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1. Resumen

La cromatina, un complejo dindmico de DNA, RNA y proteinas, es esencial para la
regulacion de la expresion génica. Los epifactores, proteinas que modifican el estado de la
cromatina, desempefian un papel crucial en este proceso. Las alteraciones en la funcién de
los epifactores son una de las firmas moleculares del cédncer, por lo que las terapias
epigenéticas, estdn emergiendo como opciones de tratamiento contra el cdncer. Sin
embargo, la mayoria se centra en unas pocas enzimas, como las metilasas de DNA y las
desacetilasas de histonas, mientras que otras, como las desmetilasas de histonas KDM4 y la
proteina BORIS, han sido menos estudiadas debido a su similitud entre si o con proteinas de
genes pardlogos como CTCF. Empleando una combinacion de andlisis transcriptomicos,
modelado molecular y andlisis de acoplamiento molecular, se propusieron moléculas que
podrian actuar como inhibidores especificos de las proteinas KDM4 y BORIS. El andlisis
transcripcional permitié correlacionar la expresion de las KDM4 con firmas moleculares
caracteristicas de diversos tipos de cdancer, sugiriendo su implicacion en procesos
oncogénicos. Mediante técnicas de acoplamiento molecular, se disefiaron y evaluaron in
silico moléculas capaces de unirse selectivamente a cada miembro de la subfamilia KDM4.
Paralelamente, se abord6 el desafio de desarrollar inhibidores especificos para BORIS, a
pesar de su similitud estructural con CTCF. Utilizando modelado por homologia, se
identificaron sitios de unién unicos en BORIS, lo que permitié proponer moléculas capaces
de interferir con su interaccion con el DNA. Ademas, se demostré la interaccién de BORIS
y CTCF con TBP, sugiriendo una nueva estrategia terapéutica basada en la inhibicién de
estas interacciones proteina-proteina.



2. Abstract

Chromatin, a dynamic DNA, RNA, and protein complex, is essential for regulating gene
expression. Epifactors, proteins that modify chromatin, play a crucial role in this process.
Alterations in epifactor function is one of the molecular signatures of cancer, so epigenetic
therapies are emerging as cancer treatment options. However, most focus on a few enzymes,
such as DNA methylases and histone deacetylases; while others, such as histone
demethylases KDM4 and the BORIS protein, have been less studied due to their similarity
to each other or to proteins of paralogous genes such as CTCF. Using a combination of
transcriptomic analysis, molecular modeling and molecular docking analysis, molecules
that could act as specific inhibitors of KDM4 and BORIS proteins were proposed.
Transcriptional analysis allowed correlating KDM4 expression with molecular signatures
characteristic of various types of cancer, suggesting their involvement in oncogenic
processes. Using molecular docking techniques, molecules capable of selectively binding to
each member of the KDM4 subfamily were designed and evaluated in silico. In parallel, the
challenge of developing specific inhibitors for BORIS, despite its structural similarity to
CTCF, was addressed. Using homology modeling, non-conserved binding sites were
identified in BORIS, which allowed us to propose molecules capable of interfering with its
interaction with DNA. In addition, the interaction of BORIS and CTCF with TBP was
demonstrated, suggesting a new therapeutic strategy based on the inhibition of these
protein-protein interactions.



3. Introduccién

3.1 Epigenética

El término epigenética fue acuiiado originalmente por Conrad Waddington en la década
de 1950 para referirse a los cambios en el fenotipo celular que son hereditarios e
independientes de las alteraciones en la secuencia de DNA (Berger et al., 2009; Noble,
2015). En la actualidad, la epigenética se describe como la ciencia que estudia los cambios
en la expresion génica que no implican modificaciones en la secuencia de DNA y que son
heredables (Berdasco and Esteller, 2019). Este término se utiliza generalmente para
describir eventos relacionados con la estructura de la cromatina, que incluyen la
modificacion covalente del DNA vy las histonas, asi como la actividad de los RNA largos no
codificantes (IncRNA) (Dawson and Kouzarides, 2012).

La cromatina es el complejo macromolecular de DNA e histonas que proporciona un
andamiaje para el empaquetamiento del material genético dentro de la célula. E1 DNA se
compacta dentro del niicleo gracias a su interaccion con las histonas, que tienen carga positiva
por ser ricas en residuos de lisina y arginina. Los eucariotas poseen cinco tipos de histonas:
H1, H2A, H2B, H3 y H4. Las histonas H2A, H2B, H3 y H4 forman un octimero compuesto
por dos dimeros H2A-H2B y un tetrdmero H3-H4, alrededor del cual se envuelve el DNA
para formar el nucleosoma, que es la unidad funcional de la cromatina. La histona HI se
conoce como “linker” ya que forma bucles de cromatina entre nucleosomas, lo que facilita la
compactacion del material genético (Felsenfeld and Groudine, 2003; Turner, 2005).

