatography mass spectrometry; TSS: transcription start site; TF: Transcription factor; CNS: Conserved
non-coding sequences; TDG: thymine DNA glycosylase, AID: activation-induced deaminase.

Globally, a drop in 5hmC levels has been described during differentiation from hematopoietic
stem cells (HSCs) [36], except for one study showing overall 5hmC increase (without genome
context data) [37]. Despite this global reduction, 5hmC remains enriched at particular loci, matching
the distribution shown by earlier studies (i.e., promoters and gene bodies). In addition, 5hmC
enrichment has been described in enhancers [19,36,38–41] and lineage-specific TF binding sites [42,43].
In line with this, 5hmC changes are overrepresented in highly transcribed genes. For example,
chromatin-accessible-regions are associated with T cell [36,44] and induced natural killers (iNK)
T cell development [45], Treg FoxP3 activation [46,47], B cell identity genes [39,41], or Bcl6 binding
sites in T follicular helper (Tfh) cells [48] (Figure 2 and Table 1). During mast cell development,
it was shown that Tet2 knockout caused differential 5hmC levels in genes enriched with leukocyte
differentiation and proliferation, malignant transformation, and mast cell-related processes [40].
Hypo-hydroxymethylated loci overlapped with enhancer regions, suggesting that 5hmC had a role in
transcriptional programming [40].

Many of these studies provide mechanistic data supporting the role of TETs in cell differentiation.
This is the case for Tet2 (and to a lesser degree Tet3), which is consistently reported in
murine models [39,40,43,45–47,49] and human cells [37,38,42,50–52]. Of note, the role of Tet2 in
mast cell differentiation described above [40] is partially independent of 5hmC, as rescuing mast
cell developmental changes upon Tet2 knockout was only possible by the re-expression of Tet2
independently of its catalytic activity, which assumes that Tet2 possibly interacts with other complexes
(something similar has been shown between TET1 and the SIN3A co-repressor complex [53]).
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Figure 2. 5-Hydroxymethylcytosine dynamics during blood cell differentiation. Evidence for dynamic
changes in 5mC (gray lines) or 5hmC (red lines) at the indicated loci, as associated with immune lineage
commitment. Dashed lines represent additional evidence. Corresponding PubMed PMIDs for each
study are shown in red. TSDRs: Treg-specific demethylated regions. Th0: naïve T helper cells.

3.1. Myeloid Lineage

In addition to mast cells, specific redistribution of 5hmC has been described during differentiation
of monocytes into macrophages or into dendritic cells [50,51]. Moreover, a unique role of 5hmC in red
blood cell development seems well established according to a study that provided a comprehensive
view of 5hmC distribution at stem/early progenitors, primitive erythroid progenitors, basophilic,
polychromatic, orthochromatic, and reticulocytes [42].

Initially, by mass spectrometry measurements, using both in vitro as well as in vivo models, the
authors described a general increase of 5hmC during commitment to the erythroid lineage, followed
by remarkable decrease during the subsequent steps of differentiation [42]. In contrast to the dynamic
fluctuation of 5hmC, 5mC exhibited modest decrease. Besides negligible levels of TET1 and TET3,
TET2 seemed to be involved in the differentiation process, being the highest at the time point of specific
erythroid lineage commitment. As for other cell types, in parallel with the overall decrease, elevated
levels of 5hmC were detected at particular loci [42]. As erythropoiesis is a replication dependent
process, this argues in favor of a stable 5hmC mark at given DNA regions that overlaps with TF
binding sites and activating histone marks (i.e., H3K4me1, H3K4me3, H3K9ac, and H3K27ac).
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3.2. Lymphoid Lineage

On a pioneer study of 5hmC and T-cell lineage commitment, deep sequencing was performed on
purified samples (double positive, CD4 single positive, CD8 single positive, naïve CD4, naïve CD8,
and CD4-differentiated Th1 and Th2 T helper cells) enriched by cytosine-5-methylenesulfonate-based
immunoprecipitation [36]. In all cell types, 5hmC was found to be highest at promoters and intragenic
regions, without enrichment for transcription start sites (TSS). On average, naive T-cells showed higher
global 5hmC compared to the previous stage of differentiation, followed by a drop at the later stages
(Th1 and Th2). As the reduction of 5hmC was replication-dependent, this initially suggested that 5hmC
had been passively diluted in a cell cycle manner. However, in contrast to 5mC, gene body 5hmC
exhibited significant positive correlation with gene expression accompanied with Pol II occupancy and
enrichment for active histone marks. Moreover, 5hmC was suggested to mark long-range interactions
between enhancers and other regulatory regions at the transition points of T-cell development. More
recently, using Tet2-Tet3 double knock-out (DKO) mice, the same group showed that TET proteins are
essential for maturation of invariant natural killer T cells (iNKT), and its absence generates a T cell
antigen receptor (TCR)-mediated expansion of these cells and a lethal lymphocytic infiltrate in lung
and liver [45]. Transcriptomic evaluation identified a characteristic profile of natural killer NKT17
cells (expressing RAR-related orphan receptor γ (RORγt) and Interleukin 17) and genes related with
malignant transformation.

Of note, studies supporting a role of 5mC/5hmC in immune cell development have been
performed in both mouse and human cells (Table 1). For example, analogous DNA methylation
dynamics are observed during differentiation of human naive B cells into plasma cells [41].
Most differentially methylated loci identified in this process were demethylated and enriched for
enhancers, with demethylation becoming particularly pronounced at terminal stages of development.
Initial assessment by selective chemical labeling followed by dot blot showed global loss of 5hmC
during differentiation, accompanied by decrease in TETs expression. However, 5hmC was found to be
enriched at specific DNA regions, particularly at B-cell identity genes with enhancer chromatin marks
(i.e., H3K4me1 and H3K27ac) (Figure 2). As mentioned above, 5hmC at gene bodies correlated with
gene expression.

Therefore, 5hmC events take place at all stages of lymphoid cell differentiation, from HSCs to
highly specialized cell types (Figure 2). For example, 5hmC seems to define the transition to the
lymphoid lineage, the choice between B and T cell types, and between CD4 and CD8 T cells [36].
Furthermore, 5hmC enrichment at specific loci has been described for each of the well specialized
fates of naïve T helper (Th0) cells (i.e., Th1, Th2, Th17, Thf, and Treg). Indeed, studies of Treg cell
differentiation represent a good example of what has been done in other systems in terms of linking
5hmC to cell identity. Defined as the master TF of Treg programming almost 15 years ago [54], Foxp3
was later shown to be demethylated in particular loci called Treg-specific demethylated regions (TSDRs)
(Figure 2). TSDRs were described as the most reliable criterion for natural Treg identification long before
the first 5hmC studies became available [55,56]. In addition, TSDRs were suggested as a requirement
for lineage stabilization [55–58] and a way to distinguish Tregs from different origins (i.e., thymic vs.
periphery vs. in vitro) [56–60]. While TSDRs were associated with intragenic conserved non-coding
sequences (CNS) in the Foxp3 loci displaying a particular chromatin landscape [57], additional TSDRs
were found in mice in other immune-related genes as well (i.e., Ctla4, Il2ra, Ikzf4, and Tnfrsf18) [61].
After several additional studies highlighted that CNS2 is specifically demethylated in Tregs [62,63],
subsequent work demonstrated that TET proteins were necessary for Foxp3 5hmC enrichment [46,47].
More recently, one additional CNS loci (CNS0) has been described as a FoxP3 super-enhancer and
a binding site for the chromatin organizer Satb1 [64].

Overall, mouse and human studies agree on a dynamic redistribution of 5hmC in myeloid and
lymphoid differentiation (including both T and B cells). Also, in mice and humans, 5hmC is enriched in
gene bodies and enhancers of the corresponding cell identity genes. In addition, in line with its role in
blood cell development, TETs mutations are often detected in lymphoid and myeloid malignancies [65].
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Indeed, the frequency of frameshift and nonsense mutations in TET2 is estimated to be as high as
45% in patients with chronic myelomonocytic leukemia [66]. Although this places TET mutations as
driver events in leukemia, it is worth mentioning that TET2 mutations alone have proven insufficient
to cause cancer [65]. Future studies aimed at elucidating a more comprehensive role of TET mutations
in the 5mC-5hmC balance may shed light on the dynamic interplay between genetic and epigenetic
machinery in disease development, rather than considering mutations as master regulators.

4. 5-Hydroxymethylcytosine Is Redistributed during Terminal Differentiation from All
Germ Layers

In addition to most blood cell subtypes, 5hmC has been associated with differentiation into other
cell types from mesodermal origin. Moreover, examples also exist for the endodermal and ectodermal
germ layers, as described below (Table 2).

Table 2. 5-hydroxymethylcytosine and non-blood cell subtypes.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors

Endoderm

Hepatocytes Hs human fetal and adult
liver tissues

LC-MS; IF;
hMedIP +

sequencing

global 5hmC gain,
occupancy in active catabolic
and metabolic genes

no data Ivanov et al., 2013

Hepatocytes Hs bipotent liver
progenitors hMedIP + qPCR alternative HNF4A

promoters TET1, TET2 Ancey et al., 2017

Colonocytes Hs T84 colon cancer cells,
primary colonocytes

dot blot; hMe-Seal;
TAB-Seq

5-hmC gain at promoters
and gene bodies; highly
expressed and induced
genes

TET1 Chapman et al., 2015

Enterocytes Mm Lgr5+ and intestinal
villus epithelial cells

IHC; hMedIP
combined with

qPCR and
sequencing

promoters and gene bodies
of highly expressed genes.
eightfold 5hmC signal gain
in differentiated relative to
Lgr5+ cells

Tet1 Kim et al., 2016

Mesoderm

Chondriocytes Mm
embryonic growth

plate; ATDC5
progenitors

hMe-Seal gene bodies, near TSS Tet1 Taylor et al., 2016

Cardiomyocytes Mm

embryonic, neonatal,
adult and

hypertrophic
cardiomyocytes

hMedIP-Seq,
TAB-Seq,

biotin-glucosyl
tagging

introns and intergenic
regions; body of highly
expressed genes and distal
regulatory regions

Tet2 Greco et al., 2016

Cardiomyocytes Mm newborn and adult
cardiomyocytes ELISA; hMe-Seal

gene bodies and low
methylated enhancers;
positively associated with
gene expression

no data Kranzhofer et al.,
2016

Myocytes Mm
murine C2C12

myoblast in vitro
differentiation

IS

global 5hmC gain in
differentiated myotubes.
gradual 5hmC gain with
differentiation

Tet2 Zhong et al., 2017

Adipocytes Mm
mouse 3T3-L1

pre-adipocytes and
primay adipocytes

hMedIP-Seq,
hMeDIP-qPCR

CTCF-associated enhancers
activated during
adipogenesis

Tet1, Tet2 Dubois-Chevalier et
al., 2014

Adipocytes Mm Murine 3T3-L1
preadipocytes

GC-MS;
MassARRAY;

hMeDIP,

5hmC gain, globally and at
the Pparγ locus Tet2 Yoo et al., 2017

Sertoli cells Rn rat Sertoli cells LC-MS; IS;
hMe-Seal

global 5hmC gain during
puberty; correlated with
gene expression

no data Landfors et al., 2017
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Table 2. Cont.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors

Ectoderm

Neurons Mm
mouse Nestin+/Sox2+

adult neural stem
cells (aNSC)

dot blot; IS;
hMe-Seal; LC-MS

global gain; positive
correlation with
transcriptional upregulation

Tet2 Li et al., 2017

Neurons Hs human fetal brain
samples

OxBS combined +
HM450

CpG island shores and
shelves, flanking TSS and
gene bodies

no data Spiers et al., 2017

Neurons Mm mouse cerebellum
and hippocampus

dot blot; hMe-Seal;
IS; hMeDIP-qPCR

developmentally activated
gene bodies; repetitive loci;
60% of DhMRs intragenic
and enriched in exons

MeCP2, no TET
data Szulwach et al., 2011

Neurons Mm

transgenic mice with
dual reporter for

neural progenitors
and progeny

IS; LC-MS;
hMe-Seal labelled
NimbleGen 2.1M
arrays; TAB-Seq

global 5hmC gain;
promoters, gene bodies,
intragenic regions, during
neurogenesis. associated
with higher transcription

Tet2, Tet3 Hahn et al., 2013

Retina Dr zebrafish retinal
neurogenesis

IS; ELISA;
hMe-Seal enzyme

protection +
sequencing

body of one candidate gene Tet2, Tet3 Seritrakul et al., 2017

Rn: Rattus norvegicus; Dr: Danio rerio; ATDC5: chondroprogenitor cell line; TAB-Seq: Tet-assisted bisulfite sequencing;
GC-MS: Gas chromatography mass spectrometry; IF: immunofluorescence; IHC: Immunohistochemistry;
IS: Immunostaining; ELISA: Enzyme-linked immunosorbent assay.

4.1. Endoderm

Endoderm gives rise to many of the cell types that form the gastrointestinal tract and related
organs. The adult liver is relatively rich in 5hmC content, and global redistributions of 5mC [67–69]
and 5hmC [70] have been described during the fetal to adult liver transition. Specifically, liquid
chromatography mass spectrometry (LC-MS) estimations indicate that 5hmC increases from 0.125% to
1% of the total cytosine content. In adult livers, such 5hmC occupancy is overrepresented at genes
involved in active catabolic and metabolic processes [71] (Figure 3). While these studies suggest
a role of 5hmC in liver physiology, a recent report described a specific 5hmC event during hepatocyte
differentiation [72]. TET-dependent 5hmC activation preceded activation of the HNF4A P1 promoter,
a master TF of hepatocyte identity (Figure 3). In the same model of hepatocyte differentiation from
a bipotent progenitor, we recently profiled 5mC/5hmC using oxidative bisulfite (OxBS) coupled to
HumanMethylationEPIC arrays (Illumina, San Diego, CA, USA), and noticed that this process involves
5mC reduction and 5hmC gain partially associated with the acquisition of hepatocyte expression
profile (unpublished results). Of note, liver tumor development has been associated with reduced TET
activity and 5hmC in human samples [73], as well as in mouse [71] and in vitro models, suggesting
5hmC could be used as a biomarker of hepatocarcinogenesis [74].

Although 5hmC accumulation at the HNF4A P1 promoter seems to be transient, global higher
levels in adult liver suggest stable 5hmC occupancy. In addition, stable accumulation of 5hmC has
been described for enterocyte differentiation in well-known TF binding sites and targets involved in
this process [75,76]. This contrasts with the pattern shown for blood cell subtypes, at least at earlier
stages of blood cell differentiation (i.e., from HSCs) [19], in which there is a more general presence of
5hmC followed by a global drop that respects lineage-related loci, as described above. Interestingly,
both in blood cells and endoderm differentiation, 5hmC redistribution was accompanied by a drop
in 5mC (compare 5mC kinetics in Figures 2 and 3). Also, in both cases, loss of gene expression in
committed cells correlated with a significant decrease in gene body 5hmC levels.
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4.2. Mesoderm (Other Than Blood Cells)

Besides blood cells, a more recent base resolution study suggests an important role of 5hmC
during terminal chondriocyte differentiation. An increase in global 5hmC IF signal was observed at
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the first stage of chondrogenic differentiation, followed by decrease at a later stage [77]. Using
β-Glucosyltransferase-based chemical labelling and sequencing, the authors benefited from the
previously established ATDC5 chondroprogenitor model system and found 5hmC enrichment near
TSSs. In a similar way to what was described in immune cell subtypes, the increase in 5hmC was even
more evident in gene bodies of key chondrogenic lineage-specific factors (Sox9, 5, and 6, Runx2, and
Col2a1) and was associated with transcriptional activation.

Global and localized enrichment of 5hmC has also been described for myocyte [78] and
cardiomyocyte development [79,80]. 5hmC enrichment was mainly found at gene bodies and distal
regulatory regions, marking active genes enriched for Pol II occupancy, as well as active histone marks.
The transition from embryonic into adult heart development was characterized by 5hmC peaks in
genes related to heart development, such as actin-filament-based process and regulation of heart
contraction. In addition, Tet2 has been implicated in both cardiomyocyte and myocyte development.
Tet2 knockout resulted in 5hmC depletion at specific cardiomyocyte gene loci [80]. In a similar way,
knockdown of Tet2, but not Tet1, significantly reduced myocyte gene expression (myogenin, Myf6,
and myomaker) and impaired myoblast differentiation [78].

At least two studies have shown 5hmC enrichment during adipocyte development, using murine
3T3-L1 preadipocytes as a model (Figure 3). In the first study, the chromatin insulator CTCF was found
to interact with TET enzymes to promote 5hmC deposition at adipogenic transcriptional enhancers [81].
In the second study, also TET proteins (and particularly TET2) were shown to be required for
adipogenesis by increasing 5hmC at the Pparγ locus and inducing Pparγ gene expression [82].

Finally, a recent study has shown that 5hmC is also redistributed in Sertoli cells, mesodermal cells
that are required for spermatogenesis. LC-MS evaluation of primary isolates of rat Sertoli cells from
juvenile (7 days) and adult animals showed a puberty-associated reduction of 5mC and increase of
5hmC [83]. 5hmC peaks gained during maturation were related to cell transport, catabolic process,
mitochondrion, and endocytosis, which go hand in hand with the fact that adult Sertoli cells have
a diverse and highly active metabolism with an abundance of mitochondria.

Similar to blood cell types, these studies relate the differentiation process to an enrichment of
5hmC, suggesting that a general 5hmC shift in genomic distribution could be associated with the
upregulation of genes that define cell state.

4.3. Ectoderm

At the time of 5hmC rediscovery, using a wide range of biochemical methods, the newly identified
5-hydroxymethyl-2′-deoxycytidine was shown to constitute 0.6% of total nucleotides in Purkinje
cells [5]. Being highly abundant in brain, 5hmC was immediately suggested to have a role in
the genomic control of neural functions. Therefore, together with ESCs, neurons of various types,
anatomical locations, and levels of differentiation have been some of the best-studied cell types in
terms of 5mC/5hmC content, distribution, and function. We refer the readers to specialized reviews in
5hmC and brain function [84,85], and only outline here some of the major findings in the context of
dynamic models of neurogenesis.

Similar to other tissue types, 5hmC is enriched in the bodies of actively transcribed genes
in postmitotic neurons, and accumulates at the flanking region of enhancers and TF binding
sites [15,85,86]. In addition, 5hmC was found to accumulate in adult neurons as synaptogenesis
occurs, although its content and distribution varies among different kind of neurons [20]. In line with
this, the three TET proteins are expressed in the mammalian brain, and are all involved in neurogenesis
and brain physiology [85]. Particularly, neural progenitor cells (NPC) have been reported to be
affected by the absence of Tet1 with consequences at the functional level, including in learning and
memory [87,88]. Similarly, loss of Tet2 was shown to reduce 5hmC levels (particularly at neurogenic
genes) and partially block 5hmC gain upon differentiation [89]. It was also shown that forkhead box
O3 (Foxo3a) physically interacts with Tet2 and regulates the expression of genes related to neural
stem/progenitor proliferation [89] (Figure 3). Therefore, 5hmC and TETs control the expression of
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genes and pathways related to neural programs, many of which are developmentally regulated [90].
Specific 5hmC enrichment has been observed at sequences adjacent to p300 sites in genes critical for
neuronal differentiation [21], or Notch and Wnt pathway genes in retinal neurogenesis [91].

Another fact that increased the interest for 5hmC was the possibility of methylcytosine
binding protein 2 (MeCP2) as a 5hmC reader [53], as this protein was previously associated with
neurodevelopmental disorders [92] (reviewed in [93]). Indeed, it was recently shown that distribution
of 5hmC in CG and non-CpG dinucleotides is distinct and reflects the binding specificity and genome
occupancy of MeCP2 [86]. In addition, loss of MeCP2 led to specific reduction of 5hmC signals in
dynamically hydroxymethylated intragenic non-CpGs involved in gene activation [20]. However,
while the role of MeCP2 as a reader needs to be further validated [28], other candidate readers have
been suggested in the context of neurogenesis and adult brain [29,94].

Therefore, dynamic models of neurogenesis are consistent with an important role of 5hmC, not
only during differentiation, but also later in adult neuron life. Contrary to other tissues, 5mC depletion
does not necessarily precede 5hmC acquisition [21] (Figure 3). Moreover, the high levels of 5hmC in
adult neurons (and capacity to further increase), and the specific distribution across cell types and
brain regions, indicate an important functional role in addition to preserving cell identity. Recent
studies showing that demethylation occurs rapidly after neuronal or behavioral stimulation [95–97],
and that 5hmC is dynamically regulated during aging [20], are helping to elucidate such role.

5. Perspectives and Concluding Remarks

Cell identity is acquired through the sequential and combinatorial activity of TFs on
lineage-specific enhancers [98]. A global picture is emerging in which, in joint action with TFs
and enhancers, TET-catalyzed 5hmC marks identity genes at key differentiation checkpoints. In most
cases, global 5hmC seems to be progressively reduced from progenitor to differentiated state, but
remains (or is acquired) at relevant lineage-specific loci or at genes related to adult cell function.
As illustrated here, examples exist for all embryonic layers, and both epithelial and mesenchymal
phenotypes, suggesting a general mechanism. In a time when cell subtypes are being systematically
redefined [99], 5hmC promises to be an exquisite marker of cell identity. Moreover, as has been shown
for the FoxP3 CNS loci in Treg cells, 5hmC may be able not only to identify a cell subtype, but also its
origin, something that gene expression alone cannot do [57,62,63].

Although proliferation status seems to be critical for global 5hmC [22], this does not explain the
specificity of 5hmC occupancy during differentiation. Recent studies are shedding light into such
mechanisms. For example, interaction between TET proteins and lineage-specific TFs such as the FOXA
family have been described [72,89,100]. Although this is better supported at the level of pioneer factors,
it is feasible that other TFs involved in lineage commitment are also able to recruit TETs to specific
genomic loci. While several TFs are involved in DNA demethylation by interacting with TET proteins
(e.g., Nanog during establishment of pluripotency [101], the hematopoiesis-related RUNX1 [102]
and EBF1 [103], PU.1 in osteoclast differentiation [104], and PPARγ in adipogenesis [105]), screening
systems suggest that many others may share this property [106]. Alternatively, enhancer elements that
distinguish cell types may be specifically targeted by TETs based on their chromatin conformation and
histone mark profile. Indeed, based on their abundance in gene bodies of active genes and poised
enhancers, TETs have been suggested as general transcriptional activators that recruit other proteins to
demethylate enhancers [25].

Whether related or not to the preservation of cell identity, this oxidative form of methylated
cytosine is emerging as a novel marker in many disorders [107]. Studies assessing 5mC and 5hmC
content in different neurodegenerative pathologies, including Alzheimer’s and Huntington’s diseases,
haven been reviewed in past years [108]. The levels of 5hmC in brain increase progressively from
birth until death [108], and this age-associated increase was significantly higher in an Alzheimer
transgenic mice model [109], while there is a disease-associated decrease of 5hmC levels in different
brain regions in patients with the same condition [108]. One example that illustrates the importance of
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5hmC in maintaining cell phenotype is liver fibrosis. In this pathology, chronic inflammatory injury
triggers an adipogenic-to-fibrogenic phenotype switch in hepatic stellate cells, eventually leading to
cirrhosis [110]. During different stages of chronic liver injury, 5hmC was found reduced, while hepatic
stellate cells became transdifferentiated [111]. Consistent with these data, global 5hmC was shown to
be reduced in a rat model of CCl4-induced cirrhosis [112]. It is important to note the recent availability
of liver methylome and hydroxymethylome data on Wistar and Sprague-Dawley rats, as well as the
genome-wide distribution of enhancer related chromatin marks (i.e., H3K4me1 and H3K27ac), which
could represent a baseline reference for future studies of liver pathology [113].

An obvious context in which 5hmC occupancy is expected to be dysregulated is malignant disease
(specialized reviews on cancer and TET-dependent 5hmC have been recently published [114–118]). Indeed,
while Tet deletions/mutations have been shown to predispose to blood malignancies, cancer was initially
associated with a global loss of 5hmC in various tissues [65,66]. Although such reports revealing 5hmC
decrease in cancer lacked genome-wide or base-level resolution, studies consistently show that 5hmC
profiles are able to distinguish malignant tissues, even under cell culture conditions [119]. If 5hmC does
indeed preserve cellular phenotypes, it would be expected to have a protective role against cancer. In line
with this, it was suggested that 5hmC is a hallmark from the early intestinal development that prevents
neoplastic DNA hypermethylation events [120]. In addition, 5hmC was recently shown to correlate with
lower regional CpG > T mutation frequency in cancers from various tissues (i.e., brain, kidney, and blood),
also suggesting a protective role [121].

Finally, it has been suggested for years that DNA methylation may represent an interphase
between environment and disease. The debate has been centered around which genomic locations are
more dynamic or sensitive to external factors, and high interest has been placed on DNA methylation
fluctuations at enhancer elements. Nowadays, emerging work suggests an important role of the
oxidized forms of 5m—in particular, of 5hmC and the enzymes that establish it. For example, TETs are
able to control differentiation into immune cell subtypes in response to specific inflammatory signals
and are sensors of diverse metabolic processes. Another interesting example could be the critical role
of oxygen concentration (as a co-factor) that influences TET activity and hence regulating cellular
differentiation and fate in embryogenesis in which there are graded levels of molecular oxygen [122].
In a similar way, as α-ketoglutarate-dependent dioxygenases, the activity of TETs can be inhibited
by 2-hydroxyglutarate in pathological conditions such as aberrant liver progenitor differentiation in
presence of IDH1/2 mutations [123], or CD8+ T cell fate under hypoxia [49]. Moreover, TET activity has
been shown to be influenced by the availability of vitamins C [46,124,125] and A [125], and hydrogen
sulphide [47].

In conclusion, the data sets presented throughout this study lead us to suggest that previously
published studies that lack discriminated detection of 5mC and 5hmC (such as the widely used
bisulphite conversion) have to be carefully revisited. Furthermore, approaches that are able to
distinguish between DNA methylation intermediates should be superior in the future. Evidence
points towards 5hmC (rather than 5mC) as a more likely interphase between the environment and
dynamic gene expression changes, and most importantly, it seems to regulate the directors of cell fate.
Therefore, its distribution in the genome could be used as a “fingerprint” to clearly indicate cell identity.
This new potential of the 5hmC not only opens the door to deeper studies of cell differentiation and
tissue development, but could also provide a useful tool for early detection and prevention of several
conditions associated with the loss of cellular identity such as cancer.
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ABSTRACT
The pathological characteristic of cirrhosis is scarring which results in a structurally distorted and dysfunctional liver. Previously, we
demonstrated that Col1a1 and Pparg genes are deregulated in CCl4-induced cirrhosis but their normal expression levels are recovered upon
treatment with IFC-305, an adenosine derivative. We observed that adenosine was able to modulate S-adenosylmethionine-dependent trans-
methylation reactions, and recently, we found that IFC-305 modulates HDAC3 expression. Here, we investigated whether epigenetic
mechanisms, involving DNA methylation processes and histone acetylation, could explain the re-establishment of gene expression mediated
by IFC-305 in cirrhosis. Therefore, Wistar rats were CCl4 treated and a sub-group received IFC-305 to reverse fibrosis. Global changes in DNA
methylation, 5-hydroxymethylation, and histone H4 acetylation were observed after treatment with IFC-305. In particular, during cirrhosis,
the Pparg gene promoter is depleted of histone H4 acetylation, whereas IFC-305 administration restores normal histone acetylation levels
which correlates with an increase of Pparg transcript and protein levels. In contrast, the promoter of Col1a1 gene is hypomethylated during
cirrhosis but gains DNA methylation upon treatment with IFC-305 which correlates with a reduction of Col1a1 transcript and protein levels.
Our results suggest a model in which cirrhosis results in a general loss of permissive chromatin histone marks which triggers the repression of
the Pparg gene and the upregulation of the Col1a1 gene. Treatment with IFC-305 restores epigenetic modifications globally and specifically at
the promoters of Pparg and Col1a1 genes. These results reveal one of the mechanisms of action of IFC-305 and suggest a possible therapeutic
function in cirrhosis. J. Cell. Biochem. 9999: 1–13, 2017. © 2017 Wiley Periodicals, Inc.
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Cirrhosis originates from different mechanisms of liver injury
that lead to necroinflammation and fibrogenesis. Histologi-

cally, it is characterized by diffuse nodular regeneration surrounded
by dense fibrotic septa with subsequent parenchymal extinction and
collapse of liver structures, with pronounced distortion of hepatic
vascular architecture [Tsochatzis et al., 2014]. Fibrosis is largely

asymptomatic and its progression to cirrhosis is slow, developing
over 20–40 years in patients with chronic liver injury. The scarring
response of liver includes activation of hepatic stellate cells (HSCs),
which represent resident mesenchymal cells, into contractile
myofibroblasts that encapsulate the injury, and induce loss of
vitamin A droplets. These activated cells enhance migration and

ABBREVIATIONS: 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; H4ac, histone H4 acetylation;
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deposition of extracellular matrix components, like collagen I,
the principal protein that triggers fibrosis [Hernandez-Gea and
Friedman, 2011]. A widely used model to study cirrhosis is chronic
administration of CCl4 into rats [Paquet and Kamphausen,
1975] which has been considered an acceptable model to study
human cirrhosis.

Chronic CCl4-intoxication of rats results in cirrhosis at 8–12
weeks [Iredale, 2007]. The CCl4 metabolism produces lipid
peroxidation and membrane damage, which are the main causes
of hepatocellular alteration [Varela-Moreiras et al., 1995].
Furthermore, it causes chromosome instability suggesting in-
volvement of DNA damage [Michalopoulos, 1990]. Previously, we
demonstrated in this animal model that treatment with IFC-305, an
adenosine derivative, reverses liver fibrosis and ameliorates
hepatic function [Perez-Carreon et al., 2010]. At the cellular level,
it prevents HSC activation in vivo and in vitro [Perez-Carreon
et al., 2010; Velasco-Loyden et al., 2010], promotes recovery of the
cell cycle inhibition [Chagoya de Sanchez et al., 2012], and re-
establishes the expression of around 150 genes deregulated in
cirrhosis, among them Col1a1 and Pparg [Perez-Carreon et al.,
2010].

With an increased understanding of chromatin organization of
the eukaryotic genome, it has become clear that not only genetic but
also epigenetic processes influence both normal biology and diseases
[Recillas-Targa, 2014]. The peroxisome proliferator-activated re-
ceptor gamma (PPARg) is one of those factors whose activity is
diminished in activated HSCs; in fact, its expression, per se, even
maintains HSCs in a quiescent state [Hazra et al., 2004a]. PPARg can
be regulated by the methyl-CpG-binding protein 2 (MeCP2), which
co-localizes with the deposition of the histone modification
H3K27me3 and forms a repressive chromatin structure in the coding
region of Pparg gene [Mann et al., 2010]. One of the most antifibrotic
effects of PPARg is its ability to inhibit collagen I gene transcription.
This inhibition is mediated by the ability of the nuclear receptor to
compete with NF-I/p300 association to the Col1a1 gene promoter in
HSCs [Yavrom et al., 2005].

As IFC-305 affects the expression of a sub-set of genes during
fibrosis reversion, we decided to evaluate if epigenetic mecha-
nisms are involved. To this aim, we first evaluated global levels of
methylated DNA (5mC), 5-hydroxymethylcytosine (5hmC), and
histone H4 acetylation (H4ac). In addition, we analyzed the
deposition of histone H4ac and H3K27me3 marks in the Pparg
gene promoter and the DNA methylation state of the Col1a1 gene
promoter. We found that IFC-305 exerts its effect by regulating
chromatin marks globally and in some genes directly involved in
the fibrogenic process. We propose a key role of IFC-305 in
fibrosis reversion that involves an increase in DNA methylation
around the transcription start site of Col1a1 gene and the
acquisition of a transcriptional favoring combination of histone
post-translational modifications (PTMs) at the Pparg gene
promoter. These results can be understood as the molecular
basis of hepatoprotective properties of IFC-305, and suggest
it might have the potential to function as a therapeutic
alternative for cirrhosis treatment; moreover, here we highlight
the importance of epigenetic changes in cirrhosis establishment
in vivo.

RESULTS

IFC-305 PROTECTS FROM CCl4-INDUCED LIVER FIBROSIS
The CCl4-mediated liver surface distortion was observed both in rats
treatedwith the toxic compound for 10weeks and in rats receiving in
addition saline for another 5 weeks after CCl4 (Supplementary
Fig. S1B). We found nodules, an increment in alanine aminotrans-
ferase activity (ALT), and hepatomegaly (Fig. S1B–D). Treatment of
cirrhotic rats for 5 weeks with IFC-305 triggered a rescue with a liver
phenotype similar to animals without cirrhosis (Supplementary
Fig. S1B). IFC-305 treatment also led to a decrease in ALT activity
(Supplementary Fig. S1C), which suggests a hepatoprotective
function by IFC-305 as it has been previously reported [Perez-
Carreon et al., 2010]. Interestingly, the treatment of healthy rats with
IFC-305 over 10 weeks does not generate any physiological effect
denoted by no alteration of ALT as a biochemical parameter
(Supplementary Fig. S1C: 10IFC). These results indicate that IFC-305
is capable of normalizing the hepatic function altered by cirrhosis
and to accelerate the recovery of the liver macroscopic phenotype
shown before the 5-week treatment.

To demonstrate that alterations in the liver phenotype can be
attributed to collagen accumulation, mimicking human cirrhosis, we
performed Western blot assays against collagen I, and found that
there is a nearly 50% increment of collagen I in cirrhosis
(Supplementary Fig. S2A). Treatment with IFC-305 diminished the
amount of the protein as compared to the cirrhosis and saline groups.
A similar effect was observed with Masson Trichrome staining
(Supplementary Fig. S2B). Together, these data confirmed that
IFC-305 has hepatoprotective properties and reduces the amount of
collagen I in the liver.

IFC-305 REGULATES S-ADENOSYLMETHIONINE (SAM) LEVELS AND
DNA METHYLATION
We have previously shown that adenosine can modulate trans-
methylation reactions, like methylation of phospholipids, via
regulation of SAM levels [Chagoya de Sanchez et al., 1991].
Therefore, to assess if IFC-305 has an impact on DNA methylation,
we first quantified the level of SAM and found that the amount of
this molecule is diminished in cirrhosis, whereas IFC-305 treatment
restored the physiological levels (Fig. 1A).

The effects of cirrhosis at the epigenetic level are little understood,
but there are few studies that have demonstrated that the DNA
methylation status was reduced throughout the genome because of
CCl4 treatment in the early-stage liver fibrosis [Varela-Moreiras
et al., 1995; Komatsu et al., 2012]. To determine whether the
hepatoprotective effects of IFC-305 involve changes in DNA
methylation, we evaluated global DNA methylation levels in the
cirrhosis model. We found a reduction in DNA methylation at the
cirrhosis state and a regaining of the 5mC modification with
the treatment with IFC-305 (Fig. 1B and C). These samples were
analyzed by ELISA which revealed a twofold increase in the level of
DNA methylation, when comparing IFC-305 treatment against
healthy and cirrhotic liver states (Fig. 1D). These results demonstrate
that IFC-305, as adenosine itself, regulates the trans-methylation
reactions through modulating the levels of SAM and suggest an
epigenetic effect of IFC-305 in cirrhotic rats.
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5-HYDROXYMETHYLCYTOSINE IS REDUCEDDURING CIRRHOSIS AND
IFC-305 RESTORES ITS PHYSIOLOGICAL LEVELS
Next, we decided to decipher in more detail other epigenetic
processes in response to IFC-305 treatment. The presence of DNA
methylation has been considered a synonym of gene expression

silencing and repressive chromatin structure [Recillas-Targa,
2014]. The discovery of an active DNA demethylation
pathway, that involves the conversion of 5mC to oxidized
forms, like 5hmC, and DNA repair through the base excision
system, incorporates a dynamic reversibility of DNA methylation

Fig. 1. Timelapse analysis of SAM levels and DNA methylation dynamics in the CCl4-induced cirrhosis model. (A) SAM quantification. (B) Global DNA methylation analysis.
Upper panel shows a representative image of a biological triplicate of dot-blot; Lower panel represents the membrane stained with methylene blue. (C) 5mC dot-blot
quantification. (D) DNAmethylation analysis by ELISA assay (E) 5hmC quantification. Upper panel shows a representative image of a biological triplicate; Lower panel represents
the membrane stained with methylene blue. (F) 5hmC dot-blot quantification. Data represent mean� SEM from three rats/group. �Statistical difference (P< 0.05) compared to
Control group. ��Statistical difference (P< 0.05) when compared to Cirrhosis (to). #Statistical difference (P< 0.05) compared to Cirrhosis (to) and to þ5ss. þStatistical
difference (P< 0.05) compared to Control, Cirrhosis (to) and to þ5ss.
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[Kriaucionis and Heintz, 2009; Tahiliani et al., 2009; Bhutani et al.,
2011; Kohli and Zhang, 2013]. Considering the significant number
of genes modified during cirrhosis [Perez-Carreon et al., 2010] and
the effect of IFC-305 on global DNA methylation (Fig. 1B–D), we
analyzed global levels of 5hmC.

We performed dot-blot assays using an anti-5hmC antibody and
found that 5hmC is diminished in cirrhosis. Interestingly, we
observed a rescue of 5hmC levels with IFC-305 treatment in cirrhotic
rats similar to the one observed in control rats (Fig. 1E and F).
Consequently, it seems that IFC-305 can modulate the active DNA
demethylation process, thereby restoring the amount of 5hmC to
levels found in healthy liver. Taken together, these data suggest that
IFC-305 treatment results in a restoration of 5hmC to physiological
levels, while increasing the amount of 5mC genome wide.

HISTONE H4 ACETYLATION DECREASES IN CIRRHOSIS AND IFC-305
REESTABLISHES ITS PHYSIOLOGICAL LEVEL
DNA methylation is associated with gene silencing and the
establishment of a close chromatin conformation, in part, by
modulation of histone acetylation levels. Our previous transcriptome
analysis showed that HDAC3, a histone deacetylase, is overexpressed
in cirrhotic liver in rats [Perez-Carreon et al., 2010]. Administration
of IFC-305 for 5 weeks triggers a 30% decrease of the HDAC3
expression level [Perez-Carreon et al., 2010], which suggests that
IFC-305 could restore histone acetylation levels in part by down
regulating HDAC3 gene expression. To validate this, we first
quantified HDAC3 protein levels and found a twofold increase in the
cirrhotic state compared to non-treated rats and healthy rats treated
for 10 weeks with IFC-305 (10IFC). In contrast, we found that the
amount of HDAC3 after treating the cirrhotic state for 5 weeks with
IFC-305 was similar to the one observed in a healthy liver (Fig. 2A).
To investigate if the HDAC3 protein levels correlate with changes in

histone acetylation we carried out Western blots of nuclear protein
extracts using an antibody against acetylated histone H4. Impor-
tantly, we found a correlation between increased levels of HDAC3
and diminishment of hyperacetylated histone H4 in cirrhosis, while
IFC-305 was able to restore the healthy liver level of this histone
mark (Fig. 2B). This change is HDAC3 specific as no differences in the
protein level of HDAC1 could be observed in cirrhosis or 5 weeks of
treatment with IFC-305 (Supplementary Fig. S4). Together, these
data demonstrate that treatment of cirrhotic rats with IFC-305
modulates the level of DNA methylation modifications 5mC and
5hmC, as well as the PTM histone H4ac, which regulate epigeneti-
cally gene expression.

THE OVEREXPRESSION OF Pparg GENE BY IFC-305 IS MEDIATED BY
THE GENERATION OF OPEN CHROMATIN IN THE GENE PROMOTER
Once we established that cirrhosis generates global chromatin
alterations which are to some extent reversed by IFC-305
administration, we decided to analyze in detail the chromatin
configuration of gene promoters that exhibit an altered expression in
cirrhosis and are involved in the fibrogenic process, such as Col1a1
and Pparg.