El estudio de los nucleosomas ha demostrado que todos sus componentes pueden
modificarse covalentemente, lo que altera la organizacion y la funcién de la cromatina. En
términos generales, la cromatina se divide en dos tipos principales: la heterocromatina, que
estd compactada y asociada con genes inactivos, y la eucromatina, que estd relativamente
relajada y contiene la mayoria de los genes activos. A su vez, la heterocromatina se divide
en facultativa y constitutiva. La primera contiene genes cuya expresion estd reprimida, pero
que pueden reactivarse en las circunstancias adecuadas, mientras que la segunda es mas
compacta y tiene principalmente funciones estructurales (Liu et al., 2020a).

El estado de la cromatina es dindmico y puede regularse mediante la modificacion
covalente de los extremos aminoterminales de las histonas que sobresalen del nucleosoma y



son accesibles a las enzimas que las modifican quimicamente a través de un sistema de
complejos escritores, lectores y borradores (Felsenfeld and Groudine, 2003). Estas
modificaciones conforman una especie de c6digo que funciona en conjunto con la secuencia
de DNA para establecer y estabilizar patrones de expresion génica (Esteller, 2011). Las
modificaciones de histonas mas estudiadas son la acetilacion, la metilacién, la fosforilacion,
la ubiquitinaciéon y la SUMoilacion, las cuales se encuentran en residuos especificos y
pueden tener efectos opuestos en la transcripcion génica (Bannister and Kouzarides, 2011).
Por ejemplo, la acetilacion de la lisina 9 de la histona H3 (H3K9ac) y la metilacion de la
lisina 36 de la histona H3 (H3K36me3) estdn asociadas con la activacion transcripcional,
mientras que la metilacion de la lisina 9 de la histona H3 (H3K9me3) y la metilacion de la
lisina 27 de la histona H3 (H3K27me3) estdn asociadas con la represion transcripcional
(Bannister and Kouzarides, 2011).

Ademads de las modificaciones de DNA e histonas, la organizacién tridimensional de la
cromatina también es controlada por proteinas arquitectonicas, cuyas funciones involucran el
mantenimiento de dominios topolégicamente asociados (TADs), la definicion de los limites
entre la eucromatina y la heterocromatina y el anclaje de la cromatina a la ldmina nuclear
(Fiorito et al., 2016; Kaczmarczyk et al., 2022; Kentepozidou et al., 2020; Ong and Corces,
2014).

Es indudable que los diferentes niveles de regulaciéon epigenética involucran la
coordinacién de diversas proteinas como las DNA metiltransferasas (DNMTs), histonas
metiltransferasas de lisinas (KMTs), entre otras, a las cuales se han denominado epifactores.
Un epifactor es una proteina o una molécula que participa en la regulacioén epigenética
(Medvedeva et al., 2015). Los epifactores incluyen una variedad de componentes que
influyen en la estructura de la cromatina y la modificacién covalente del DNA, RNA y
proteinas. Estos abarcan:

Histonas y variantes de histonas

= Protaminas

= Chaperonas de histonas

= Modificadores de histonas

» Lectores de modificaciones de histonas

= Remodeladores de cromatina

= Modificadores de DNA y RNA

» Lectores de modificaciones de DNA y RNA

= Cofactores proteicos que forman complejos con los epifactores



Ademés, la definicion se ha ampliado recientemente para incluir IncRNAs (RNAs largos
no codificantes) que regulan la expresion génica a nivel transcripcional o la expresion de otros
factores epigenéticos a cualquier nivel (Marakulina et al., 2022).

3.2 Alteraciones epigenéticas en cancer

Debido a la complejidad de los procesos epigenéticos y a su papel fundamental para el
establecimiento de patrones transcripcionales, no es de extrafarse que su alteracion sea una
de las firmas moleculares del cancer. El genoma de las células cancerosas se reprograma no
solo por consecuencia de mutaciones oncogénicas, sino también por cambios en el
epigenoma, lo que beneficia la adquisicion de caracteristicas clave del cancer, tales como la
proliferacion descontrolada, metdstasis, la resistencia a la terapia y la evasion del sistema
inmune (Hanahan, 2022). Por ejemplo, uno de los fenémenos mds estudiados en céncer es
la alteracion en los patrones de metilacion del DNA. Esta es una modificacién usualmente
asociada a promotores de genes transcripcionalmente reprimidos y a heterocromatina
(Ehrlich, 2002). En cédncer, generalmente ocurre una pérdida de metilaciéon global lo que
ocasiona descompactacion y activacion transcripcional de oncogenes, acompafiado de
hipermetilacion local de algunos promotores, usualmente en genes supresores de tumores
(Ehrlich, 2002; Besselink et al., 2023).

Mais complejo es el entendimiento de las modificaciones postraduccionales de histonas
y el papel que juegan en el cancer. Las modificaciones postraduccionales de histonas
regulan la transcripcion por medio de patrones dindmicos, que permiten cambios rdpidos y
reversibles en la expresion génica. En cdncer, usualmente hay una desregulacién en la
expresion de varias enzimas fundamentales para los complejos escritores, borradores y
lectores, lo que ocasiona cambios en los patrones de modificaciones postraduccionales de
histonas y, por ende, el encendido o apagado de genes (Noberini et al., 2018; Lee and Kim,
2022). Un claro ejemplo de este fendmeno son las acetiltransferasas de histona (HAT),
enzimas que catalizan la acetilacion de residuos de lisina, lo cual provoca una disminucion
en la fuerza de interaccion proteina-DNA de las histonas y por lo tanto la relajacion de la
cromatina, haciéndola accesible a factores de transcripcion. El desarrollo del cdncer va
asociado a cambios en los patrones de acetilacion de histonas. La sobreexpresion y el
aumento de la actividad de las HDAC se han identificado como motores del desarrollo
tumoral y la metastasis, al grado en que las acetiltransferasas p300 y CBP se consideran
oncogenes (Yang et al., 2022).

Por otra parte, la metilacion de histonas es un proceso complejo y altamente regulado.
Cada una de las enzimas escritoras y borradoras son especificas para cierto residuo de lisina
o arginina. En particular, las lisina metiltransferasas (KMT) y las lisina demetilasas (KDMs)
pueden activar o reprimir la transcripcion de genes dependiendo del sitio de metilacion. Por
ejemplo, la trimetilacion de la lisina 4 en la histona H3 (H3K4me3) generalmente estd
asociada con la activacion génica, mientras que la trimetilacion de la lisina 9 en la histona
H3 (H3K9me3) estd asociada con represion transcripcional (Noberini et al., 2018; Lee and



Kim, 2022). En este sentido, se ha descrito la sobeexpresion de varias KDMs en cancer, por
ejemplo, KDM4A estd sobreexpresada y a veces amplificada en varios tipos de neoplasias
como leucemia, pulmoén, prostata, cancer colorrectal y cdncer de mama (Guerra-Calderas
et al., 2015; Metzger et al., 2017). KDM4B promueve la carcinogénesis en cancer de mama
positivo para receptores de estrogeno (Yang et al., 2010) y se ha asociado con mal
prondstico en cdncer de prostata (Sha et al., 2020) y osteosarcoma (Liu et al., 2020b).

De igual importancia es la disrupcion de los dominios topolégicamente asociados
(TADs), un fenémeno frecuentemente observado en cédncer que contribuye a la
descompactacion de la cromatina y al establecimiento de patrones transcripcionales
alterados (Hnisz et al., 2016; Akdemir et al., 2020). La estructura tridimensional de la
cromatina es establecida y mantenida por proteinas con funcion arquitectdnica, destacando
entre ellas CTCF, conocido como el regulador maestro de la cromatina (Kentepozidou
et al., 2020). CTCF es un gen esencial de expresion ubicua cuyas funciones involucran el
mantenimiento de TADs, el anclaje de la cromatina a la 1dmina nuclear y la regulacién del
contacto enhancer-promotor. En cédncer, se ha reportado que estos dominios se desregulan
por una competencia entre CTCF y BORIS, una proteina pardloga de CTCF que se expresa
principalmente en el testiculo y en algunas neoplasias (Liu et al., 2019). Aunque BORIS
tiene el mismo dominio de unién al DNA que CTCF, no puede interactuar con proteinas
clave para la formacion de asas de cromatina mediada por CTCF, como las cohesinas, que
son cruciales para el mantenimiento de los TADs (de Necochea-Campion et al., 2011; Hore
et al., 2008). Este hallazgo sugiere que CTCF y BORIS tienen funciones opuestas en la
regulacién de la estructura de la cromatina y, por ende, en la expresion génica, lo que podria
tener implicaciones importantes en la biologia del cancer (Pugacheva et al., 2015; Nishana
et al., 2020). Un resumen de los procesos anteriormente descritos puede observarse en la
Figura 3.1.