A few years ago, it has been demonstrated that PPARg is a
negative regulator of Col1a1 gene expression in HSCs [Yavrom et al.,
2005]. Taking this into account, we first analyzed by Western blot
the amount of nuclear receptor in the cirrhotic model and found that
protein levels correlated with transcript levels previously described
[Perez-Carreon et al., 2010]. In cirrhosis we observed a decrease of
the protein level, whereas IFC-305 increased its concentration
beyond the normal liver level (Fig. 3A). In order to know which type
of cells were responsible for the expression changes of PPARg, we
performed immunofluorescence assays and found that PPARg signal
was detected in a considerable number of cells in healthy liver. In

Fig. 2. Histone H4 acetylation levels are recovered after IFC-305 treatment of cirrhotic rats. (A) HDAC3 protein levels in CCl4 model. Representative Western blots are shown at
the bottom of densitometric analysis. GAPDH immunodetection was used as a loading control. Data represent mean� SEM from three rats/group. (B) Immunodetection of global
hyperacetylated histone H4 levels. Representative Western blot images are shown at the bottom of densitometric analysis. Total H4 immunodetection using a pan-Histone H4
antibody was used as a loading control. Data represent mean� SEM from three rats/group. �Statistical difference (P< 0.05) compared to Control group. ��Statistical difference
(P< 0.05) when compared to Cirrhosis (to).
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case of the cirrhotic liver (to þ5ss) the positive signal decreases
strongly, whereas the IFC-305 treatment leads to a recovery of the
levels of PPARg signal (Fig. 3B and C). Analyzing the location of cells
with a positive PPARg signal in the toþ5IFC condition, we observed
that immunoreactive cells were found in regions where there is not
residual of fibrosis septa. When we immunostained sections of
fibrotic tissue with an antibody against aSMA, a marker of activated
HSCs, we observed in toþ5ss an enrichment of aSMA positive cells
around the fibrosis septa, but with the IFC-305 treatment the
immunoreactivity decreased (Supplementary Fig. S3). The localiza-
tion of aSMA positive cells is consistent with our previous data
[Perez-Carreon et al., 2010].

To determine if the increased amount of PPARg after treatment
of cirrhotic rats with IFC-305 is mediated by changes of histone
PTM at the Pparg gene promoter, we performed chromatin
immunoprecipitations (ChIP) using an antibody against acetylated
histone H4. We observed that the acetylated histone H4 mark
decreased in the liver of cirrhotic rats, whereas in rats treated with
IFC-305, the histone H4ac modification recovered reaching normal
levels (Fig. 4A). Additionally, we analyzed chromatin samples from
a group of healthy rats treated with IFC-305 over 10 weeks (10
IFC), and we did not observe a significant difference compared
with control rats, only when compared with cirrhosis (to) (Fig. 4A:
10 IFC). Together, these data suggest that the increase in

Fig. 3. The nuclear receptor PPARg levels increase in cirrhotic liver treated with IFC-305. (A) Representative Western blot images are shown at the bottom of densitometric
analysis. Data represent mean� SEM from four rats/group. ��Statistical difference (P< 0.05) when compared to Cirrhosis (to). (B) Quantification of immunofluorescence of the
positive signal to PPARg. Data represent mean� SEM from three fields/group. �Statistical difference (P< 0.05) when compared to control group. �Statistical difference
(P< 0.05) when compared to þ5ss. (C) Immunofluorescence of PPARg in whole liver histological sections. Representative images are shown.
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transcription and consequently in PPARg protein levels result
from a restoration of open chromatin marks at the promoter of the
Pparg gene mediated by IFC-305 treatment of the cirrhotic liver
(Fig. 4A: to þ5IFC). To further validate the open chromatin state of
the Pparg gene promoter we performed ChIP assays using an
antibody against the repressive histone mark H3K27me3 deposited
by the Polycomb repressive complex 2. H3K27me3 ChIP assays
revealed a reduction in the deposition of the repressive histone
mark on the Pparg gene promoter region in all treatments
compared to the healthy liver (Fig. 4B). We calculated the ratio of
enrichment between H4ac and H3K27me3, and determined that the
Pparg promoter is preferentially found in a transcriptionally
permissive chromatin structure in the cirrhotic liver treated with
IFC-305 (Fig. 4C: to þ5IFC).

Next, we evaluated the DNA methylation state of the promoter
and 50 region of the Pparg gene, that includes a segment of the first
exon, by sodium bisulfite conversion and sequencing. Previously,
the group of Mann et al. [2010] described that in myofibroblasts
derived from HSCs the promoter and first exon of the Pparg are
enriched for MeCP2 binding, and the first exon additionally for

MBD2 and HP1a, proteins directly linked to DNA methylation and
heterochromatin, respectively. Under our experimental conditions
promoter and 50 region of the Pparg gene were not DNA methylated
(Supplementary Fig. S5). Therefore, these results suggest that over
expression of the Pparg gene induced by IFC-305 [Perez-Carreon
et al., 2010], in a pre-established cirrhosis, is mediated not by DNA
methylation, but mainly by histone modifications, favoring its
transcription.

REPRESSION OF THE Col1a1 GENE BY IFC-305 ISMAINLYMEDIATED
BY AN INCREMENT IN DNA METHYLATION AROUND THE
TRANSCRIPTION START SITE OF THE GENE
Previouswork published by Tsukamoto and coworkers demonstrated
that PPARg suppresses the proximal Col1a1 promoter [Yavrom et al.,
2005]. When we evaluated the deposition of nuclear receptor on the
Col1a1 gene promoter, we found in cirrhosis no difference in the
deposition of the nuclear receptor as compared to a healthy liver
(Supplementary Fig. S6). These data suggest that the repression
mechanism of Col1a1 gene expression mediated by PPARg is
particular for HSCs, as previously shown [Yavrom et al., 2005].

Fig. 4. Combination histone PTMs on the Pparg gene promoter and deposition of PPARg at the Col1a1 gene promoter in the CCl4-induced cirrhosis model. (A) Scheme of Pparg
gene promoter depicting the positions of primers used in A–C; enrichment of permissive hyperacetylated histone H4 mark on Pparg gene promoter in a pre-established cirrhosis
treated with the IFC-305 compound. (B) Deposition of repressive histone mark H3K27me3 on Pparg gene promoter. (C) Ratio of H4ac and H3K27me3 histone marks enrichment.
Data represent mean� SEM of two biological samples analyzed in triplicate. �Statistical difference (P< 0.05) compared to Control (to) group. ��Statistical difference (P< 0.05)
when compared to Cirrhosis (to). #Statistical difference (P< 0.05) when compared to Control and Cirrhosis (to).
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To investigate whether the cause for collagen I over expression
during cirrhosis is related to a reduction of DNA methylation on its
gene promoter we applied sodium bisulfite conversion and sequenc-
ing to the Col1a1 gene promoter (Fig. 5). This regulatory sequence is
known to contain two protected footprints as determined by DNase
footprinting analysis of activatedHSCs (�133 to�79 bp) [Nehls et al.,
1991; Rippe et al., 1995;Yavromet al., 2005]. Furthermore, it contains
the sites via which PPARg renders a mayor inhibitory effect on the
promoter and in vitro the transcription factors NF-1 and Sp1 bind to it
in activated HSCs [Yavrom et al., 2005] (Fig. 5A).We found that in the
Col1a1 gene promoter and first exon, the CpGs in positions 1, 11, and
17 lose DNA methylation in cirrhosis (Fig. 5B: Cirrhosis [to]).
Interestingly, the loss of 5mC is sustained during the next 5 weeks in
the absence of CCl4 (Fig. 5B; to þ5ss; CpGs 1, 4, 11, and 17). On the
other hand, treatment with IFC-305 increased CpG methylation
around the transcription start site (TSS) and fostered recovery of CpG
methylation at the first position (Fig. 5B; to þ5IFC; CpG 1). The
previously described behavior at specific CpG dinucleotides is
represented by the trend line in the graphic of % of DNAmethylation,
which depicts the level of methylation of each CpG dinucleotide.
Comparing the percentage of DNA methylation in this trend line, we

observed that the treatment with IFC-305 triggers a significant
increment in DNA methylation compared with to þ5ss (Fig 5B: % of
DNA methylation, trend line). This suggests that Col1a1 gene
expression which is overexpressed in cirrhosis and returns to control
levels with IFC-305 treatment [Perez-Carreon et al., 2010] shows an
inverse correlation with the DNA methylation status in the Col1a1
gene promoter in the used cirrhosis model.

THE PREVENTION OF IN VITRO HSC ACTIVATION BY IFC-305
APPEARS TO BE COORDINATED BY EPIGENETIC MECHANISMS
The liver tissue is composed of different cell types, whereby the
hepatocytes represent the vast majority of the cells of the organ.
Taking this into account, it is probable that the observations
described above result from changes that occur primarily in these
parenchymal cells. Moreover, the cells that are mainly responsible
for the development of fibrosis are HSCs, which represent 8% of
the cellular population of the liver. Therefore, in order to validate the
origin of epigenetic changes mediated by IFC-305 treatment we
assessed the levels of hyperacetylated histone H4 on a global level in
a previously described model of prevention of HSC activation in
vitro [Velasco-Loyden et al., 2010].

Fig. 5. DNA methylation analysis of the Col1a1 gene promoter and first exon. (A) Scheme of the analyzed region of the Col1a1 gene promoter. Pentagon and oval indicate
putative Sp1- and NF-1-binding sites, respectively; the triangle denotes the region to which p300 is recruited and the star corresponds to the region where PPARg inhibits p300-
facilitated NF-1 binding to DNA in HSCs to abrogate Col1a1 gene expression. Vertical arrow marks a sequence which is critical for promoter function, a 3-nucleotide mutation
results in an almost complete loss of promoter activity [Nehls et al., 1991; Yavrom et al., 2005]. (B) Left panel: DNA methylation status, white (�) and black (•) dots represent
unmethylated and methylated CpG, respectively. Columns represent each CpG site and rows show all individual clones analyzed. For the scheme two independent biological
samples were analyzed. Right panel: Percentage of DNA methylation, which was calculated as the ratio between methylated CpGs and the number of analyzed clones for each
condition. The trend line was obtained from the mean of ratios of all analyzed CpGs of each condition. #Statistical difference (P< 0.05) compared to Cirrhosis (to) and toþ5ss.
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In this model we have previously demonstrated that IFC-305
prevents the activation of isolated HSCs [Velasco-Loyden et al.,
2010]. Here, we isolated primary cultures of HSCs and observed that
the activation process directs an increment of hyperacetylated
histone H4. Additionally, we found an enrichment of this histone
modification at 7 days of activation, whereas the culture treated with
5mM IFC-305 prevented an acquisition of the histone H4 acetylation
(Supplementary Fig. S7). These results propose that the in vitro
activation of HSC presents a different behavior compared to the
whole liver. Due to this and considering the localization of PPARg
detected by immunofluorescence in liver sections, it is most likely
that the epigenetic changes observed in the cirrhosis model can be
mainly attributed to hepatocytes.

DISCUSSION

Cirrhosis is the 14th cause of death worldwide [Tsochatzis et al.,
2014] and today no curative treatment exists, except for liver
transplantation. We propose IFC-305, an adenosine derivative
compound, as a promising alternative to treat liver injury. The aim of
the present study is to explore the mechanism of action of IFC-305 in
cirrhotic rats and the contribution of epigenetic mechanisms
implicated in fibrosis reversion.

Based on our cirrhotic model we observed in dot-blot assay, a
diminishment in DNA methylation during cirrhosis which is in
concordance with other reports [Varela-Moreiras et al., 1995;
Komatsu et al., 2012]. On the other hand, we obtained restoration of
global genomic DNA methylation levels with the administration of
the hepatoprotector IFC-305 (Fig. 1B and C). In contrast, in ELISA
assay we observed a hypermethylation of the genomic DNA in
response to IFC-305 treatment (Fig. 1D). It is conceivable that this
variation can be attributed to the difference in DNA samples used for
both assays, as the DNA for the first assay was sonicated to enhance
the recognition of the antibody to the 5mC epitope and for the ELISA
assay integral DNAwas used as the kit’s manufacturer indicates. One
possible explanation for the regulation of DNA methylation by IFC-
305 lies in its ability to restore SAM levels decreased at cirrhosis
(Fig. 1A). From its chemical structure the IFC-305 compound is a
derivative of adenosine, which has previously been shown to have a
role in the regulation of SAM-dependent methylation reactions
[Chagoya de Sanchez et al., 1991]. Furthermore, it may be explained
by the increment of energy charge in hepatocytes mediated by
adenosine [Chagoya de Sanchez et al., 1972] favoring ATP-
dependent reactions such as transformation of methionine to SAM
by methionine adenosyltransferases. In addition, there are reports
that indicate that treatment of preneoplastic rats with hepatic
nodules with SAM triggers a modification of DNA methylation
leading to changes in gene expression [Garcea et al., 1989].
Therefore, the increase in DNA methylation induced by IFC-305
administration could be mediated through a regulation of SAM
levels (Fig. 1A). Both increments mediated by IFC-305 could
counteract the depletion of DNA methylation in the cirrhotic tissue,
which is linked to a decrease of genomic instability, that is a
characteristic of cirrhosis [Michalopoulos, 1990] and contributes to
carcinogenesis [Hamilton, 2011].

In an attempt to find a correlative relationship with DNA
methylation, we analyzed the incorporation of 5hmC and found a
decrease of this DNAmodification in cirrhotic samples, an effect that
was abrogated by IFC-305 administration (Fig. 1E and F). As an
approach to gain an insight into the effects caused by IFC-305 on an
epigenetic level, we used assays to detect global 5mC and 5hmC
levels that revealed an average of all the changes taking place
genome wide, and did not give us information about the alterations
of these DNA modifications at specific loci. For this reason, as we
observe a mean increment in both marks in response to IFC-305
treatment, instead of a negative correlation, we suppose that the
changes of each cytosine variant occur in different regions of the
genome. It is possible, as suggested by the group of Mann, that
specific CpGs become de novo methylated in order to recruit
chromatin remodeling complexes that silence gene expression, while
other CpGs become de novo methylated to subsequently become
hydroxymethylatedwhichwould then instead lead to transcriptional
activation or an increase in transcriptional elongation [Page et al.,
2016]. However, oxidative bisulfite assays coupled to next-
generation sequencing are needed to prove this hypothesis.
Furthermore, it is important to keep in mind that during cirrhosis
we observed a decrease in SAM, which is the universal donor of
methyl groups, and therefore, this change may reflect a diminish-
ment of methyl groups that are available for DNA methyl-
transferases (DNMTs). Thus, we can argue that the diminishment
of 5mC can be attributed to the deficiency of SAM and not to active
demethylation. This could also explain the levels of 5hmC which is
generated from 5mC, a DNA modification that is already low under
this condition. The initial description of 5hmC incorporation to DNA
was reported in the liver and brain of rat [Penn et al., 1972], and
recently a global reduction of 5hmC and its regulatory enzymes that
accompany liver fibrosis and HSC trans-differentiation was
documented [Page et al., 2016]. When we view cirrhosis as a
preneoplasic state, reduction of 5hmC is consistent with studies in
patients where hepatic, breast, lung, and pancreas cancer samples
present a drop in 5hmC levels compared to adjacent tissue or healthy
tissue samples [Yang et al., 2013].

The quantification of acetylated histone H4 revealed a 50%
reduction during cirrhosis and IFC-305 treatment led to a recovery
to normal levels (Fig. 2B). Histone acetylation generates an open
chromatin structure that facilitates the association of transcription
factors to their DNA binding sites in gene regulatory regions
favoring controlled gene expression [Recillas-Targa, 2014]. Thus,
this could be a mechanism by which IFC-305 treatment reduces the
amount of deregulated genes in cirrhotic rats from 413 to 263
[Perez-Carreon et al., 2010]. The histone acetylation dynamics in
our cirrhosis model could be particularly explained by the altered
transcription [Perez-Carreon et al., 2010] and protein levels
of HDAC3, as the amount of enzyme increases in cirrhosis
and decreases with IFC-305 administration about 50% (Fig. 2A).
Notably, the treatment of healthy rats with IFC-305 for 10
weeks generates a decrease in HDAC1 protein levels (Fig. S4: 10
IFC). Interestingly, however, no alteration of the liver physiology
can be observed, when IFC-305 is administered to healthy rats,
despite the global change in HDAC1 levels (Supplementary
Fig. S1C: 10IFC).
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The study of deposition of histone marks in the Pparg gene
promoter demonstrated that, in cirrhosis, the chromatin presents a
combinatorial code of histone PTMs at this regulatory sequence that
does not favor transcription, in comparison to a healthy liver. In
contrast, the treatment with IFC-305 triggers a ratio between the
active histone mark H4ac and the repressive histone modification
H3K27me3 (Fig. 4C) that matches with a permissive chromatin
structure and correlates with an increase of transcription [Perez-
Carreon et al., 2010] and protein levels of the Pparg gene (Fig. 3A).
Importantly, our results are in agreement with a previously
published report that described the enrichment of repressive histone
marks (H3K27me2 and H3K9me3) on the Pparg promoter and gene
in myofibroblast derived from trans-differentiated HSC, an in vitro
cell system that is to a certain extent equivalent to cirrhosis [Mann
et al., 2010].

In addition, we evaluated the DNA methylation status of the
Pparg gene promoter and found that this region is devoid of DNA
methylation under all conditions of the CCl4 model (Supplemen-
tary Fig. S5). This result goes hand in hand with the fact that
H3K27me3 and DNA methylation are mutually exclusive marks on
CpG islands [Brinkman et al., 2012]. We also addressed the PPARg
deposition on the Col1a1 gene promoter, where the nuclear
receptor inhibits trans-activation of the fibrogenic gene in HSC.
We found no changes in the deposition of PPARg between healthy
and cirrhotic rats. Interpreting this observation we have to take
into account that the HSC population corresponds only to
approximately 8%, while the hepatocytes are the most abundant
cells in the liver. PPARg positive immunoreactivity in response to
IFC-305 treatment was detected in the latter cell type, as the signal
was present (Fig. 3C) in non-septa regions (that were negative for
the activated HSC marker aSMA [Supplementary Fig. S3]). It is
possible that the mechanism of Pparg gene regulation, involving
DNA methylation, as well as the PPARg-mediated regulation of
Col1a1 are HSC-specific. Therefore, as the parenchymal cells
outnumber the HSCs, mechanisms that take place only in HSCs are
hidden, when analyzing the whole tissue. Our results suggest that
on an epigenetic level transcription of the Pparg gene in CCl4-
induced cirrhosis are mediated principally by histone PTMs. It is
important to mention that the levels of PPARg protein are similar
to the control when CCl4 is suspended (Fig. 3A: to þ5ss),
nevertheless the collagen quantity is equivalent to cirrhosis in this
state (Supplementary Fig. S2: to þ5ss). Maybe the PPARg
overproduction mediated by the IFC-305 (Fig. 3A: to þ5IFC) is
necessary to trigger the binding of the nuclear receptor to the
Col1a1 gene promoter in activated HSCs to abrogate the Col1a1
overexpression. In this context, it has been described that PPARg
is necessary to revert activated HSCs to a quiescent state, and
inhibit the expression of collagen I, TGFb, and aSMA in HSCs
[Hazra et al., 2004b; Tsuchida and Friedman, 2017].

Concerning the DNA methylation pattern of the Col1a1 gene
promoter, we identified four CpG dinucleotides which specifically
decreased their DNA methylation level in cirrhosis (Fig. 5B). The
difference in DNA methylation correlates with an over-expression
of the transcript [Perez-Carreon et al., 2010] and an increment in
the protein level of collagen I (Supplementary Fig. S2). It is
noteworthy that CpG at position 1 is in close proximity to some

relevant regulatory sequences, like the NF-I binding site, and the
relevant TGG-triplet that is critical for Col1a1 gene expression,
which is abrogated when mutated to CCA (Fig. 5A: vertical arrow)
[Yavrom et al., 2005]. At this CpG we identified the strongest
reduction in DNA methylation in cirrhosis that was largely
recovered by IFC-305 treatment (Fig. 5B; CpG 1). Furthermore, we
want to point out that the administration of IFC-305 to cirrhotic
rats triggers an increase of DNA methylation at the CpGs
surrounding the Col1a1 gene TSS. Therefore, it would be
interesting to investigate the dynamics of histone PTMs in this
region to understand if they cooperate with DNA methylation to
regulate Col1a1 gene expression.

In order to know if HSC is the cell type that is responsible for the
changes described in the cirrhosis model, we determined the global
levels of histone H4 acetylation. We observed that contrary to the
cirrhosis state, which is characterized by a loss of histone H4
acetylation, there is a gain of this epigenetic modification in the
activated state of HSCs (7d), (Supplementary Fig. S7). It has been
described previously that the developmental cell specification is
accompanied by a progressive chromatin restriction as the default
state transitions from dynamic remodeling to generalized
compaction [Zhu et al., 2013]. Since the activation process of
HSCs can be considered a trans-differentiation process from a
specialized cell to a myofibroblast, it is understandable that the
chromatin of these cells acquires characteristics of decompaction,
such as histone H4 acetylation. Previously, we showed that
culturing HSCs in the presence of IFC-305 blocks their activation
in vitro [Velasco-Loyden et al., 2010]. When we analyzed the
histone H4 acetylation in this context, we noticed that the
hepatoprotective drug retains the HSCs in an intermediate state
with H4ac levels between the ones of a recently isolated cell (3 h)
and an activated HSC (7 d). This suggests that the activation
impairment mediated by IFC-305 is partially linked to chromatin
modifications. Interestingly, the global changes described on
whole tissue differed from the observations made in HSCs in vitro.
The most likely explanation for this discrepancy is that data
obtained from the whole liver tissue will primarily reflect changes
that occur in the most abundant cell type, namely parenchymal
cells, whereas HSCs only account for 8% of the total cell
population in the liver. Thus, if IFC-305 is able to generate
different chromatin changes depending on the metabolism
characteristics of the cell type, it would be relevant to explore
other functions of the adenosine derivative in different liver cell
types.

In summary, we propose a model which suggests that changes in
gene expression observed during treatment with the hepatopro-
tector IFC-305 are driven by epigenetic mechanisms, like DNA
methylation and histone H4 acetylation, at a global scale, as well
as in specific genes critical for cirrhosis development, such as
Pparg and Col1a1 (Fig. 6). The model further proposes that
chromatin modulation coordinated by the adenosine derivative
plays a role in the prevention of HSC activation in vitro. These
findings raise further questions concerning the molecular mecha-
nisms involved in the regulation of other genes and hepatic
functions altered during cirrhosis, which need to be addressed in
future studies.
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CONCLUSIONS

This study provides a general description of dynamics of DNA
methylation and histone PTMs (H4ac and H3K27me3) in a CCl4-
induced cirrhosis animal model and the changes that occur upon
treatment with the adenosine derivative IFC-305 (Fig. 6). We find a
decrease of SAM levels, as well as global 5mC, 5hmC, and histone H4
acetylation modifications in cirrhosis. Treatment with IFC-305
restores levels of SAM, 5hmC, and histone H4 acetylation to
physiological levels and increases the amount of 5mC. The
hepatoprotector establishes a combination of histone PTMs at the
Pparg gene promoter that triggers an increment of its transcription
and protein levels. However, further studies are required in order to
decipher the global dynamics of chromatin conformation in cirrhosis
and upon administration of IFC-305. Finally, we propose that the
reduction of collagen I, mediated by IFC-305, is induced by a
recovery of DNA methylation in the Col1a1 gene promoter, and this
could be a key mechanism of action to reverse cirrhosis. Thus, the
results of this study provide an important foundation to understand
the fibrosis process at a molecular level.

MATERIALS AND METHODS

CHEMICALS
CCl4 was purchased from Merk1 M�exico (M�exico). IFC-305 is the
aspartate salt of adenosine: 2-aminosuccinic acid-2-(6-amino-9H-

purin-9-yl)-5-(hydroxymethyl) tetrahydrofuran-3,4-diol (1:1). It
was synthesized in the laboratory in agreement with UNAM patent
207422. Salts were from MP Biomedicals, LLC (Illkirch, France) and
MP Biomedicals, Inc. (Eschwege, Germany).

ANIMAL TREATMENT AND INDUCTION OF CIRRHOSIS WITH CCl4
Male Wistar rats (n¼ 20) weighing 100–110 g were rendered
cirrhotic by chronic treatment with CCl4. Animals were intraperito-
neally injectedwith a solution of 1:6 of CCl4 in vegetable oil (0.4 g/kg
weight) for 10 weeks. Cirrhosis-induced rats were divided in three
groups, one was euthanized after CCl4 withdrawal (Cirrhosis [to]),
while other groups were treated with saline solution (toþ5ss) or with
IFC-305 (toþ5IFC) for 5 weeks (50mg/kg weight, three times/week),
a group of non-treated rats was used as control and an additional
group of healthy rats treated for 10 weeks with IFC-305 (10 IFC) were
used in some assays to compare the effect of the drug with CCl4
(Supplementary Fig. S1A). Animals were euthanized with sodium
pentobarbital (Sedalpharma, Pets Pharma de M�exico S.A. de C.V.).
Liver was photographed (Supplementary Fig. S1B), recovered,
weighed, and frozen or fixed with formaldehyde, and routinely
processed for Masson Trichrome staining (Supplementary Fig. S2B).
Animals were obtained from animal care facility of the Instituto de
Fisiolog�ıa Celular, UNAM. All procedures were conducted according
to institutional guidelines for care and use of laboratory animals and
were approved with protocol number VCHH53-14, valid to October
2019.

Fig. 6. Integrative model of the effects of the hepatoprotector IFC-305 in the CCl4-induced cirrhosis rat model. Top panel: Global epigenetic changes; in cirrhosis there is a
decrease in global DNA methylation (5mC), 5hmC, and histone H4 acetylation levels; IFC-305 treatment increases DNA methylation and re-establishes the levels of 5hmC and
histone H4 acetylation. Middle panel: Changes in the Pparg gene promoter; in cirrhosis, the chromatin configuration of the promoter is more compact than in the control liver and
this correlates with decreased transcript and protein levels. In contrast, administration of the hepatoprotector IFC-305 triggers chromatin relaxation at the Pparg gene promoter,
mediating transcript and protein over expression. Bottom panel: Changes in the Col1a1 gene promoter; four methylated CpG dinucleotides in the healthy liver were found to lose
DNA methylation in cirrhosis, this change correlates with an increment of Col1a1 transcription and as a consequence generates fibrosis. Administration of IFC-305 induces an
increase in CpG methylation around the TSS and at the CpG at position 1.
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SEROLOGICAL PARAMETERS OF LIVER FUNCTION
Alanine aminotransferase (ALT, EC 2.6.1.2) activity was determined
as previously described [Hernandez-Munoz et al., 1984].

S-ADENOSYLMETHIONINE QUANTIFICATION
SAM levels were determined as previously described [Hernandez-
Munoz et al., 1984].

TOTAL LIVER AND NUCLEAR PROTEINS ISOLATION
Liver tissue (100mg) was manually homogenized in a Potter tube
with a Teflon pistil with 1mL PBS 1� and a protease inhibitors
cocktail (Complete, Roche; PMSF, Sigma), incubated 20min on ice,
and centrifuged at 14,000 rpm, 4°C for 5min (GS-15R Centrifuge,
F2402H rotor, Beckman). The supernatant was recovered and
centrifuged a second time. The nuclear fraction was obtained as
previously described [Chagoya de Sanchez et al., 2012].

WESTERN BLOT ANALYSIS
Total liver proteins or nuclear proteins were quantified with the
Bradford reagent (Bio-Rad), and 30mg of protein/well was run by
electrophoresis in SDS-polyacrylamide gels (12% for total protein
extracts and 20% for nuclear protein extracts) and transferred (1 h
for total protein extracts and 30min for nuclear protein extracts in
humidity chamber) to an Immobilon1-P transfer membrane
(Millipore). The blots were incubated with primary antibodies
anti-collagen I (Santa Cruz Biotechnology sc-25974, Lot #F1207,
RRID:AB_2081880), anti-PPARg (Santa Cruz Biotechnology sc-
7196, Lot #E0611, RRID:AB_654710), anti-GAPDH (Millipore
MAB374, Lot #NG1722294, RRID:AB_2107445), anti-HDAC3
(Abcam ab47237, Lot #GR29265-1, RRID:AB_732779), anti-
HDAC1 (Cell Signaling #5356, RRID:AB_10612242, kindly donated
by Dr. Alfonso Le�on del Rio, IIB-UNAM) for total proteins and anti-
hyperacetylated Histone H4 (Millipore 06-946, Lot #29860, RRID:
AB_310310) and anti-histone H4 (Millipore 04-858, Lot #1951953,
RRID:AB_1977264) for nuclei proteins and detected with the
respective secondary antibody. Protein bands were visualized by
using SuperSignal1 West Femto (Thermo Scientific). Densitometric
analyses of bands were done with Quantity One software (Bio-Rad1,
Hercules, CA). The biological replicates of Western blots were
performed independently and each series-assay was normalized to
its own liver control and then compared between replicates.

DOT-BLOT ANALYSIS
Genomic DNA was isolated from 200mg of frozen rat liver [Strauss,
1998], then, genomic DNA was sonicated to obtain 100–12,000 kb
DNA fragments and 400 ng were used per assay. For 5mC detection
we used as positive control commercially available methylated-DNA
(Zymo Research D5325-5-1) and for 5hmC we employed genomic
DNA isolated from mice brain cortex. Plasmid DNA was used as
negative control for both assays. Each DNA was hybridized onto a
DNA hybridization membrane (HybondNþ GE) and then cross-
linked using UV light [Valdes-Quezada et al., 2013]. The membrane
was incubated overnight with antibody against 5mC (ZymoResearch
A3001-30, Lot #ZRC175458) or 5hmC (ActiveMotif1 39769, Lot
#10310001, RRID:AB_10013602) and detected with secondary
antibody. DNA dots were visualized with SuperSignal1 West Femto

(Thermo Scientific1). The membrane was methylene blue stained as
loading control. Densitometric analyses of dots were done with the
Quantity One software (Bio-Rad1).

QUANTITATIVE EVALUATION OF GLOBAL GENOMIC DNA
METHYLATION
Global DNA methylation was determined by using 100 ng of
genomic DNA with the Imprint Methylated DNA Quantification Kit
(Sigma1 MDQ1) following the manufacturer’s instruction.

CHROMATIN IMMUNOPRECIPITATION ASSAY
Briefly, 200mg of frozen liver tissue was fractionated and treated
with 1% formaldehyde in PBS 1� and protease inhibitors in
agitation for 10min. The crosslinking was stopped with 125mM
glycine for 10min, centrifuged 5min at 5,000 rpm at 4°C (GS-15R
Centrifuge, F2402H rotor, Beckman) [Valdes-Quezada et al., 2013].
The sonicated chromatin fragments were between 500 and 800 bp.
The samples were diluted 1:5 in a dilution buffer and the diluted
chromatin was pre-cleared [Valdes-Quezada et al., 2013]; 800mg of
chromatin were incubated with 4mg of antibodies anti-
hyperacetylated histone H4 (Millipore 06-946, Lot #29860, RRID:
AB_310310), anti-H3K27me3 (Abcam1AB6002, Lot #GR137554-2,
RRID:AB_305237), anti-PPARg (Abcam1AB41928, Lot #GR26030-
60, RRID:AB_777392), normal rabbit anti-IgG (Millipore 12-370)
and normal mouse anti-IgG (Millipore 12-371). The recovered DNA
was assayed by qPCR (StepOneTM detection system, Applied
Biosystems) using the following primers: Pparg gene promoter
previously described byMann et al. [2010]; we used theGAPDH gene
as a positive control of an open chromatin region, forward
50-GGCACTGCACAAGAAGATG-30, reverse 50-GTAAAGCCGCGAG-
TAGCTG-30; and a satellite repeated sequence as a positive control of
a compacted chromatin region [Hernandez-Hernandez et al., 2008];
PPARg response element in aP2 gene, as positive control of PPARg
binding region, and Col1a1 gene promoter were taken from
Tsukamoto’s group report [Yavrom et al., 2005]. For the open
chromatin histone mark (acetylated histone H4), the enrichment was
calculated over a rat satellite region. Inversely, for the repressive
chromatin histonemark (H3K27me3), the enrichment was calculated
over a constitutively open region corresponding to theGAPDH gene.
For PPARg the enrichment was calculated over GAPDH region,
where the nuclear receptor is not bound. The enrichment
calculations were performed as follows: Enrichment¼ antibody
(CtT�CtC)/Input 1% (CtT�CtC); where CtT¼ amplification of the test
region and CtC¼ amplification of the negative control region.

SODIUM BISULFITE DNA CONVERSION AND SEQUENCING
Genomic DNA (3mg) was processed with sodium bisulfite [Valdes-
Quezada et al., 2013], DNA fragments of interest were PCR-amplified
using the following primers: Pparg gene promoter and first exon
50-end, forward 50-GGTTATGGGTATTTGTTTGAGG-30, reverse
50-ATCAAAAAATAACTTCTCAACCC-30; Pparg first exon, forward
50-GGGTTGAGAAGTTATTTTTTGAT-30, reverse 50-TAAA AAAAAC
CTAAAATAACTCCAC-30; Col1a1 gene promoter, forward 50-GAG
GGTT TAGTTATATTTAGTGAT-30, reverse 50-CAAAACTCCACTTC-
TAAAATCTAC-30. The amplified DNA fragments were cloned into
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the pGEM-T Easy system (Promega1), and sequenced using SP6
sequence primers.

HEPATIC STELLATE CELL ISOLATION AND CULTURE
HSCs were isolated from normal male Wistar rats (600–800 g body
weight) by in situ enzymatic digestion of the liver with collagenase/
pronase and density gradient ultracentrifugation with Accudenz1

(Accurate Chemical, Westbury, NY) as previously described
[Velasco-Loyden et al., 2010]. HSCs were cultured on plastic cell
culture dishes in DMEM low glucose (LG) (Invitrogen, Carlsbad, CA)
containing 10% fetal bovine serum (FBS), Antibiotic-Antimycotic,
and 2mg/mL gentamicin (Gibco, Life Technologies, Grand Island,
NY) (DMEM LG 10% FBS AB/AMþ genta). We seeded 250,000 cells
(3 h, 1 day [1 d] and 7 days with IFC-305 5mM [7 dþ 5IFC]) or
125,000 cells (7 days [7 d]) by duplicate in a 12 wells plate. For 7 d
and 7 dþ 5IFC, after 24 h of isolation, the culture medium was
replaced with DMEM LG 10% FBS AB/AMþ genta, containing the
indicated concentration of IFC-305. The medium was changed every
other day for a total of 7 days.

IMMUNOFLUORESCENCE
Histological sections of liver were used for PPARg and a-smooth
muscle actin (aSMA) immunofluorescence, with anti-PPARg (Santa
Cruz Biotechnology sc-7196, Lot #E0611, RRID:AB_654710) diluted
at 1:50, incubating overnight (4°C), with anti-aSMA (clone 1A4
SigmaChemical Co.A2547, Lot 035K4846, RRID:AB_476701) diluted
at 1:700 and secondary Alexa Fluor 568 goat anti-rabit IgG
(Invitrogen) antibody diluted 1:400 for anti-PPARg, and secondary
Fluorescein horse anti-mouse IgG (Vector Laboratories, Inc.,
Burlingame, CA) antibody diluted 1:400 for anti-aSMA, incubating
for 2 h in obscurity at room temperature. We used the components of
DAKO EnVisionþ System, HRP (DAB) (DAKO Corporation, Carpin-
teira, CA. K400711) to block the proteins and to dilute the antibodies.
Coverslips were mounted on the histological sections with mounting
medium for fluorescence with DAPI (Vectashield, Burlingame, CA).
Fluorescence was visualized with an Olympus Inverted Microscope
model IX71 and images captured with Evolution/QImaging Digital
Camera (Media Cybernetics, Bethesda, MD). Data analysis was
performed using ImageJ (National Institutes of Health, Bethesda,MD).

For cell cultures, once the growing times have elapsed, HSC were
washed twice with PBS 1�, fixed with 4% paraformaldehyde for
5min, and washed three more times. The wells were blocked with
block solution (1%TritonX-100 and albumin fractionV frombovine
blood (USB Corporation, Cleveland, OH) in PBS 1�) for 20min. The
cells were washed once with block solution without Triton X-100.
Cells were incubated overnight at 4°C with 1:400 primary antibody
anti-hyperacetylated histone H4 in block solution without Triton
X-100 (Millipore 06-946, Lot #29860, RRID:AB_310310). Then, the
cells were incubated 1 h at room temperature, washed three times,
and then incubated with 1:400 anti-rabbit Alexa Fluor goat anti-
rabbit IgG (Invitrogen) in PBS 1� or block solution in accordance
with primary antibody solution. Finally the cells were washed three
times and a circle coverslip was mounted on the well with mounting
medium for fluorescence with DAPI (Vectashield). Fluorescence was
visualized with an Olympus Inverted Microscope model IX71 and
images captured with Evolution/QImaging Digital Camera (Media

Cybernetics). Data analysis was performed using ImageJ (National
Institutes of Health).

STATISTICAL ANALYSIS
Statistical analysis was performed using the unpaired, Student’s
t-test, using Graph Pad Prism 5.0 (Graph Pad Software, Inc., La Jolla,
CA) for Windows.
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A B S T R A C T

Cirrhosis is a liver pathology originated by hepatocytes, Kupffer and hepatic stellate cells interactions and
transformations. This pathology is associated with inflammation and fibrosis, originated by molecular signals
secreted by immunological and parenchymal cells, such as cytokines and chemokines, like IL-1β, IL-6, TNF-α or
MCP-1, driven by Kupffer cells signals. As part of inflammation resolution, the same activated Kupffer cells
contribute to anti-inflammatory effects with IL-10 and MMP-9 secretion. In a Wistar rat model, cirrhosis induced
with CCl4 is characterized by increased inflammatory cytokines, IL-6, IL-1β, MCP-1, and TNF-α, in plasma and
liver tissue. The IFC-305 compound, an adenosine derivative salt, reverses the cirrhosis in this model, suggesting
that immune mechanisms related to inflammation should be explored. The IFC-305 reduced inflammatory cy-
tokines, supporting the anti-inflammatory effects induced by the elevation of IL-10, as well as the reduction of
M1 inflammatory macrophages (CD11b/c+/CD163+) and the increase of M2 anti-inflammatory macrophages
(HIS36+/CD11b+), measured by flow cytometry. Furthermore, the IFC-305 enhances the metabolic activity of
arginase and moderates the inducible nitric oxide synthetase, evaluated through biochemical and im-
munohistochemical methods. These results contribute to understand the function of the IFC-305, which mod-
ulates the immune response in the Wistar rat model of CCl4-induced cirrhosis and support the hepatic protective
action through an anti-inflammatory effect, mainly mediated by Kupffer cells.

1. Introduction

Cirrhosis is a pathological condition that represents the 14th most
common cause of death worldwide [1]. In recent years, many studies
have been conducted to understand the mechanisms involved in the
development of this disease and its resolution, at cellular and molecular
levels. It has been demonstrated that the immune response is one of the
main mechanisms involved in the progression and repair of this liver
pathology [2].

Liver injuries provide a proper model of inflammation and repair,
showing a complex interaction of epithelial cells, myofibroblasts, and
the extracellular matrix (ECM), all are components of the mammalian
wound-healing response. In almost all etiologies, cirrhosis is preceded
by fibrosis and inflammation, with elements of innate and adaptive
immune response that are crucial in regulating these processes [3]. The
most common etiologies for cirrhosis are: hepatitis B and C alcohol
abuse [4,5], non-alcoholic steatohepatitis [6], and chronic infection
with parasites such as Schistosoma mansoni and Schistosoma japonicum

[7]. The efforts to confront these fibrotic diseases are focused on finding
specific marks that transform an acute inflammation to a chronic one,
and to use them as therapeutic aims for treatment and reversion of
these phenomena [8]. The immune response plays an essential role in
this transformation, mainly due to diverse cellular phenotypes [9]. This
dynamic environment in the complex hepatic structure and inter-
cellular communication produces an irreversible tissue fibrosis, cir-
rhosis, and, in many cases, hepatocellular carcinoma [10]. The parti-
cipation of immune cells, such as Kupffer cells (KC) as initial effectors,
is responsible for cirrhosis development [11,12], and they represent an
immune cell population related to liver fibrosis treatment.

The resident liver macrophages and KC present diverse activation
phenotypes: M1 related to inflammation and M2 anti-inflammation
[13], both are regulated by extracellular signals, such as adenosine
[14]. This activation has been described as a product of the signals
related to inflammation and resolution of inflammation processes
[15,16].

In liver diseases, the phenomenon, in a canonical way, occurs when
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the activated Kupffer cells regulate the activation of hepatic stellate
cells (HSC) and other molecular and cell interactions associated to the
establishment of cirrhosis [17,18]. KC also interact with other cells, like
neutrophils, hepatocytes, etc., mainly through molecules directly as-
sociated to inflammation and fibrosis, like cytokines and chemokines,
such as IL-1β, IL-6, TNF-α, and MCP-1 [19]; KC could be contributing to
anti-inflammatory effects with IL-10 and other cytokines involved in
tissue repair [20]. Cytokines are hormone-like molecular mediators that
are synthesized by a variety of cells in response to various stimuli, in-
cluding inflammation and tissue damage. The liver is the main organ

that produces and removes cytokines; all cell types in the liver, par-
enchymal and non-parenchymal, are capable of cytokines production
[21,22].

Besides the knowledge of the pathological mechanisms involved,
the therapeutic options for the treatment of liver diseases, such as cir-
rhosis, are limited. We have previously reported that the IFC-305
compound, an adenosine derivative salt, was shown to be able to re-
verse cirrhosis induced by CCl4 in a rat model [23]. Part of these effects
has been associated with the inhibition of HSC activation [24] and
regulation of the cell cycle and the proliferative capacity of the liver

Fig. 1. Effects of IFC-305 on liver tissue samples stained with hae-
matoxylin. (10X). (A) HC; (B) Ci; (C) Ci IFC 5w; (D) Ci SS 5w; (E) Ci
IFC 10w; (F) Ci SS 10w.

Fig. 2. Effects of IFC-305 on liver tissue sam-
ples stained with Masson's trichrome 10X. (A)
HC, (B) Ci, (C) Ci SS 5w, (D) Ci SS 10w, (E) Ci
IFC 5w, (F) Ci IFC 10w.
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tissue [25]. This compound also functions as a metabolic effector,
participating in the recovery of the energetic and redox states including
antioxidant defences [26].

In order to determine if the IFC-305 compound exerts an effect on
the immune response that contributes to cirrhosis reversion, we studied
changes in cellular and molecular factors linked to HSC activation, such
as Kupffer cells and cytokines, as well as the perpetuation of in-
flammation, fibrosis, and irreversible cirrhosis.

2. Materials and methods

2.1. Experimental model

Male Wistar rats (n= 42) weighing 120–150 g were rendered cir-
rhotic as previously described in Pérez-Carreón et al. [23]. Briefly,
animals were administered with CCl4 (0.4 g/kg) during 10 weeks. Cir-
rhotic-induced rats were divided in five groups: the cirrhotic rats (Ci);
two groups treated with saline solution (SS), and two more with the
experimental molecule IFC-305. For the groups Ci, SS, 5w, and Ci, SS,
10w, saline solution was administrated IP, three times per week, for 5
and 10 weeks, respectively; and two different groups received the IFC-
305 molecule at pre-established doses of 50 mg/kg [27] (IP, three times
per week; diluted at a concentration of 20 mg/mL in saline solution
with a pH = 7.4), denominated Ci IFC 5w and Ci IFC 10w. All the
experiments included an additional group of control rats without any
treatment, named Healthy Control (HC).

Animals were housed under a circadian cycle (light/
dark = 12:12 h), in temperature-controlled rooms (21 °C ± 2°) and
allowed food and water ad libitum. All animals were obtained from the
Instituto de Fisiología Celular at the Universidad Nacional Autónoma de
México (UNAM). All animal procedures followed the Biomedical-Ethics
protocol of UNAM for the care and use of laboratory animals and the
institutional protocols and approval with the VCHH53–14 number valid
until October 2019.

At the end of the administration weeks, animals were weighed and
anaesthetised (sodium pentobarbital 120 mg/kg, IP injection,
Sedalpharma®). Between 9 and 12 mL of blood were obtained by
myocardial heart puncture, with EDTA as anticoagulant. The liver was
isolated and fractionated in pieces for histological analysis and kept at
−70 °C until used for further determinations. The rest of the liver was
perfused in situ to get the non-parenchymal cells (NPC) for flow cyto-
metry assays.

2.2. IFC-305 molecule preparation

IFC-305 is the aspartate salt of adenosine prepared with adenosine
free base (MP Biomedicals, LLC, Illkirch, France) and L-aspartic acid
(MP Biomedicals, Inc., Eschwege, Germany) as described (Patent No.
MX220780; US 8507, 459B2. [28]) Doses were calculated based on the
animal weights and the aspartate salt was dissolved in saline solution as
vehicle for its administration.

2.3. Histology and immunohistochemical studies

Liver tissue samples were paraffin-embedded and slices (5 μm) were
stained with haematoxylin-eosin and Masson's trichrome according to
standard protocols. For immunostaining, we employed arginase I anti-
body (H-52): sc-20150 (1:100); CD163 antibody (ED2): sc-58965
(1:500); iNOS NOS2 antibody (C-11): sc-7271 (1:200); and DAKO®
HRP-DAB system.

2.4. Alanine transaminase (ALT) enzyme activity

Alanine transaminase (ALT; EC 2.6.1.2) as parameter of liver
function was determined in plasma as previously described (Hernandez-
Munoz et al., 1990).

2.5. Kupffer and non-parenchymal cells extraction

Anaesthetised and punctured rats with a ventral midline incision
over the peritoneal cavity were tubed with a cannula into the portal
vein. The liver was perfused in situ with calcium-free Hank's buffered
salt solution (HBSS) at pH 7.4 and 37 °C, to remove blood from the
tissue at a flow rate of 15 mL/min. Afterwards, the washing solution
was replaced by collagenase solution (2.0 mg/mL) and the liver was
perfused at a flow rate of 10 mL/min for 10 min at 37 °C. After perfu-
sion, the liver was removed and gently dispersed. Liver cell suspension
was incubated under continuous agitation at 37 °C for 15 min with
collagenase solution (1.0 mg/mL) in 50 mL polypropylene tubes.
Hereafter, all experiments were performed at 4 °C. The liver cell sus-
pension was filtered through nylon gauze and placed in 50 mL of HBSS
and centrifuged at 600 rpm for 5 min, two more times. A second cen-
trifugation of the supernatant was performed to obtain a NPC pellet.
The pellet was placed in 10 mL buffer and layered on top of a gradient
(50%/25%) of Percoll Plus GE®. The cells at the interphase, which were
mostly sinusoidal cells, were suspended in buffer and washed twice by
centrifugation at 250 rpm for 5 min. The pellet was suspended with
phosphate buffer solution (PBS) and the cells were counted in a
Neubauer chamber to proceed with the staining for flow cytometry
[29–31].

2.6. Flow cytometry analysis

NPC were separated from the digested livers through Percoll density
gradient. The cells (1 × 106) were incubated 1 h with the next anti-
bodies: Kupffer cells population was characterized as double positive
marker CD11b/c (Millipore®), which reacts with the CR3 complement
(C3bi) receptor found in most monocytes, granulocytes, and macro-
phages; CD163 (eBioscience®); HIS36 (tissue macrophage receptor ED-
2), which is known as ED2-like antigen expressed by thioglycolate-eli-
cited peritoneal cells and tissue macrophages, used as a marker for total
rat tissue macrophages. After 1 h of incubation, cells were washed with
PBS, fixed with 1% paraformaldehyde and flow cytometric analysis was
performed by fluorescence-activated cell sorting (FACS, FACS-Calibur
flow cytometer, Becton-Dickinson; performed at the Instituto de
Investigaciones Biomédicas, UNAM).

Undyed-macrophages were gated by forward and scatter, and lo-
cated in the Dot Plot as Kupffer control undyed cells; subsequently, cells
with simple staining of each antibody were located in the

Fig. 3. ALT activity, 10 weeks of administration with CCl4 (Ci), 5 and 10 weeks with IFC-
305 and SS, respectively. Values are shown as times over control of Kupffer cells ± SEM
*p≤ 0.5 vs. control rat, #p ≤ 0.5 IFC-305 vs. SS treatment.
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corresponding quadrants of simple staining. The stained cells with both
antibodies were compensated to observe the positive double cells in the
upper right quadrant; from all comparisons of these double stained cells
it was possible to compare all treatments with the control. Data were
collected for 10,000 events, stored in a list mode, and subsequently
analyzed using Flow Jo software®. Results of these experiments are
expressed as the mean values ± standard error of the mean (SEM) of
triplicate samples.

2.7. Nitric oxide assay

Nitric oxide (NO) was measured by the cadmium reduction method
as nitrite product, using the Griess reagent [32]. Briefly, a volume of
serum or tissue homogenate was mixed with 100 μL of 1% sulphani-
lamide, 0.1% naphthyl ethylenediamine dihydrochloride, and 2.5%
H3PO4. Absorbance was detected at 540 nm in an ELISA microplate

reader (VERSAmax®). Results of these experiments are expressed as the
mean values ± SEM of triplicate samples.

2.8. Arginase activity

Arginase activity was measured in liver homogenates, as previously
described [32]. Tissue and serum were treated and diluted with reac-
tion buffer that contained (25 mM of Tris-HCl and 5 mM MnCl2 at
pH 7.4). The enzyme was then activated by heating for 10 min at 56 °C.
Arginine hydrolysis came from incubating at a 1:1 v/v with 0.5 M ar-
ginine, pH 9.7, at 37 °C for 60 min. The reaction was stopped with
400 μL of acidic mixture (H2SO4, H3PO4 and H2O, 1:3:7 v/v). The urea
was measured at 540 nm after addition of 9% α-iso-
nitrosopropiophenone (dissolved in absolute ethanol) and heating at
100 °C for 45 min. Absorbance was detected on an ELISA microplate
reader (VERSAmax®). Results of these experiments are presented as the

Fig. 4. Effect of IFC-305 on activated Kupffer cells (CD163+/CD11b/c+) of cirrhotic livers evaluated by flow cytometry (n= 5 rats per group), 10 weeks of administration with CCl4 (Ci),
5 and 10 weeks with IFC-305 and SS, respectively. (A) Representative examples of dot plots from the different groups. (B) Quantification of (CD163+/CD11b/c+) percentage of gate Q2
are shown as times over respective control of Kupffer cells ± SEM *p ≤ 0.5 vs. control rat, #p ≤ 0.5 IFC-305 vs. SS treatment.

R. Pérez-Cabeza de Vaca et al. International Immunopharmacology 54 (2018) 12–23

15



mean values ± SEM of triplicate samples.

2.9. Measurement of liver and serum cytokine levels

The blood samples obtained with EDTA (0.25 M, pH 8.0) were
centrifuged at 2500 rpm for 10 min. The liver tissue samples were
thawed and homogenized with RIPA buffer with protease inhibitors.
Cytokines levels, IL-1β, IL-4, IL-12, IL-10, MCP-1, TNF-α, and INF-γ,
were determined in samples with a commercially available kit
(MILLIPLEX MAP Millipore®) according to manufacturer's instructions,
and IL-6 was determined with ELISA (PEPROTEC®). Results of these
experiments are expressed as the mean values ± SEM of triplicate
samples.

3. Results

3.1. IFC-305 molecule reduces fibrosis and inflammatory cells infiltration
leading to recovery of the hepatic function and structure

The aim of this study was to determine the grade of inflammation
generated by CCl4 and the participation of the immune response in the
anti-inflammatory response, liver tissue repair, and cirrhosis reversion
by IFC-305.

Inflammatory and fibrotic deposits were observed mainly in peri-
portal regions, as shown in Fig. 1; animals with experimental cirrhosis
after 10 weeks of CCl4 treatment (Fig. 1B) exhibited remarkable
changes in the liver architecture in slices stained with haematoxylin-
eosin, showing a clear inflammatory infiltrate compared to healthy
controls (HC) (Fig. 1A). Furthermore, IFC-305 treatment for 5 weeks
after the development of experimental cirrhosis (Fig. 1C) induced a
higher ordered distribution of the parenchyma in comparison to the
animals treated with saline solution only (Fig. 1D). A similar effect
occurred when the animals were treated for 10 weeks with IFC-305
(Fig. 1E) compared with the corresponding saline solution treatment
(Fig. 1F). These results suggest that IFC-305 induces reversion of the
disrupted hepatic architecture induced by experimental cirrhosis in
rats.

Slices with Masson's trichrome staining (Fig. 2) show that the his-
tological section of HC rats (Fig. 2A) does not have fibrosis and the
parenchymal tissue is ordered (stained in red), compared to the CCl4
treatment that affected the structure and showed a high deposition of
collagen fibres (blue stained); whereas slices from IFC-305-treated rats
for 5 and 10 weeks (Fig. 2E and F) revealed less deposition of collagen

fibres (stained in blue) and a more homogeneous parenchymal tissue
and a smaller amount of oxidized structures, as inferred from the less
intense red colour compared to the SS-treated group (Fig. 2C and D). At
the histological level, IFC-305 was able to restore the parenchyma's
distribution in liver tissue and diminish recruiting of inflammatory
cells.

To confirm that CCl4 affects not only liver tissue but also liver
function, as shown by results obtained in previous publications [23],
alanine transaminase (ALT) activity was measured as a marker of liver
function and it was observed that Ci SS 5w and Ci SS 10w had a sig-
nificant increment of enzyme activity with respect to HC. The IFC-305
treatment for 5 and 10 weeks tended to decrease the ALT activity as
compared to those treated with SS, confirming the IFC-305 effect on the
recovery of liver function (Fig. 3).

ALT activity was determined as a marker of liver function. It was
observed that Ci, Ci SS 5w and Ci SS 10w are significantly different
respect to the control, and treatment with IFC-305 at 5 to 10 weeks
tended to decrease ALT value, confirming the ability of IFC-305 to re-
cover liver function.

3.2. The IFC-305 molecule regulates macrophages M1 (CD11b/c+/
CD163+) infiltration to the cirrhotic liver

To analyze the macrophages in the liver and their phenotype by
flow cytometry, CD11b/c, as mononuclear cell marker, and CD163, for
the classic activation marker of Kuppfer cells [33,34], were used; both
surface markers were considered indicative of inflammatory macro-
phage phenotype M1. Flow cytometry results of dot plots (Fig. 4A) are
representative images of the total NPC acquired for each group and
their respective controls, observing that the IFC-305 treatment reduced
the M1 double positive cells (CD11b/c+/CD163+). On fig. 4B, the
analysis reveals a significant 11-fold increase of Kupffer cells (CD11b/
c+/CD163+), in the Ci group treated with CCl4 administration with
respect to the HC group, demonstrating the IFC-305 effect over KC.

These results agree with other reports that describe the capacity of
CD163 cells to trigger inflammatory mediators, such as NO, TNF-α, IL-
1β, and IL-6 [35]. These cells were significantly increased with chronic
administration of CCl4 and this increase is directly related to the liver
damage observed [11]. After 5 and 10 weeks of SS administration, the
percentage of CD11b/c+/CD163+ cells decreased significantly as
compared to Ci, but this percentage is still higher than the one found in
the livers of HC rats. By treating cirrhotic rats for 5 and 10 weeks with
the IFC-305, the CD11b/c+/CD163+ cells decreased significantly
reaching levels almost equal to those presented by the HC liver, which
relates directly to the recovery of the liver structure and function. These
observations on the modulating action exerted on CD11b/c+/CD163+

cells by IFC-305 (Fig. 4A–B) are substantial evidence of its effect on the
immune response of the liver.

To study the anti-inflammatory macrophages phenotype M2, we
analyzed the percentage of HIS36+/CD11b+ (Fig. 5). These double
positive cells significantly decreased in the cirrhotic group with respect
to the control rats. Something similar happened after induction of cir-
rhosis and in the animals treated for 5 weeks with SS, but not with the
treatment for 10 weeks, where a significant increase in the amount of
HIS36+/CD11b+ cells occurred. Furthermore, the IFC-305 induced a
significant increase in HIS36+/CD11b+ KC population at 5 and
10 weeks of treatment, showing a direct effect on the number of KC
anti-inflammatory phenotype M2.

These results indicate that the compound has effect on cirrhotic
liver resident macrophages. It firstly decreases the percentage of in-
flammatory Kupffer cells respect to cirrhotic rats; on the other hand, it
increases the anti-inflammatory macrophage phenotype, demonstrating
an immunomodulatory effect of the compound on the NPC population
in the liver, which has a direct effect on the recovery of cirrhosis.

Fig. 5. Effect of IFC-305 treatment on liver non-parenchymal cells of cirrhotic rats,
stained with CD11b and HIS36 and analyzed using flow cytometry (n = 5 rats per group),
10 weeks of CCl4 administration (Ci), 5 and 10 weeks with IFC-305 and SS, respectively.
Values are shown as mean percentage (%) of Kupffer cells ± SEM *p ≤ 0.5 CCl4 vs.
control rat; #p ≤ 0.5 IFC-305 vs. SS treatment.
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3.3. Local liver anti-inflammatory effects produced by IFC-305. Diminishing
of IL-1β, IL-6, MCP-1 cytokines levels and raising of IL-10 contribute to the
cirrhosis reversion mechanism

The pro-inflammatory cytokine, IL-1β, plays an essential role in the
signaling of cirrhosis; recently, it was demonstrated that its action in
vivo is directly related to the activation of HSCs for the establishment of
hepatic fibrosis [36]. In the liver (Fig. 6A), IL-1β is significantly in-
creased compared to the control after CCl4 administration (Ci), as has
been reported [37]. After 5 and 10 weeks, the levels of IL-1β decreased
significantly respect to Ci in the groups treated with saline solution, but
did not reach the values of the controls, including the group treated
with IFC-305 for 5 weeks. The treatment with IFC-305 for 10 weeks
recovered the levels of IL-1β to the HC group values, this shows that

persistence of the damage had been defined by high levels of this in-
flammatory cytokine in the liver, as its decrease reached normal values
only with the IFC-305 treatment lasting 10 weeks. This shows that its
role in the recovery process of the cirrhotic liver is related to its mod-
ulatory activity of the inflammatory response.

The cytokine IL-6 is a major pro-fibrogenic cytokine that is pro-
duced continuously during the chronic progress of cirrhosis [38,39].
This cytokine is increased in the liver (Fig. 6B) with CCl4 administration
and is maintained at the same level at 5 and 10 weeks of SS adminis-
tration. IFC-305 was capable of reducing its levels at 5 weeks, reaching
HC group values; for the 10 weeks administration of IFC-305, the value
of IL-6 is significantly lower as compared to the 10 weeks of SS ad-
ministration. This shows that the IFC-305 is able to decrease this fi-
brogenic cytokine and that this activity may be one of the main action

Fig. 6. Cytokines in liver homogenates of
cirrhotic rats with IFC-305 treatment,
10 weeks of CCl4 administration (Ci), 5 and
10 weeks with IFC-305 and SS, respectively.
Levels of cytokines (A) IL-6 were measured
by ELISA, (B) IL-1β, (C) MCP-1, (D) IL-10,
(E) TNF-α, (F) INF-γ (pg/g protein) were
measured using luminex-multiplex cytokine
assay® (n = 4 rats per group), Values are
shown as mean concentration ± SEM
*p ≤ 0.5 vs. control rat; #p ≤ 0.5 IFC-305
vs. SS treatment.
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mechanisms on liver tissue.
The MCP-1 cytokine, which has chemo-attractant activity and ac-

tivates monocytes [40], remains at high levels during the 5 weeks with

either SS or IFC-305 administration, but after 10 weeks with IFC
treatment the levels of MCP-1 reached the control group values
(Fig. 6C). Its increase in SS groups reflects the behaviour of macro-
phages in the liver, which presumably is regulated by this cytokine's
effect on the liver damage caused by CCl4 administration.

Studies by Huang Y. et al. [41], in which cirrhosis was induced with
CCl4, have established that the anti-inflammatory effects of the IL-10
cytokine, on hepatic regeneration occur 3 weeks after administration of
CCl4. These data agree with those obtained in the present work
(Fig. 6D), in which the level of the IL-10 anti-inflammatory cytokine
was lower in the liver homogenate of the Ci group compared to the
control group. The IL-10 levels in the liver decreased at 5 weeks after SS
and significantly increased with IFC-305 treatment, reaching the levels
found in livers of control rats. The restoration of this cytokine reveals
the anti-inflammatory effects of the compound, thus contributing to its
hepatoprotective action on liver tissue.

We evaluated two other inflammatory cytokines: TNF-α and IFN-γ
(Fig. 6E and F), as well as the cytokine IL-1β, all of them were sig-
nificantly elevated by CCl4 administration with respect to HC, as re-
ported by Fu Y et al. [42]; however, these cytokines decreased to
control levels with SS administration, without any apparent activity of
the IFC-305 compound on their regulation.

3.4. IL-6, IL-10, and TNF-α mRNA cytokine levels are controlled by IFC-
305 as part of its anti-inflammatory effect

It has been previously reported that the levels of cytokines, such as
IL-6, IL-10, among others, are expressed differently, depending on the
cirrhosis progress and they are directly related to the level of the mRNA
products. For IL-6, a significant increase has been reported from week 6
of CCl4 administration until 12 weeks of continuous administration
[18]; these results are consistent with data obtained in our laboratory
(Fig. 7A). Additionally, the mRNA level of IL-6 remained high after CCl4
administration. Remarkably, treatment with the anti-cirrhotic com-
pound IFC-305 reduced the transcription level of IL-6 mRNA, the main
fibrogenic cytokine, as happened with the protein expression.

The liver expression of IL-10 mRNA cytokine decreased with
10 weeks CCl4 administration, Ci group (Fig. 7B), as happened with the
protein in liver homogenates (Fig. 6D), observing a relationship be-
tween the mRNA and the IL-10 protein amount at this time. Five weeks
of treatment with either SS or IFC-305 did not show IL-10 mRNA dif-
ferences between treatments. At 10 weeks of SS administration, an in-
crease of IL-10 mRNA was observed, which significantly decreased with
the IFC-305 compound. The level observed in the liver protein suggests
that the increased protein of this anti-inflammatory cytokine could re-
sult from the mRNA increase that generates more protein or by avoiding
its degradation in the liver.

The expression of TNF-α in the liver was significantly enhanced
with CCl4 administration relative to control (Fig. 7C); these levels were
still high at 5 and 10 weeks of SS administration. At 5 and 10 weeks of
IFC-305 treatment, TNF-α mRNA levels decreased contrary to the
protein level detected in liver, suggesting an additional mechanism that
involves deregulation of the degradation or TNF-α protein accumula-
tion in the tissue.

3.5. Systemic inflammation is modulated by IFC-305 in cirrhosis reversion,
controlling IL-1β and IL-10 serum levels

Cytokines levels were also measured in serum. For the IL-1β cyto-
kine in serum we observed a similar behaviour to that of the liver
(Fig. 8A), a significant decrease was observed at 5 weeks, and a re-
duction with IFC-305 treatment as compared to SS at 10 weeks, al-
though it was not significant.

IL-6 (Fig. 8B) remained increased at 5 and 10 weeks compared to
the control and the anti-cirrhotic compound IFC-305 significantly re-
duced IL-6 at 5 and 10 weeks of treatment.

Fig. 7. Cytokines mRNA expression in liver homogenates of cirrhotic rats with IFC-305
and SS treatment; 10 weeks of CCl4 administration (Ci), 5 and 10 weeks with SS and IFC-
305, respectively. Levels of mRNA cytokines, (A) IL-6, (B) IL-10, and (C) TNF-α, were
analyzed by real-time PCR (n = 5–7 rats per group), GAPDH was used as control gene,
Values are shown as mean of relative expression ± SEM-fold increase compared to the
control group *p≤ 0.5 vs. control group; #p ≤ 0.5 IFC-305 vs. SS treatment group.
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The cytokine MCP-1, main monocyte chemo-attractant and stimu-
lator of macrophages, in serum, increased in the Ci group respect to the
HC, but it did not diminish with any treatment at 5 or 10 weeks
(Fig. 8C).

The levels of the serum cytokine, IL-10 (Fig. 8D), were increased in
the Ci group and went in parallel with the information published by Yu
et al., 2004 [43], this cytokine's levels remained high at 5 weeks of
treatment; at 10 weeks of either SS or IFC-305 it decreased reaching
values similar to those of the HC. These results suggest that the im-
munomodulatory effect of this anti-inflammatory cytokine is mainly
exerted on the liver (Fig. 6D).

TNF-α values in serum increased in the Ci group and decreased

independently of IFC-305 treatments at 5 and 10 weeks (Fig. 8E), as
observed in the liver (Fig. 6E), highlighting that this inflammatory
cytokine in this model is induced by the chronic administration of CCl4,
and decreases due to its own anti-inflammatory mechanisms.

Levels of INF-γ were diminished at 5 weeks of IFC-305 administra-
tion respect to Ci SS 5w, showing that the systemic anti-inflammatory
effect, at this time, is mainly regulated by this cytokine, otherwise no
changes were observed at 10 weeks of treatment, suggesting that the
hepatoprotective effect is mediated by other mechanisms (Fig. 8F).

Fig. 8. Cytokines levels in serum of cir-
rhotic rats with IFC-305 treatment,
10 weeks of administration with CCl4 (Ci),
5 and 10 weeks with SS and IFC-305, re-
spectively. Levels of cytokines (A) IL-6
were measured by ELISA, (B) IL-1β, (C)
MCP-1, (D) IL-10, (E) TNF-α, (F) INF-γ (pg/
mL) were measured using Luminex®
Multiplex cytokine assay® (n = 4 rats per
group), Values are shown as mean
concentration ± SEM *p ≤ 0.5 vs. control
rat; #p≤ 0.5 IFC-305 vs. its own SS treat-
ment.
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3.6. The IFC-305 molecule mediates the equilibrium between iNOS and
arginase activity

Nitric oxide is related to various mechanisms, control of liver blood
flow, action on vascular tone, and there is a close relationship with the
release of pro-inflammatory cytokines. Determination of NO in serum
(Fig. 9A) shows that its value was increased in the Ci group, relative to
the control group, and that its levels reached normal values at 5 and

10 weeks with IFC-305 and SS treatments. To compare the contrary
effect to NO release, arginase activity was quantified. Arginase is an
enzyme that competes with inducible-nitric oxide synthase (iNOS, main
NO producer in inflammatory processes) for the arginine. The meta-
bolism of arginine substrate by iNOS produces nitric oxide and by ar-
ginase activity produces urea. Measurements show that arginase in-
creases in the serum of IFC-305-treated rats at 5 and 10 weeks respect
to its corresponding SS. In previous results [23], we demonstrated that

Fig. 9. (A) Nitric oxide by Griess method, and
(B) levels of arginase were determined by
ELISA in cirrhotic rats serum with IFC-305
treatment, 10 weeks of administration with
CCl4 (Ci), 5 and 10 weeks with SS and IFC-
305, respectively. Levels of nitric oxide
(n= 3 rats per group), values are shown as
mean concentration (μmol/mL) ± SEM
*p≤ 0.5 vs. control rat; #p ≤ 0.5 IFC-305 vs.
its own SS treatment.

Fig. 10. (A) Effects of the IFC-305 on liver tissue
samples immunostained with CD163, Arginase I
and iNOS 40X. 1) Control, 2) Ci IFC 10w, 3) Ci SS
10w. (B) IMH quantification (Mean intensity*
area) ± SEM *p ≤ 0.5 vs. control rat; #p ≤ 0.5
IFC-305 vs. its own SS treatment.
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urea cycle function is unregulated in cirrhosis stages and IFC-305 is
capable of inducing it, this last action triggers the availability of argi-
nine, which is used for arginase activity (Fig. 9B), reducing the NO
production due to the competence with iNOS.

To evaluate this hypothesis experimentally, the iNOS protein levels
were measured, through immunostaining (Fig. 10A) of the 10-week
group samples, with comparative expression of CD163, we observed
that arginase I and iNOS values increased in the SS 10w, whereas the
IFC-305 treatment increased arginase I and reduced iNOS and CD163
levels.

4. Discussion

According to previous studies, the adenosine derivative IFC-305
compound reverses the cirrhosis induced in rats by CCl4 [23]. Em-
ploying this model, the purpose of this work was to study the regulation
exerted by IFC-305 over some immune response mechanisms involved
in cirrhosis and its reversion. To confirm the activity of IFC-305, his-
tological studies were performed (Figs. 1 and 2) and ALT levels (Fig. 3)
were determined, observing that this compound is able to restore par-
enchyma distribution in liver tissue and reduce the recruiting of in-
flammatory cells.

Immune response cells and cytokines are involved in the develop-
ment of CCl4 liver damage, liver inflammation, progression of fibrosis,
cirrhosis, and cancer. One type of these immune cells are the resident
and circulating macrophages involved in the progression of liver da-
mage, but also in tissue repair and inflammation resolution [2]. In the
particular case of cirrhosis, an acute inflammation is unchained by the
etiological source of liver damage [44]. This acute inflammation is
transformed to a chronic one by a long-term (months or even years)
exposure to the damaging agent. This mechanism is mediated by
Kupffer cells and HSC activation [45] due to a cascade of signals,
producing oxidant stress and cytokines [46]. Kupffer cells M1 proin-
flammatory subtype activation and HSC transformation to myofibro-
blasts generate ECM accumulation, parenchyma rearrangement, im-
munological and metabolic liver dysfunction. These markers have been
described not only during the development of cirrhosis in animal
models [47], but also as markers of high clinical relevance in cirrhotic
patients [48]. Besides the inflammatory response associated with cir-
rhosis, at a metabolic level there are diverse mechanisms that also re-
present dysfunction in cirrhotic patients and in experimental models
[35]. It is clear that the urea cycle is lost during liver damage [49];
arginase activity, as a consequence, brings a deregulation of arginine
and nitric oxide metabolism [50].

In CCl4-induced cirrhotic rats, adenosine could work as a cirrhosis
reversion agent [23,51,52]. Cronstein and Haskó's research groups
suggested an important role of adenosine and its receptors in the in-
flammatory regulation response [14,53,54]. In particular, it has been
described that adenosine mediates macrophage plasticity to an M2
polarization (anti-inflammatory phenotype), which could contribute to
tissue regeneration and repair. Adenosine increases the general liver
arginase activity [55], suggesting that extracellular adenosine is an
important pro-resolving mediator of inflammation [25,56], regulated
by A2a and A2b receptors that induce arginase activity and the tissue
inhibitor of matrix metalloproteinase-1 (TIMP-1), promoting tissue
restitution.

Analysis of the IFC-305 adenosine derivate effect on CCl4 cirrhosis
reversion model with flow cytometry (Figs. 4 and 5) showed that the
compound IFC-305 modulates cirrhotic liver resident macrophages;
firstly, by decreasing the percentage of inflammatory Kupffer cells (M1)
with respect to those found in cirrhotic rats and, secondly, by increasing
the anti-inflammatory macrophage phenotype (M2).

Besides the KC actions [52], the anti-cirrhotic effects of the IFC-305
compound [23] and the regulation of the A2a receptor and cell cycle
[25] are essential for the immunological fibrosis reversion effects on the
CCl4-induced cirrhosis model in rats. Previous results suggested that the

mechanism of the IFC-305 is mediated by the intracellular adenosine
transport that induces liver regeneration through hepatocytes pro-
liferation and recovery of the cell cycle during cirrhosis [25]. Re-
levantly, a microarray analysis of this CCl4 and IFC-305 model revealed
that 12.10% of the deregulated genes are involved in immunity and
defense [23]. Some of them, such Tgf-β, Csf1 (colony stimulating factor)
also known as macrophage colony-stimulating factor (M-CSF), and
Cxcr4, a chemokine that defines bone marrow monocytes heterogeneity
and regulates their function in peripheral tissues. Meanwhile M-CSF
and CXCR4 must be related to KC activation and recruiting balance,
TGF-β is a cytokine directly related to the activation of HSC and the
fibrogenic process progression to cirrhosis, which was decreased by
IFC-305 treatment of the cirrhotic liver, as previously reported [23].
TGF-β and IL-6 are the two major fibrogenic cytokines and both are
involved in cirrhosis development mediated by KC and HSC activation
in the CCl4 model [38]. Fig. 7 shows, at 8 to 10 weeks, a predominant
inflammatory condition, caused by chronic administration of CCl4,
triggering cirrhosis. Serum and liver IL-6 protein and mRNA levels in-
creased also in SS treatments at 5 and 10 weeks later.

As shown (Figs. 7 and 8), IFC-305 decreased production and re-
versed IL-6 level at baseline, suggesting that one of the main mechan-
isms of cirrhosis reversal occurs at the level of inhibiting fibrogenic
cytokines, such as IL-6 and TGF–β [9,10].

Analysis of a group of characteristically inflammatory cytokines (IL-
1β, INF-γ, MCP-1, and TNF-α) in the liver, which could be related also
with inflammation (Fig. 6), revealed that their highest levels were
reached with chronic administration of CCl4; whereas, IL-10 decreased.

As shown by Tiegs et al. [57], IL-10 decreased by the effect of INF-γ,
TNF-α, IL-6, and other cytokines, but it is relevant that, in this case,
INF-γ recovered the liver protein baseline values at 5 and 10 weeks of
SS administration, in an independent regulatory mechanism, possibly
due to inherent mechanisms of liver repair, but it is not contributing to
the full recovery of the cirrhotic liver by IFC-305.

Regarding TNF-α level, no changes were observed at serum and
liver tissue proteins, but there was a clear difference in the TNF-α
mRNA level. These results suggest that the protein could not be stable
to be detected at the cirrhosis stage or that it was rapidly degrade, a
mechanism that should be considered, because IFC-305 in fact de-
creased the expression of the TNF-α transcript, related to the recovery
of the cirrhotic liver (Fig. 7).

Anti-inflammatory IL-10 is secreted by monocytes, macrophages,
lymphocytes, and NK cells [58,59]; in the liver, IL-10 is mainly pro-
duced by Kupffer cells [59] and hepatocytes [60] and represents a
master regulatory cytokine that inhibits the synthesis of other pro-in-
flammatory cytokines. The regulatory mechanisms are mediated by
high levels of IL-10 to maintain a homeostatic immune response after
some inflammatory processes. At shown (Fig. 6), IL-10 decreased in Ci
and in the SS-treated groups for 5 and 10 weeks, but IFC-305 treatment
recovered the HC levels, showing that the regulation of this IL-10 im-
pacts the decreased IL-1β and MCP-1 pro-inflammatory cytokine levels
(Fig. 6). All of them have been related with the activation M2 of
macrophages, which can be the cellular source of the anti-inflammatory
activity of IL-10.

As part of the mechanism some changes in NO and arginase func-
tions were explored. It has been reported that NO synthesis is up-
regulated in hepatocytes and in non-parenchymal cells after CCl4 in-
toxication, as a result of the oxidative stress, contributing to the liver
injury [61]. In these experiments, NO levels and iNOS expression in-
creased in the CCl4 Ci group (Figs. 9 and 10), and IFC-305 treatment
decreased iNOS protein level. As mentioned above, arginase biochem-
istry could also be linked to liver regeneration by IFC-305, It is known
that during regeneration states, arginase expression contributes to re-
store the homeostatic cellular level of arginine, limiting the activity of
both arginase and iNOS. Arginase competes with inducible nitric oxide
synthase (iNOS) for its substrate and the balance between these two
enzymes plays a crucial role in regulating immune responses and
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macrophage activation. Reported data have identified a clear link be-
tween Kupffer cell activation and hepatic steatosis by demonstrating
that selective depletion of Kupffer cells in Arg2 −/− mice resulted in a
reversal of hepatic steatosis [62]. An imbalance in the iNOS/arginase
ratio has been postulated as a crucial regulation of immune responses
and macrophage activation. Arginase deficiency is related to the acti-
vation of Kupffer cells towards a classically M1 pro-inflammatory state
[62]. As observed, IFC-305 treatment attenuated iNOS expression,
(Fig. 10) and activated arginase enzymatic activity and protein ex-
pression (Figs. 9 and 10), Both phenomena are regulated by the re-
duction of general oxidative stress, contributing to liver regeneration,
suppressing chronic inflammation and fibrosis [63].

In addition, the IFC-305 compound has the metabolic ability to in-
crease the amount of arginase activity reducing NO production, re-
flecting an antioxidant and anti-inflammatory activity. In parallel, the
lower levels of Kupffer cells (M1), related to the cytokines profile of
IFC-305-treated animals, suggests that the anti-inflammatory effects
could be driven by IL-10 and arginase activity, highlighting that the
IFC-305 reverses cirrhosis by modulating the secretion of these mole-
cules, but also by mediating the activation of cells directly related to the
immune response, such as Kupffer cells.

As has been described by other authors, the modulation of the
macrophage phenotypes, M1 and M2, could be regulated by adenosine
receptors [14] and epigenetic changes have also been described, such as
chromatin regulation in this phenotype transformation, mediated by
DNA methylation [64]; mechanisms in which the IFC-305 could be also
involved and should be studied further in more detail.

Results from the cytokines profiles, the reduction of M1 macro-
phages and iNOS and arginase activity, and M2 macrophages activation
could be linked to the other results of TGF-β [23], HSC activation [24],
and cell cycle control, revealing that the A2a receptor protein level
increased with the CCl4 and was reduced by IFC-305 [25]. These
findings, in combination with the immunomodulatory IFC-305 effects,
could be mediated through adenosine receptors expression, but also by
adenosine metabolism through cell membrane transporters, and their
respective signal transduction pathways, which should be studied fur-
ther in the immune response cells.

In conclusion, the results of this study show that the anti-cirrhotic
effect of the IFC-305 compound is mediated by an immunomodulatory
response in the model of CCl4-induced cirrhosis through regulation of
inflammation, which opens the possibility to study its mechanism in the
immune responses related to other chronic inflammatory processes,
such as cancer, obesity, keratoconus, Alzheimer, among others.
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ABSTRACT
Background: Mitochondrion is an important metabolic and
energetic organelle that regulates several cellular processes.
Mitochondrial dysfunction has been related to liver diseases
including hepatocellular carcinoma. As a result, the energetic
demand is not properly supplied and mitochondrial morphologic
changes have been observed, resulting in an altered metabo-
lism. We previously demonstrated the chemopreventive effect of
the hepatoprotector IFC-305. Aim: In this work we aimed to
evaluate the functional, metabolic, and dynamic mitochondrial
alterations in the sequential model of cirrhosis-hepatocellular
carcinoma induced by diethylnitrosamine in rats and the possible
beneficial effect of IFC-305. Methods: Experimental groups of

rats were formed to induce cirrhosis-hepatocellular carcinoma
and to assess the IFC-305 effect during cancer development and
progression through the evaluation of functional, metabolic, and
dynamic mitochondrial parameters. Results: In this experimental
model, dysfunctional mitochondria were observed and suspen-
sion of the diethylnitrosamine treatment was not enough to
restore them. Administration of IFC-305maintained and restored
the mitochondrial function and regulated parameters implicated
inmetabolism aswell as themitochondrial dynamicsmodified by
diethylnitrosamine intoxication. Conclusion: This study supports
IFC-305 as a potential hepatocellular carcinoma treatment or as
an adjuvant in chemotherapy.