3.2.1 Farmacos inhibidores de epifactores

Debido a la importancia de los procesos epigenéticos, las terapias farmacoldgicas cuyos
blancos son epifactores son una opcion terapéutica emergente para el tratamiento del
cancer. Actualmente existen algunos fiarmacos con blancos epigenéticos que han sido
aprobados por la FDA para el tratamiento de distintas neoplasias, una recopilacion de estas
moléculas se meustra en la Tabla 3.1. La mayoria de estos compuestos tienen como blanco
a las enzimas metilasas de DNA (DNMTs), como es el caso de la azacitidina y la decitabina,
que son andlogos nucleotidicos de la citidina. La azacitidina se incorpora en el DNA y el
RNA, inhibiendo las DNMTs y provocando hipometilacién, lo que resulta en la
desrepresion de genes supresores de tumores y otros reguladores del ciclo celular. La
decitabina, otro anédlogo de la citidina, actia de manera similar pero se incorpora sélo en el
DNA, inhibiendo también a las DNMTs y promoviendo la hipometilaciéon del DNA. Ambos
farmacos han mostrado buenos resultados en la supervivencia de pacientes con leucemia
mieloide (Ye et al., 2024; Kagan et al., 2023). Ademds de estos compuestos, hay otros
dirigidos a las DNMTs que se encuentran en pruebas clinicas para el tratamiento de la
leucemia mieloide y otros tipos de cdncer, sin embargo, resalta que los compuestos
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Figura 3.1: Principales procesos epigenéticos alterados en cancer. DNMTs: Metiltransferasas de DNA, HAT:
Acetiltransferasas de histona, KDMs: Desmetilasas de lisina.

disponibles van dirigidos contra todos los miembros de la familia DNMT, siendo
nanaomycin el Gnico compuesto especifico para un solo miembro, DNMT3B (Georgina S.
Daher-Reyes and Yee, 2019; Kuck et al., 2010).

Para las modificaciones postraduccionales de histonas (PTMs), existen varios
inhibidores aprobados que se dirigen contra las desacetilasas de histonas (HDACSs), tales
como el vorinostat y la romidepsina, usados en el tratamiento del linfoma de células T
(Wawruszak et al., 2021; Bertino and Otterson, 2011). Otros compuestos, como la tubacina
y el ricolinostat, se encuentran en pruebas clinicas y han mostrado buenos resultados en
diversos tipos de cdncer, incluyendo gliomas, cidncer de prdstata y carcinoma hepatocelular
(Biersack et al., 2022a,b). Otro grupo importante de epifirmacos son los inhibidores de las
proteinas BET, que se unen a histonas acetiladas por medio de sus bromodominios y a su
vez regulan la unién de factores de transcripcion al DNA. Hay varios compuestos dirigidos
contra estas proteinas que se encuentran en pruebas clinicas y han mostrado actividad
antitumoral y antiinflamatoria (Wang et al., 2023). La mayoria de los inhibidores han
mostrado resultados prometedores en las pruebas clinicas con bajo porcentaje de resistencia
a la terapia, sin embargo, los compuestos no son especificos para un s6lo blanco, si no para
varias proteinas BET por la similitud en sus bromodominios.

Llama la atencién que nuevamente la mayoria de los farmacos aprobados o en pruebas
clinicas estdn dirigidos a HDACs, DNMTs y las proteinas BET, mientras que pocas
moléculas se usan como inhibidores de las enzimas metiltransferasas (KMT) y demetilasas
(KDM). Entre las moléculas aprobadas se incluye al tazemetostat, que es un inhibidor de



Tabla 3.1: Farmacos aprobados por la FDA o en pruebas clinicas para su aprobacién que tienen como
blanco epifactores. DNMTs: Metiltransferasas de DNA, HDAC: Desacetilasas de histona, KDMs: Desmetilasas
de lisina, KMTs: Metilasas de lisina, BET: Proteinas bromodominio y extraterminal i: todas las enzimas
pertenecientes a ese grupo.