Introduction
Mitochondria are organelles responsible for most of the ener-

getic metabolism in eukaryotic cells. As an integral part of ATP
production, through the oxidative phosphorylation, the tricarbox-
ylic acid cycle (TCA) donates electrons to the electron transport
chain (ETC),which consists of five complexes (I-V),where complex
I is the electron entry site for NADH and generates NAD1 and
complex V is in charge of ATP synthesis. The ability of mitochon-
dria to regulate the energetic, redox state and metabolism of the
cells could result in the production of epigenetic intermediates,
point them out as a major therapeutic target because mitochon-
drial dysfunction is involved in several diseases including cancer
(Mughal et al., 2012; Boland et al., 2013).
Studies have revealed several metabolic alterations in liver

diseases including modifications in energy supply (Hernandez-
Munoz et al., 1991; Hernandez-Munoz and Chagoya de Sanchez,

1994). Otto Warburg suggests that mitochondria from tumor
cells supply the energetic demand, through the glycolytic flux
because of the lack of oxygen or due to genetic-epigenetic
alterations that affect the oxidativemetabolism (Wallace and
Fan, 2010). In fact, metabolic alterations and some anti-
apoptotic proteins such as BCL-KL reduce the acetyl-CoA
level (Ac-CoA) (Yi et al., 2011); this intermediate also plays
an important role as a signal transducer and gene expression
modulator (Pietrocola et al., 2015). Oxidative stress dimin-
ishes oxidative metabolism flux, which includes TCA en-
zymes such as isocitrate dehydrogenase (IDH) and malate
dehydrogenase (MDH). Indeed, studies have identified muta-
tions in IDH producing an oncometabolite in different tumor
types (Dang et al., 2016). A good indicator of the mitochondrial
redox state is the NAD1/NADH ratio and if it is correctly
regulated, an efficient ETC activity is possible; as shown in the
limitation of breast tumor growth (Santidrian et al., 2013).
Previously our research group demonstrated the ability of
adenosine to maintain the energetic and redox state of the cell
(Hernandez-Munoz et al., 1978;Hernandez-Munoz et al., 1987).
In addition to the metabolic role of NAD1, it participates in the
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activity of multiple enzymes. According to this, Sirtuin-1
(Sirt-1), a NAD1-dependent protein and a member of class
III histone deacetylase, targets several transcription factors
including the peroxisome proliferator-activated receptor
g-coactivator 1a (PGC-1a). The latter coactivates major tran-
scription factors involved in mitochondrial and nuclear gene
expression directing the complex program of mitochondrial
biogenesis (Finley and Haigis, 2009). However, Sirt-1 and
PGC-1a have been found overexpressed in hepatocellular
carcinoma (HCC) and are related to defective mitochondrial
accumulation (Chen et al., 2012; Boland et al., 2013). Another
NAD1-dependentprotein isPARP-1[Poly(ADP-ribose)[ polymerase-
1 whose activity modulates transcription and DNA repair;
nevertheless, overexpression and increased activity of
PARP-1 have been found in HCC and has been considered
as a cancer hallmark (Hanahan and Weinberg, 2011).
Mitochondria are not static organelles; their dynamism de-

pends, at least in part, on the fission and fusion phenomena that
determine their shape. Mitochondrial fusion requires polarized
mitochondrial membrane and the activity of proteins such as
mitofusin 1 and 2 (MFN 1, 2); this process promotes cristae in-
tegrity and oxidative phosphorylation. Mitochondrial fission is in-
duced by different kinds of stress and requires proteins such as
the dynamin-related protein 1 (DRP1); membrane depolarization
is observed during fission and, if the membrane potential is not
recovered, mitochondria are targeted to autophagy (Boland et al.,
2013). Altered mitochondrial fission and fusion have been
observed in tumor cells mainly due to increased DRP1 and
decreased MFN-2 expression (Rehman et al., 2012).
Our research group demonstrated the hepatoprotective

effects of IFC-305, an adenosine-derived compound (Perez-
Carreon et al., 2010; Velasco-Loyden et al., 2010; Chagoya de
Sanchez et al., 2012; Velasco-Loyden, 2016); this compound
has been evaluated in a diethylnitrosamine (DEN)-induced
sequential rat model of cirrhosis-HCC, where it inhibited
preneoplastic lesion development in comparison with DEN-
treated groups. The chemopreventive effect was associated
with the reduction of the expression of collagen, thymidylate
synthase, the tumor marker g-glutamyl transferase, the hepa-
tocyte growth factor, and the induction of the cell cycle inhibitor
p27 expression (Velasco-Loyden, 2016).
In this work we evaluated the mitochondrial alterations in

the sequential cirrhosis-hepatocellular carcinoma model, pre-
viously described by Schiffer et al. (2005), and the possible
beneficial effects of the hepatoprotector IFC-305 during HCC
development and progression on mitochondrial function, me-
tabolism, and dynamics. We measured the mitochondrial
function through the respiratory quotient, membrane poten-
tial, complex I activity, and ATP synthesis. The activity of the
malate-aspartate shuttle, IDH and MDH, and the level of
Ac-CoA and lactate were determined as metabolic parame-
ters. Dynamic mitochondrial proteins were determined to
evaluate the morphology and biogenesis; electron microscopy
was also used for morphology studies.

Materials and Methods
Chemicals

IFC-305 is the aspartate salt of adenosine prepared with adenosine
free base (MP Biomedicals, LLC, Illkirch, France) and L-aspartic acid
(MP Biomedicals, Inc., Eschwege, Germany) is as described (Patent
No. MX220780; MX 207422; US 8,507,459 B2) (Chagoya de Sanchez,

2002,2004, 2013). Diethylnitrosamine, sucrose, EDTA, Trisma base,
KCl, MgCl2, glutamate, ADP, rhodamine 123, HEPES, EGTA, cyclo-
sporine A, valinomycin, succinate, 2,6-dicholorindophenol, ATP, NAD.
NADH, acetophenone were purchased from the Sigma Chemical
Company (St. Louis, MO).

Animal Treatment and Experimental Groups

Male Wistar rats (weighing 200 g) were obtained from and housed
at the Animal Facility of the National Autonomous University of
Mexico (UNAM), and all procedures were conducted according to our
institutional guidelines for the care and use of laboratory animals.
Groups of rats (n 5 6, each group) were divided in two different
schemes: hepatocellular carcinoma (HCC) and cancer progression
(CP). These were treated as follows: 1) the HCC groups were injected
with DEN (Sigma-Aldrich) at 50 mg/kg body weight i.p., once a week
and saline solution or IFC-305 at 50 mg/kg body weight i.p., 3 times
weekly (HCC1IFC-305) for 16 weeks plus 2-weeks wash out; 2) the
CP groups were administered DEN at 50 mg/kg body weight i.p.,
once a week for 16 weeks and then received saline solution or IFC-305
(CP1IFC-305) at 50 mg/kg body weight i.p., 3 times weekly during
6 weeks (Table 1). To euthanize animals, a lethal dose of sodium
pentobarbital was used and the liver was removed.

Mitochondrial Function

Mitochondria Isolation and Oxygen Uptake. Liver samples
were homogenized (1:10 w/v) in amedium containing 250mM sucrose,
1 mM EDTA, 10 mM Trizma base, and 0.1% BSA, pH 7.3. The tissue
homogenate was centrifuged at 755 g for 5 minutes to remove nuclei
and plasmamembrane fragments. The supernatant was filtered through
organza fabric and centrifuged at 8400 g for 10 minutes to obtain the
mitochondrial pellet.Mitochondriawere resuspended in 250mMsucrose,
1mMEDTA, 10mMTrizma base, pH 7.3.Mitochondrial respirationwas
recorded polarographically with a Clark-type oxygen electrode in 3 ml of
amedium containing 250mM sucrose, 10mMKCl, 5mMMgCl2, 10mM
potassium phosphate, 10 mM Trizma base; 10 mM glutamate, and
malate were used as substrates for site I. Mitochondrial state 3 was
initiated by adding 226 mM ADP (final concentration).

Mitochondrial Membrane Potential. The mitochondrial mem-
brane potential was determined according to Baracca et al. (2003).
Briefly, a calibration curve was done by plotting rhodamine 123
fluorescence against the membrane potential calculated through the
Nerst equation. To determine the mitochondrial membrane poten-
tial, 0.15 mg of mitochondria were added to a medium containing
250 mM sucrose, 10 mMHEPES, 100 mMEGTA, 2 mMMgCl2, 4 mM
KH2PO4, pH 7.4, and 10 mM sucrose and 2.5 U hexokinase. Then,
1 mg/ml of 33 nM cyclosporine A and 0.1 mM ADP were added.
Finally, rhodamine (50 nM) fluorescence wasmeasured in the presence
of 20 mM succinate.

TABLE 1
Experimental groups design
Five experimental groups (n = 6) were formed as indicated. Control group received
saline solution only. DEN was administered at 50 mg/kg i.p. once a week for 16 weeks
and the IFC-305 compound at 50 mg/kg i.p. 3 times weekly during the DEN
intoxication (HCC+IFC-305) or 6 weeks after DEN administration was stopped (CP+
IFC-305).

Group
Treatment

16 weeks 6 weeks

Control Saline solution
HCC DEN + saline solution
HCC+IFC-305 DEN + IFC-305
CP DEN Saline solution
CP+IFC-305 DEN IFC-305

HCC, hepatocellular carcinoma; CP, cancer progression.

Mitochondrial Changes and IFC-305 Protection in an HCC Model 293

 at A
SPE

T
 Journals on M

arch 3, 2020
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Complex I Activity. The 2,6-dichloroindophenol reduction was
used to determine complex I activity inmitochondria isolated from the
liver. Briefly, 1 mg of mitochondrial protein was added to a medium
containing 0.25 M sucrose, 1 mM EDTA, 0.1% BSA, 100 mM KCN,
10mM glutamate as substrate, and 152 mM rotenone. The absorbance
was followed at 600 nm and the activity was calculated using the 2,6-
dichloroindophenol extinction coefficient (21 mM21×cm21).

Determination of the ATPase Activity and the Content of
the ab Subunits. Rat livermitochondria (2mg)were resuspended in
different volumes of the mitochondrial preparation medium. Mito-
chondria were centrifuged at 180 g for 10 minutes at 4°C. The
mitochondrial pellet was resuspended in 50 ml of 250 mM sucrose
and 1 mM MgCl2 and centrifuged in an air-driven ultracentrifuge at
5249 g at 10 psi. The pellet was resuspended in a medium containing
50mMNaCl, 50mM imidazole, 1mMEDTA, 2mMaminocaproic acid,
and 0.66 mg digitonin/mg mitochondria. The suspension was centri-
fuged at 9860 g at 22 psi for 5 minutes. The supernatant was used for
protein determination with first dimension blue native PAGE and
second dimension SDS-PAGE.

First dimension: Protein extracted with digitonin (100 mg) was
mixed with 10 ml buffer 3� (1.5 M 6-aminocaproic acid, 150 mM Bis-
Tris) plus servablueG (7mg/ml stock servablueG in1.5M6-aminocaproic
acid) (final concentration, 30 ng serva blue/1 mg protein). The sample was
charged to a 3.5–11% linear blue native-PAGE and electrophoresis was
performed at 70 V for 2 hour and 100 V for 8 hour at 4°C. ATPase activity
was identified by incubating the first dimension gel in a preincubation-
solution containing 35 mM Tris, 250 mM glycine, pH 8.3. Then, the gel
was stirred and incubated for 1 and 2 hours at 37°C with 5 mM ATP,
5mMMgCl2, 0.15% (w/v) lead acetate, and 150mMglycine, pH 8.3. After
that, the gel was stirred and incubated at room temperature for 24 hours.
Monomer and dimer bands with dark background were scanned at 1, 2,
and 24hours.Monomer bandswere read at 1, 2, and 24hours,with Image
J software.

Metabolic Evaluation

Malate-Aspartate Shuttle. The activity of the malate-aspartate
shuttle was determined using the assay previously described for Scholz
et al. (1998). Briefly, 50 ml of mitochondrial suspension was mixed with
2 ml of 300 mM mannitol, 10 mM potassium phosphate, 10 mM Tris,
10 mM KCl, 5 mM MgCl2, 2 mM aspartate, 2 mM ADP, and 0.14 mM
NADH, pH 7.4. Then, 2 IU/ml of AST was added, and basal oxidation of
NADHwas followed at 340 nmat 37°C for 4minutes. The shuttle activity
was started with the addition of 4 mM malate and 4 mM glutamate.
Oxidation of NADH was followed at 340 nm for 4 minutes at 37°C.

Isocitrate Dehydrogenase and Malate Dehydrogenase
Activities. Isocitrate dehydrogenase and malate dehydrogenase
activities were estimated using the following commercial kits: Iso-
citrate Dehydrogenase Activity Assay Kit (Cat. MAK062) and Malate
Dehydrogenase Assay Kit (Cat. MAK196) following the instructions
provided by the manufacturer (Sigma-Aldrich).

Acetyl-CoA, 3-Hydroxybutyric Acid, and Lactate Determination.
The levels of acetyl-CoA, 3-hydroxybutyric acid, acetoacetate, and
lactate were determined using the following commercial kits: Acetyl-
Coenzyme A Assay Kit (Cat. MAK039, Sigma-Aldrich); Acetoacetate
Colorimetric Assay Kit (Cat. MAK199); EnzyChrom Ketone Body
Assay Kit (Cat. EKBD-100, Hayward, CA). The instructions provided
by the manufacturers were followed.

PARP-1 Enzymatic Activity. The PARP-1 enzymatic activity
was determined according to (Putt and Hergenrother, 2004). Briefly,
liver samples were homogenized in a buffer containing 50 mM Tris,
2 mMMgCl2, pH 8.0, and protease inhibitors cocktail (Roche Diagnosis,
Indianapolis, IN). The tissue homogenate was centrifuged at 13,700 g
for 10 minutes at 4°C. The supernatant was separated and protein
content was determined by the Bradford method (Bio-Rad, Laborato-
ries, Inc., Hercules, CA). A DNA sample was obtained from the control
liver tissue through a modified salt extraction method described by
Lopera-Barrero (2008). Briefly, 20 ml of 100 mMNAD1was added to the

plate; subsequently, 30 mg of protein and DNA (at 12.5 mg/ml),
previously activated with UV irradiation, was added. The plate was
incubated at room temperature for 20 minutes, and the amount of
NAD1 present was determined by the addition of 10 ml of 2 M KOH
and 10 ml of 20% acetophenone (in ethanol). The plate was incubated
at 4°C for 10minutes. Finally, 45ml of 88% formic acid was added, and
the plate was incubated at 110°C for 5 minutes. The plate was allowed
to cool and was read at 378 nm. To quantitate the NAD1, absorbances
were interpolated in a NAD1 calibration curve, previously performed.

Evaluation of Mitochondrial Dynamics

Nuclear Protein Extraction. The isolation of intact and stable
nuclei consisted in an iso-osmotic lysis procedure, as reported by Dyer
and Herzog (1995). With this lysis procedure, the nuclear envelope
remained intact even during furthermanipulations of washing, freezing,
and ultracentrifugation and provided nuclear protein extract. Briefly,
0.8 g of liver tissuewas homogenized in 1.6ml of buffer containing 0.25M
sucrose, 0.05 M Tris-Cl, 0.005 M KCl2. The homogenate was filtered
and supplemented with 3 ml of a 2.3 M sucrose solution to increase the
homogenate’s density. Then, the sucrose gradient was created by adding
1.5ml of a 2.3M sucrose solution to the bottom of the tube containing the
homogenate. The nucleus was isolated by centrifugation for 30 minutes
at 4°C at 255,000 g. After the isolation, nuclear lysis was performed by
incubating and stirring with a hypotonic and hypertonic solution. The
nuclear extract protein was determined by the Bradford method and
used for the corresponding assays.

Total Protein Extraction. Liver samples were homogenized
with RIPA buffer (100 mg of tissue/ml buffer) containing protease
and phosphatase inhibitors (Roche Diagnostics Corp.). The homoge-
nate was centrifuged at 16,000 g for 10 minutes at 4°C; the superna-
tant was used as total liver homogenate.

Western Blot Assays. Mitochondrial, nuclear, and total protein
extracts were used as corresponding. Volumes equivalent to 50 mg of
protein were electrophoresed on 12% polyacrylamide gel (20% polyacryl-
amide for histones); separated proteins were transferred onto PVDF
(Immobilon P). Next, blots were blocked with 5% skim milk and 0.05%
Tween-20 for 30 minutes at room temperature and independently in-
cubated overnight at 4°Cwith selective antibodies (dilution 1:1000) against
PGC-1a (MAB 1032 from Chemicon Int. Inc.), Sirt-1, Drp-1, Sirt-3, Mfn-2
(Santa Cruz Biotechnology sc-15404, sc-32898, sc-99143, sc-50331, re-
spectively), H4ac, Hsp60, H3, H4 (06-946, MAB 3844, 06-755, 04-858 from
Millipore, respectively), as appropriate. On the following day, the mem-
branes were washed and then exposed to a secondary peroxidase-labeled
antibody at dilution 1:10,000 (Jackson ImmunoResearch) in the blocking
solution for 1 hour at room temperature. Blots were washed and protein
was developed using the ECL detection system. Densitometric analyses of
bandswere performedwithQuantityOne software (Bio-RadLaboratories).

Electron Microscopy. Liver samples for electron microscopy were
fixed with glutaraldehyde (6%) and stained with osmium tetroxide (1%
phosphate-buffered saline solution) according toMascorro and Yates (1976).

Statistical Analysis

Data are expressed as mean values 6 standard error of the mean
(S.E.M.). Comparisons were carried out by analysis of variance,
followed by Tukey’s test, as appropriate, using Graph Pad Prism 5.0
(Graph Pad Software Inc, La Jolla, CA) for Windows. Differences were
considered statistically significant when P , 0.05.

Results
IFC-305 Treatment was Helpful to Maintain and Recover the
Mitochondrial Function that Was Altered in the Sequential
Model of Cirrhosis-Hepatocellular Carcinoma

Mitochondria are the main source of energy and act as an
energy modulator to orchestrate their physiologic responses.
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For this reason, we decided to evaluate some parameters that
reflect the mitochondrial function in the sequential model of
cirrhosis-hepatocellular carcinoma in the rat and the effect of
IFC-305 treatment. The respiratory quotient was obtained
from the state 3 and state 4 ratio. Chronic treatment with
DEN induced an increased oxidation of glutamate in the
absence of ADP (state 4) and a lower response for ADP (state
3), resulting in a diminished respiratory quotient in the HCC
and CP groups compared with the control group (Table 2); the
IFC-305 treatment prevented and reversed this alteration as
seen in the HCC1IFC-305 and CP1IFC-305 groups. More-
over, there was a significant decrease in ATP synthesis in the
groups treated with DEN that was not restored even in the CP
group, and the beneficial effect of IFC-305 to prevent and
reverse the damage caused by DEN can be observed in the
groups receiving IFC-305 (Table 2). A significant reduction in
the complex I activity in the HCC and CP groups and the
beneficial effect of the IFC-305 treatment can be observed,
which was able to reverse this alteration to the normal level.
Mitochondrial membrane potential provides an electrochem-
ical gradient required to regulate mitochondrial function. We
found important changes in this parameter; depolarization
was observed in mitochondria from HCC and CP groups and a
tendency to prevent and reverse this effect can be observed in
groups HCC1IFC-305 and CP1IFC-305 (Table 2). These
results clearly indicate the functional impairment due to the
chronic intoxication with DEN and the improvement effect
exerted by the IFC-305 treatment.
Considering the aforementioned findings, we evaluated

complex V, which is in charge of ATP synthesis as an integral
part of the mitochondrial function. Through the isolation of
the F1F0 complex from samples at week 22, we evaluated its
ability to hydrolyze ATP. In this approach, we observed that
the ATPase activity remained lower in the CP group than in
the control one. The IFC-305 treatment restored this activity,
which became higher at 24 hours (Fig. 1A). Moreover, the
absence of the dimeric form of the F1F0 complex was seen
the DEN intoxication even after it had been suspended (CP
group); the control group and that treated with the IFC-305
compound (CP1IFC-305 group) revealed the presence of the
dimeric form of the F1F0 complex (Fig. 1B). Similar results
were obtained through themonomer quantification in blue gel
and Coomassie staining and, the ab subunits content (Sup-
plemental Fig. 1). These findings support the IFC-305 bene-
ficial effect on the ab ATPase subunits.

The mitochondrial function was damaged in the HCC and
CP groups; as it was previously mentioned, the suspension
of DEN did not recovered mitochondrial functionality but
the IFC-305 compound helps to maintain mitochondrial
integrity.

The Hepatoprotector Improved the Metabolic Alterations
Generated by Dysfunctional Mitochondria

Because of the previously described results, we decided to
evaluate parameters that could showmetabolic modifications.
As seen in Fig. 2A, the malate-aspartate shuttle activity is
decreased in preparations obtained from HCC and CP groups;
IFC-305 treatment inhibited the effect of DEN and restored
the activity of this shuttle, HCC1IFC-305, and CP1IFC-305,
respectively. From the levels of 3-hydroxybutyric acid and
acetoacetate we calculated the NAD1/NADH ratio. Mitochon-
dria isolated from the HCC and CP groups had a marked
diminution of the mitochondrial NAD1/NADH ratio. In the
HCC1IFC-305 group, small protection against this damage
was observed and the CP1IFC-305 group reached the control
value (Fig. 2B).
Because we observed alterations in the NAD1 mitochondri-

al regulation, we decided to evaluate the activity of twoNAD1-
dependent enzymes that participate in the TCA cycle, IDH
and MDH. As shown in Fig. 2C, IDH activity did not change
significantly when it was compared with the control group.
Nevertheless, treatment with IFC-305 increased the activity
of this enzyme compared with the HCC and CP groups,
respectively. MDH activity of HCC and HCC1IFC-305 is
similar to the control group. In theCP group, theMDHactivity
decreased but the treatment with IFC-305 tended to reverse
this effect (Fig. 2D). The impaired IDH and MDH activity
suggest an altered TCA function due to DEN administration;
IFC-305 treatment improved mainly the IDH activity, possi-
bly related to the increase in redox potential.
As mentioned in the introduction, the experimental model

used in this study is associated with HCC and because we
found modifications in mitochondrial function, we determined
the level of hepatic lactate as an indicator of metabolic
adaptation. Chronic administration of DEN increased the
amount of lactate in the liver and it did not return to the
control level 6 weeks after the DEN treatment had been
suspended as shown in the HCC and CP groups (Fig. 3). IFC-
305 treatment significantly decreased the level of lactate

TABLE 2
Effect of DEN and IFC-305 administration on the mitochondrial respiratory quotient, ATP synthesis,
complex I activity, and membrane potential
Values are expressed as mean 6 S.E.

Group State III/State IV ATP Synthesis Complex I Activity DCm

nmol/min/mg mmol/min/mg ml
Control 8.39 6 0.62 171.60 6 22.01 20.16 6 3.03 163.77 6 11.17
HCC 2.98 6 1.43a 100.27 6 24.61a 1.62 6 0.76a 58.29 6 7.19a

HCC+IFC-305 6.13 6 0.55b 173.46 6 17.27b 4.46 6 1.30a 100.55 6 13.94a,b

CP 4.86 6 1.39a 125.02 6 4.18a 6.96 6 2.17a 67.01 6 8.46a

CP+IFC-305 7.80 6 1.25 174.94 6 12.81c 17.57 6 3.70c 102.19 6 15.65a,c

aSignificant difference versus control.
bSignificant difference versus HCC.
cSignificant difference versus CP.
Isolated mitochondria were used to determine the respiratory quotient with glutamate plus malate as substrates

(P,0.05), complex I activity (P,0.01), and mitochondrial membrane potential (DCm) (P,0.001). ATP synthesis was
calculated from data obtained in the oximetry analysis in the presence of glutamate plus malate (state III X ADP/O)
(*P,0.05).
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(HCC1IFC-305), suggestingmetabolic adaptation in response
to recuperated mitochondrial function.
Another intermediate that depends on mitochondrial

energetics is Ac-CoA. DEN administration had no signifi-
cant effect on the amount of Ac-CoA in both groups, HCC
and CP, but IFC-305 treatment significantly increased
Ac-CoA levels in the HCC1IFC-305 and CP1IFC-305
groups (Fig. 4A) consequently to the recuperation of mito-
chondrial function. Previous studies showed the ability of
IFC-305 to modulate some epigenetic modifications includ-
ing histone acetylation (Rodríguez-Aguilera, 2015). Thanks
to this and considering the increased level of this metabolic
intermediate, we decided to determine this posttransla-
tional modification because Ac-CoA is a required cofactor
for histone acetyltransferases. Diminution of H4ac was
observed in the HCC and CP groups; an increment trend
was observed in HCC1IFC-305 and CP1IFC-305 groups
(Fig. 4, B and C), suggesting Ac-CoA availability. This
result could be important because it might establish a link
between mitochondrial function and epigenetic control of
gene expression.
In addition to the mitochondrial alterations, other en-

zyme activities could be modified, dependent, at least in
part, on mitochondrial integrity and functionality. Specif-
ically, PARP-1 overexpression and overactivation have
been shown to be a characteristic of HCC. The PARP-1
activity is dependent on NAD1 and Fig. 5 shows a signifi-
cant increment in the CP group, whereas the CP1IFC-305
group revealed the IFC-305 ability to decrease it. The
overactivation of PARP-1 obtained in the DEN-intoxicated
groups could be the cause of the diminution of NAD1 level
previously described in Fig. 2B.

IFC-305 Treatment Was Beneficial to Avoid and Recover the
Altered Mitochondrial Dynamics Induced by DEN
Intoxication

The interplay between themitochondrion and the nucleus is
relevant in the regulation of the mitochondrial response to
stress, and PGC-1a and Sirt-1 are proteins involved in this
process. The nuclear amount of both proteins was increased
by DEN treatment, even in the CP group, as compared with
the control (Fig. 6, A and B). The pharmacological treatment
with IFC-305, HCC1IFC-305, and CP1IFC-305, reduced the
nuclear content of both Sirt-1 and PGC-1a, suggesting a diminu-
tion of mitochondrial stress induced by DEN.
Mitochondrial networks determined by fission and fusion

cycle were evaluated through the mitochondrial level of
proteins regulating this process. Figure 7 shows the effect of
DEN and IFC-305 on mitochondrial localization of three
important proteins related to fission and fusion processes.
DRP-1, required formitochondrial fission by pinching them off
into smaller fragmented mitochondria, was induced in HCC
and CP groups and it was prevented by the hepatoprotector
(Fig. 7A). Figure 7B shows no significant differences in the
MFN-2 content between the experimental groups; however, a
tendency to increase this protein in the HCC group can be
seen. However, when the DRP-1/MFN-2 ratio was determined
(Fig. 7C), an important increase in this parameter was
observed in the CP group, reflecting a predominance of the
fission process. This alteration was not observed in the CP1
IFC-305 group.
Until now important mitochondrial alterations were ob-

served, but we wanted to know if there were changes in
mitochondrial content of Sirt-3, aNAD1-dependent deacetylase,
that would be indicative of a correlation between mitochondrial
dynamics and metabolic function. The progressive damage,
observedwhen the toxicantwas suspended, induced a decreased
in mitochondrial Sirt-3 (CP group) and the administration of
IFC-305 increased Sirt-3 level (CP1IFC-305), even more than
the control group (Fig. 7D). The upregulation in the presence of
the compound could be related to the improved mitochondrial
redox state. Mitochondrial modifications prompted us to obtain
liver slices to observe the changes inmitochondrial morphology
through electron microscopy. The control group depicted
mainly elongated mitochondria. Circular shaped mitochon-
dria were abundant in HCC and CP groups (Fig. 8, B and D),
and elongated shape was observed in groups receiving IFC-
305 (Fig. 8, C and E). As well as the altered mitochondrial
shape, altered cristae were observed in the HCC and CP
groups, whereas the IFC-305-treated groups maintained and
recovered cristae. An important observation is the large
amount of ribosomes observed in the slices from the HCC1
IFC-305 and CP1IFC-305 groups marked with black arrows
(Supplemental Fig. 2). To appreciate better these effects, in
Supplemental Fig. 2 mitochondria can be observed in a more
amplified size than in Fig. 8. This observation supports the
previous observations in mitochondrial functions, metabolism.
and dynamic.

Discussion
This study shows that mitochondria from the liver of DEN-

treated rats underwent alterations resulting in decreased
respiratory quotient, which means that uncoupled mitochondria

Fig. 1. Changes in ATPase activity and determination of the monomeric
and dimeric F1F0 ATPase complex in mitochondria. (A) Monomer F1F0-
ATPase activity quantification at 1, 2, and 24 hours in digitonin
mitochondrial extracts in gradient blue native gels. Optical density data
were normalized taking the control group as 100%. Each bar represents
the mean of each group 6 SE. aStatistical significant difference versus
control; bsignificant difference versus CP group (P , 0.05). (B) Monomer
and dimer F1F0-ATPase at 24 hour sin digitonin mitochondrial extracts
from four different samples in blue native gels.
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with low phosphorylating capacity depicted lower ATP
synthesis probably because of the altered DCm and complex I
activity (Table 2). Moreover, ATP synthase plays an
essential role in energy metabolism, because it is in charge
of ATP synthesis; the dimeric and oligomeric ATP synthase
complexes increase its stability and promote the formation of
mitochondrial cristae (Garcia-Trejo and Morales-Rios, 2008;
Couoh-Cardel et al., 2010). The regeneration of the dimeric
form of the F1F0 ATPase is an indicator that the mitochon-
drial energetic machinery and morphology of cristae were
recovered with IFC-305 administration to the CP. Previ-
ously, the sensitivity of the ETC complex I to the hepatotoxic
action of CCl4, ethanol, and DEN had been demonstrated; for
DEN, this effect is attributed to the inhibition of NAD1-linked
respiration at this site (Cederbaum et al., 1974; Schilling
and Reitz, 1980; Boitier et al., 1995). The malate-aspartate
shuttle maintains appropriate NADH equivalents, and its
intermediates are coupled to the TCA cycle. The activity of
this system was diminished in mitochondria from DEN-
treated rats (Fig. 2A), supporting the idea that mitochondria
are the site for DEN-induced damaged. As mentioned before,
the treatment with IFC-305 improved the mitochondrial
redox state damaged by DEN. Mitochondrial function re-
quires an optimalNAD1/NADHratio to be efficient. The ability
to restore the mitochondrial NAD1 /NADH ratio was
achieved when the IFC-305 was given after the discontinu-
ation of DEN injection (CP1IFC-305 group) (Fig. 2B). The
maintenance of this ratio allowed the correct supply
of electrons to complex I and the proper function of mito-
chondria. The decreased DCm in the DEN-treated rats was
expected because of the alterations previously mentioned.

These results demonstrate relevant mitochondrial function
impairment induced by DEN and the beneficial effects of
IFC-305 to maintain the mitochondrial function, supporting
the previously mentioned adenosine findings, which is
the base molecule of the compound studied in this work
(Hernandez-Munoz et al., 1978).
IDH and MDH are mitochondrial TCA enzymes coupled to

themitochondrial redox potential. IDH activity is decreased in
patients with chronic liver injury after several years of alcohol
abuse and in rats treatedwithDEN (Suresh et al., 2013; Popov
et al., 2014). We found a tendency to diminish the IDH
activity by DEN intoxication and its increased activity by

Fig. 3. Lactate level in the liver as an indicator of metabolic adaptation.
Perchloric extracts from the liver were obtained to determine the levels of
lactate. Values are expressed asmeans6 S.E. aSignificant difference versus
Control; bstatistical significant difference versus HCC group; csignificant
difference versus CP group (P,0.01).

Fig. 2. Metabolic mitochondrial parameters evaluated in isolated mitochondria from the liver in the different experimental groups. (A) Malate-
aspartate shuttle (P,0.05); (B) NAD+/NADH ratio (P,0.001); (C) isocitrate dehydrogenase activity (P,0.01); and (D) malate dehydrogenase activity
(P,0.001). Values are expressed asmeans6 S.E. aSignificant difference versus Control; bstatistical significant difference versus HCC group; csignificant
difference versus CP group.
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IFC-305-treatment (Fig. 2C). This compound might promote
the correct function of mitochondrial enzymes by modulating
the redox state as we mentioned above. A similar effect was
seen in MDH activity in the CP scheme.
The PARP-1 enzyme activity consists in the poly-adenosine

diphosphate ribosylation [poly(ADP-ribosyl)ation] of different
substrates, and there is evidence of increased PARP-1 expres-
sion and auto-poly(ADP-ribosyl)ation in HCC and cirrhosis
(Nomura et al., 2000; Shiobara et al., 2001; Shimizu et al.,
2004). Here, we demonstrated an increased PARP-1 activity in
the liver of rats treated with DEN. and this result correlates
with the diminution of the NAD1/NADH ratio, suggesting
depletion inNAD1 content. The IFC-305 compound prevented
PARP-1 activation by DEN as previously was showed in the
presence of adenosine (Jagtap et al., 2004). This result favored
the NAD1 availability and contributed to the maintenance of
the redox state.
Mitochondrial changes affect the cytosolic redox state and,

hence, metabolic alterations such as lactate production. It has
been suggested the aerobic glycolysis is the main source of
energy in cancer (Linehan and Rouault, 2013). In this context,
glucose metabolism produces lactate. Here, we found an
induction of high levels of lactate with DEN even 6 weeks
after intoxication was stopped. This metabolic adaptation was
inhibited and reversed with the IFC-305 compound (Fig. 3).
Probably the source of energy became glycolysis dependent
because of the altered mitochondrial function observed in the

DEN-treated rats; the beneficial effect of IFC-305 treatment
could be explained by its ability to maintain mitochondrial
integrity.
The synthesis of Ac-CoA, a carbon donor in anabolic

reactions, is altered by mitochondrial dysfunction (Wellen
and Thompson, 2012). Moreover, it represents the link
between pyruvate and the mitochondrial TCA cycle and
ETC; thus, it might reflect the mitochondrial energetic
supply. In addition to its energetic role, Ac-CoA represents

Fig. 4. Changes in the mitochondrial amount of Ac-CoA might reflect mitochondrial dysfunction and epigenetic changes. (A) Ac-CoA determined with a
commercial kit in mitochondria isolated following manufacturer’s instructions (P,0.001). (B) Densitometric analysis of the acetylated H4, Western blot
normalized respect to H4 (P,0.05). (C) Representative Western blot of (B). aSignificant difference versus Control; c statistically significant difference
versus CP group (P , 0.05).

Fig. 5. Enzymatic activity of PARP-1, a NAD+-dependent enzyme. This
parameter was determined in liver slices through the consumption of NAD+ in
presence of DNA previously activated. Values are expressed as means6 S.E.
aStatistically significant difference versus, Control; csignificant differ-
ence versus CP group (P,0.01).
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availability of the substrate for acetylation reactions; it is
important in the nucleus to modulate the gene expression
through acetylation of histone lysines in DNA-binding
proteins reducing the protein-DNA interaction (Wallace
and Fan, 2010). Although DEN did not significantly change
the Ac-CoA level with respect to the control group, IFC-305
treatment did change it (Fig. 4A); moreover, we observed a
tenuous and not significant increased H4ac induced by IFC-
305, suggesting that Ac-CoA levels regulated by IFC-305
might affect the mark of histones acetylation (Fig. 4B). In
cancer cells, Ac-CoA is ectopically synthesized in the
nucleus and is involved in cell cycle progression and DNA
replication (Comerford et al., 2014). However, our results
show Ac-CoA from mitochondria, indicating that the source
of this metabolite is from the normal glycolytic flux through
pyruvate, b-oxidation, and the catabolism of amino acids.
These results confirm the ability of IFC-305 to increase the
energy status of the liver and to improve the mitochondrial
integrity. Possibly, H4ac allowed the transactivation of
genes involved in growth and replication and it must be
considered that the experimental model used implies
cirrhosis, i.e., the whole liver, was affected by the admin-
istration of DEN. Further studies are necessary to test
if replication of healthy hepatocytes is facilitated in this

experimental model by IFC-305, as we previously reported
in the CCl4 model (Chagoya de Sanchez et al., 2012).
The diminished Sirt-3 mitochondrial content obtained with

DEN reflects the inability to control the redox state and the
metabolic activity. Recently, Sultana et al. (2016) demonstrated
the protective effect of Sirt-3 on the mitochondrial function,
probably by the oxidative stress modulation through the mito-
chondrial antioxidant enzymes such as Mn-SOD. Moreover,
some authors have demonstrated downregulation of Sirt-3 in
human HCC, suggesting that this pattern is associated with
differentiation and tumor multiplicity (Xiong et al., 2016). Our
results suggest a role of Sirt-3 in the mitochondrial effects of the
IFC-305 compound possibly by deacetylation of the ATPase and
complex I subunits (Vassilopoulos et al., 2014). Further studies
are needed to demonstrate this. Overexpression of Sirt-3 induces
apoptosis in HCC culture cells through mitochondrial trans-
location of the Bcl-2-associated X protein (Zhang and Zhou,
2012; Song et al., 2015). The transcriptional coactivator PGC-
1a and Sirt-1 are considered important inducers of mito-
chondrial biogenesis through nuclear-encoded mitochondrial
genes. Sirt-1 maintains PGC-1a in a deacetylated active
state, promoting its transcriptional activity (Gerhart-Hines
et al., 2007). Our results suggest the ability of IFC-305 to
inhibit the activation of PGC-1a, at least in part, to maintain

Fig. 6. Changes in the nuclear amount of proteins implicated in mitochondrial biogenesis. (A) PGC-1a and (B) Sirt-1; the bars correspond to the
densitometric analysis. Values are expressed as means 6 S.E. aSignificant difference versus Control; bsignificant difference versus HCC group;
csignificant difference versus CP group (P,0.001). (C) Representative Western blot of (A) and (B).
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the Ac-CoA levels and the decreased nuclear amount of Sirt-
1. This effect allows us to explain the lower accumulation of
dysfunctional mitochondria. Additionally, Sirt-1 has been
linked to tumorigenesis and its depletion inhibits prolifera-
tion of HCC cells by cellular senescence or apoptosis (Chen
et al., 2012). The nuclear localization of both proteins is

increased in the rats intoxicated with DEN compared with
the control group (Fig. 4). The IFC-305 compound was able to
decrease the nuclear content of both Sirt-1 and PGC-1a. It is
suggested that biogenesis induced by PGC-1a is tumor
promoting, but production of new healthymitochondria could
be tumor suppressive (Boland et al., 2013).

Fig. 7. Level of proteins related to the mitochondrial dynamics determined by Western blot. (A) DRP-1 (P,0.05), (B) MFN-2, (C) DRP-1/MFN-2 ratio
(P,0.05), and (D) Sirt-3 (P,0.001) (*P,0.05). Bars correspond to the densitometric analysis. Values are expressed as means 6 S.E.. aSignificant
difference versus Control; bmeans significant difference versus HCC group; cmeans significant difference versus CP group. (E) Representative
Western blot of each protein.
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Mitochondria are dynamic organelles to maintain their
correct functionality and morphology. DRP1 regulates mito-
chondrial fission through scission of the outer mitochondrial
membrane. Mitochondrial fusion is regulated byMFN-1 and -2,
which facilitates binding of the outer mitochondrial mem-
brane of different mitochondria (Dhingra and Kirshenbaum,
2014). According to this, small and fragmented mitochondria
have been found in mice with reduced levels of MFN-2, but
when this protein is restored, the normal mitochondria
phenotype is obtained (Liesa et al., 2008). Here, we show that
DEN intoxication induces important changes in the DRP-
1/MFN-2 ratio 6 weeks after DEN administration was sus-
pended. This alteration indicates a predominance fission over
fusion. The mitochondrial morphology observed by electronic
microscopy corroborates these results, because those isolated
from HCC and CP groups depicted a circular shape instead of
the elongated phenotype shown by the control and those
receiving IFC-305 treatment. These results support the idea
that mitochondrial shape regulates their function and in-
tegrity and that the hepatoprotector IFC-305 favors the fusion
process promoting the functional mitochondria.
We conclude that chronic DEN intoxication induces mitochon-

drial alterations favoring the establishment of liver damage,

resulting in abnormal mitochondrial accumulation and cellular
behavior. The damage with DEN had been established for
16 weeks and, according to the results, it continued even after
the insult had been stopped. IFC-305maintains and restores the
mitochondrial activity damaged by DEN and probably allows
mitochondria to be repaired. The beneficial effects of IFC-305
reveal an integrative effect of the compound between mitochon-
drion and nucleus. This study demonstrated the mitochondrial
impairment through functional, metabolic, and dynamic alter-
ations in the sequential model of cirrhosis-hepatocellular carci-
noma and the hepatoprotector IFC-305 helps to repair them,
supporting its use as a potential hepatocellular carcinoma
treatment or as an adjuvant in chemotherapy.
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RESUMEN

La N6-metiladenina en el ADN (6mA), -la que fue descrita originalmente como un 
factor de protección para el ADN bacteriano en contra de las enzimas de restricción- 
recientemente ha cobrado importancia ya que en tres publicaciones en organismos 
eucariontes que incluyen a la mosca de la fruta Drosophila melanogaster, al gusano 
Caenorhabditis elegans y al alga verde Chlamydomonas reinhardtii, identificaron 
variaciones en los niveles de esta modificación así como en las enzimas que la esta-
blecen y remueven. Dichas variaciones se correlacionan con alteraciones funcionales 
en estos organismos por lo que la 6mA resurge, ahora en eucariontes, como una 
potencial marca de regulación epigenética.

ABSTRACT

The modified nucleotide N6-methyladenine in DNA (6mA), -which was described 
originally as a mechanism of protection for the bacterial DNA against the restriction 
enzymes- recently it has become important because three reports in eukaryotic or-
ganisms, the fruit fly Drosophila melanogaster, the worm Caenorhabditis elegans and 
the green algae Chlamydomonas reinhardtii, identified variations in the levels of this 
modification as well as in the enzymes that establish and remove it. These variations 
correlate with the functional alterations of these three organisms and therefore, the 
6mA reappears as a potential epigenetic mark.

*Recibido: 11 de diciembre de 2015      Aceptado: 2 de marzo de 2016

MÁS ALLÁ DE LA GENÉTICA, LA EPIGENÉTICA

Las células de un organismo eucarionte son ge-
néticamente idénticas pero son estructural y fun-
cionalmente heterogéneas debido a que en cada 
tipo celular se expresan diferentes genes. Estas 
diferencias pueden surgir durante el desarrollo, 
la diferenciación celular o en la enfermedad. La 
regulación de la expresión génica es mediada 
por tres principales mecanismos que actúan en 
conjunto: el primero se basa en los factores de 
transcripción que se unen a secuencias específicas 
y que regulan a un grupo determinado de genes; 
el segundo involucra mecanismos de regulación 
epigenética que ayudan a establecer el estado 
de diferenciación de una célula y su progenie; el 

tercero está relacionado con la organización de la 
cromatina nuclear.
 La regulación epigenética está definida como 
todos aquellos cambios heredables en la expresión 
de los genes y en la función del genoma que ocurren 
sin afectar la secuencia del ADN (1). Dentro de los 
procesos epigenéticos que más correlacionan con 
la actividad génica y que se han estudiado mejor, 
resaltan: la metilación del ADN, las modificaciones 
post-traduccionales de histonas, los complejos 
remodeladores de la cromatina dependientes de 
ATP y los complejos represor Polycomb y activador 
Trithorax. Asimismo, en años recientes también se 
ha observado la acción coordinada de ARNs no-
codificantes para proteínas, en la modulación de 
la estructura de la cromatina.
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LA METILACIÓN DEL ADN EN EUCARIONTES: 

LA 5-METILCITOSINA

La 5-metilcitosina (5mC) consiste en la incorpo-
ración de un grupo metilo en la posición 5 de la 
citosina (Fig. 1) (2). Esta modificación del ADN 
se ha descrito ampliamente en organismos eu-
cariontes y está relacionada con la regulación de 
varios procesos celulares incluyendo el desarrollo 
embrionario, la transcripción, la inactivación del 
cromosoma X, la impronta genómica y la estabili-
dad cromosómica (1). 
 La metilación del ADN puede regular la expresión 
genética por impedimento estérico de los factores 
de transcripción con sus secuencias blanco, evitando 
así su activación o mediante el reclutamiento de 
proteínas que reconocen al ADN metilado, uniendo 
co-represores que provocan la compactación de la 
cromatina, principalmente mediante la acción de 
desacetilasas de histonas (1).
 Se ha propuesto que este proceso es dinámi-
co, pues mientras las metiltransferasas de ADN 
establecen y mantienen la presencia de 5mC, las 
dioxigenasas de citosina “ten-eleven translocation” 
(TET) oxidan a la 5mC hacia 5-hidroximetilcitosina 
(5hmC), 5-formilcitosina (5fC) y 5-carboxicitosina 
(5caC) las cuales pueden ser removidas por el sis-
tema de reparación de ADN por escisión de bases 
(BER) para restaurar una citosina sin modificar (3).

LA ADENINA TAMBIÉN PUEDE SER METILADA

La adición de un grupo metilo en la posición 6 de 
la adenina resulta en la N6-metiladenina (6mA), la 
cual se ha encontrado en el ADN de virus, bacterias, 
protistas, hongos y algas. Otra modificación en 
la adenina ocurre por la metilación en la primera 

posición del anillo de purinas (1mA) y que en con-
junto con la metilación en la posición 3 del anillo de 
pirimidina de la citosina (3mC) son consideradas 
como eventos de daño por metilación en el ADN, 
ya que impide la correcta formación del puente de 
hidrógeno con la base complementaria (4).
 En bacterias, la 6mA fue inicialmente señalada 
como componente de los sistemas de restricción/
modificación que corresponden a los mecanismos 
de defensa de estos organismos contra fagos y 
plásmidos y que les permiten distinguir entre el 
ADN propio y el del invasor (4). En otras pala-
bras, el ADN del microorganismo con adeninas 
metiladas, se protege de la digestión de enzimas 
capaces de cortar en sitios metilados, mientras 
que el ADN externo al no contar con dicha marca, 
es cortado por estas enzimas una vez que entra 
a la célula.
 En años recientes, la 6mA ha sido utilizada para 
identificar los sitios de interacción de proteínas 
con el genoma eucarionte in vivo a través de la 
tecnología denominada DamID (Fig. 2) (5), la cual 
es un método basado en la fusión de la proteína 
de interés con la metiltransferasa de adenina de 
Escherichia coli (“dam”, por las siglas en inglés de 
metiltransferasa de ADN). La expresión de esta 
proteína de fusión in vivo conduce a la metilación de 
adeninas en el ADN alrededor de los sitios nativos 
de unión de la proteína a la cual esta fusionada la 
“dam”, lo que permite la identificación de dichos 
sitios de unión (6).
 Aunque se han propuesto ciertas funciones de 
esta modificación en procariontes, como la replica-
ción y reparación del ADN o la expresión génica, no 
se ha descrito la función que pudiera desempeñar 
en eucariontes, o incluso si se encuentra o no en 
el genoma de algunos de éstos organismos. En 

Figura 1.  Metilación del DNA en CpGs de eucariontes. La reacción está dada por la actividad enzimática de DNA 

metiltransferasas (DNMT) (2).

Citosina 5-metilcitosina

DNMT
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este sentido, tres estudios recientes publicados en 
la revista Cell, demuestran la 6mA en Drosophila 

melanogaster (7), Caenorhabditis elegans (8) y 
Chlamydomonas reinhardtii (9), y aportan infor-
mación sobre su distribución espacio-temporal y su 
papel en la biología celular de estos organismos.
 La detección precisa de bajas cantidades de 6mA 
en el genoma de eucariontes fue posible gracias al 
desarrollo de técnicas más refinadas y sensibles. 
Dichas técnicas de última generación incluyen a la 
cromatografía líquida de alta resolución acoplada 
a espectrometría de masas de triple cuadrupolo, 
la inmunoprecipitación de la 6mA seguida de se-
cuenciación masiva y la secuenciación basada en 
enzimas de restricción o la secuenciación SMRT 
(“single-molecule real-time”), capaz de distinguir 
entre bases modificadas (10).

LA 6mA JUEGA UN PAPEL IMPORTANTE EN EL 

DESARROLLO DE Drosophila

Los bajos niveles de 5mC en la mosca de la fruta 
han sugerido que las diferentes modificaciones 
post-traduccionales (PTM) de histonas y sus re-
guladores son los principales determinantes en 
la configuración tridimensional del genoma de la 
Drosophila. Sin embargo, la reciente descripción 
de la desmetilación activa del ADN en vertebrados 
motivó la búsqueda de nuevas modificaciones del 
ADN, con la premisa de encontrar la desmetilasa 
responsable de remover esa modificación, abatirla 
y así poder detectar un aumento en los niveles de 
dicha modificación. 

 Chen y sus colaboradores (7) pudieron detectar 
6mA en el genoma de embriones de Drosophila, 
mientras que en etapas posteriores del desarrollo 
no se encontró esta modificación, lo que sugiere un 
papel importante en el desarrollo temprano de la 
mosca. También se demostró que la presencia de 
extractos nucleares puede inducir la desmetilación 
de la 6mA en el ADN, lo que estableció las bases 
para la búsqueda bioinformática de una desmetilasa 
de ADN codificada en el genoma de la mosca. 
Se encontró que el gen CG2083 de Drosophila 

melanogaster codifica para una proteína con 
ciertas regiones altamente conservadas: como un 
dedo de zinc CXXC, el cual permite a la proteína 
interactuar con el ADN; un dominio rico en Cys y 
un tercer dominio DSBH (“double stranded beta 
helix”), característico de oxigenasas y probable 
responsable de la actividad enzimática de esta 
proteína. Estas tres regiones también se encuentran 
en las proteínas TET de mamíferos, mientras que la 
desmetilasa bacteriana de ADN AlkB, responsable 
de re-establecer la adenina a partir de 6mA, sólo 
contiene la región DSBH. El grupo de investigación 
llamó a esta proteína DMAD (Drosophila DNA 6mA 
“demethylase”) y la caracterizó.
 DMAD se expresa en niveles bajos durante las 
primeras etapas del desarrollo embrionario, pero 
su expresión aumenta durante las etapas embrio-
génicas tardías. Debido a que DMAD se expresa de 
manera inversamente proporcional a la cantidad 
de 6mA, se sugiere que su función es la desme-
tilación de la 6mA en el ADN. Mediante ensayos 
de pérdida de función a través de ARN de doble 

Figura 2. Principio de DamDI. El esquema muestra un fragmento de cromatina (se observa el DNA y dos 

nucleosomas). La enzima Dam (verde) fusionada con la proteína de interés (amarillo) es reclutada por ésta última a 

sus sitios de unión nativos en la cromatina lo que resultará en la metilación local de las adeninas la cual funcionará 

como una etiqueta única en el genoma que podrá detectarse utilizando enzimas de restricción. Modificado de (5).
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cadena (dsRNA) y la herramienta de edición del 
genoma CRISPR/Cas9, se encontró que la proteína 
DMAD es esencial para el desarrollo de la mosca, 
pues su ausencia ocasiona letalidad en las últimas 
etapas embrionarias, lo cual está precedido por un 
aumento en la 6mA en su genoma (Fig. 3).
 Mediante el uso de inmunoprecipitación del ADN, 
se encontró que este aumento se da principalmen-
te en regiones del genoma que corresponden a 
transposones (7). Por lo tanto, es probable que la 
letalidad causada por la ausencia de DMAD pueda 
deberse a la inestabilidad genómica producida 
por la expresión de ciertos elementos genéticos 
transponibles. 

6mA Y LA INFERTILIDAD DE C. elegans ¿QUÉ 

METILA Y QUÉ DESMETILA A LA ADENINA?

Durante varios años se pensó que el genoma de 
Caenorhabditis elegans no presentaba metilación, 
ya que no había sido posible replicar los experi-
mentos que indicaban que la marca de 5mC incre-
mentaba en función del envejecimiento además 
que este organismo no presenta homólogos de las 
metiltransferasas de ADN.
 El grupo de Shi (8) se dio a la tarea de investigar 
las formas de metilación en el genoma del nema-
todo, encontrando a la 6mA como la única forma 
detectable. La 6mA está presente en el organismo 

Figura 3. La 6mA y su comportamiento en eucariontes. a) Las bases de adenina en el DNA son modificadas por 
las N6-metiladenina (6mA) metiltransferasas y 6mA desmetilasa. Las enzimas modificadoras están conservadas en 
los super-reinos de la vida con actividad putativa también en Homo sapiens. b) Comportamiento de la 6mA y de la 

6mA desmetilasa de Drosophila durante el desarrollo. c) Abundancia de la 6mA y de sus enzimas modificadoras a 
través de las generaciones de C. elegans con mutación en spr-5 que las lleva a la infertilidad. d) Enriquecimiento 

de 6mA alrededor del TSS de la mayoría de los genes de Chamydomonas. Modificado de (7).

Desoxirribosa Desoxirribosa
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completo así como en embriones y líneas germi-
nales exceptuando el núcleo del esperma (8). Esto 
último indican los autores, puede atribuirse a la 
gran compactación de la cromatina en estas células 
lo que impide su detección o ser un indicativo de 
un borrado paterno de la marca. 
 La 6mA se encuentra en menos del 1% del total 
de las adeninas en el genoma de C. elegans, sin 
embargo, a diferencia de la metilación en la posición 
5 de la citosina, que se presenta en el contexto 
CpG en varios eucariontes, la 6mA se encontró en 
motivos GAGG y AGAA. Esto indica que la metilación 
de la adenina ocurre en una sola cadena del ADN 
(8), debido a que no hay adenina en la cadena 
complementaria a estos motivos. Es decir, dichas 
secuencias no son complementarias, a diferencia 
de la citosina y la guanina, donde ambas cadenas 
tienen un sito CpG en el mismo locus, por lo que 
la metilación o está presente en ambas cadenas o 
en ninguna.
 En esa investigación se encontró además, una 
correlación entre la mutante para la desmetilasa 
de lisina 4 de la histona H3 (spr-5, ortóloga de 
LSD1/KDM1A), el incremento de 6mA de manera 
transgeneracional y la infertilidad del gusano (Fig. 
3) (8). 
 Teniendo esto como antecedente, el grupo es-
tudió a la familia de enzimas desalquilantes ALKB 
e identificó que mutantes para F09F7.7 aceleraban 
el proceso de infertilidad en mutantes para spr-5. 
Se evaluó la actividad desmetilante de F09F7.7 

in vitro encontrando que la enzima era capaz de 
desmetilar oligonucleótidos con 6mA y 3mC.  Esta 
actividad se verificó en gusanos mutantes para 
la desmetilasa, encontrando niveles elevados de 
6mA, pero no de 3mC en estos organismos. Estos 
hallazgos sugieren que se trata de la principal des-
metilasa de 6mA in vivo,  por lo que se renombró 
como N6-metiladenina desmetilasa 1 (nmad-1) 
(8).
 Una vez identificada la enzima que se encarga 
de remover a la 6mA en C. elegans,  Shi y sus cola-
boradores se interesaron en identificar a la enzima 
responsable de colocar a dicha modificación. Un 
candidato interesante era C18A3.1 que es parte 
del complejo Ime4/Kar4 de la familia MTA-70 y 
que en levadura codifica a una metilasa de ARNm. 
Encontraron que la expresión de C18A3.1 en células 
SF9 conducía a un mayor nivel de 6mA en el ADN 
genómico y la mutación de aminoácidos del sitio 
de reconocimiento de sustrato abatía la cantidad 
de 6mA. Para comprobar que esta enzima actuara 
in vivo, realizaron “knockdowns” en gusanos sil-
vestres y en mutantes para spr-5 y encontraron 
en ambos casos una disminución de 6mA y que 

además se suprimía el fenotipo transgeneracional 
de baja fertilidad. Esto sugería que la enzima es la 
6mA metiltransferasa de C. elegans (Fig. 3) y se 
renombró como ADN N6 adenina metiltransferasa 
1 (damt-1) (8).
 Finalmente ese estudio encontró una interco-
municación entre la marca de H3K4me2 y la 6mA 
ya que la remoción de damt-1 reduce los niveles 
de H3K4me2 en gusanos mutantes para spr-5 así 
como el “knockdown” de eap-1 (proteína de unión 
a H3K9me) misma que también disminuye a la 
6mA (8). Estos resultados sugieren una regulación 
recíproca de H3K4 y la N6 metilación de adenina, 
así como una relación entre los reguladores de la 
metilación de adenina y de histonas.

Chlamydomonas REVELA UNA POSIBLE 

FUNCIÓN DE LA 6mA EN LA REGULACIÓN 

TRANSCRIPCIONAL

Desde 1978 se había descrito que el alga verde 
Chlamydomonas reinhardtii presentaba altos nive-
les de 6mA (~0.3-0.5 mol%) en el ADN nuclear; por 
lo que con el interés de determinar la distribución, 
así como una posible función de esta marca, el 
grupo encabezado por He (9) desarrolló diferentes 
métodos para localizar a la 6mA en ADN genómico.
 Para determinar la dinámica de la 6mA a lo largo 
del crecimiento celular, el grupo sincronizó células 
del alga para que crecieran durante la fase de luz 
(fase G1) y posteriormente tuvieran rondas de 
replicación del ADN y divisiones celulares (fases 
S/M) al entrar a la fase de oscuridad. Encontraron 
que los niveles de 6mA disminuían dramáticamente 
durante la replicación del ADN y que había una 
rápida recuperación de estos niveles, lo que indica 
que la marca se instala en el ADN recién sinteti-
zado en un periodo corto de tiempo después de la 
replicación (9).
 Al analizar la distribución de la 6mA de algas 
cultivadas en luz u oscuridad constante, se en-
contró una coincidencia en 88% en los picos de la 
modificación a lo largo del genoma, lo que sugiere 
que la instalación/mantenimiento de la marca se 
da en lugares específicos  y se observó que el en-
riquecimiento se daba alrededor del sitio de inicio 
de la transcripción (TSS) en 84 % de los genes de 
Chlamydomonas. Dichos genes estaban relacio-
nados con regiones altamente transcritas (Fig. 3); 
el resto de los sitos no presentaba un patrón de 
enriquecimiento y se encontraba tanto en el cuerpo 
de los genes como en regiones intergénicas (9).
 Para identificar las secuencias a las que estaba 
asociada la 6mA, el grupo de He desarrolló un 
método con una resolución de ~33 pb que permi-
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tió identificar que el enriquecimiento de la marca 
se asociaba a secuencias que contenían motivos 
con dinucleótidos ApT. La validación de sitios in-
dividuales de metilación permitió identificar dos 
motivos asociados a la metilación de adenina: 
CATG y GATC (9).
 Tomando en cuenta que la marca de 6mA se 
encuentra alrededor del TSS, los autores decidie-
ron evaluar la correlación de esta marca con la 
posición de nucleosomas y encontraron que los 
sitios de 6mA se localizan entre dos nucleosomas 
adyacentes, es decir en el ADN “linker”. Además 
propusieron que si dos sitios adyacentes de 6mA 
se encuentran separados por una distancia mayor 
a 150 pb, entonces un nucleosoma se encontrará 
entre ambas y si la distancia es menor, entonces 
se originará un sitio libre de nucleosomas entre 
ellos, que indica que la 6mA puede coordinar el 
posicionamiento nucleosomal (9).
 Considerando que en el alga también está 
presente la marca de 5mC, el grupo comparó la 
distribución de ésta con los sitios enriquecidos para 
6mA y no encontró correlación lo que indica que 
ambas marcas tienen función diferente en este 
organismo. Por lo anterior, el grupo propuso que la 
6mA puede estar contribuyendo a estructuras cro-
matínicas que permiten el inicio de la transcripción 
mientras que la 5mC contribuye al silenciamiento 
de transposones, impronta la definición de exones 
y regula la elongación de la transcripción (9).

CONCLUSIONES

Los tres trabajos describen papeles importantes de 
la 6mA (7-9): primero, un mecanismo que favorece 

la transcripción en el alga verde (9); segundo, la 
dinámica de dicha marca durante el desarrollo de 
la mosca de la fruta (7) y por último, su relevancia 
para la fertilidad en C. elegans (8). Dichas pro-
piedades podrían ser el inicio del descubrimiento 
de una variedad de funciones de la 6mA, descrita 
originalmente en procariontes y que ahora podría 
representar una nueva marca de regulación epi-
genética para organismos eucariontes. 
 Es importante comentar que aunque la mo-
dificación de la 6mA únicamente se ha descrito 
-para el caso de eucariontes- en los tres orga-
nismos comentados, y que en comparación con 
la 5mC su distribución es mucho menor, no hay 
que descartar su trascendencia. Es posible que 
en el futuro las nuevas tecnologías con mayor 
sensibilidad de detección, puedan identificar esta 
marca en otros eucariontes o bien, describir un 
mayor número de funciones asociadas a la 6mA. 
Para una revisión más extensa sobre esta modifi-
cación del ADN y su posible papel en la regulación 
epigenética se sugiere consultar los trabajos de 
Luo et al (11), Sun et al (12), Summerer (13) y 
Huang et al (14).
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ABSTRACT

Mitochondrial dysfunction plays critical roles in
cancer development and related therapeutic re-
sponse; however, exact molecular mechanisms re-
main unclear. Recently, alongside the discovery
of mitochondrial-specific DNA methyltransferases,
global and site-specific methylation of the mito-
chondrial genome has been described. Investiga-
tion of any functional consequences however re-
mains unclear and debated due to insufficient evi-
dence of the quantitative degree and frequency of
mitochondrial DNA (mtDNA) methylation. This study
uses WGBS to provide the first quantitative report
of mtDNA methylation at single base pair resolu-
tion. The data show that mitochondrial genomes are
extensively methylated predominantly at non-CpG
sites. Importantly, these methylation patterns dis-
play notable differences between normal and can-
cer cells. Furthermore, knockdown of DNA methyl-
transferase enzymes resulted in a marked global
reduction of mtDNA methylation levels, indicating
these enzymes may be associated with the estab-
lishment and/or maintenance of mtDNA methylation.
DNMT3B knockdown cells displayed a comparatively
pronounced global reduction in mtDNA methylation
with concomitant increases in gene expression, sug-
gesting a potential functional link between methy-
lation and gene expression. Together these results
demonstrate reproducible, non-random methylation
patterns of mtDNA and challenge the notion that
mtDNA is lowly methylated. This study discusses key
differences in methodology that suggest future in-

vestigations must allow for techniques that assess
both CpG and non-CpG methylation.

INTRODUCTION

Mitochondria maintain cellular homeostasis by generating
metabolic energy via oxidative phosphorylation (OXPHOS)
as well as regulating apoptotic pathways. Mitochondrial
dysfunction in a wide range of human malignancies is well
documented and targeting mitochondria remains a promis-
ing avenue for the development of novel strategies for cancer
treatment (1).

Mitochondrial DNA (mtDNA) is a double helical
molecule composed of a heavy and light strand that encodes
for 13 protein subunits that make up the complexes required
for OXPHOS, transfer RNAs that carry specific amino
acids for protein synthesis as well as ribosomal RNAs also
involved in protein synthesis (2). A 1200-bp non-coding
region of the mitochondrial genome, called the Displace-
ment Loop (D-Loop), controls mitochondrial replication
and transcription of its encoded genes (2) through a num-
ber of different start sites and promoter regions (3–5). How-
ever, exact molecular mechanisms involved in transcrip-
tional control of the mitochondrial genome remain unclear.

The existence of mtDNA methylation has been reported
previously via a large array of techniques, while some stud-
ies have reported an absence of mtDNA methylation (6,7),
the majority have detected it (8–11). Older studies reported
human fibroblast cultures and cell lines to have 2–5% of
all mtDNA molecules fully methylated at specific CpG re-
gions analysed via the method involving restriction diges-
tion (12). Similar findings were reported using radioactive
labelling in mouse fibroblast and hamster kidney cell cul-
tures (13). Later studies confirmed the presence of mtDNA
methylation in mouse brain tissue using ELISA (14), in
lymphoblastoid cells of Down Syndrome children using
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mass spectrometry (15) as well as in human colorectal can-
cer cell lines (10) and human brain tissue (16) using im-
munoprecipitation. Pyrosequencing and bisulfite sequenc-
ing have also detected site specific mtDNA methylation
in human blood cells (17–19). In addition, methylation-
specific PCR techniques have detected substantial mtDNA
methylation in liver tumour samples (11). Furthermore, the
biological relevance of mtDNA methylation was suggested
by a study showing that DNMT1 contains a targeted se-
quence upstream of its TSS that allows translocation into
the mitochondria where it binds to the D-Loop (10). Ele-
vated levels of DNMT1 correlated with increased expres-
sion of some mitochondrial genes adding weight to the
notion that DNMT1 may have functional capacity in the
mitochondria (10). Recently, DNMTIso3 (an isoform of
DNMT1) was shown to be more concentrated in the mi-
tochondria than DNMT1; suggesting that certain isoforms
of DNA methyltransferases are mitochondria specific (20).
Two independent studies reported the presence of DNMT1,
DNMT3A and DNMT3B enzymes in the mitochondrial
protein fraction of mouse skeletal muscle (21) and mouse
embryonic stem cells (17). Finally, a more recent study uti-
lized CpG and GpC methyltransferases to target mitochon-
drial DNA and concluded that increased GpC methyla-
tion decreased the abundance of mitochondrial encoded
transcripts (22). Collectively these findings suggest the ex-
istence of mtDNA methylation, which may have a biolog-
ical relevance, however mtDNA methylation remains de-
bated largely due to contradictory reports from bisulfite se-
quencing studies (6,23). Since a genome-wide quantitative
approach has not been demonstrated successfully for com-
prehensive mapping of mtDNA methylation patterns, ex-
ploration of the biological relevance of mtDNA methyla-
tion remains impeded.

Recently, several reports in the field aimed at improv-
ing techniques to be used for identification of mtDNA
methylation however these studies focused primarily on
CpG methylation (23–26). The present study builds on
those findings by addressing key methodological adapta-
tions which are required for investigating mtDNA methy-
lation via whole genome bisulfite sequencing. This study
presents the first report of genome-wide mitochondrial
DNA methylation across different cell lines and tissue sam-
ples at single nucleotide resolution. The results show non-
random, reproducible patterns of mtDNA methylation pre-
dominantly in a non-CpG context. Differences in global
methylation for normal versus cancer cells derived from
both liver and breast cancer are observed. Finally, the data
implicates DNMT1, DNMT3A and DNMT3B to be asso-
ciated with mtDNA methylation.

MATERIALS AND METHODS

Cell line selection

Normal breast epithelial cells MCF10A were maintained
in DMEM (Invitrogen No. 11039-047) with 10% FBS, 1%
penicillin-streptomycin, 20 ng/ml epidermal growth factor
(Peprotech 1 mg), 0.5 �g/ml hydrocortisone (Sigma No. H-
0888), 100 ng/ml cholera toxin (Sigma No. C-8052) and
10 �g/ml insulin (Sigma No. I-1882). Human breast can-
cer cells MCF7 were maintained in DMEM (Invitrogen

No. 11039-047) with 10% FBS, 1% penicillin-streptomycin,
sodium pyruvate (1 mM) and glutamine (2 mM). Hu-
man hepatocarcinoma cells HepG2 were maintained in
DMEM (Invitrogen No. 11039-047) with 10% FBS and 1%
penicillin-streptomycin. All cells were maintained in an at-
mosphere of 5% CO2 at 37◦C. Frozen pellets of primary de-
rived human breast cancer cells (HMEC) were a gift from
the Jiri Zavadil’s lab and primary human hepatocytes were a
gift from Prof. Michel Rivoire - Centre Léon Bérard (CLB),
INSERM U1032, Lyon, France.

Mitochondrial DNA extraction

Frozen cell pellets (1 × 107 cells) were resuspended in 500 �l
ice-cold homogenization buffer (100 mM Tris-HCl pH 7.4,
250 mM sucrose, 10 mmM EDTA) on ice. The cell pellet was
homogenized with a 30G syringe and centrifuged (Eppen-
dorf Centrifuge 5424 R) at 4◦C, 1500 g for 10 min to collect
debris. The supernatant was then transferred to a new tube
and centrifuged again at 4◦C, 10 000 g for 10 min. The pel-
let containing mitochondria was resuspended in 50 �l high-
salt buffer (10 mM Tris-HCl pH 7.6, 10 mM KCl, 10 mM
MgCl2, 0.4M NaCl, 2 mM EDTA). About 8 �l of 10% SDS
was then added to the homogenate and the homogenate
was incubated for 7 min at 55◦C to denature and solubilize
proteins. Proteins were then removed by addition of 20 �l
of 5 M NaCl and centrifugation at 11 300 g for 20 min
at room temperature. The supernatant was collected into
a new 1.5 ml Eppendorf tube. Twice the volume of 100%
ethanol was added and the supernatant was centrifuged for
10 min at 10 000 g for precipitation of the mtDNA pel-
let. The pellet was resuspended in 50 �l of milliQ H20 and
immediately processed with phenol-chloroform method for
clean-up. An equal volume of phenol/chloroform/isoamyl
alcohol (25:24:1) was added and sample was mixed gen-
tly by inverting the tube. The tube was then centrifuged at
room temperature for 5 min at 12 000 g. The top aqueous
layer was carefully collected and the same process was re-
peated with chloroform/isoamyl alcohol (24:1). To the up-
per aqueous layer, collected in a fresh tube, 1/10th volume
of 3 M NaOAc (pH 5.2), 2 �l glycogen (15 mg/ml Am-
bion) and 2.5× volume of absolute ethanol was added and
mixed by gently inverting the tube. The mixture was incu-
bated overnight at −20◦C or for 2 h at −80◦C. The crude
mitochondrial pellet was obtained by centrifugation at 4◦C
for 15 min, 12 000 g. The pellet was resuspended in 20 �l
MilliQ grade H20 and concentration of mtDNA was as-
sessed using Qubit fluorometer. Multiple pellets of the same
cell type were processed this way and mtDNA was pooled
until a minimum 2 �g concentration was achieved for bisul-
fite modification.

DNA quality check

Relative enrichment of mtDNA to nuclear DNA of all ex-
tractions was assessed with qPCR to ensure the extractions
were not contaminated with nuclear DNA. Primers specific
to the mitochondrial genome, Forward Primer (5′-GCTC
AACACCCACTACCTAAA-3′), Reverse Primer (5′-TG
ATCTGACGCAGGCTTATG-3′) as well as primers spe-
cific to nuclear encoded gene GAPDH, Forward Primer (5′-
CCCTTCATACCCTCACGTATTC-3′), Reverse Primer
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(5′-CCATTCTGTCTTCCACTCACTC-3′) were used to
amplify the mtDNA extraction. The quality of the extrac-
tion was assessed by comparing the fold change of mito-
chondrial genome versus nuclear genome using the �Ct
method.

Mitochondrial DNA pre-processing

Linearization of 700 ng of HepG2 mtDNA was achieved
via a 10-min incubation of mtDNA at 65 degrees to en-
courage uncoiling followed by a 9-h incubation with 2U of
BamHI restriction enzyme and NEB Buffer. Linearization
was confirmed by visualization on 1% Agarose gel. Subse-
quently, sonication was selected as a better method since
this has been shown to improve library preparation quality
specifically for NGS in the context of plasmid DNA (27).
Since mtDNA is of a similar structure to plasmid DNA,
all mtDNA samples were sonicated with the Diagenode
bioruptor Next Gen until fragments between 100 and 10 000
bp was achieved. MtDNA from each cell type was diluted
to an appropriate concentration determined experimentally
and sonicated with different conditions ranging from 3 cy-
cles on the HIGH setting to 25 cycles on HIGH setting
with a sonication time of 30 s per cycle. Fragment sizes of
HepG2 cells were initially assessed on the BioAnalayser as
well as 1% Agarose gel to confirm the method works. All
other samples were subsequently checked on 1% Agarose
gel to ensure no visible secondary structure remained. The
mtDNA was then bisulfite modified using the EZ DNA
Methylation Gold Kit (Zymo Research, USA), and the
bisulfite modified DNA was quantified on Nano Drop us-
ing the ssDNA setting.

Pyrosequencing

Bisulfite modified DNA was amplified with previously pub-
lished pyrosequencing primers ((19); Supplementary Table
S1) in a 50 �l reaction. Following visualization of ampli-
con via gel agarose, 45 �l of PCR product was used with
the PyroMark Kit (QIAGEN Cat. No. 972804) for each se-
quencing reaction as per manufacturer instructions. Briefly,
DNA was immobilized on to streptavidin-coated beads in
binding buffer for 10 min. The biotin-labeled template was
purified using the pyrosequencing vacuum prep tool and
incubated with 10 pmol/reaction sequencing primer in an-
nealing buffer (20 mM Tris-acetate, 2 mM MgAc2; pH 7.6).
The DNA strands were denatured at 80◦C for 2 min and re-
annealed at room temperature for 10 min. Sequencing was
performed according to manufacturer instructions.

Library preparation and next-generation sequencing

Library preparation of the extracted, phenol-chloroform
cleaned, sonicated and bisulfite modified mtDNA was then
performed using the TruSeq DNA Methylation Kit (Illu-
mina, EGMK81312) according to manufacturer instruc-
tions. Briefly, 200 ng of bisulfite-converted mtDNA was lig-
ated to adapters and amplification indexes from the TruSeq
Indexes Kit (Illumina) were introduced during PCR ampli-
fication. Adapter-Tagged libraries were purified using AM-
Pure beads (Beckman Coulter). Libraries were assessed on

Bioanalyser for quality assurance. Libraries were then sub-
jected to 150 bp paired-end sequencing using the Illumina
MiSeq instrument.

Bioinformatics––data filtering and alignment

For all WGBS runs, internal controls showed greater than
95% of all reads were detected by the MiSeq to be ≥ Q30.
Just over 45 million reads passed filter for all samples. All
reads that passed filter from the MiSeq were then further as-
sessed through FastQC v0.11.3 for standard quality control.
Reads were trimmed with Trimgalore version 0.4.4 with a
minimum quality cut off of 28 bp and a minimum length cut
off of 30 bp. Following adapter trimming, all reads below a
QC threshold of 30 were discarded. Mapping and methyla-
tion calls were done using BSMAP v2.42 (28).

For MeDIP runs, TrimGalore software was used
to http://www.bioinformatics.babraham.ac.uk/projects/
trim galore/) (29) to remove the custom adapters of the
paired-end sequences, and 20 additional nucleotides from
each 3-prime end, due to the specific requirements of the
sequencing kit. The custom adapters were GCCAAT,
CAGATC, CTTGTA and AGTCAA, for both read files
of sample ‘HepG2’, ‘HepG2-replicate’, ‘Hepatocyte’ and
‘Hepatocyte-replicate’, respectively. The NC 012920.1
mitochondrial genome was used as the reference genome
for the alignment that was done by bowtie2 software
(30). The same software was used to perform the paired-
end alignment and obtained SAM files. After replacing
‘NC 012920.1’ by ‘chrM’, sorted BAM files were generated
with samtools (31) and the indexes were obtained of each
file using the command index. Next, the BAM files were
uploaded into the Integrative Genome Viewer (IGV)
software to obtain the read profile of each sample and their
plots and calculated the differential methylation across
the mitochondrial chromosome by using the default pa-
rameters of the MEDIPS R package (32). Briefly, we used
chromosome M of the ‘BSgenome.Hsapiens.UCSC.hg38’
library as a reference genome and fixed a P value = 1e-3
as a maximum of stacked reads per genomic position,
extending all reads to a length of 300 nucleotides according
to the given strand information and dividing the genome
into adjacent windows of length = 100 nucleotides.

Noise filtering of mitochondrial DNA methylation sequencing
data

Conventional methods used for assessing bisulfite conver-
sion efficiency of nuclear DNA (33), which require spiking
samples with � DNA, were unsuccessful for sequencing of
mtDNA (data not shown). Hence, in order to assess the
quality of the sequencing reads, apart from standard read
filtering methods described above, a 100% unmethylated
plasmid DNA (ThermoFisher Scientific Cat. No SD0021)
sample was processed and sequenced alongside the samples
of interest. The amount of potential incorrect methylation
calls was assessed from these data to determine the thresh-
old of sequencing reads that need to be considered for avoid-
ing potential false positive methylation calls. The following
formula was used:

False Positive Rate =
[(

#methylated cytosines in plasmid genome
total # cytosines in plasmid genome

)
∗ 100

]
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From this analysis, we found that including data points
under the threshold of 10 reads and all cytosines with
methylation levels under 9% considerably increased the false
positive detection of methylation, decreasing the accuracy
to <97%. Therefore, for all datasets, all sites with coverage
of <10 reads as well as all sites with methylation levels under
9% were removed. This ensured that the methylation calls
from the data are at least 98.95% accurate.

Methylation calculations

Descriptive Statistics on the global patterns of methyla-
tion across the four cell lines was conducted in order to
compare between cell lines. The following formulas were
used to determine the methylation ratio at individual cy-
tosines, methylation index (MI) and proportion of methy-
lation across the mitochondrial genome:

Methylation Ratio =
[

# of reads identified as methylated for CpN site
total # of reads aligned to that CpN site

]

Methylation Index Over a Region =
[(

sum of all mCpN sites
total # of CpN sites

)
∗ 100

]

Proportion of Methylation =
[(

# of methylated cytosines
16597

)
∗ 100

]

Non-parametric, paired and unpaired Wilcox T-test was
used to calculate significant differences between mean
methylation of functionally relevant genomic regions be-
tween cell types.

Methylated DNA immunoprecipitation

A total of 1.2 �g of mtDNA per reaction was extracted
as outlined in the ‘Mitochondrial DNA Extraction’ section
above from HepG2 and hepatocyte cells. Cell lines were pro-
cessed in technical duplicate using the Auto MagMeDIP
Kit (Diagenode #C02010013) as per instructions. Briefly,
extracted mtDNA was sonicated, quantified and assessed
for fragment size and quality via Qubit and BioAnal-
yser. Immunoprecipitation was conducted by pre-set pro-
tocols on the IP-Star Compact robot (Diagenode) that
performed the necessary antibody incubation and wash-
ing steps required. Library preparation for sequencing of
the MeDIP output mtDNA was then performed using the
ACCEL-NGS Methyl-Seq DNA Library Kit (Swift Bio-
science #30024) as per manufacturer instructions.

RNA interference-mediated knockdown of DNMT enzymes

Small interfering RNAs (siRNAs) were introduced into
MCF10A cells by transfection using the Lipofectamine®
RNAiMAX Reagent (Invitrogen) according to the manu-
facturer instructions. Cells were transfected with 100 nM
of the following human ON-TARGETplus SMARTpools
(Dharmacon): DNMT1 (ON-TARGET plus SMARTpool
siDNMT1, L-004605-00-0005), DNMT3a (ON-TARGET
plus SMARTpool siDNMT3a, L-006672-01-0005),
DNMT3b (ON-TARGET plus SMARTpool siDNMT3b,
L-006395-00-0005) or ON-TARGET plus non-targeting
pool (D-001810-10-05) that was used as a negative control.
Cells were harvested 96 h post-transfection and protein
was extracted to validate the silencing with western blot.

Western blot analysis of DNMT enzymes

Whole cell protein lysates were extracted using ice-cold
RIPA buffer supplemented with protease inhibitors. Pro-
tein (50 �g) was subjected to SDS-PAGE followed by
immunoblotting. Primary antibodies against DNMT3a
(ab13888, 1:500) and DNMT3b (ab13604, 1:500) were
obtained from Abcam. Monoclonal antibodies against
DNMT1 (MAB0079, 1:1000) and �-actin (Clone C4,
1:1000) were obtained from Abnova and MP Biomedicals,
respectively.