Blanco Farmaco Estatus Blanco especifico Referencia
Azacitidina Aprobado DNMTi Kagan et al. (2023)

Decitabina Aprobado DNMTi Ye et al. (2024)

DNMT Sgl-110 En pruebas clinicas DNMTi Georgina S. Daher-Reyes and Yee (2019)
CP-4200 En pruebas clinicas DNMTi Hummel-Eisenbeiss et al. (2013)
Nanaomycin En pruebas clinicas DNMT3B Kuck et al. (2010)

Vorinostat Aprobado HDACi ‘Wawruszak et al. (2021)
Romidepsina Aprobado HDACi Bertino and Otterson (2011)
Belinostat Aprobado HDACIi Lee et al. (2015)
Parabinostat Aprobado HDACi Laubach et al. (2015)
Givinostat Aprobado HDACi Ganai (2016)

HDAC Trichostatin A En pruebas clinicas HDACi Mogal and Abdulkadir (2006)

Tubacin En pruebas clinicas HDAC6 Lu et al. (2017)
MC1568 En pruebas clinicas HDAC Clase II He et al. (2022)
MCI1575 En pruebas clinicas HDAC Clase II Venza et al. (2013)
Ricolinostat En pruebas clinicas HDACG6 Cosenza et al. (2017)
AR-42 En pruebas clinicas HDACI Valencia et al. (2016)
Jql En pruebas clinicas BRDi Miller et al. (2019)
OTx015 En pruebas clinicas BRD2, BRD3, y BRD4 Berthon et al. (2016)

MS436 En pruebas clinicas BRDi Cipriano et al. (2022)

BET ABBV-075 En pruebas clinicas BRDi Piha-Paul et al. (2019)
I-BET151 En pruebas clinicas BRDi Zhao et al. (2013)

NHWD-870 En pruebas clinicas BRD4 Zhang et al. (2018)

KDM Tadademstat En pruebas clinicas LSD1 Cuyas et al. (2020)
Tazemetostat Aprobado EZH2 Hoy (2020)

UNCO0638 En pruebas clinicas EHMT2 Mabe et al. (2020)

KMT Pinometostat En pruebas clinicas DOTIL Menghrajani et al. (2019)
EPZ004777 En pruebas clinicas DOTIL Premkumar and Shankar (2022)
BIX-01294 En pruebas clinicas EHMT2 Xu et al. (2021)

GSK126 En pruebas clinicas EZH2 Zeng et al. (2017)




EZH?2, el nicleo catalitico del complejo represor de Polycomb 2 (PRC2) y que cataliza la
metilacion de H3K27, una marca de represion transcripcional. El tazemetostat estd
aprobado por la FDA para el tratamiento del sarcoma epitelioide y es especifico para EZH2,
aunque ha mostrado baja actividad contra su homoélogo EZH1 (Hoy, 2020). Otros
inhibidores, como UNCO0638, pinometostat, BIX-01294 y GSK126, se encuentran en
pruebas clinicas y han mostrado resultados prometedores tanto en cdncer como en otras
enfermedades. En este caso, estas moléculas son especificas para sus blancos, y van
dirigidas contra EZH2, DOTI1L (cataliza la metilacién de H3K9) y EHMT?2 (cataliza la
metilacion de H3K79) (Menghrajani et al., 2019; Xu et al., 2021; Zeng et al., 2017).

En cuanto a las lisina desmetilasas (KDM), s6lo hay un inhibidor aprobado, el
iadademstat, que actia sobre KDM1A y se encuentra en fase II de estudios clinicos para el
tratamiento de leucemia mieloide aguda (Salamero et al., 2020), aunque también ha
mostrado eficacia en la reduccion del crecimiento de tumores xenogréficos de cdncer de
mama en ratones (Cuyas et al., 2020). Sin embargo, actualmente se conocen mds de 20
diferentes desmetilasas de histonas, cada una con diferentes afinidades por los residuos de
lisina metilados en las histonas (Sterling et al., 2021), por lo que la busqueda de moléculas
inhibitorias para estas proteinas es un drea de oportunidad. M4s notable atin es la ausencia
de farmacos para al restablecimiento de los dominios topolégicamente asociados (TADs), a
pesar de que éstos estan frecuentemente alterados en multiples neoplasias. En este sentido,
una proteina que destaca como potencial blanco terapéutico es BORIS, un pardlogo de
CTCF (Klenova et al., 2002). BORIS es un prometedor blanco terapéutico para cancer de
ovario debido a que en tejido no neopldsico se expresa sélo en testiculo, pero en diversos
cénceres se ha reportado sobreexpresion de BORIS, especialmente en cancer de ovario (Liu
et al., 2019). A pesar de esto, el alto porcentaje de similitud que comparte con CTCF ha
dificultado enormemente el desarrollo de terapias dirigidas a la inhibicion de BORIS
(Cheever et al., 2009).