Relative protein levels were quantified by ImageJ (https:
//imagej.nih.gov/ij/). The relative intensity was calculated
for each DNMT band with respect to the siControl and nor-
malized to the relative intensity of actin in each sample.

Mitochondrial DNA content assessment

Whole cell DNA and RNA extractions were performed us-
ing the All Prep DNA/RNA Mini Kit (Qiagen, REF80204)
according to manufacturer instructions. The mitochondrial
DNA content in each cell type was determined using qPCR
on whole cell DNA extractions. Primers specific to the mi-
tochondrial genome, Forward Primer (5′-GCTCAACACC
CACTACCTAAA-3′), Reverse Primer (5′-TGATCTGA
CGCAGGCTTATG-3′) as well as primers specific to nu-
clear encoded gene GAPDH, Forward Primer (5′-CCCTTC
ATACCCTCACGTATTC-3′), Reverse Primer (5′-CCAT
TCTGTCTTCCACTCACTC-3′) were used to amplify the
whole cell DNA extraction. The mtDNA content of the ex-
traction was assessed by comparing the fold change in ex-
pression of mitochondrial genome versus nuclear genome
using the �Ct method.

mRNA expression analysis

Following cDNA synthesis from the above RNA extrac-
tions, relative enrichment of mRNA expression of mito-
chondrial encoded genes was assessed with qPCR using pre-
viously published primers (see Supplementary Table S1).
GAPDH, Forward Primer (5′AACGGGAAGCTTGTCA
TCAA-3′), Reverse Primer (5′TGGACTCCCACGACGT
ACTCA-3′), was used as housekeeping gene for breast
cell types. SFRS4, Forward Primer(5′-GGCTACGGGA
AGATCCTGGA-3′), Reverse Primer (5′-TGCATCACGC
AGATCATCAA-3′), was used as housekeeping gene for
liver cell types (34). In order to compare mRNA expression
between cell lines, mRNA expression was normalized to the
mtDNA content in each cell in order to account for vastly
differing mitochondrial DNA content between cell types:

Gene Expression Normalized

= �Ct mRNA Expression relative to housekeeping gene
�Ct Mitochondrial DNA amount relative to nuclear DNA

RESULTS

Development of NGS methodology for high-resolution
DNA methylation analysis specifically for the mitochondrial
genome

To investigate genome-wide mtDNA methylation patterns
at single base pair resolution in human normal and can-
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cer cell lines and tissues, we aimed to optimize the method
that combines bisulfite conversion with NGS. To this end,
the mtDNA enrichment achieved from the extraction pro-
tocol was confirmed by qPCR analysis using mitochondrial
and nuclear specific primers (Figure 1A). Based on previ-
ous studies, mtDNA was initially extracted from HepG2
cells and linearized with restriction enzyme BamHI in order
to avoid bisulfite conversion inefficiency as previously de-
scribed (24). This was then followed by deep sequencing us-
ing the MiSeq platform. The degree of methylation detected
at each cytosine position was compared to the sequencing
depth achieved for that position (Figure 1B). In line with
previous reports, the data showed that only small methy-
lation values had high sequencing depth and that reads
exhibiting higher methylation values had low sequencing
depth (23). Moreover, the ratio of sequencing reads (not
shown) which aligned to the H-strand compared to the L-
strand was also uneven (0.08), suggesting some amplifica-
tion bias. However, mtDNA that was fragmented mechan-
ically prior to bisulfite modification and sequencing, elimi-
nated this strand bias (ratio = 1.16) (Figure 1C). Further-
more, the cells that were sonicated prior to sequencing also
produced far better coverage (Figure 1E). Hence, all further
samples were fragmented before bisulfite modification and
subsequent sequencing.

To ensure quality methylation calls, 100% unmethylated
plasmid DNA was processed and sequenced simultane-
ously alongside the mtDNA samples (Figure 1F). When all
methylation calls with <10× coverage and <9% methyla-
tion were excluded, 378 cytosines remained false positive
out of a potential 24 182 cytosines. Hence 98.44% accuracy
in methylation calls can be achieved with minimum 10×
coverage and a detection threshold of 9% methylation. All
reads not matching this threshold criteria were excluded as
background noise (see ‘Materials and Methods’ section).

To further confirm that these results are not the conse-
quence of bisulfite conversion-related false positives, mito-
chondrial DNA of HepG2 cells and primary hepatocytes
were processed via a bisulfite-free method to confirm that
the mtDNA is methylated. MeDIP-seq assay performed on
technical replicates of two cell lines also showed that the mi-
tochondrial genome was globally methylated, hence com-
plementing the WGBS data (Supplementary Figure S1A).

The results indicate this stringent approach allows ade-
quate investigation of mtDNA methylation at single base
pair resolution that accounts for both CpG and non-CpG
methylation.

Mitochondrial DNA within normal and cancer liver cells ex-
hibit significantly different methylation patterns that are pri-
marily in a non-CpG context

In order to establish baseline methylation patterns within
the mitochondrial genome, normal liver cells derived from
primary human liver (hepatocytes) and liver cancer cells
(HepG2) were assessed first. Globally, in both cases, the L-
strand displayed a higher degree and frequency of methyla-
tion compared to the H-strand (Figure 2A and B). Hepa-
tocytes had 37% of all cytosines were methylated, whereas
HepG2 had 44% of their mitochondria methylated (Figure
2C). Interestingly, in contrast to nuclear DNA, a substantial

amount of methylation in the hepatocyte and HepG2 mito-
chondrial genome was detected in CpT, CpC and CpA con-
texts. The highest frequency of methylation (around 30%)
was detected within a CpT and CpC dinucleotide context,
whereas methylation of CpG sites had the lowest methy-
lation frequency (12% and 5%, respectively) (Figure 2C).
A striking difference in methylation was observed across
tRNA encoding regions. Specifically, hepatocytes are com-
pletely devoid of methylation on the L-strand within tR-
NAs which carry the amino acids arginine and lysine (Arg
and Lys MI = 0%) (Figure 2D); however, these same re-
gions are methylated in HepG2 cells (MI = 11.4%) (Figure
2D). Significant differences in mean methylation across al-
most all gene encoding regions in both strands of HepG2
was detected compared to hepatocytes (P value < 0.001;
Figure 2E). In addition, the distribution of methylation val-
ues across the displacement loop in each cell type was com-
pared since this region contains multiple promoters and
functionally relevant transcriptional start sites. Hepatocytes
showed a bimodal distribution of methylation values in-
dicating both highly and lowly methylated regions across
the D-Loop, whereas HepG2 showed a right skewed dis-
tribution indicating the D-Loop is mostly highly methy-
lated (Figure 2F). Methylation across the L-strand pro-
moter region (392–435 bp) was compared to the level of
ND6 mRNA expression in each cell type. Finally, the higher
methylation across the L-strand promoter region detected
in HepG2 was associated with lower expression of ND6
mRNA compared to hepatocytes (Figure 2G).

To ensure biological relevance of mtDNA methylation in
the disease context, primary tissue resections of normal liver
and hepatocellular carcinoma samples were also examined
(Supplementary Figure S2). Similar to the cell line samples,
significant differences (P value < 0.001) in mean methyla-
tion of both global and some gene-encoding regions across
both strands was observed (Supplementary Figure S2A and
C). Both primary samples showed a bimodal distribution of
methylation values across the D-Loop, however in line with
methylation patterns observed in cell line samples (Figure
2D), this distribution was slightly skewed toward the right
in tumour cells (Supplementary Figure S2B).

Together these results show that specific mtDNA methy-
lation profiles across biologically relevant genomic regions
can be observed among different normal and cancer cell
types.

Baseline mitochondrial methylation patterns of normal and
cancer breast cell lines differ significantly

To test the generality of mitochondrial genome methyla-
tion, baseline mtDNA methylation patterns were next ex-
amined in an independent cell type. MtDNA isolated from
normal mammary epithelial cells (MCF10A) and breast
cancer cells (MCF7) were assessed and compared. Similar
to the liver context, globally in both cases, the L-strand
displayed a higher degree and frequency of methylation
compared to the H-strand (Figure 3A and B). MCF10A
had 43% of the entire mitochondrial genome methylated,
whereas MCF7 had 38% of their mitochondria methylated
(Figure 3C). In contrast to nuclear DNA, and much like
what was observed in liver cells, a substantial amount of
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Figure 1. Mitochondrial DNA sequencing requires method adjustments. (A) Raw amplification cycles of mtDNA enrichment assessed with qPCR of a
mitochondrial specific genomic region compared to nuclear specific GAPDH genomic region (left panel). Relative fold enrichment of mtDNA to nuclear
DNA (2−�Ct) for HepG2 mtDNA extractions is indicated (right panel). The lack of nuclear DNA enrichment confirms the quality of mtDNA extrac-
tion. (B) Cytosine methylation compared to sequencing read depth (left panel) of HepG2 mtDNA which was digested with 2U of BamHI overnight at
37◦C and visualised on agarose gel (right panel). (C) Cytosine methylation compared to sequencing read depth (left panel) of HepG2 mtDNA that was
fragmented via sonication (100–7000 bp) and visualized on agarose gel (right panel). (D) HepG2 sonicated mtDNA (left panel) and bisulfite modified
mtDNA (right panel) was assessed on the BioAnalyser to ensure sonication was efficient and that modified mtDNA produced the standard expected
curve. (E) Average number of reads aligning to the mitochondrial genome per 1000 bp. HepG2 sample that was sonicated prior to sequencing showed an
improvement in coverage compared to the BamHI-treated HepG2 sample. (F) A 100% unmethylated plasmid DNA control was processed and sequenced
alongside mtDNA samples to ensure an appropriate false positive threshold can be used for data analysis. The X-axis represents the genomic position of
the plasmid genome (48 kb). The Y-axis represents the methylation value detected at each cytosine. The dots represent the 1.56% false detection rate.
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Figure 2. Baseline patterns of the mitochondrial methylome in normal and cancer liver cells. (A and B) MtDNA isolated from hepatocytes and liver cancer
cells (HepG2) that was sequenced using the NSG MiSeq platform as described in Figure 1. The circular plot represents genomic position (1–16 kb) of all
methylated cytosines with respect to sequence order. Each segment of the circle represents a separate functionally relevant region, tRNA, rRNA, gene or
D-Loop. The Y-axis indicating that methylation level is represented on the left-hand side of the D-Loop segment. The large outer ring displays methylation
at each cytosine within the H-Strand, whereas the large inner ring displays methylation at each cytosine on the L-Strand. Thin inner bands indicate the
genomic position of all cytosines within the H-Strand and L-Strand sequence. Global mtDNA methylation patterns differ between hepatocytes and cancer
cells and are also strand specific. (C) Summary statistics of the frequency of mitochondrial mCpN context in liver cells. (D) Methylation Index across tRNA
encoding regions in liver cancer versus normal cells. Each horizontal segment compares the MI within tRNAs that have been grouped according to the
amino acid they carry (acidic, basic, aromatic or hydrophobic). The left panel indicates MI across H-Strand and right panel indicates MI across L-Strand.
(E) Comparative boxplots indicating significant (P < 0.001) difference of mean methylation across gene encoding regions of normal versus cancer cells
in each strand. (F) Density plot of the distribution of methylation values along the D-Loop region. (G) Relative ND6 mRNA expression normalized to
mtDNA amount compared with methylation index across the LSP. High LSP methylation associates with low ND6 expression.
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Figure 3. Baseline patterns of the mitochondrial methylome in normal and cancer breast cells. MtDNA was sequenced using the NSG MiSeq platform.
The circular plot represents genomic position (1–16 kb) of all methylated cytosines with respect to sequence order. Each segment of the circle represents
a separate functionally relevant region, tRNA, rRNA, gene or DLoop. The Y-axis indicating methylation level is represented on the left-hand side of the
D-Loop segment. The large outer ring displays methylation at each cytosine within the H-Strand whereas the large inner ring displays methylation at
each cytosine on the L-Strand. Thin inner bands indicate the genomic position of all cytosines within the H-Strand, L-Strand sequence. Global mtDNA
methylation patterns differ between these cell types and are also strand specific. (A) Normal breast epithelial cells (MCF10A); (B) Cancer epithelial cells
(MCF7); (C) Summary statistics of the frequency of mitochondrial mCpN context in liver cells and (D) Methylation Index across tRNA encoding regions
in breast cancer versus normal. Each horizontal segment compares the MI within tRNAs that have been grouped according to the amino acid they carry
(acidic, basic, aromatic or hydrophobic). The left panel indicates MI across H-Strand and right panel indicates MI across L-Strand. (E) Comparative
boxplot indicating significant (P < 0.001) difference of mean methylation across gene encoding regions of normal versus cancer cells in each strand. (F)
Density plot of the distribution of methylation values along the D-Loop region. (G) Relative ND6 mRNA expression normalized to mtDNA amount
compared with methylation index across the LSP. High LSP methylation associates with low ND6 expression
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methylation in the MCF10A and MCF7 mitochondrial
genome was detected in CpT, CpC and CpA contexts.
Again, the highest frequency of methylation was detected
within a CpT or CpC dinucleotide context, whereas methy-
lation of CpG sites was the least frequently methylated dinu-
cleotides (12% and 10%, respectively) (Figure 3C). In breast
cells a different pattern of tRNA methylation was observed
compared to liver cells. On the H-strand of breast cancer
cells (MCF7) (Figure 3D), methylation in tRNA encoding
regions, which carry the amino acids arginine, lysine, as-
paragine and glutamine, is almost completely lost (MI =
0.29%) compared to normal breast (MCF10A) cells (MI =
8.84%) (Figure 3D). The distribution of methylation values
across the displacement loop in each cell type was compared
since this region contains multiple promoters and function-
ally relevant transcriptional start sites. MCF7 exhibited a
bimodal distribution of methylation values indicating the
presence of both highly and lowly methylated regions across
the D-Loop, whereas MCF10A showed a right skewed dis-
tribution, consistent with high level methylation in the D-
Loop (Figure 3F). Methylation levels across the L-strand
promoter region (392–435 bp) were then compared with the
level of ND6 mRNA expression in each cell type. Higher
methylation across the region detected in MCF10A coin-
cided with lower expression of ND6 compared to MCF7
(Figure 3G), these findings were consistent with those ob-
served in liver cells.

To investigate concordance of baseline methylation pat-
terns among cell types, additional normal liver (HepaRG)
and normal breast (HMEC) cell lines were subjected to
mtDNA methylation profiling. Significant differences in
mean methylation of both global as well as some gene en-
coding regions across both strands was observed between
HMEC and MCF10A cells (Supplementary Figure S2D–F)
as well as hepatocytes and HepaRG cells (Supplementary
Figure S2G–I).

Together these results provide further evidence to the gen-
erality of previously mentioned methylation patterns and
confirm the methylation patterns are cell type specific.

DNMT3B, DNMT3A and DNMT1 are involved in modulat-
ing mtDNA methylation

Since multiple DNMTs have previously been detected in the
mitochondria by various independent studies (10,17,20,21),
it was important to assess the dependence of mtDNA
methylation patterns on different DNMT enzymes. Thus,
the impact of knockdown of DNMT1, DNMT3A and
DMT3B on mtDNA methylation was assessed using a
siRNA approach. Global cellular protein levels of each en-
zyme were depleted individually in MCF10A cells (Supple-
mentary Figure S3) and was followed by mtDNA methy-
lation analysis. Silencing of all three DNMT enzymes re-
sulted in markedly reduced levels of cytosine methylation
globally across the MCF10A mitochondrial genome com-
pared to the control cells (Supplementary Figure S4).

The degree and frequency of methylation were especially
affected in the DNMT3B silenced cells (Figure 4A and B)
with the L-strand most heavily affected (Figure 4A and B),
therefore the impact of DNMT3B knockdown on mtDNA
methylation was analysed in further detail. Methylation be-

tween DNMT3B knockdown and control cells showed the
L-strand in both cases displayed a higher degree and fre-
quency of methylation compared to the H-strand (Figure
4A). Significant decreases (P value < 0.001) were observed
in global methylation in the knockdown cells as well as
within gene encoding regions on both strands (Figure 4C
and E). The distribution of methylation values across the
displacement loop in the knockdown cells was also ob-
served to be markedly lower than in control cells (Fig-
ure 4D). To assess potential functional impact of the ob-
served mtDNA methylation loss, mRNA expression of a set
of mitochondrial genes was analysed in DNMT3B knock-
down cells. A drop in methylation in the D-Loop region in
DNMT3B knockdown cells, which accounts for a drop in
methylation across all promoter regions, resulted in higher
mRNA expression of the genes COX1, COX3, ND4, ND4L
and ND5 (Figure 4G). Furthermore, similar to previous
observations, the drop in global methylation induced by
DNMT3B knockdown resulted in reduced methylation of
the LSP and this was found to be concomitant with an in-
crease in mRNA expression of the ND6 gene (Figure 4H).

Since knockdown experiments implicated a potential role
for DNMTs in mtDNA methylation, whether DNMT en-
zymes are present in mitochondria was further explored
with confocal microscopy. Analysis of 2D images sug-
gest small amounts of all three DNMT1, DNMT3A and
DNMT3B may be co-localized in both MCF7 and HepG2
cells (Supplementary Figure S4); however, additional assays
such as z-stack imaging are needed to confirm and consoli-
date these data.

Together these results suggest that DNMT1, DNMT3A
and DNMT3B enzymes may be associated with the ob-
served baseline methylation patterns of the mitochondrial
genome and there may be a link between mtDNA methy-
lation and gene expression as is the case in the nuclear
genome.

DISCUSSION

The present study for the first time combines appropriate
stepwise methodology for quantitatively assessing genome-
wide mtDNA methylation at both CpG and non-CpG
methylation sites with base-pair resolution. This method-
ology has revealed human mitochondrial genomes can be
extensively methylated. Results show that the methylation is
cell type specific occurs predominantly in a non-CpG con-
text and is more heavily present on the L-strand than the
H-Strand. MtDNA methylation can be modulated by de-
creasing global protein levels of DNMT1, DNMT3A and
DNMT3B enzymes, suggesting an association of these en-
zymes with mtDNA methylation. A potential functional
relevance of this methylation is suggested by the observed
association between mtDNA methylation levels within the
displacement loop region and mRNA of relevant genes en-
coded on the mitochondrial DNA. Considering the differ-
ent mitochondrial methylome patterns observed in the nor-
mal and cancer cells examined, this study suggests impor-
tant implications for the role of mtDNA methylation in tu-
morigenesis.

There are three crucial steps in methodology that is
unique and specific for WGBS of mtDNA in this study
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Figure 4. Silencing DNMT3B modulates mitochondrial DNA methylation concomitant to expression changes of mitochondrial transcripts. (A) MtDNA
methylation in MCF10A cells exposed to a 96-h treatment of DNMT3B siRNA compared to control. A global drop in methylation ratio is observed for
H and L strand methylation in DNMT3Bsi treated cells. (B) Whole cell protein was assayed for relative amounts of DNMT3B via western blot to confirm
assay efficiency. (C) Comparative boxplot indicating significant (P < 0.001) difference of mean methylation across gene encoding regions of control versus
knockdown treated cells in each strand. (D) Paired Wilcox t-test showing significance of the global drop in methylation between control and treated cells
(P < 0.001). (E) Density plot of the distribution of methylation values along the D-Loop region. (F) Whole cell protein of repeat experiment assayed for
relative amounts of DNMT3B via western blot to confirm efficiency. (G) Relative mRNA expression normalized to mtDNA amount compared of genes
encoded on the H-strand. Treated cells show an increase in gene expression compared to control. (H) Relative ND6 mRNA expression normalized to
mtDNA amount compared with methylation index across the LSP. High LSP methylation associates with low ND6 expression.
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(Supplementary Figure S5). These are (i) the separation
of mtDNA from nuclear DNA, (ii) removal of excess pro-
tein via phenol-chloroform and (iii) finally shearing of the
mtDNA to ensure no coiled or secondary structures remain
prior to bisulfite sequencing. The following describes how
methodology may be a key contributor to underestimation
of mtDNA in previous reports.

One of the key issues pertaining to sequencing mtDNA
for methylation analysis is in understanding the intrinsic
differences of mtDNA function and structure as well as how
these differences require adaptation of existing method-
ologies which have evolved with a primary focus on nu-
clear DNA and CpG methylation. Liu et al., for instance,
showed that the mtDNA needs to be linearized prior to
methylation analysis with pyrosequencing to avoid overes-
timation of methylation values owing to inefficient bisulfite
conversion (24) caused by the coiled, circular structures of
mtDNA. Results from this study concur with previous find-
ings since in all cell lines analysed via pyrosequencing, lin-
earized mtDNA via sonication showed lower methylation
levels compared to unfragmented, circular mtDNA (data
not shown). In addition, pyrosequencing detected lower
amounts of mtDNA methylation than those detected by
NGS (Supplementary Figure S1C). Since global methyla-
tion was observed in both methylation results from NGS
and MeDIP-seq data of two different cell lines (Supplemen-
tary Figure S1A), it is likely that pyrosequencing may un-
derestimate cytosine methylation of mtDNA due to its CpG
nucleotide bias (Supplementary Figure S1C). One explana-
tion for the discrepancy between pyrosequencing and NGS
results can be attributed to the previously established notion
that standard pyrosequencing assays are biased towards
CpG methylation (35,36). This is especially relevant to the
mitochondrial genome where the sequence is heavily dis-
persed with repetitive cytosine nucleotides (n > 3) through-
out the genome. Hence methodology that adequately allows
assessment of both CpG and non-CpG methylation is es-
sential for investigating mtDNA methylation; this may be
a possible explanation for previous reports that have con-
cluded low or no mitochondrial methylation (6).

The complimentary bisulfite methylation data (Figure 2A
and B) and MeDIP data (Supplementary Figure S1A) ob-
served in this study is in line with previous reports that
comprehensively showed cytosine methylation within mi-
tochondrial genomes to be present across 39 pre-existing
datasets spanning different human cell and tissue types
(37). Although our results concur with conclusions made by
Ghosh et al., it should be noted that since the paper was first
published, a series of methodological processing required
to address bisulfite conversion efficiency that is unique for
mtDNA has been reported (23,24). This may be another po-
tential factor that has lead to the idea that mtDNA is gen-
erally lowly methylated. Pre-existing WGBS datasets were
not produced with experimental considerations unique to
mtDNA in mind. Hence assessing mtDNA methylation in
these databases, although a viable option for exploratory
analysis, may underestimate mtDNA methylation levels and
this should be considered for future studies (37).

Accurate fragmentation is a key technical adaption that
needs to be optimized in order to ensure high quality, re-
liable methylation reads from sequencing data. Recently,

Mechta et al. concluded that secondary structures of mito-
chondrial DNA may have caused hindrance in the bisulfite
conversion step leading to false positive methylation values
(23). In concordance, results from this study further demon-
strate that fragmentation of mtDNA is required for opti-
mal mtDNA accessibility for accurate bisulfite conversion
and sequencing (Figure 1). This was further consolidated
by the high correlation (R2 = 0.97) observed between bio-
logical replicate data (Supplementary Figure S1B). Accessi-
bility needs to be addressed when considering mtDNA for
bisulfite sequencing due to the highly coiled form it exists
within cells (38). When cells were treated with BamHI and
sequenced (Figure 1B), the data showed an almost exact
match to the ‘read depth versus methylation value’ patterns
obtained by Mechta et al. (23) and we concur this was most
likely due to hindrance toward bisulfite conversion from
secondary structures post linearisation (23). However, when
mtDNA was fragmented through sonication a more even
distribution of methylation values and sequencing depth
was achieved (Figure 1C). One of the pitfalls of using son-
ication for fragmentation is the lack of control in obtain-
ing fragment sizes. Each cell line had to be individually
optimized (Figure 1D) through a rigorous process of trial
and error until an ideal range of fragments were observed
on agarose gel (∼100–7000 bp) and these size ranges were
then confirmed with BioAnalyser. Since these fragments
then underwent a further strenuous process of bisulfite con-
version, it is possible that a number of fragments (espe-
cially fragments within 100–200 bp size) would have been
more vulnerable to degradation, making them impossible
to be incorporated in the library preparation stage. Indeed
those mitochondrial DNA samples which were sonicated
to the point where all fragments were within 100–200 bp
range did not produce successful libraries (data not shown).
Hence although not perfected, fragmentation via sonication
can overcome secondary structure obstructions to bisul-
fite conversion. The data presented in this study have been
validated via a secondary non-bisulfite dependent method
(Supplementary Figure S1A) and shown to be reproducible
(R2 = 0.97) through cell line biological replicates (Supple-
mentary Figure S1B). This line of evidence provides support
that the data is unlikely to be false positive results.

Another key step in the methodology that is crucial for
consideration is the phenol-chloroform extraction that im-
mediately followed extraction of the crude mitochondrial
DNA pellet (see ‘Materials and Methods’ section). Us-
ing crystal structure imaging, it has been previously shown
that the mtDNA transcription factor TFAM binds to both
H-Strand promoter, as well as non-specific mtDNA re-
gions, and imposes U-turn shapes on the mtDNA. Hence,
transcription factor binding encourages compaction and
packaging of mtDNA molecules (38). This combined with
the difficulty observed in HepG2 mtDNA double diges-
tion with restriction enzymes BamHI and EcoRI (data not
shown), we hypothesized that some protein–DNA interac-
tions may have remained intact during the crude mtDNA
extraction protocol. Since phenol-chloroform is a technique
used to separate nucleic acids from proteins and lipids
(39,40), it was added as a final step in the extraction method.
After this step was added to the protocol, complete frag-
mentation of the mtDNA in subsequent steps was easier as
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observed by number of sonication cycles required and vi-
sualization on agarose gel (data not shown). Hence there is
a chance mtDNA bound transcription factors, and/or any
restriction enzymes used for linearization, remain and en-
courage compaction of mtDNA following extraction meth-
ods that have not undergone phenol-chloroform clean up.
Hence further investigation is required to confirm results
from any reports (26,41) of mtDNA methylation that have
relied on restriction enzyme digestion alone as this may
be a point of hindrance in efficient bisulfite conversion of
mtDNA. These findings show that methodology for bisul-
fite sequencing needs to be specifically adapted for mito-
chondrial genomes.

Since the D-Loop consists of promoter regions and is
responsible for controlling mtDNA replication, we con-
sidered whether the frequency distribution of methylation
within this region differs in normal and cancer contexts. A
striking shift from the bimodal distribution of methylation
frequency in normal liver cells was observed in liver cancer
cells, which was strongly right skewed (Figure 2D). A sim-
ilar but less pronounced pattern was also observed in pri-
mary liver and liver tumour resections (Supplementary Fig-
ure S2A–C). However, a different distribution of D-Loop
methylation was observed in breast cancer and normal cells
(Figure 3F). MtDNA content and cancer have been pre-
viously implicated in disease prognosis. For example, low
mtDNA content was found to be associated with better sur-
vival (42) and treatment outcomes (43) for breast cancer pa-
tients, whereas low mtDNA content in liver has been associ-
ated with higher risk of developing non-alcoholic fatty liver
disease, a precursor to cancer development (44). Since the
D-Loop region is involved in mtDNA replication, whether
D-Loop methylation determined by this study (Figures 2F,
3F and 4D) has direct regulatory consequences for mito-
chondrial replication should be investigated further. The
functional consequences of this could mean a cell type spe-
cific layer of regulation concerning mtDNA replication that
has remained unexplored.

Because MtDNA is known to insert into the nuclear
genome, resulting in ‘nuclear DNA sequences of mitochon-
drial origin’ (NUMTs), the presence of NUMTs in some an-
alytical procedures may generate misleading results (6,23).
It is estimated that there are between 1000 and 10 000 copies
of mtDNA in each mammalian cell (45); hence, the prob-
ability of identical sequences in the nuclear genome being
amplified when mtDNA is the target sequence is extremely
low due to the vast excess of mtDNA (6). Although mtDNA
enrichment was confirmed using qPCR, to avoid any com-
plication, data from this study was aligned to the human
nuclear genome (Human Genome Assembly GRCh38.p12,
June 2018) as well as to the mitochondrial genome alone
(revised Cambridge Reference Sequence NC 012920, June
2018). Any reads that aligned to both were excluded to en-
sure only those reads that uniquely mapped to mtDNA
were considered in the analysis. Therefore, the presence
of NUMT sequences is highly unlikely to contribute to
mtDNA methylation levels and patterns observed in this
study.

Previous work investigating non-CpG methylation in the
nuclear genome has shown a conservation of methylation
context. The trend observed in nuclear genome, i.e. mCpG

> mCpA > mCpT > mCpC (36), has been attributed to
the observed patterns being non-random and hence bio-
logically significant. Similarly in this study, distinct trends
in the frequency of methylation at each dinucleotide, i.e.
mCpC>mCpA /mCpT>mCpG, is largely conserved in all
cell types. Further studies are warranted to examine the po-
tential biological significance of the consistent occurrence
of non-CpG methylation detected in mtDNA. In the nu-
clear genome, unlike CpG methylation, non-CpG methy-
lation largely occurs asymmetrically and this has been at-
tributed to its acute regulation in response to environmental
stimuli/stressors. It has also been shown to regulate the ex-
pression of specific genes, in particular PGC-1a (35) which
is involved in mitochondrial function and biogenesis. In the
nuclear genome, characteristic areas of the genome, such as
gene promoter regions, are often aberrantly hypo- or hyper-
methylated in cancer versus normal cells and this has been
directly linked to transcriptional regulation of gene expres-
sion (46). Likewise, this study has shown a similar associa-
tion where higher average promoter methylation of the L-
strand has been concomitant with lower expression of ND6
between different cell types (Figures 2E, 3E and 4E). This
suggests the detected methylation may play a role in strand
specific regulation of gene expression. These results concur
with previous investigations where gene expression was as-
sociated with induced promoter methylation within GpC
dinucleotides (22). It should be noted that GpC methyla-
tion from the previous study has been reported as part of
the CpN methylation in the present study. It is also note-
worthy that in mtDNA, unlike in the nuclear genome, one
promoter region such as the Origin of replication (100–441
bp) has been identified to regulate multiple genes (3,5). Pre-
vious reports have shown a link between the expression of
specific genes, such as ND1, to be associated with induced
GpC methylation within specific promoters such as HSP2
(22). To further emphasize this, strand specific methylation
of CpG and adjacent CpN sites has been shown across a
known transcription factor binding site (523–550 bp) of the
mitochondrial genome in Supplementary Figure S4 (47).
The complex relationship between multiple H-strand pro-
moters and origins of replication in the D-Loop as well as
varying distributions of methylation in the D-Loop between
cell types observed in this study should be investigated fur-
ther to determine any functional links to transcription of
genes encoded on the H-strand. The asymmetry of non-
CpG methylation has previously been attributed to its high
response to environmental stimuli (36). In addition, mito-
chondria are known to be highly responsive to changing cel-
lular conditions as part of many of their physiological func-
tions such as maintaining cellular energy demands. Hence,
it can be postulated that the detected mtDNA methylation
could play a role in regulation of specific genes in a transient
manner with respect to immediate cellular demand.

Another important finding from this study is that the
methylation may be modulated by global cellular DNMT
enzymes (Supplementary Figure S3). It is also notewor-
thy that DNMT3B was the enzyme that severely impacted
the global frequency and amount of mtDNA methylation
in normal breast cells (Figure 4). It should be noted that
a wide variety of nuclear encoded genes are known to
have direct, functional effects on mitochondrial processes
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as well as mitochondrial DNA compaction and transcrip-
tion (48). The effects of DNMT knockdown on these nu-
clear encoded genes and any potential consequential effects
on the observed changes in mtDNA methylation cannot be
ruled out. Co-operative maintenance of DNA methylation
by the DNMT family of enzymes in the nuclear genome
has been previously well characterized (49). However, lit-
tle is known about the consequences of aberrant overex-
pression of DNMT3B in particular that has been reported
for a number of malignancies including breast cancer (50)
and colorectal cancer (51,52). Due to its high relevance in
disease, there is a need for a better understanding of the
complex interplay between the DNMT family of enzymes
and how they may be involved in modulating mitochon-
drial DNA methylation. The complex nature of the nuclear-
mitochondrial crosstalk, and how methylation of the two
genomes plays a role (48) is another area of future investi-
gation.

In summary, the present study demonstrates, for the first
time via NGS-based bisulfite sequencing, that the mito-
chondrial genome is heavily methylated with predominant
non-CpG methylation and that this methylation is associ-
ated with multiple DNMT enzymes. Furthermore, the re-
sults show that mtDNA methylation patterns are cell type
specific and that they may be functionally linked to mi-
tochondrial gene expression. Importantly, this study high-
lights key methodological requirements for adequate as-
sessment of methylation within mitochondrial DNA. This
study implores the importance of adapting methodology to
allow assessment of both CpG and non-CpG methylation
for future investigations. Future efforts aimed at decipher-
ing the potential functional consequences and biological
variances of mtDNA methylation may prove to be highly
useful.
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Regulatory T cells (Tregs) are considered key players in the prevention of allograft rejec-
tion in transplanted patients. Belatacept (BLT) is an effective alternative to calcineurin 
inhibitors that appears to preserve graft survival and function; however, the impact of this 
drug in the homeostasis of Tregs in transplanted patients remains controversial. Here, we 
analyzed the phenotype, function, and the epigenetic status of the Treg-specific demeth-
ylated region (TSDR) in FOXP3 of circulating Tregs from long-term kidney transplant 
patients under BLT or Cyclosporine A treatment. We found a significant reduction in the 
proportion of CD4+CD25hiCD127lo/−FOXP3+ T cells in all patients compared to healthy 
individual (controls). Interestingly, only BLT-treated patients displayed an enrichment of 
the CD45RA+ “naïve” Tregs, while the expression of Helios, a marker used to identify 
stable FOXP3+ thymic Tregs remained unaffected. Functional analysis demonstrated that 
Tregs from transplanted patients displayed a significant reduction in their suppressive 
capacity compared to Tregs from controls, which is associated with decreased levels of 
FOXP3 and CD25. Analysis of the methylation status of the FOXP3 gene showed that 
BLT treatment results in methylation of CpG islands within the TSDR, which could be 
associated with the impaired Treg suppression function. Our data indicate that analysis 
of circulating Tregs cannot be used as a marker for assessing tolerance toward the 
allograft in long-term kidney transplant patients. Trial registration number IM103008.

Keywords: transplantation, tolerance, belatacept, Cyclosporine A, Treg, suppression

Abbreviations: CNI, calcineurin inhibitors; CsA, Cyclosporine A; BLT, belatacept; Tregs, regulatory T cells; FOXP3, Forkhead 
box P3; IL-2, interleukin 2; APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; PBMCs, 
Peripheral blood mononuclear cells; CFSE, Carboxy fluorescein succinimidyl ester; FBS, fetal bovine serum.
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INTRODUCTION

Kidney transplantation is considered the treatment of choice 
for patients with end-stage renal failure. The use of calcineurin 
inhibitors (CNI) such as Cyclosporine A (CsA) and tacrolimus 
reduce allograft rejection (1); however, the toxic effect produced 
by the prolonged use of these immunosuppressive drugs, has 
aimed researchers to develop new drugs that prevent allograft 
rejection without the side effects of CNI (2). Among them, 
belatacept (BLT), a human fusion protein combining a modi-
fied extracellular portion of cytotoxic T-lymphocyte-associated 
antigen 4 (CTLA-4) with the constant-region fragment (Fc) 
of human IgG1, was approved in 2011 by US Food and Drug 
Administration as therapeutic agent for the prevention of allo-
graft rejection. BLT mediates its function by interacting with 
costimulatory ligands CD80/CD86 on the antigen-presenting cell 
(APC), thereby blocking the costimulatory signal (second signal) 
required for naive T cell activation and resulting in anergy or 
apoptosis (3). A lower incidence of chronic allograft nephropathy, 
favoring BLT compared to patients under CsA treatment was 
documented by 12 months post-transplantation (4, 5). Although, 
it has been reported an increase of acute rejection episodes and 
post-transplant lymphoproliferative disorders in BLT-treated 
patients (4), clinical studies have shown that 7 years after trans-
plantation kidney transplant patients under BLT treatment have 
a significantly better patient and graft survival, as well as mean 
estimated glomerular filtration rate than patients under CsA (6).

Regulatory T cells (Tregs) are cells with immunosuppressive 
capacity that are important in tolerance maintenance after organ 
transplantation (7). These cells are characterized by the expression 
of the transcription factor FOXP3, considered the master regulator 
of their development and function, as well as high levels of surface 
CD25, and low levels of CD127 (CD4+CD25hiCD127lo/−FOXP3+). 
Therefore, several studies have addressed the potential effects of 
immunosuppressive therapy on Tregs from transplanted patients.

Some studies have claimed that BLT, rather than acting as 
immunosuppressor, plays a role as immunomodulator. This 
was supported by studies showing an increase of CD16+IDO+ 
cells and Tregs in peripheral blood and in intragraft FOXP3+ 
cells, proposed to generate a tolerant profile to renal allograft 
in those patients (8, 9). Other studies showed no differences in 
the percentage of CD4+CD25hi and in FOXP3 levels in the CD4+ 
subpopulation between BLT and CsA patients after 6 months of 
treatment (10) or showed no long-term negative impact of BLT 
on circulating Tregs (11). By contrast, other studies reported a 
lower percentage of CD4+CD25hi cells in peripheral blood and a 
reduced intragraft level of FOXP3 mRNA compared to CsA (12). 
However, it was argued that the negative effect of BLT might 
be the result of short-term effect of the basiliximab used in the 
induction therapy. Therefore, the effect of this drug on Tregs 
remains controversial [reviewed in Ref. (13)].

As BLT is a costimulation blocker, it could interfere with 
signaling pathways (CD28 and CTLA-4) important for the devel-
opment, homeostasis, and function of Tregs (14, 15). As these 
cells are important in tolerance maintenance after organ trans-
plantation (7), it is necessary to study not only their frequency but 
also their suppressor function and FOXP3 epigenetic status, in 

transplanted patients under long-term therapy. Thus, the aim of 
the present study was to analyze the impact of long-term therapy 
with BLT or CsA on the phenotype, suppressive function, and 
the epigenetic status of the FOXP3 TSDR from peripheral Tregs 
of kidney transplant patients with stable graft function. Our data 
indicate that analysis of circulating Tregs cannot be used as a 
marker for assessing tolerance toward the allograft in long-term 
kidney transplant patients.

MATERIALS AND METHODS

Kidney Transplant Patients
Thirty-five primary kidney transplant patients included in this 
sub-study participated in the clinical trial BENEFIT (IM103008 
study), which continue on their original study drug arm, BLT 
(n = 24) or CsA (n = 11). All patients received induction therapy 
with basiliximab, and adjunctive maintenance therapy with 
mycophenolate mofetil and prednisone. BLT was administered 
at a dose of 5  mg/kg every 4  weeks and CsA in an adequate 
dosage to maintain a blood level of 100–200  ng/dl (current 
mean blood level of 132.8 ± 40.1, 65.6–189.4). The current daily 
dose for mycophenolate mofetil and prednisone in both groups 
was 1 g/day and 5 mg/day, respectively. The daily exposure to 
mycophenolate mofetil and prednisone was comparable in both 
groups.

This sub-study was conducted with authorization of Bristol-
Myers Squibb (protocol IM103-351) and approval from the 
Committees Medical Ethics at the Instituto de Investigaciones 
Biomédicas (UNAM), the Instituto Nacional de Ciencias 
Médicas y Nutrición Salvador Zubirán (Reference number 1535), 
the Instituto Nacional de Cardiología Ignacio Chávez, and the 
Instituto Mexicano de Trasplantes, and performed in accordance 
with the revised Declaration of Helsinki content, the Declaration 
of Istanbul, and Good Clinical Practice Guidelines. All patients 
provided written informed consent to participate in the study.

The transplanted individuals had stable graft function and 
with no clinical/biochemical evidence of rejection. Transplanted 
individuals in this sub-study had a mean of 7 years post-trans-
plant. Buffy coat preparations of normal blood donors (control 
group) were provided by the Blood Bank, Instituto Nacional de 
Enfermedades Respiratorias, México DF.

Reagents
Anti-CD127-PECy7, anti-CD25-PECy5, anti-CD45RA-APCH7, 
anti-CD19-FITC, and anti-CD3-APCCy7 were purchased 
from BD Biosciences (San Jose, CA, USA). Anti-CD4-PE and 
anti-CD8-PECy7 were purchased from Tonbo Biosciences (San 
Diego, CA, USA). Anti-FOXP3-AlexaFluor647 was purchased 
from Beckman Coulter (Brea, CA, USA). Carboxy fluorescein 
succinimidyl ester (CFSE) was purchased from Life Technologies 
(Eugene, OR, USA).

For intracellular staining, FOXP3/Transcription Factor 
Staining Buffer Set (eBiosciences, San Diego, CA, USA) was used. 
All staining were performed in RPMI 1640 (Gibco, Carlsbad, 
CA, USA) with 10% fetal bovine serum (FBS), 2 mM glutamine, 
10 mM HEPES, and 10 mM antibiotic-anti-mycotic (Gibco).
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Cell Isolation, Antibody Staining, and Cell 
Sorting
Peripheral blood mononuclear cells (PBMCs) were isolated 
from blood of patients or from the buffy coat preparations of 
healthy donors by standard Ficoll-Paque™ Plus density-gradient 
centrifugation (GE Healthcare). PBMCs were labeled with anti-
CD4, anti-CD127, anti-CD25, and anti-CD45RA monoclonal 
antibodies, incubated at 4°C in the dark for 20 min. For intracel-
lular staining, cells were permeabilized with 150 μL of fixation/
permeabilization solution at 4°C for 12 h. After two washes with 
permeabilization buffer 1×, PBMCs were incubated with anti-
FOXP3 and anti-Helios for 30 min at 4°C in the dark. Samples 
were acquired with an Attune® Acoustic Focusing Cytometer 
(Life Technologies) and FlowJo 7.6.2 software (Tree Star, Ashland, 
OR, USA) was used for data analysis. A total of 100,000 events 
were acquired for analysis, after gating of lymphocytes based on 
the FSC/SSC dot plot.

For sorting, 50 ×  106 PBMCs were washed once and resus-
pended in media (RPMI/10% FBS) at 100  ×  106 per ml. Cells 
were incubated with anti-CD4 and anti-CD25 at 4°C for 30 min, 
washed twice and resuspended in PBS 1×. Labeled cells were 
sorted using a FACs Aria I sorter (BD Biosciences). For Treg iso-
lation, a CD4+CD25veryhi gate was used and sorted cells were col-
lected in media (RPMI/20% FBS), washed once and resuspended 
in culture media until ready to be plated in the suppression assay.

T Cell Suppression Assays
As a significant percentage of the patient’s Tregs did not express 
low levels of CD127, we were unable to use the conventional 
CD4+CD25hiCD127lo region to purify Tregs, and instead a 
CD4+CD25veryhi gate (containing >85% of Foxp3+ T cells) was 
used to isolate Tregs from both healthy subjects or kidney trans-
plant patients (see Figure S3 in Supplementary Material). Sorted 
Tregs were cocultured with CD3+ cells (Tresp) from the same 
individuals. CD3+ T cells were isolated by negative selection using 
a Pan T cell Isolation Kit (Miltenyi Biotec, San Diego, CA, USA) 
according to the manufacturer’s instructions, then labeled with 
2.5 μM of CFSE at 37°C for 15 min, and finally washed three times 
with RPMI 10% FBS. In all assays, 5 × 104 CFSE-labeled Tresp 
were cocultured with Tregs at ratios Tregs:Tresp (0:1, 1:2, 1:4, 1:8, 
and 1:16) in RPMI media supplemented with 10% human AB 
serum and in the presence of Human Treg Suppression Inspector 
beads (Miltenyi Biotec) at a bead:Tresp ratio of 1:1. After 5 days, 
cells were stained with antibodies to CD4 and CD8, and cells 
were acquired with an Attune® Acoustic Focusing Cytometer and 
FlowJo 7.6.2 software was used for data analysis. The percentage 
of proliferating Tresp cells was determined by CFSE dilution 
and unlabeled CFSE-negative Tregs were excluded. Suppression 
was calculated as relative inhibition using the following for-
mula: [(Tresp proliferation without Tregs − Tresp proliferation 
with Tregs)/Tresp proliferation without Tregs]  ×  100, for each 
individual.

Cytokine Production Assay
The levels of the cytokines IL-2 and IFN-γ in the culture superna-
tants from suppression assay were measured using LEGENDplex 

bead-based immunoassay KIT (Biolegend), according to the 
recommended procedure. Briefly, the samples were incubated 
with a panel of capture beads, then mixed with biotinylated 
detection antibody and subsequently with streptavidin–phy-
coerythrin, providing flourescent signals that were quantified 
on a flow cytometer. The concentrations of the cytokines were 
determined using a standard curve generated in the same assay. 
The experiments were performed in quadruplicate and repeated 
two times.

DNA Methylation Analysis of the FOXP3 
TSDR
Methylation of Treg-specific demethylated region (TSDR) 
of FOXP3 gene was evaluated in isolated CD4+CD25hi from 
transplanted patients and controls previously used for sup-
pression assays (CD4+CD25veryhi gate). As negative controls, 
CD4+CD25−CD45RA+ T cells from controls were included. 
Sodium bisulfite modification of genomic DNA was carried 
out using the EZ DNA Methylation direct Kit (Zymo Research 
Corp., USA) according to the manufacturer’s protocol. 
Bisulfite-treated DNA was PCR amplified using the following 
primers: p-5′-TGTTTGGGGGTAGAGGATTT-3′ and o-5′-
TATCACCCCACCTAAACCAA-3′. Amplified DNA product was 
gel purified using QIAEX II gel extraction kit (Qiagen, Germany) 
and cloned into pGEM-T easy vector (Promega). Escherichia coli 
competent cells were transformed with recombinant vector 10 
individual positive bacterial colonies were selected from which 
recombinant plasmid DNA was purified and sequenced with 3500 
Genetic Analyzer (Applied Biosystems, USA). Sequences were 
interpreted using the Bioedit Software 7.2.5 (Ibis Biosciences, 
USA).

Statistical Analysis
The statistical analysis was performed using Prism 5.0 soft-
ware (GraphPad Software, San Diego, CA, USA). Values were 
expressed as mean ± SEM. The Kolmogorov–Smirnov test was 
used to evaluate the distribution of each parameter. Only the con-
trol group followed a normal distribution. Differences between 
three groups were calculated using the Kruskal–Wallis test and 
comparison between two groups were made using the two tailed, 
Mann–Whitney non-parametric U test. A value of p < 0.05 was 
considered significant.

RESULTS

Kidney Transplant Patients
Twenty-four patients were included in the BLT group and 
11 patients were in the CsA group. Clinic and demographic 
characteristics of the patients included in the study are shown 
in Table 1. As observed in this Table, no differences were found 
in donor and patients characteristics, although patients under 
BLT treatment maintained significantly better and stable graft 
function (both serum creatinine and cGFR) compared to patients 
under CsA. All patients were included at comparable years after 
transplantation. There were no differences in the total number of 
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FIGURE 1 | Increased frequency of naïve CD4+ T cells in BLT-treated patients. (A) Normal percentages of CD3+, CD4+, and CD8+ cells are found in BLT- 
(n = 24) and CsA- (n = 11) treated patients compared to control (n = 9), and a slight reduction of B (CD19+) cells is observed in BLT-treated patients. (B) Analysis of 
naïve T cell populations by the expression of CD45RA marker shows a significant increase in the frequency of CD4+CD45RA+ naïve T cells in BLT compared to 
CsA-treated kidney transplant patients and controls. Statistical analysis was performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; CsA, 
Cyclosporine A. Control group was composed by healthy individuals.

TABLE 1 | Clinic and demographic characteristics of kidney transplant patients and controls.

Belatacept (n = 24) CsA (n = 11) Control (n = 9) p value

Age (years) 31.08 ± 10.1 (18–57) 28.9 ± 10.7 (18–50) 35 ± 10.5 (24–54) 0.565
Gender (F/M) 10/14 3/8 1/8 0.478
Donor age (years) 36.12 ± 9.47 (21–54) 37.81 ± 9.34 (23–52) NA 0.625
Donor gender (F/M) 17/7 6/5 NA 0.451
Haplotypes (2-H/1-H/0-H) 2/14/8 2/6/3 NA 0.755
ESRD cause Unk: 18 Unk: 9 NA 0.672

DM: 3 DM: 0
GMN: 3 GMN: 2

1-year SCr post-KT (mg/dl) 1.05 ± 0.19 (0.7–1.4) 1.34 ± 0.27 (0.95–1.83) NA 0.0011
Current SCr (mg/dl) 1.03 ± 0.304 (0.66–2.03) 1.48 ± 0.43 (0.9–2.1) NA 0.0012
1-year post-KT cGFR (ml/min) by MDRD 79.01 ± 15.6 (56.1–126.2) 63.81 ± 9.1 (50.9–78.9) NA 0.0056
Current cGFR (ml/min) by MDRD 79.6 ± 16.5 (40.1–107.7) 56.8 ± 13.6 (38.1–76.1) NA 0.0004
1-year post-KT serum CsA blood level (ng/ml) NA 155.9 ± 36.2 (112–228.7) NA
Current serum CsA blood level (ng/ml) NA 132.8 ± 40.1 (65.6–189.4) NA
Time since transplantation (years) 7.28 ± 0.91 (5.9–8.67) 7.11 ± 0.83 (5.9–8.22) NA 0.606
Peripheral blood lymphocytes (cells/μl blood) 3.2 ± 1.7 × 103 2.5 ± 1.0 × 103 2.5 ± 0.5 × 103 0.478

ESRD, end-stage renal disease; Unk, unknown; GMN, glomerulonephritis; DM, diabetes mellitus; SCr, serum creatinine; KT, kidney transplant; cGFR, glomerular filtration rate; 
MDRD, modification of diet in renal disease; CsA, cyclosporine A; NA, not available.
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HLA mismatches. The control group consisted of a group of nine 
healthy individuals (eight males and one female) closely matched 
with kidney transplant patients for age, with a mean of 35 years 
(24–54  years). Furthermore, the current number of peripheral 
blood lymphocytes was comparable between both transplant 
groups (3.2  ±  1.7  ×  103 cells/μl blood and 2.5  ±  1.0  ×  103 
cells/μl blood for BLT and CsA, respectively) and to controls 
(2.5 ± 0.5 × 103 cells/μl blood).

Patients under BLT Treatment Present 
High Frequency of Circulating 
CD4+CD45RA+ T Lymphocytes
No significant differences were found between the frequencies 
of peripheral lymphocytes (CD3+, CD3+CD4+, CD3+CD8+, 
and CD19+ cells) among patients with BLT and CsA compared 
with controls (Figure 1A). Although the frequency of CD4+ T 
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cells was similar between all groups (Figure 1B, left), patients 
on long-term BLT treatment presented significantly higher 
percentages of circulating CD4+CD45RA+ T lymphocytes 
compared with CsA and control groups (BLT = 61.04 ± 3.74; 
CsA  =  48.03  ±  3.97; control  =  40.56  ±  4.92; p  <  0.05) 
(Figure 1B, right).

Decreased Frequency of FOXP3+ and 
Reduced Expression of FOXP3 and CD25 
Inside of Total CD4+ T Cells from BLT-
Treated Patients
To examine the effect of BLT versus CsA on the frequency of cir-
culating Tregs in kidney transplant patients, we first analyzed the 
expression of FOXP3 in total CD4+ T cells. Within the CD4+ T cell 
population, the percentage of FOXP3+ cells in both transplanted 
patients was significantly reduced compared with control group 
(BLT = 5.81 ± 0.47; CsA = 4.57 ± 0.32; control = 7.94 ± 0.48; 
p  <  0.01) (Figure  2A). In addition, the expression [mean 
fluorescence intensity (MFI)] of FOXP3 in CD4+FOXP3+ T 
cells from BLT-treated patients was lower than those of CsA and 
controls groups (BLT = 28,731 ± 3,639; CsA = 42,362 ± 6,687; 
control = 49,964 ± 3,108; p < 0.005) (Figure 2B, upper panel). 
As high expression of CD25 characterizes Tregs, we next analyzed 
CD25 within the CD4+ FOXP3+ T cells population and found 
that this marker was significantly reduced in BLT-treated patients 
compared with CsA and control groups. There was no difference 
of CD25 MFI between CsA and controls (BLT = 12,509 ± 839.1; 
CsA  =  18,612  ±  2,728; control  =  16,111  ±  808.6; p  <  0.05) 
(Figure 2B, lower panel).

Frequency of Peripheral 
CD4+CD25hiCD127lo/− Tregs from Kidney 
Transplant Patients Are Reduced  
and Express Lower Levels of FOXP3  
and CD25
Some reports indicate that a CD25hi and CD127lo/− phenotype 
on CD4+ T cells allows more accurately to distinguish Tregs 
from activated CD25+ conventional T cells, particularly in 
human samples (16). As shown in Figure  3A, the propor-
tion of CD25hiCD127lo/− T cells within the CD4+ region was 
significantly reduced in both BLT- and CsA-treated patients 
compared with the control group (BLT  =  3.31  ±  0.25; 
CsA = 3.83 ± 0.51; control = 5.28 ± 0.36; p < 0.05). As a result, 
the frequency of CD25hiCD127lo/−FOXP3+ T cells among CD4+ 
cells was significantly reduced in both treatment groups com-
pared with controls (BLT = 2.81 ± 0.22; CsA = 2.97 ± 0.44; 
control  =  4.69  ±  0.36; p  <  0.05) (Figure  3B). In addition, 
the expression of FOXP3 in CD4+CD25hiCD127lo/−FOXP3+ 
T cells of transplanted patients was lower than those of 
controls (BLT = 29,099 ± 5,020; CsA = 36,840 ± 9,520; con-
trol  =  65,997  ±  5,026; p  <  0.05) (Figure  3C, upper panel). 
Expression of CD25 within the CD4+CD25hiCD127lo/−FOXP3+ 
population was significantly reduced in BLT-treated patients 
compared with CsA and control groups (BLT = 20,701 ± 1,363; 

CsA  =  28,447  ±  3,859; control  =  24,389  ±  1,154; p  <  0.05) 
(Figure 3C, lower panel).

Moreover, in order to examine whether the reduced expression 
of FOXP3 and CD25 is the result of changes in the composition 
of the total Treg pool, we determined the frequency of CD45RA+ 
and Helios+ within the CD4+CD25hiCD127lo/−FOXP3+ T cells of 
kidney transplant patients and controls. Similarly to what was 
observed for total CD4+ T cells, BLT-treated patients showed 
a significantly increased frequency of CD4+CD25hiCD127lo/− 
FOXP3+CD45RA+ T cells (“naïve” Tregs) compared with 
control group (BLT =  50.76 ±  3.89; CsA =  43.34 ±  5.19; con-
trol = 30.78 ± 5.41; p = 0.009) (Figure 4A). Interestingly, both 
CD45RA+ and CD45RA− Tregs from BLT-treated patients display 
lower levels of FOXP3 compared to the controls (Figures 4B,C), 
so that our results are not a consequence of the accumulation of 
Tregs with naïve phenotype.

No differences between groups were observed regard-
ing the frequency of Helios+ Tregs (Figure  5A) within the 
CD4+CD25hiCD127lo/−FOXP3+ subpopulation. Furthermore, 
FOXP3 was similarly downregulated in BLT-treated patients 
among Helios+ and Helios− Tregs compared to controls 
(Figures 5B,C). This transcription factor has been recently shown 
to cooperate with FOXP3 to promote Treg suppression function, 
suggesting that it could be a useful marker for the identification 
of stable Foxp3 (+) Tregs that are primarily generated in the 
thymus (tTregs) (17). Therefore, FOXP3 and CD25 expression 
is reduced in Tregs from BLT-treated patients independently of 
Helios expression.

Interestingly, within the CD4+CD25hiCD127lo/− region, 
we found that only patients under CsA treatment showed a 
reduced percentage of FOXP3+ cells compared to controls 
(76.80 ± 2.83 versus 88.46 ± 1.20; p = 0.002); while the percent-
age of FOXP3+ cells within this region was not significantly 
altered in kidney transplant patients under BLT treatment 
compared to controls (83.29  ±  2.39 versus 88.46  ±  1.20; 
p  =  0.07). Furthermore, some CsA-treated patients (three 
out of seven) showed a proportion of FOXP3+ cells outside 
the characteristic CD4+CD25hiCD127lo/− region (Figure S1 in 
Supplementary Material).

Tregs from BLT-Treated Patients Display 
Impaired Suppressive Function
To determine whether the long-term immunosuppressive thera-
pies had any effect in Treg function, CD4+CD25hi T cells were 
purified from each group for in vitro suppression assays. As the 
percentage of CD25+FOXP3+ cells within the CD4+ subpopula-
tion was reduced in kidney transplant patients (Figure S2 in 
Supplementary Material), for the suppression assays a gate was 
set to sort Tregs containing >85% of CD4+CD25hiFOXP3+ T cells 
similar to the control group (CD4+CD25veryhi gate, Figure S3A 
in Supplementary Material). CD4+CD25hi T cells from controls 
were able to suppress proliferation of both autologous CD4+ and 
CD8+ T cells at all evaluated ratios. By contrast, CD4+CD25hi 
T cells isolated from CsA- and BLT-treated patients showed 
reduced suppression even at high ratios of Tregs to CD4+ T cells 
(BLT = 19.52 ± 5.16; CsA = 17.74 ± 6.81; control = 51.03 ± 5.52 
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FIGURE 2 | CD4+ T cells from BLT-treated patients show a diminished frequency of FOXP3+ subset with reduced levels of FOXP3 and CD25.  
(A) A reduced frequency of CD4+FOXP3+ T cells was found in patients under BLT (n = 21) and CsA (n = 10) treatment compared to controls (n = 9). Lefts panels 
show representative dot plots from patients and controls. (B) Levels of FOXP3 and CD25 expression within the CD4+ subpopulations, were calculated as mean 
fluorescence intensity (MFI), showing a significant reduction in BLT-treated patients compared to CsA and control group. Left panels show representative histograms 
from BLT (black solid line), CsA (gray solid line), and control (filled histogram) individual; dotted line denotes fluorescence minus one control. MFI values from each 
individual were calculated by subtracting the MFI values of the non-expressing subpopulation for each marker from the corresponding expressing subpopulation. 
Statistical analysis was performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; CsA, Cyclosporine A. Control group was composed by 
healthy individuals.
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at 1:2 ratio; p  <  0.01) and CD8+ T cells (BLT  =  17.31  ±  4.83; 
CsA  =  21.67  ±  3.20; control  =  53.31  ±  5.66 at ratio 1:2 ratio; 
p < 0.01) (Figure 6), being associated with the reduced levels of 
FOXP3 and CD25 observed in the isolated CD4+CD25hi T cells 
of all kidney transplant patients (Figure S3B in Supplementary 

Material). The suppressive capacity of Tregs was not significantly 
different between BLT- and CsA-treated patients. Of note, in the 
absence of Tregs, T cells from patients were equally able to pro-
liferate after anti-TCR stimulation (Figure S4 in Supplementary 
Material).
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FIGURE 3 | Peripheral CD4+CD25hiCD127lo/−FOXP3+ T cells [regulatory T cells (Tregs)] from kidney transplant patients showed a reduction in 
frequency and expression levels of FOXP3. (A) Reduced frequency of CD4+CD25hiCD127lo/− T cells in long-term kidney transplant patients (BLT = 12 and 
CsA = 7) versus controls (n = 9). Right panels show representative dot plots from patients and controls. (B) Reduction in the percentage of 
CD4+CD25+CD127lo/−FOXP3+ T cells in compared to controls. (C) Expression of markers characteristic of the Treg phenotype demonstrates a significant reduction 
of FOXP3 and CD25 in Tregs from BLT-treated patients. Left panels show representative histograms from BLT (black solid line), CsA (gray solid line), and control 
(filled histogram) individual; dotted line is a fluorescence minus one control. Mean fluorescence intensity (MFI) values from each individual were calculated by 
subtracting the MFI values of the non-expressing subpopulation for each marker from the corresponding expressing subpopulation. Statistical analysis was 
performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; CsA, Cyclosporine A; control group was composed by healthy individuals.
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FIGURE 4 | Reduced FOXP3 expression on BLT regulatory T cells (Tregs) is not a consequence of the accumulation of Tregs with naïve phenotype. 
Patients under BLT treatment showed an increase frequency of naïve Tregs (A); however, a reduced expression of FOXP3 (B) was found in both naïve (CD45RA+) 
and activated (CD45RA−) Tregs from patients under BLT (n = 14) treatment compared to CsA (n = 4) and controls (n = 9). (C) CD25 expression was significantly 
reduced in activated but not naïve Tregs from BLT patients. Statistical analysis was performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; 
CsA, Cyclosporine A. Control group was composed by healthy individuals.
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Tregs from BLT-Treated Patients Slightly 
Reduced IFN-γ by Activated T Cells
To investigate whether the impaired ability of Tregs from patients 
to inhibit T cell proliferation was accompanied by a reduced 
production of cytokines by responders T cells, we analyzed the 
cytokine secretion in the culture supernatants of the same sup-
pression assays. As shown in Figure 7A, we found a decrease in 
the production of IFN-γ in the cocultures compared to respond-
ers T cells alone when patient’s Tregs were used. This reduction 
was lower in BLT-treated patients to that observed in cultures 
of CsA and controls. Interestingly, although the production of 
IL-2 in responder T cells alone was similar between controls and 
BLT-treated patients, the levels of IL-2 were not significantly 
reduced in the cocultures from these patients compared to 

controls (Figure 7B). By contrast, a reduced production of IL-2 
was found in responders T cells alone and cocultures from CsA-
treated patients.

FOXP3 TSDR Is Methylated in Tregs from 
BLT- and CsA-Treated Patients
It has been previously reported that stable expression of FOXP3 
is important to maintain Treg function (18), therefore we next 
analyzed the methylation state of the FOXP3 TSDR from isolated 
CD4+CD25hi T cells of transplanted patients and controls, which 
were previously used for suppression assays (CD4+CD25veryhi 
gate, Figure S3A in Supplementary Material). As FOXP3 gene is 
located into X chromosome, we evaluated only male individuals 
and the results were reported as percentage of methylated CpG 
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FIGURE 5 | FOXP3 expression is reduced in regulatory T cells (Tregs) from BLT-treated patients independently of Helios expression. (A) No differences 
in the frequency of Helios+ on Tregs population from the three evaluated groups. (B) Reduced expression of FOXP3 within Helios+ (left panel) or Helios− Tregs (right 
panel) of transplanted patients (BLT = 19 and CsA = 7) compared with control group (n = 9). (C) CD25 expression was significantly reduced in Helios− but not in 
Helios+ Tregs from BLT patients. Statistical analysis was performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; CsA, Cyclosporine A. 
Control group was composed by healthy individuals.
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(of a total of 15) from five positive clones obtained from each 
individual. When we analyzed the percentage of methylation 
from all CpG sites sequenced, we observed a variability in kidney 
transplant patients, where some patients were almost all methyl-
ated (BLT2 and CsA2) and others showed a full demethylation 
(BLT3 and CsA1) independently of immunosuppressive treat-
ment, compared to controls where almost all clones sequenced 
were demethylated (Figure 8B). As a result, the complete analysis 
of all patients showed a significant increase in the percentage of 
methylation in the FOXP3 TSDR in Tregs from BLT- and CsA-
treated patients compared to controls (Figure 8C). This enhanced 

methylation could be associated with the reduced of suppression 
observed in Tregs from transplanted patients (Figure 6).

DISCUSSION

Regulatory T cells have been implicated in tolerance induction 
to allogeneic organ transplantation (13). Thus, it is important to 
ensure that immunosuppressive drugs do not interfere in Treg 
development and/or function (19). Studies have reported that kid-
ney transplant patients under BLT treatment show a better renal 
function and less chronic nephropathy in comparison to those 
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FIGURE 6 | Impaired suppressive function of regulatory T cells (Tregs) from kidney transplant patients. (A) Histograms show cells proliferation of carboxy 
fluorescein succinimidyl ester (CFSE)-labeled CD3+ T cells in the absence (responder T cells alone) or presence of Tregs (CD4+CD25veryhi gated) from kidney 
transplant patients (BLT and CsA) or healthy subjects (control), numbers indicate the percentage of dividing cells. One representative experiment is presented.  
(B) CD4+CD25hi T cells (Treg) isolated from BLT- (black bars, n = 9) or CsA- (gray bars, n = 4) treated patients showed impaired suppression of both autologous 
responder CD4+ and CD8+ T cell (Tresp) proliferation at all evaluated Tregs:Tresp ratios, compared to controls (white bars, n = 8). There were no significant 
differences between Tregs from BLT- and CsA-treated patients. Suppression was calculated as relative inhibition using the following formula: [(Tresp proliferation 
without Tregs − Tresp proliferation with Tregs)/Tresp proliferation without Tregs] × 100. Statistical analysis was performed using non-parametric Mann–Whitney test, 
two tailed. BLT, belatacept; CsA, Cyclosporine A.
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under CsA treatment (4, 6, 20). Some studies claim that Treg fre-
quency in peripheral blood and transplanted organs are increased 
in patients under BLT treatment (9, 21); however, other studies 
claim the opposite (12). Such differences may be caused by incon-
sistent parameters used for the characterization of the total Treg 
pool, different gating strategies and small numbers of participants 
in many studies. In the present study, we found no differences in 
the frequency of Treg (CD4+CD25hiCD127lo/−FOXP3+), between 
patients under BLT and CsA treatment, although they were lower 
than those found in healthy individuals. In this study, we used, 
besides the CD25+ and FOXP3+ markers, the low expression of 

CD127 to identify Tregs that were evaluated in 35 patients with a 
mean time of 7 years since transplantation. By contrast, analysis 
of Tregs in other studies was based on CD25 and FOXP3 expres-
sion (9), two markers that are transiently expressed in activated 
humans T cells (22), and other results were limited by the small 
numbers of patients included in the study (21).

Helios was initially reported as a marker of Treg generated 
in the thymus and was used to differentiate tTregs from those 
generated in the periphery (23). However, recent reports have 
shown that Helios can be expressed in peripherally induced 
Tregs and is associated with T cell activation and cell division 
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FIGURE 7 | IFN-γ and IL-2 production in suppression cocultures from kidney transplant patients. Cytokines were measured in the supernatant cultures of 
suppression assays from kidney transplant patients (BLT = 3 and CsA = 4) and controls (n = 4), after a stimulus with beads CD3/CD28 (responder T cells alone) or 
cocultured with autologous regulatory T cells (Tregs) by 4 days. (A) Responder T cells alone from transplanted individuals produce IFN-γ after CD3/CD28 stimulus in 
the same way of controls, and this production is reduced in the presence of autologous Tregs. Tregs from BLT-treated patients slightly reduced IFN-γ production by 
activated T cells. (B) Alterations in IL-2 production were observed in transplanted individuals compared with controls. Responder T cells alone from BLT but not 
CsA-treated patients produce normal levels of IL-2. Statistical analysis was performed using non-parametric Mann–Whitney test, two tailed. BLT, belatacept; CsA, 
Cyclosporine A. Control group was composed by healthy individuals.
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(24). Interestingly, it was reported that FOXP3+Helios+ Tregs 
represent a much more stable population as they differ from 
FOXP3+Helios− Tregs in their epigenetic status of the FOXP3 
locus and their capacity to produce effector cytokines (25). Our 
results suggest that Helios expression is not responsible for the 
levels of FOXP3, as this marker was similarly downregulated in 
Helios+ and Helios− Tregs from kidney transplant patients, com-
pared to controls (Figure 5). Similarly, an accumulation of “naïve” 
Tregs cannot account for the reduced expression of FOXP3 on 
Tregs from BLT-treated patients, as it was affected in both “naïve” 
(CD45RA+) and “activated” (CD45RA−) Tregs (Figure 4).

It has been argued that the immunosuppressive drugs used 
to maintain graft acceptance in kidney transplant patients may 
be affecting both the development, homeostasis, and function of 
Tregs (26); BLT blocks T cell signaling by inhibiting the CD28 
costimulatory pathway while CsA inhibits the synthesis of NFAT-
dependent cytokines such as IL-2. Previous studies have shown 
that both CD28 and IL-2 pathways signaling are essential for 
sustained expression of FOXP3 in Treg cells and maintenance 

of a stable phenotype in the periphery (27, 28). In this study, 
transplanted patients showed a lower MFI of FOXP3, which is 
associated with lower suppressor function in vitro (Figure 6).

Besides of blocking proliferation, Tregs are able to inhibit the 
production of cytokines and prevent the differentiation of immune 
cells. We observed that Tregs from BLT-treated patients slightly 
reduced IFN-γ production despite their impaired suppressive 
function on T cell proliferation (Figure 7A). In this context, it has 
been reported that Tregs can inhibit IFN-γ production without 
blocking the proliferation of CD4+ T cells (29). Moreover, their 
suppressor effects on TCR signaling, IL-2/IFN-γ transcription 
as well as IFN-γ production were retained in conventional T 
cells after the removal of Tregs (30). So, it is probable that Tregs 
require a more prolonged cellular contact to be able in suppress 
the proliferation of immune cells (31). A reduction or alteration 
of membrane markers as CTLA-4 or defects in expression of 
receptors to IL-2 (CD25) could explain the lack of suppression of 
proliferation observed in our transplanted patients. In this con-
text, Tregs from BLT-treated patients showed diminished CD25 
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FIGURE 8 | Altered methylation in the regulatory T cell (Treg) FOXP3 TSDR from kidney transplant patients. Sequence analysis of the TSDR region of the 
FOXP3 gene from BLT, CsA, or controls (three male individuals per group, five clones per individual). (A) After bisulfite treatment, all demethylated CpG cytosines 
(blue) convert to thymines (red), as seen with CD4+CD25hi Tregs from the control (CD4+CD25veryhi gated). By contrast, naïve T cells display a completely methylated 
TSDR and were used as negative control. Data from representative individuals from each group are shown. (B) The panel shows the methylation status of the TSDR 
FOXP3 in the indicated T cells from the three evaluated groups (three individuals per group). Each square represents one CpG analyzed, data are presented as 
mean percentage methylation of five clones per individual. Methylation color code ranges from yellow (0% methylation) to blue (100% methylation) according to the 
color scale (upper right). (C) Percentage of demethylation from each evaluated group, represented as the ratio between the numbers of demethylated cytosines and 
the total number of sequenced CpG sites within the TSDR region.
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expression (Figure 3C) which could affect the “consumption” of 
IL-2 by Tregs, explaining the lack of IL-2 depletion observed in 
the cocultures with Tregs from these patients (Figure 7B).

Many reports have claimed the “division of labour” between 
distinct Treg subpopulations in the maintenance of tolerance 

(32). In the context of allospecific tolerance, it has been claimed 
that tTregs may participate in the inhibition of T-effector cell traf-
ficking to the target organ while antigen-specific iTregs primarily 
prevent T-cell priming by acting on antigen-presenting dendritic 
cells (33). Therefore, it would be relevant to analyze the impact 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


13

Alvarez Salazar et al. Altered Tregs in Belatacept-Treated Patients

Frontiers in Immunology  |  www.frontiersin.org March 2017  |  Volume 8  |  Article 219

of inmunosuppressors in the percentage and/or function of both 
subpopulations. Our data showed a decrease in percentage and 
suppressor function of circulating Tregs; however, no specific 
markers are currently available to reliably distinguish thymic 
versus peripherally induced Treg populations (24).

Although there is a previous study claiming that neither 
BLT nor CsA affect the normal function of Treg cells (11), the 
current study analyzed the patient’s Treg suppressor capacity 
on responder T cells from the same kidney transplant patients, 
while the former one used responder T cells from their respective 
donors. Interestingly, we were unable to detect strong direct allo-
reactive responses from our transplanted patients toward their 
donors APCs, even in the presence of exogenous IL-2 (data not 
shown), which suggests a possible deletion of direct allospecific T 
cells. In addition, in long-term kidney transplant patients as those 
included in this study, alloreactive T cells may likely recognize 
alloantigens by an indirect pathway (34), and thus suppression 
function of Tregs on alloreactive T cells activated by this pathway 
should be pursued. Therefore, we cannot exclude the possibility 
that Tregs cells with an indirect pathway of allospecificity may 
have a normal suppressor function. It is not clear whether the 
relevant allospecific Treg subpopulation of long-term kidney 
transplant patients can be found in peripheral blood or rather 
it has migrated to the transplanted organ to accomplish its func-
tion, as has been suggested (8).

Our study showed that some transplanted patients display 
a low frequency and decreased expression of FOXP3 within 
CD4+CD25hiCD127lo/− region (Figure  3), which was previ-
ously reported for CsA-treated patients (35). In addition to 
affecting the generation or homeostasis of the Treg pool, this 
reduction may be caused by the fact that some Tregs might 
lose its FOXP3 expression due to the action of the immuno-
supressors on FOXP3 stability, that is controlled by epigenetic 
and post-translational modifications (36, 37). In this context, 
demethylated TSDR (Treg-specific demethylation region) of 
the FOXP3 gene is indicative of stable FOXP3 expression and 
Treg lineage commitment (36). Unlike other studies which 
analyzed the methylation state of total PBMC by real time PCR 
(38), here we decided to sequence the whole TSDR region of 
sorted Tregs to obtain a more complete information about the 
epigenetic status of the FOXP3 TSDR in this subpopulation. 
Interestingly, our data showed that transplanted patients under 
BLT or CsA treatment presented partial methylation of the 
CpG islands present in the TSDR (Figure 8), which is associ-
ated with the impaired suppressor function from Tregs of these 
patients. Thus, the loss of demethylation in TSDR region might 
be responsible for the reduced FOXP3 expression observed in 
these patients, and lower levels of FOXP3-dependent markers 
such as CD25 and CTLA-4 (39, 40), where its upregulation is 
associated with enhanced Treg activity (28, 41). It has been 
reported that ten–eleven translocation (TET) enzymes might 
participate in the demethylation of FOXP3 (42). TET enzymes 
catalyzes the conversion of 5-methylcytosine (5mC) to 
5-hydroxymethylcytosine that are intermediates in the process 
of DNA demethylation. High expression of these enzymes was 
observed in thymic FOXP3+ Treg subsets and a deletion of TET 
enzymes led to FOXP3 hypermethylation (43). In addition, 

high expression of TET enzymes have been observed after TCR 
signaling and IL-2 was necessary to maintain their expression 
(44) and, it was shown that (IL-2)-activated Stat5 facilitated Tet1 
and Tet2 binding to FOXP3. On other hand, CD28 signaling in 
Tregs is required for stabilization of FOXP3 mRNA in thymic 
Treg precursors (45). Therefore, the block of these pathways by 
immunosuppressive drugs could explain the methylation in the 
FOXP3 TSDR observed in transplanted patients under BLT and 
CsA treatment.

The variability found in the percentages of GpG island 
demethylation from the TSDR region of patients under 
immunosuppressive treatment suggests that the impaired 
suppressor function of Tregs from transplanted patients may 
also be caused by FOXP3-independent factors, such as IL-10, 
TGFβ, granzyme B, and galectin-1 (46). Therefore, although 
our results are suggestive of the impact of BLT and CsA on 
TSDR methylation, it is necessary to include other pheno-
typic and functional analysis to determine the mechanism 
underlying the alterations of Tregs in long-term transplanted 
patients.

Our findings suggest that circulating Tregs are no solely 
responsible for the quiescence immune state achieved in stable 
long-term patients. In this context, a recent study showed 
BLT-treated patients have increased cellular populations with 
regulatory function such that IL-10+ B cells and IDO+ cells (9, 
47), which could promote tolerance during transplantation and 
facilitate the long-term survival and function of allografts.

In summary, this study has shown that even in patients 
with stable graft function, treatment with BLT can have an 
advertent effect on Treg, suggesting that the beneficial effects 
reported by BLT cannot be only explained by circulating Tregs. 
However, we cannot exclude the immunomodulatory role 
of Tregs, as allospecific Treg function has not directly been 
evaluated. Interestingly, a report showed that combination of 
T cell depletion, BLT, and Sirolimus favored Treg expansion 
and abrogation of T-cell alloreactive anti-donor responses 
in vitro, although the study was performed only at 12 months 
of transplantation (48). Whether the drug effects on Tregs have 
an impact on the ultimate outcome of renal allografts remains 
unclear. Therefore, the effects of long-term immunosuppres-
sion on Tregs should be taken into account in the design of new 
Treg-based therapy.
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Abstract

Hepatic fibrosis occurs in response to persistent liver damage and is character-
ized by an excessive accumulation of extracellular matrix. When the damage is
prolonged, there is a chronic inflammation and persistent hepatic fibrosis eventu-
ally leads to cirrhosis, where in addition to the scar, there is an important vascular
remodeling associated with portal hypertension and, if decompensated, leads to
death or can develop hepatocellular carcinoma. We have been studying the phar-
macologic functions of adenosine, finding that a derivative of this nucleoside, IFC-
305, shows hepatoprotective effects in a CCl4-induced rat cirrhosis model where it
reverses liver fibrosis through modulation of fibrosis-related genes and by amelio-
rating hepatic function. Furthermore, this compound has the property to rescue cell
cycle inhibition in vivo, prevents hepatic stellate cell activation, modulates anti-
inflammatory macrophage polarization, and favors a chromatin context that could
decrease the genomic instability and characteristics of cirrhosis, enabling the
recovery of gene expression profile. Here we show results that contribute to the
comprehension of molecular and cellular mechanism of cirrhosis, give the opportu-
nity to suggest biomarkers to the early diagnostic of this pathology, and constitute
the fundaments to suggest IFC-305 as a coadjuvant for treatment of this disease.

Keywords: liver fibrosis reversion, adenosine, Kupffer cells, hepatic stellate cells,
cell cycle, epigenetics

1. Introduction

Cirrhosis is the 14th dead cause worldwide in adults [1]; this pathology represents
an hepatocellular alteration, which is defined histologically by a vascular remodeling
that triggers formation of fibrotic interconnected septum that wraps the entire liver
tissue and divides the parenchyma in nodules [2]; as a consequence, there is a
reduction in hepatocellular mass as well as liver function and blood flow alterations.
These pathologic characteristics are independent of disease etiology, which mainly
could be alcoholic, biliary, and directed by viral or chronic hepatitis [3].
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In the past, cirrhosis was considered as an irreversible illness, but there is
evidence, which suggests that when there is an arrest of the viral or nonviral mayor
cirrhotic-generator insult, it is possible to resolve fibrosis [4–9]. This is evident in
successfully chronic hepatitis C treatment, in fibrosis resolution in hemochromato-
sis patients with effective treatment, and also in alcoholic liver illness patient who
has suspended alcohol consumption [10]. A group of histopathological injuries of
“reverted cirrhosis” has been described in the “hepatic reparatory complex” [9]
including a thin, incomplete and perforated septum, through which hepatocytes are
evident; there is a hepatocyte growing in terminal hepatic venules and little cumu-
lus of thick collagen fibers in the parenchymal sinusoids [2]. Nevertheless, this
disease could be considered as a pre-neoplastic state considering that 80% of hepa-
tocellular carcinoma originated from cirrhosis [11].