Dado que los procesos epigenéticos estdn finamente regulados, es deseable tener
inhibidores farmacoldgicos especificos para reducir los posibles efectos secundarios. La
mayoria de los compuestos tiene como blanco a varias proteinas de la misma familia, con
s6lo unos cuantos ejemplos de compuestos especificos para un sélo blanco. Sin embargo,
los procesos epigenéticos usualmente involucran proteinas con altos porcentajes de
identidad entre si, por lo que es comprensible que sea dificil encontrar firmacos especificos
para un solo epifactor. Como ejemplo de ello, se encuentran las enzimas demetilasas de
lisina KDM4. Las proteinas KDM4 son prometedores blancos terapéuticos para el cédncer
debido a su implicacién en procesos epigenéticos tales como la desmetilacion de las marcas
H3K36 y H3K9, asociadas con la transcripcién activa y la heterocromatina (represion
transcripcional), respectivamente y su asociacion con diferentes tipos de cancer (Katoh and
Katoh, 2004; Shin and Janknecht, 2007b; Labbé et al., 2013). A pesar de su potencial como
blancos terapéuticos, encontrar inhibidores especificos para las enzimas KDM4 ha sido
dificil debido a la similitud entre sus dominios cataliticos; hasta el momento se han
identificado algunos farmacos con actividad inhibitoria de KDM4A, sin embargo, todos
ellos tienen como blanco a los otros miembros de la subfamilia también (Lee et al., 2020).
Por lo anterior, la disponibilidad de inhibidores especificos para cada enzima es crucial



debido a las variaciones en la expresion de diferentes miembros de la subfamilia KDM4 en
distintos tipos de cdncer (del Moral-Morales et al., 2022).

3.3 Las desmetilasas de lisina KDM4

La metilacion de histonas es una modificacion postraduccional relacionada con
multiples funciones biolégicas. La metilacion ocurre principalmente en los residuos de
arginina (R) y lisina (K). Las argininas pueden ser mono- o dimetiladas mientras que los
residuos de lisina pueden ser mono-, di- o trimetilados; estas modificaciones estdn
asociadas con la activacion o represion transcripcional, dependiendo del residuo en el que
se encuentren. Por ejemplo, la di y trimetilacion en H3K4 esté relacionada con una mayor
expresion génica, mientras que la trimetilacion en H3K9 y H3K27 estd asociada con la
represion transcripcional (Milldn-Zambrano et al., 2022; Blanc and Richard, 2017). Debido
a que la metilacion de histonas es una modificacion covalente, inicialmente se asumi6 que
era estable e irreversible. Sin embargo, en 2004, se caracteriz6 la primera desmetilasa de
lisina de histona (KDM) y, desde entonces, se han descrito mas de 20 enzimas que pueden
remover esta modificacion postraduccional (Shi et al., 2004; Guerra-Calderas et al., 2015).
Estas enzimas actian como activadores o represores transcripcionales, dependiendo del
residuo de lisina que tengan como blanco y del contexto de la cromatina (Katoh and Katoh,
2004; Shin and Janknecht, 2007b).

Las desmetilasas de lisina de histonas (KDM) se clasifican en dos grandes familias segin
su mecanismo de accion: las similares a la amino-oxidasa y las oxigenasas (Sterling et al.,
2021). La primera familia, mas reducida, incluye a KDM1A y KDMI1B, ambas dependientes
de FAD y capaces de eliminar grupos metilo mono y dimetilados de las histonas. Sin embargo,
su mecanismo catalitico les impide desmetilar lisinas trimetiladas (Anand and Marmorstein,
2007; Yang et al., 2006).

La familia de las oxigenasas, por su parte, es mucho més diversa y abarca a mas de 20
enzimas que son dependientes de a-cetoglutarato. Dentro de esta familia, destaca la
subfamilia KDM4, compuesta por cinco miembros (KDM4A a E) que desempefian un papel
crucial en diversos procesos cancerigenos. Estas enzimas se especializan en remover grupos
metilo de las lisinas H3K9 y H3K36, marcando asi regiones de la cromatina asociadas a la
heterocromatina y a la transcripcion activa, respectivamente. Es importante destacar que las
KDM4 muestran una mayor afinidad por la lisina H3K9 trimetilada (H3K9me3) en
comparacion con la dimetilada (H3K9me2), y prefieren desmetilar H3K9 en lugar de
H3K36 (Labbé et al., 2013; Meng et al., 2018). Los valores de las constantes de Michaelis
para cada miembro de la subfamilia KDM4 se detallan en el Apéndice A, lo que permite
una comparacion cuantitativa de sus actividades enzimadticas.

Todos los miembros de esta subfamilia poseen un dominio Jumonji N y un Jumonji C
(JmjC), siendo este ultimo el dominio catalitico. KDM4A, B y C poseen ademds un doble
dominio PHD y un doble dominio Tudor, los cuales reconocen modificaciones
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postraduccionales de histonas adyacentes al sitio de desmetilacion, por lo que se cree que
son responsables de guiar a las KDMs hacia sus sustratos (Figura 3.2a). A pesar de estas
diferencias, los dominios cataliticos de las proteinas KDM4 presentan una alta identidad de
secuencia, oscilando entre un 74 a 93 % de identidad en su dominio catalitico (Figura 3.2b).
Estas proteinas encierran un ion Fe?™ y un Zn?" en su sitio catalitico (Figura 3.2¢), ademds
de que utilizan a-cetoglutarato como cosustrato (Klose et al., 2006; Meng et al., 2018).

a) JmN  JmiC PHD Tudor

o =L —08-88~ N -
Dominio JmjC /

KDM4D 100.0 ‘ ~

2-oxoglutarato

b)

KDM4E | 93.4 100.0 r

KDMaA | 74.3 743 100.0 W\ q |
KOM4B | 787 768 842 100.0 ‘ v |
KDM4C 755 743 844 884 100.0

Figura 3.2: Estructura de las enzimas pertenecientes a la subfamilia KDM4. a) Distribciéon de dominios
en los miembros de la subfamilia KDM4. JmjN: jumonji N. JmjC: jumonji C. PHD: Plant homeodomain. b)
Porcentaje de Identidad entre los dominios JmjC de los miembros de la familia KDM4

Al ser importantes reguladores de la transcripcion, las enzimas KDM4 se han visto
involucradas en diferentes procesos celulares tales como la diferenciaciéon neuronal (Zhu
et al., 2024) y la neurogénesis asociada con ansiedad y depresion en modelos murinos.
(Maitra et al., 2020). En este sentido, se ha observado que un aumento en la expresion de
KDM4D induce una diferenciacién neuronal a través de la induccién de la expresion de
genes como ID2 y SOX2. A su vez, las enzimas KDM4s desempefian roles cruciales en
diversos procesos bioldgicos como la espermatogénesis (Iwamori et al., 2011), ademads de
regular la transcripcion génica en general por su papel de desmetilasas de H3K9me3
(Guerra-Calderas et al., 2015). Por otro lado, hasta hace poco, KDM4E se consideraba un
pseudogén debido a sus bajos niveles de expresion; sin embargo, informes recientes indican
que codifica una enzima activa involucrada en la desmetilacion de H3K9me3 y que estd
involucrada en el proceso de desarrollo embrionario (Liu et al., 2018).

Las proteinas KDM4 han emergido como blancos terapéuticos prometedores en el
contexto oncolégico debido a su papel en la proliferacioén y progresion tumoral (Rotili and
Mai, 2011). Estudios han demostrado que la sobreexpresion y actividad de los diferentes
miembros de esta familia de demetilasas de histonas estd asociada con diversos tipos de
cancer. KDM4A se ha vinculado a la proliferacion en leucemia mieloide aguda, cancer de
mama, prostata y pulmén (Massett et al., 2021; Metzger et al., 2017; Mu et al., 2019;
Guerra-Calderas et al., 2015). KDM4B promueve la proliferacion y el crecimiento tumoral
en cidncer de mama positivo a estrégenos, y se asocia con un mal prondstico en céncer
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gdstrico resistente a la castracion y osteosarcoma (Yang et al., 2010; Kawazu et al., 2011;
Sha et al., 2020; Liu et al., 2020b). KDM4C fomenta la proliferacién en mieloma mdltiple y
glioblastoma, ademads de ser crucial para el mantenimiento de células troncales cancerosas
en carcinoma de células escamosas (Lv and Liu, 2021; Lee et al., 2021; Yuan et al., 2016b).
KDM4D contribuye a la carcinogénesis en cdncer de préstata resistente a la castracion,
actiia como represor de la expresion de pS3 en cancer colorectal y promueve la proliferacion
de células troncales cancerosas en cdncer de higado Shin and Janknecht (2007a); Li et al.
(2020a); Deng et al. (2021). La Figura 3.3 y la Tabla 3.2 muestra un resumen de las
principales funciones de las enzimas KDM4 tanto en tejido no neopldsico como en céncer.
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Figura 3.3: Principales procesos en los cuales participan las enzimas de la subfamilia KDM4, tanto en tejido
no neopldsico como en cancer.