This pathology is a silence one; generally it courses without symptoms, whereby
its development confers a significant morbidity and mortality risk, and progression to
this terminal state of chronic liver injury is slow, around 20–40 years [12]. Thanks to
advances in the understanding of chromatin organization and rapid progress in
sequencing technology, it has been clear that not only genetics but also epigenetics
influence both normal human biology and diseases [13]; the combinatorial of these
both factors could influence on speed of disease development, generating changes in
chromatin, an inflammatory process and hepatic stellate cell (HSC) activation, trig-
gering a pro-fibrotic environment and if it is perpetuated, the cirrhosis establishment.
In this section, we will get deep into molecular and cellular aspects of cirrhosis and
how an adenosine derivative could reverse this pathology through generating an anti-
inflammatory environment and blocking HSC activation, modulating cell cycle and
mediating epigenetic changes which reduce altered expressed genes.

2. Biochemical and physiological alteration of liver during cirrhosis and
hepatoprotective effects of an adenosine derivative

Cirrhosis has a complex cellular and molecular dynamic that should be
approached using laboratory models that could be animal or cell cultures. One of the
most studied cirrhotic models employs carbon tetrachloride (CCl4) to generate the
pathology. This compound is a hepatic and renal toxic, whose effect is produced by
two different mechanisms: the first one is related with the alteration of hepatocyte
capacity to bind triacylglycerides to transporter lipoproteins, triggering an intracel-
lular lipid accumulation and fatty degeneration of the liver; the second mechanism
consists in the formation of metabolites extremely toxic, which lead to cell death
and centrilobular hepatic necrosis [14]. This toxic compound is a substrate of P450
cytochrome that transforms it into CCl3� radicals, and these radicals generate
CCl3OO� when it reacts with molecular oxygen. Since CCl3� radicals react with cell
membranes inducing lipid peroxidation, it has been proposed that the main cause of
hepatic illness by CCl4 is the membrane damage by the free radical chain reaction,
and probably, the initial event is related with mitochondrion membrane damage
[15]. Nevertheless, it is important to say that this model, unlike what happens in the
human, progresses to hepatocellular carcinoma with low frequency, so that it per-
mits only the evaluation of cirrhotic state.

Rats are intraperitoneal treated with 0.04 g/kg body weight of CCl4 three times
per week, during 10 weeks. After this time it is possible to observe a liver distortion,
the formation of nodules, bilirubin accumulation and hepatomegaly [16], the gen-
eration of a fibrotic area of 16% of the tissue, and a reduction in parenchyma surface
to around 78%. As a consequence of these liver architecture changes, there are
alterations of liver function: serum samples of cirrhotic rats display elevated AST,
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ALT, and bilirubin levels and albumin are relatively reduced [17]. Furthermore,
there is a reduction in ATP level with slow recovery after 5 weeks with saline. All of
these altered parameters reflect chronic hepato-biliary injury.

Since 1967, our laboratory has been studying the pharmacologic effects of adeno-
sine on hepatic metabolism [18], finding that this nucleoside increases hepatocyte
energetic charge [19], an effect which is able to increase metabolic fluxes [20]; it
increases glycogen synthesis, blocks fatty acid oxidation [21], and maintains cell
redox state. Some of the pharmacologic effects of adenosine on hepatotoxicity are:
prevention of fatty liver disease [21], recovery of basal energetic state which was
reduced by toxic agents [22], maintenance of redox balance between cytosol and
mitochondrion [23], prevention of CCl4-induced necrosis [24], avoiding free radical
propagation during CCl4 metabolism [25], and modulation of the blood flux of
hepatic artery [23]. Furthermore, adenosine is able to reduce 50% collagen accumu-
lation in a cirrhosis prevention model, thanks to the increase of liver collagenolytic
activity hand by hand with an improvement of liver function [26–31]. These findings
allowed us to propose adenosine as possible treatment to reverse cirrhosis.

In order to understand the mechanism of action of adenosine, we generated
several derivatives and compared their hepatoprotective properties against adeno-
sine, because this nucleoside is subject of an active metabolism within the cell
resulting in a short half-life of the nucleoside but with capability of metabolic
modulation; it could be phosphorylated by adenosine kinase, deaminated to inosine
by adenosine deaminase, or transformed to S-adenosylhomocysteine by S-
adenosylhomocysteine hydrolase [32].We found that aspartic salt of this nucleoside,
now denominated IFC-305, presents a better protection against lethal dose of CCl4
using a fourth of the dose than the parental compound; this effect could be under-
standable because IFC-305 presented a delay in the maximal absorption than aden-
osine (20 vs. 30 min), but adenosine level rapidly declined to practically
undetectable levels between 60 and 120 min, while IFC-305 presented a significant
liver concentration even 120 min after its administration; this behavior could be
explained by a 20% diminution of the activity of the adenosine deaminase, in the
presence of IFC-305, an enzyme responsible to transform adenosine to inosine.
These results suggest that IFC-305 clearance is much slower than that of adenosine
[33]. With these results, we decided to explore the hepatoprotective properties of
this adenosine compound, treating rats (50 mg/kg body weight, three times per
week) during 5 weeks after cirrhosis induction with CCl4.

Cirrhotic rats treated with IFC-305 present a healthy-like liver phenotype com-
pared with cirrhotic rats and also with cirrhotic rats treated with saline during
5 weeks after cirrhosis induction. Besides, decreased fibrosis was evident in
response to IFC-305 treatment, accelerating fibrosis resolution, leaving only 4% of
fibrotic area, while increasing parenchymal liver area from 87 to 90%, and collagen
was decreased to half-level as compared to saline-treated rats. This improvement in
liver architecture was in accordance with liver physiological amelioration; IFC-305
reduced significantly bilirubin and serum transaminase activities [17], and ATP
levels were equivalent to those of healthy liver [34], corroborating that IFC-305
presents the same hepatoprotective properties reverting cirrhosis than adenosine
but with a lower dose.

3. Cell cycle inhibition during cirrhosis and its recovery by IFC-305

Liver has a well-known capability to regenerate after resection [35]; the severity
of liver fibrosis is considered to be related with impaired regenerative capacity,
suggesting the arrest of cell cycle [36]. The fibrogenesis process is accompanied by
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energetic imbalance as well as oxidative damage generated by oxygen species that
could result in chromosomal instability, which induces injury in the check points of
the cellular cycle triggering an impaired regenerative capacity [34].

Cell cycle molecules play essential roles in hepatocyte proliferation. Specifically,
G1-phase related molecules are important because they are a requisite to enter into
cell cycle from quiescent state [34]. Considering adenosine is able to increase DNA
synthesis as well as the mitotic index and the expression of proliferating cell nuclear
antigen (PCNA) in a pre-established cirrhosis [31], over and above accelerating
progression of cell cycle during liver regeneration in rats subjected to one-third
hepatectomy [37], we have explored cell cycle state during cirrhosis and changes
mediated by IFC-305.

During cirrhosis, there is no evident change on PCNA, which is an auxiliary
protein of DNA polymerase delta and is an excellent marker of cell proliferation and
it is present at the beginning of the S phase; but IFC-305 treatment generates a 10-
fold increase of this protein, supporting the effect on proliferation activation medi-
ated by this compound; this result was validated by immunohistochemistry [34].
Regarding cell cycle cyclins, cyclin D1 levels in cirrhotic state was not altered, but
treatment with IFC-305 showed a 77% protein increase; this behavior correlates
with expression levels of that cyclin. On the other hand, Cyclin B1 did not change in
cirrhotic rats, but IFC-305 treatment reduces by 30% the protein level [34]. Cyclin
D1 belongs to G1 phase and is fundamental to initiate cell cycle and requires the
association with cyclin-dependent kinase 4 or 6 (CDK4/CDK6) to form an active
complex and allows the progression of cell cycle to S phase, whereas degradation of
cyclin B1 is important for metaphase-anaphase transition and progression of cell
cycle [38]. Evaluating the levels of CDK4, we did not find changes in cirrhosis but
IFC-305 generates a high increment of this protein. In the case of CDK6, the protein
is present in cirrhosis, the cessation of CCl4 and saline solution administration
reduces its levels, meanwhile IFC-305 treatment maintains elevated the presence of
CDK6 [33]. These results suggest that both CDK4 and CDK6 could form a complex
with Cyclin D1 and favor cell cycle progress in response to IFC-305 treatment. The
complex Cyclin D/CDK4/6 is responsible for Rb protein phosphorylation, promot-
ing the release of E2F1, which can induce transcription of several genes involved in
cell cycle entry into S phase and induction or inhibition of apoptosis [39]. In livers
from cirrhotic rats, there is a reduction of phospho-Rb (Ser 795), and IFC-305
restores the healthy levels; Rb gene expression correlates with protein levels. Analysis
of E2F1 protein levels reveals a decrease of this protein in cirrhotic livers and admin-
istration with saline solution during 5 weeks after cirrhosis inductions partially
reestablishes the levels of that protein but IFC-305 generates a higher increment than
the one reached with saline; this increment together with Rb gain supports the
reactivation of cell cycle, suggesting the entry to S phase of cell cycle [34].

Another level to regulate cell cycle progression is related with its inhibitors; with
regard to this, p21 is reduced 40% in cirrhotic animals and IFC-305 is able to
reassemble the healthy liver levels; p27, another cell cycle inhibitor, did not show
effects that could be related with cirrhosis establishment neither to IFC-305 treat-
ment during 5 weeks [34], so it is possible to suggest that one of the key cell cycle
inhibitors in cirrhosis development is p21.

Trying to understand which could be the signal that generates this reactivation
of cell cycle, we evaluated hepatocyte growth factor (HGF) levels in serum and
liver; HGF originally identified and cloned as a potent mitogen for hepatocytes, is a
strong protective and trophic factor for many tissues and organs [40]. Since HGF is
produced mainly by mesenchymal cells and c-Met, its specific receptor tyrosine
kinase is expressed in most epithelial, endothelial, and somatic stem cells [41]. In
cirrhosis, there is a little increment of HGF in serum but in liver, there are no
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significant changes; meanwhile, rats treated with IFC-305 trigger a threefold
increase of serum HGF versus healthy animals and a 35% increase versus cirrhotic
animals; in liver, there is a trend to increase the levels of HGF compared with both
healthy and cirrhotic rats. On the other hand, c-Met receptors present a 25%
increase in cirrhotic animals with further increase after 5 weeks of progress, but
treatment with IFC-305 induced a diminution in relation with cirrhotic rats admin-
istered with saline [34]. With these results, we could suggest that IFC-305 is able to
increase HGF levels in serum of cirrhotic rats, which could interact with c-Met in
liver, being the mitogenic signal which could trigger the reactivation of cell cycle
recovery.

4. Inflammation, the beginning of liver disease and a key of IFC-305-
mediated cirrhosis resolution

In recent years, it has been demonstrated that the immune response is one of the
main mechanisms involved in the progression and repair of liver pathologies [42].

Liver injuries provide a proper model of inflammation and repair, showing a
complex interaction of parenchymal, no-parenchymal cells and the extracellular
matrix, all of them, components of the mammalian wound-healing response. In
almost all etiologies, cirrhosis is preceded by fibrosis and inflammation, with ele-
ments of innate and adaptive immune response that are crucial in regulating these
processes [43]. Recent efforts to confront these fibrotic diseases are focused on
finding specific marks that transform an acute inflammation to a chronic one, and
to use them as therapeutic aims for treatment and reversion of this phenomenon
[44]. The immune response plays an essential role in this transformation, mainly by
diverse cellular phenotypes [45]. The participation of immune cells, such as Kupffer
cells (KCs), the liver macrophages, as initial effectors, is one of the main responsible
of cirrhosis development [46, 47]. They are antigen presenting cells and represent
an immune cell population related to liver fibrosis treatment.

The KCs present diverse activation phenotypes: M1 related to inflammation and
M2 anti-inflammation related with resolution of inflammation processes [48–50],
both are regulated by extracellular signals such as adenosine [51] and are directly
connected with other immune cells types as B and T cells.

In liver diseases, the phenomenon, in a canonical way, occurs when the activated
KCs regulate the hepatic stellate cells and other molecular and cell interactions
associated with the establishment of cirrhosis [52, 53]. KCs also interact with other
cells, like neutrophils, hepatocytes, etc., mainly through molecules directly associ-
ated with inflammation, tissue damage, and fibrosis, like cytokines and
chemokines, such as IL-1β, IL-6, TNF-α, and MCP-1 [54] or ROS (reactive oxygen
species) which promote the inflammatory response; KCs could be contributing to
anti-inflammatory effects with IL-10 and other cytokines involved in tissue repair
[55]. The liver is the main organ that produces and removes cytokines; all cell types
in the liver are capable of cytokine production, parenchymal and non-parenchymal
cells [56, 57].

By their destructiveness, macrophages guide the course of the inflammatory
response and are involved in the synthesis and repair of damaged tissue during the
inflammatory process, participating actively in the resolution of inflammation [58].
There are two proposed macrophage subtypes; activated by two ways: the classical
pathway (M1) or the alternative pathway (M2) [59]. These different polarization
states will depend on the microenvironment and the source of damage that has
occurred. The classical activation is critical for the initiation and maintenance of the
inflammatory process and to the response against pathogens and immune response.
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Classical activation or M1 is produced by the interaction of TLR4 receptor with
PAMPs such as LPS, from Gram-negative bacteria wall or by specific cytokines such
as TNF-α or γ-IFN. This group of classically activated macrophages produces large
amounts of proinflammatory cytokines such as TNF-α, interleukins (IL-1β, IL-6,
and IL-12), proinflammatory chemokines such as MCP-1, and nitric oxide (NO),
promoting activation, migration of other cells, and tissue damage [58].

In the case of alternative activation, the Th2 cells secrete cytokines such as IL-4
or IL-13 and induce the macrophage alternative M2 phenotype [60]. These M2
macrophages have very little capacity to present antigens while secrete high levels
of anti-inflammatory cytokines such as IL-10. Unlike classical activation, these
macrophages are not able to produce nitric oxide from L-arginine and also fail to
control the growth of intracellular pathogens [61]. However, they are capable of
producing a high quantity of arginase 1 enzyme that metabolizes L-arginine to
produce proline, glutamate, and polyamines promoting tissue repair [62].

We have demonstrated that in the experimental model of CCl4-induced cirrho-
sis, the IFC-305 treatment generates several changes in the inflammatory process,
mediated by cytokines and immune cells [63]. During the development of cirrhosis,
we observed an increment in the liver inflammatory cytokines, IL-6, IL-1β, MCP-1,
and TNF-α, in plasma and liver tissue, as well as an increment of M1 macrophages
(CD163+/CD11b+). The IFC-305 treatment decreased these inflammatory cyto-
kines, reduced the M1 inflammatory macrophages, and increased the M2 anti-
inflammatory macrophages (HIS36+/CD11b+). The anti-inflammatory role of IFC-
305 was also supported by elevation of IL-10, an enhanced metabolic activity of
arginase, reduction of NO levels in serum rats, a diminution of the protein levels of
inducible nitric oxide synthetase, and an increment of the protein levels of arginase
1 in the liver. These results suggest that the IFC-305 modulates the immune
response in cirrhosis and supports the hepatic protective action through an anti-
inflammatory role, mainly mediated by Kupffer cells [64].

5. Hepatic stellate cells, generators of extracellular matrix components
which trigger fibrosis and its activation prevention by IFC-305

Liver fibrosis is characterized by an accumulation of collagen types I and III that
are secreted by liver myofibroblast. These cells are originated mainly from hepatic
stellate cells (HSCs) and in a less number from the periportal fibroblast or bone
marrow cells. In normal liver, HSCs represent almost 10% of all resident cells of the
liver. They are quiescent cells specialized in lipid storage, mostly retinyl esters.
When there is a liver damage, the HSC become activated or transdifferentiate to
myofibroblast phenotype, characterized for being proliferative, pro-inflammatory,
and contractile and for increased synthesis of ECM proteins [65].

The activation of HSCs is promoted by stimuli from resident and infiltrating
inflammatory cells that produce fibrogenic, proliferative, and inflammatory cyto-
kines such as TGF-β, PDGF, and TNF-α, among others, in addition to reactive
oxygen species [65].

In order to clarify the hepatoprotector role of IFC-305 in the CCl4-induced liver
fibrosis at a molecular and cellular level, we explored the effect of IFC-305 on the
activation of HSCs. These cells isolated from normal rat livers become activated
in vitro after 7 days in culture, in a similar manner that occurs in vivo after a liver
injury. We isolated HSCs from normal rat livers and cultured them for 7 days. We
found that IFC-305 treatment suppresses their activation, determined by the inhi-
bition of Col1a1 mRNA expression, prevention of Rho activation, inhibition of
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PDGF-stimulated proliferation, and increased expression of anti-fibrogenic genes
such as Pparg, Smad7, and Mmp-13 [66].

Hepatic fibrosis is characterized by ECM deposition, specially the type I collagen
protein. The excess of ECM is due to an imbalance between its production and its
degradation. ECM degradation is carried out by matrix metalloproteinases (MMPs),
whose activity is negatively regulated by tissue inhibitors of matrix metallopro-
teinases (TIMPs). During progression of liver fibrosis, activated HSCs produce an
excess of ECM and increase the expression of TIMP-1 and TIMP-2, resulting in an
excess of ECM deposition. In rodents, the MMP-13 is the principal matrix
metalloproteinase that degrades type I collagen [67]. Treatment of HSCs with IFC-
305 inhibited the production of Col1a1 mRNA but also increased the expression of
Mmp13 mRNA, which may result in an important decrease of collagen deposition.

The main fibrogenic cytokine is TGF-β, which signals into the cell through
membrane kinase TGF-type I and type II receptors, which activate the intracellular
Smad proteins and transduce the TGF-α signal to the nucleus. The Smad 7 acts as a
negative regulator of this pathway [65]. The Smad7 mRNA expression induced by
IFC-305 could result in the inhibition of TGF-β signaling and inhibition of HSC
activation.

Peroxisome Proliferator Activated Receptor gamma (PPARγ) regulates cellular
fatty acid storage and adipogenesis of fibroblast. Another very important effect of
IFC-305 on HSC is an increase of Pparg mRNA expression. PPARγ is expressed in
quiescent HSC, and its expression is rapidly decreased during HSC activation
in vitro and in vivo [68]. It is well documented that expression of PPARγ or treat-
ment with its natural or synthetic ligands inhibits HSC activation or can reverse the
activated HSC phenotype to the quiescent one [69]. The increased expression of
Pparg mRNA with IFC305 in HSCs could be contributing to maintain their quies-
cent phenotype.

The IFC-305 also inhibited the PDGF-BB-stimulated proliferation of HSC;
exploring the mechanism, we found that this effect was independent of adenosine
receptors, but required their uptake into cells by adenosine transporters followed by
their intracellular conversion to AMP by adenosine kinase, leading to increased
levels of AMP, pyrimidine starvation, and inhibition of DNA synthesis [66].

In summary, we demonstrated that HSCs are an important target of the anti-
fibrotic role of IFC-305 contributing to its hepatoprotective effect on liver fibrosis.

6. Gene expression deregulation in cirrhosis and IFC-305 modulation
beyond genetics

With the interest to have a general view of molecular changes occurring in
cirrhosis, we assessed the transcriptome evaluation of both cirrhotic and cirrhotic
livers treated with IFC-305 and found 413 deregulated genes in cirrhosis, and IFC-
305 treatment reduces the genes with deregulated expression to 263; making a gene
ontology, we noticed that the highest proportion of deregulated genes is related
with signal transduction, and interestingly, some of these deregulated genes are
involved in TGF-β signaling pathway, lipid metabolism, urea cycle, and
fibrogenesis.

Validating some of these differential expressed genes, we found an over-
expression of Fn1 (fibronectin 1) and Col1a1 in cirrhosis; both of them are regulated
by TGF-β signaling pathway, and importantly, Col1a1 gene encodes a component of
type I collagen called the pro-α1(I) chain that constitutes one of the main ECM
proteins in the fibrotic liver. In fact, expression of Tgfb1 gene was also increased in
cirrhosis, and other two genes with the same behavior were the complement C9 and
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Apoa1 [17]. PPARγ has anti-fibrogenic activity inhibiting collagen I transcription
[70]; there was a reduction in transcript levels of Pparg gene in cirrhosis state, in
concordance with other reports [71, 72]. Transcriptome analysis also revealed three
genes involved in ornithine and urea metabolism; the transcript level ofAss1 gene was
reduced as well as Cps1 gene. Making a deeper analysis of the transcriptome data, we
could identify a chromatin-related gene deregulated in cirrhosis; HDAC3 histone
deacetylase is over-expressed during cirrhosis. IFC-305 is able to reduce the levels to
healthy-like levels for three fibrogenic genes (Fn1, Col1a1, and Tgfb1), C9, Apob1 and
Hdac3;meanwhile, this compound generates the increasing expression of Pparg and
Cps1 recovering the levels of the healthy liver and partially restoring the levels of Ass1
[17]. Analyzing proteins, we could identify an increment in collagen I and HDAC3
and a reduction of PPARγ during cirrhosis, and the treatment with IFC-305 resembles
the healthy-like levels of these three proteins [16]. Thus, through this quantitative
analysis of expression and protein levels, IFC-305 shows capabilities to modulate the
gene expression of some important genes involved in liver fibrogenesis.

During CCl4-induced cirrhosis, besides hepatocellular damage previously
mentioned, there is chromosome instability [73] that could be induced by
hypomethylation on DNA, and contributes to carcinogenesis [74]. Considering
cirrhosis as a pre-neoplastic state (because 80% of hepatocellular carcinoma cases
are preceded by cirrhosis) [11], it is possible that the big changes in gene expression
could be directed by chromosomal instability generated by CCl4, but beyond the
genetic alterations that probably are occurring, many of these changes could be
related to regulation of gene expression at epigenetic level even more because
chromosomal instability could be occurring by DNA hypomethylation. Also, it is
important to remember that HDAC3 was incremented in cirrhosis, so some changes
in gene expression could also be modified by changes in chromatin.

Every process which is able to influence in heritable gene expression without
affecting DNA sequence is considered as an epigenetic regulation process [75]. DNA
methylation is probably the most studied epigenetic modification [76, 77]; it con-
sists in the incorporation of methyl group in 5 position of cytosine from CpG
dinucleotide. This incorporation does not modify DNA sequence and can influence
directly in transcriptional activity [78]. Methylated DNA distribution along genome
shows an enrichment on noncoding regions, repetitive elements [75], and further, it
inactivates mobile elements of the genome as transposons and sequences of viral
origin, having a function in genome stability maintenance, blocking undesired
recombination events [76]. On the other hand, on CpG islands of active genes, there
is no enrichment of this DNA modification [75] and participates in permanent gene
silencing in different steps of development [78, 79]. DNAmethylation is directed by
DNA methyltransferase enzymes which use S-adenosylmethionine (SAM) as
methyl donor from methionine cycle and the product of this reaction is S-
adenosylhomocysteine (SAH). It is important to mention that one important factor
to modulate biological methylation reactions (to DNA, RNA, proteins, and phos-
pholipids) is the hepatocellular ratio SAM/SAH [80].

The discovery of an active DNA demethylation pathway that involves the con-
version of 5mC to oxidized forms, like 5hmC, by DNA dioxygenases TETs and DNA
repair through the base excision system, incorporates a dynamic reversibility of
DNA methylation [81–84]. Ever since the discovery of this dynamics, strenuous
efforts have been made to characterize the precise role of 5hmC; such roles are
becoming more evident as we learn about 5hmC-specific genomic localization, its
relative stability, and recognition by other proteins [85], and current studies have
shown that this DNA modification has an antagonic role to 5mC [86].

We have previously shown that adenosine can modulate trans-methylation
reactions, like methylation of phospholipids, via regulation of
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S-adenosylmethionine (SAM) levels [87], so that we make an approach to SAM
levels and found that during cirrhosis, the amount of this molecule is diminished,
whereas IFC-305 treatment restored the physiological levels; this suggests that
during cirrhosis, it could be an imbalance of methylation reactions, and IFC-305,
like adenosine, could also regulate this process [16].

Epigenetic changes in cirrhosis are little understood; some studies demonstrated
a reduction on DNA methylation through the genome in CCl4-induced cirrhosis
[15, 88], and analyzing in a global way this modification, we obtained the same
behavior. With these results and in order to assess DNA methylation dynamics,
5hmC levels were measured and a similar behavior to the one observed with 5mC, a
reduction of 5hmC in cirrhosis in concordance with group of Mann findings, was
found [89]. Treatment with IFC-305 triggers a regaining of both 5mC and 5hmC
[16]. These results together suggest that there is a perturbation of DNA methylation
dynamic during cirrhosis, while IFC-305 is able to modulate this dynamic, possibly
reducing chromosome instability.

Another level of epigenetic regulation is related with genome packaging in chro-
matin, which has a direct repercussion in transcriptional activity, being mandatory its
remodeling, space specifically, and in a time defined way to carry out gene expression
[90]. Histones are a fundamental component of chromatin structure, being a target of
a big variety of post-translational modifications (PTMs), which allows the formation
of particular and regulated chromatin states; furthermore these modifications could
be inherited post-mitotically [91]. We want to highlight among histone PTMs, lysine
acetylation. DNA association with histone core is facilitated by electrical charge dif-
ference between both molecules, but histone acetylation neutralizes lysine positive
charge, weakening nucleosome-DNA interaction and triggering a less compact con-
formation which favors transcription [92].

Considering the finding that histone deacetylase HDAC3 level was high during
cirrhosis, global histone H4 acetylation was assessed, finding a reduction in this
histone PTM in cirrhotic livers. Physiological levels of global histone H4 acetylation
in cirrhotic rats treated with IFC-305 were recovered [16]. Together, these results
suggest that deregulated gene expression during cirrhosis could be related with
epigenetic deregulation involving DNA methylation dynamics and changes in his-
tone acetylation; besides, IFC-305 has epigenetic properties being able to modulate
5mC, 5hmC, and histone H4 acetylation in a global way, favoring the recovery of
physiological levels of each epigenetic modification and triggering the rescue of
healthy-like gene expression in liver.

7. Getting deeper into cirrhosis resolution or epigenetic regulation of
Pparg and Col1a1 by IFC-305

Once established that IFC-305 is able to reverse fibrosis, reactivating cell cycle
progression in cirrhotic livers, favoring an anti-inflammatory environment,
blocking hepatic stellate cell activation, and regulating gene expression through
epigenetic modulation, we analyzed the regulation of two of the main genes with
modified expression during cirrhosis, Pparg and Col1a1. Reminding, collagen I is the
mayor ECM protein and responsible for liver fibrosis, Col1a1, a gene which encodes
pro-α1 chain of this protein is over-regulated in cirrhosis, and there is a reduction of
nuclear receptor PPARγ in this pathological condition.

PPARγ has antifibrotic properties because it is able to inhibit collagen I gene
transcription. This inhibition is mediated by the ability of nuclear receptor to
compete with NF-I/p300 association to the Col1a1 gene in HSC [70]. p300 has a
histone acetyltransferase activity that transfers an acetyl group to the lysine residue
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[93] generating an open chromatin context in Col1a1 gene promoter favoring its
expression; whether PPARγ replaces p300 in Col1a1 gene promoter, there is a
chromatin context change because of the loss of acetylation activity in this region,
and the consequent blocking of the gene expression.

On the other hand, regulation of Pparg expression is directed by MeCP2 protein
in HSC activation like in cirrhosis. MeCP2 binds to regulatory regions of the gene
which are CpG enriched and recruits histone H3K9me3 writer enzymes suppressing
initial transcription of the gene. Furthermore, MeCP2 is required for polycomb
repressor complex 2 EZH2 component that establishes histone H3K27me mark on
the downstream coding gene region, blocking transcription elongation [94]. This
mechanism could explain the reduction of PPARγ levels in cirrhosis and therefore
the over-expression of Col1a1in cirrhosis.

Considering that MeCP2 is a methyl binding protein [94], DNA methylation state
was evaluated with sodium bisulfite DNAmodification on Pparg gene promoter, and it
was found that both healthy and cirrhotic livers present Pparg gene promoter without
DNA methylation, and IFC-305 treatment does not modify this nonmethylated state
[16]. Evaluating histone H4 acetylation and histone H3K27me3 on Pparg gene pro-
moter through chromatin immunoprecipitation assay, we found that in cirrhosis,
there is a trend to compact chromatin context mainly dictated by histone H4 acetyla-
tion reduction, which correlates with decreased expression and protein levels; after
treatment with IFC-305 chromatin, there is an open chromatin context on Pparg gene
promoter triggered by an increase on histone H4 acetylation and a reduction of histone
H3K27me3, going hand by hand with over-expression and increase of protein levels
[16]. These findings suggest that reduction of PPARγ on cirrhosis is coordinated by a
chromatin compaction on gene promoter, and IFC-305 treatment generates a
decompaction of gene promoter with the consequent increase of gene expression.

The next step was to identify if IFC-305 mediated fibrosis reversion is related
with Col1a1 gene expression blocking though PPARγ was to assess nuclear receptor
deposition on Col1a1 gene promoter, but we were not able to find an increment of
this interaction in whole cirrhotic tissues treated with IFC-305; rather, we found a
diminishment of PPARγ deposition [16]. Further experiments on isolated HSCs
treated with IFC-305 are required to know if this molecular mechanism is occurring
directly in responsible cells of fibrosis generation. So, we asses DNA methylation
state on Col1a1 gene promoter, to know if this epigenetic mechanism is involved in
regulation of gene expression during cirrhosis. In healthy liver, Col1a1 gene pro-
moter presents a methylated state, which correlates with the absence of collagen I
overproduction; in cirrhosis state and progress of the illness, there is an important
reduction on methylation state on Col1a1 gene promoter going hand by hand with
accumulation of collagen I; and finally, treatment with IFC-305 generates a
remethylation of gene promoter and an enrichment of methylation around tran-
scription start site, associated with collagen reduction.

With these results, we could propose that fibrosis generation could be directed
by loss of DNAmethylation on Col1a1 gene promoter, and one of the mechanisms of
action that could explain cirrhosis resolution mediated by IFC-305 is the modulation
of DNA methylation on Col1a1 gene.

Blocking the prelude of hepatocellular carcinoma, a key point to avoid chronic
liver injury progress.

Along this chapter, some cellular and molecular alterations that characterize
cirrhosis have been described: a pathology that results in the combination of factors
which alters liver environment, beginning with an immunological response origi-
nated by macrophages inflammatory polarization that triggers hepatic stellate cell
activation, with alterations at chromatin level resulting in chromosome instability
and altered gene expression favoring the fibrogenic process. All these changes, as a
whole, could facilitate progress of the illness to hepatocellular carcinoma (HCC),
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which is the most common primary carcinoma of the liver. Up to 85% of HCC cases
arise in chronically inflamed and subsequently cirrhotic livers [95].

According to GLOBOCAN-IARC datasets [96], liver cancer is estimated to be at
the 7th place of cancer incidence and the 4th cancer death cause in 2018. Consider-
ing cirrhosis as a prelude of HCC, it is understandable that many liver cancers
follow a pattern of pathologic evolution, starting from cirrhosis to low-grade dys-
plastic nodules, high-grade dysplastic nodules, early HCC, progressed HCC and,
finally to advance HCC. Furthermore, this progress of illness involves a more
evident imbalance between genetic and epigenetic factors; regarding genetic ones,
early dysplastic nodules present a genome with a very limited genetic variation,
while advanced HCC has a heterogeneous genome with a range of 72–182 mutations
[97, 98]. On the other hand, concerning epigenetic aspects, a genome-wide DNA
hypomethylation in HCC has been described, which could be indicative of poor
survival [99]. In the same sense, another study described that aberrantly methyl-
ated differential expressed genes are related with cell cycle progress, p53 signaling,
and MAPK signaling in HCC [100]. Alteration on DNA methylation state could be
explained by down-regulation of TET dioxygenases in HCC condition with the
consequent reduction of 5hmC levels [101]. In normal tissue there is a characteristic
difference between euchromatic and heterochromatic regions that is lost in cancer
condition; it has been suggested that lost could be generated by a reduction of 5hmC
levels which goes around 70%. Furthermore, the specific relationship between
5hmC and chromatin marks in normal tissue is largely erased in tumors and sug-
gests that 5hmC landscape change in cancer could be associated with chromatin
structure alterations and deregulation of gene expression during tumorigenesis
[102].

HCC may progress silently in patients with sufficient liver function; due to
vague complaints and nonspecific symptoms, HCC diagnosis is usually delayed
[103]. Selected patients with localized disease may be treated with curative intents
with resection, liver transplantation, or local therapy like radial frequency ablation,
chemoembolization or radio-embolization. However, the majority of patients with
HCC are not candidates for resection [104, 105]. For patients suffering from
advanced HCC, chemotherapy failed to demonstrate a survival advantage
[106, 107]; so far, sorafenib is the first and only target orientated agent approved as
therapy of HCC [105], but it only extends survival of patients with advanced stage
disease for 3 months, and this medication causes considerable adverse events and
offers no symptom palliation [108]. This lack of effective treatment and surgical
impediment highlights the importance to reinforce molecular target therapies.

Preclinical studies indicated that IFC-305 is not toxic, neither genotoxic, nor
teratogenic and it is anti-carcinogenic [33]. Considering this last property, we
assessed IFC-305 effects on a chronic model of liver intoxication with diethylni-
trosamine and found that it could act as a HCC chemopreventive agent [109, 110].
The above suggests that some anti-fibrotic effects of the compound could prevent
cancer development, being an adjuvant in chronic liver disease treatment. Cur-
rently we are studying a deep molecular level to identify IFC-305 mechanism of
action in prevention of cancer establishment and potential disease reversion.

Considering recent advances in cirrhosis knowledge, we could suggest that in the
not long future, drugs targeting specific molecular keys for cirrhotic and HCC will be
developed and potentially they could be the first line of treatment even after surgery.

8. Conclusion

Cirrhosis is a complex pathology, which involves deregulation at different levels
(Figure 1); some insults such as hepatitis viral infections, alcohol, high fat diet, or
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even self-immune events could trigger the development of the illness, denoted by
biochemical alterations like albumin reduction and increase of transaminases. In our
case, we assessed the study of this disease using CCl4, which generates hepatocellu-
lar damage. Once cell membrane is affected by free radicals from CCl4 metabolism,
through epoxide formation, KCs are activated to phagocytose damaged cells; this
activation causes an inflammatory process, due to M1 macrophage activation.
Whether this inflammation is perpetuated, HSCs could be activated, becoming the
main producers of fibrosis (Figure 1B). At molecular level, cirrhotic-damaged liver
loses the capability to proliferate; there is a reduction in DNA methylation, 5hmC,
and histone H4 acetylation, which generates chromosome instability and therefore
alteration of gene expression, affecting principally fibrogenic genes. Among impor-
tant genes involved in the fibrogenic process are Pparg and Col1a1. Cirrhotic liver
presents a compact chromatin context of Pparg gene promoter with the consequent
reduction of both its transcript and protein; on the other hand, Col1a1 gene pro-
moter loses DNA methylation, and this correlates with gene overexpression and the
increment of protein levels. Adenosine derivative, IFC-305, has hepatoprotective
properties (Figure 1C); it is able to reduce fibrosis, ameliorate parenchymal area
and recover liver function. Treatment with this compound polarizes the macro-
phages to an anti-inflammatory phenotype M2, increasing the levels of immuno-
suppressant cytokine IL-10 and arginase 1; the reduction of the inflammatory
process facilitates the inhibition of HSC activation and the consequent reduction of
fibrosis. At molecular level, high serum levels of HGF, principal liver mitogen,
could interact with elevated levels of its receptor, c-Met, and stimulate cell cycle
progression, providing once more the regenerative capacity to the liver. IFC-305
could favor a genome instability diminishment as a consequence of the

Figure 1.
Architectural, physiological, cellular, and molecular alteration during CCl4-induced cirrhosis and
hepatoprotective effects of IFC-305. We show four different analyzed levels in this section: phenotype, denoting
architecture and cell composition of the liver; Serum, biochemical markers related with liver function; cellular
level, changes found in non-parenchymal cells; molecular level, changes in cell cycle components, chromatin,
and gene expression. (A) Healthy liver; (B) CCl4-induced cirrhosis state; (C) pre-established cirrhosis treated
with IFC-305.
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reestablishment of DNA methylation levels and 5hmC and Histone H4 acetylation;
these effects on chromatin trigger the recovery of healthy-like gene expression.
Fibrosis resolution mediated by IFC-305 could be explained by the generation of an
open chromatin context of Pparg gene promoter that correlates with its gene and
protein up-regulation. High levels of PPARγ could act as a repressor of Col1a1
expression in HSC; on the other hand, Col1a1 gene promoter gains DNA methyla-
tion on promoter and TSS, this methylation state goes hand by hand with reduction
of collagen I expression and protein, favoring a decrease in fibrosis, a key point in
cirrhosis resolution. These studies support molecules and cell behavior modified by
IFC-305 as a potential target for new drugs to treat cirrhosis, contribute to the
understanding of liver fibrosis at epigenetic level, open the door to the exploration
of chromatin modifications as a potential biomarker for early detection and inter-
vention of liver diseases, and support the use of IFC-305 as therapy for liver illness.
Finally, we highlight the relationship between cirrhosis and HCC, how liver fibrosis
is the prelude of HCC and in what manner IFC-305 could be an adjuvant preventing
HCC by its anti-cirrhotic and anti-neoplastic effects, and how recent advances
could favor development of an effective treatment, preferring a less invasive to
surgical one.
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Nomenclature

5hmC 5-hydroximethylcytosine
5-LO 5-lipoxygenase
5mC 5-methylcytosine
ALT alanine aminotransferase
AMP adenosine monophosphate
AST aspartate aminotransferase
ATP adenosine triphosphate
CCl3� trichloromethane radical
CCl3OO� trichloromethyl peroxy radical
CCl4 carbon tetrachloride
CDK4 cyclin-dependent kinase (for example, CDK4, CDK6, etc.)
c-Met tyrosine-protein kinase Met or hepatocyte growth factor receptor
Col1a1 type I collagen pro-α1(I) chain gene
CpG cytosine guanine dinucleotide
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DNA deoxyribonucleic acid
E2F1 transcription factor E2F1
ECM extracellular matrix
H3K27me3 histone H3 trimethyl lysine 27
H4ac hyperacetylated histone H4
HCC hepatocellular carcinoma
HDAC histone deacetylase
HGF hepatocyte growth factor
HSC hepatic stellate cells
IFC-305 aspartate salt of adenosine: 2-aminosuccinic acid–2-(6-amino-9H-

purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (1:1)
IL interleukin (for example, IL-1β, IL-10, etc.)
iNOS inducible nitric oxide synthase
KC Kupffer cells
LPS lipopolysaccharide
M1 inflammatory macrophages
M2 anti-inflammatory macrophages
MAPK mitogen-activated protein kinase
MCP-1α macrophage protein inflammatory 1-alpha
MeCP2 methyl-CpG binding protein 2
MMP9 matrix metalloproteinase 9
mRNA messenger ribonucleic acid
NO nitric oxide
p21 cyclin-dependent kinase inhibitor 1
p27 cyclin-dependent kinase inhibitor 1B
P450 CYP450 cytochrome
PAMPs pathogen associated molecular patterns
PCNA proliferating cell nuclear antigen
PDGF platelet-derived growth factor
PPARγ peroxisome proliferator-activated receptor gamma
PTMs post-translational modifications
Rb retinoblastoma protein
RNA ribonucleic acid
ROS reactive oxygen species
SAH S-adenosylhomocysteine
SAM S-adenosylmethionine
STAT6 signal transducer and activator of transcription 6
TET DNA dioxygenase ten-eleven translocation
TGF-β transforming growth factor beta
TIMPs tissue inhibitors of matrix metalloproteinases
TLR4 Toll-like receptor 4
TNF-α tumoral necrosis factor alpha
VEGF vascular endothelial growth factor
α-SMA alpha smooth muscle actin.
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