3.3.1 Inhibidores de KDM4

A pesar de que las proteinas KDM4 son prometedores blancos para la terapia contra el
céncer, actualmente no hay inhibidores aprobados para su uso clinico. Existen varios
compuestos con actividad de inhibicion de KDM4 que se usan en investigacion (ver Lee
et al. (2020) para una revision completa). Sin embargo, todos ellos apuntan a mas de un
miembro de la familia debido a la similitud de sus dominios cataliticos.

Si bien hasta el momento la FDA no ha aprobado ningiin medicamento que tenga como
blanco a los miembros de la subfamilia KDM4, existe un grupo de moléculas que se han
catalogado como inhibidores de estas enzimas y que se usan en investigacion. Estos
compuestos se dividen en 4 grupos de acuerdo a su mecanismo de accién, los cuales se
describirdn brevemente a continuacién (Lee et al., 2020; Baby et al., 2021).

Disruptores de cofactores metdlicos
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Tabla 3.2: Principales estudios sobre el papel de la subfamilia KDM4 en cancer.

Enzima Tipo de cancer Papel Referencias
L L, Guerra-Calderas et al. (2015)
Leucemia mieloide aguda Sobreexpresion 'y aumento en
proliferacién Massett et al. (2021)
KDM4A Céncer de mama Sobreexpresion 'y aumento en Metzger et al. (2017)
proliferacién
. , » Mu et al. (2019)
Céncer de préstata Sobreexpresion 'y aumento en ]
proliferacién Shin and Janknecht (2007a)
Céncer de pulmén Sobreexpresion Guerra-Calderas et al. (2015)
B . . » Yang et al. (2010)
Cancer de mama positivo a Promueve proliferacién y

KDM4B estrégenos crecimiento tumoral Kawazu et al. (2011)
Céncer gastrico resistente a Mal prondstico Sha et al. (2020)
la castracién
Osteosarcoma Mal prondstico Liu et al. (2020b)

Mieloma multiple Promueve proliferacion Lv and Liu (2021)

KDM4C Glioblastoma Promueve proliferacion Lee et al. (2021)
Carcinoma de células Mantenimiento de células troncales Yuan et al. (2016b)
escamosas cancerosas
Céncer de prostata Contribuye a la carcinogénesis Shin and Janknecht (2007a)

KDM4D resistente a la castracion
Céncer colorectal Actiia como represor de p53 Li et al. (2020a)

Céncer de higado Promueve la proliferacién de células Deng et al. (2021)
troncales cancerosas

En esta categoria se encuentran dos de los compuestos mas ampliamente usados como
inhibidores de KDMs, el disulfiram y el ebselen, los cudles inhiben KDM4A a través de la
disrupcion del ion Zn?" en su sitio catalitico. Estas moléculas parecen ser especificas para la
subfamilia KDM4 debido a que el resto de desmetilasas no tienen Zn?* en su sitio catalitico
(Rotili and Mai, 2011). Sin embargo, estos fairmacos pueden actuar sobre otras proteinas que
contengan zinc, lo que reduce su especificidad. El ebselen es conocido por sus propiedades
antioxidantes, por lo que se ha usado en pruebas clinicas para varias enfermedades tales como
asma, diabetes y contra pardsitos gastrointestinales (Wang et al., 2020). Por otra parte, el
disulfiram es un firmaco aprobado por FDA para el tratamiento del alcoholismo, sin embargo,
recientemente se ha reportado que también posee actividad antitumoral, aunque al ser un
quelante de metales, se une inespecificamente a varias proteinas y iones metélicos libres en
el ambiente extracelular (Meraz-Torres et al., 2020).

Andalogos de 2-oxoglutarato

Otros inhibidores conocidos de KDM4 son andlogos de 2-oxoglutarato, estas moléculas
actdan como inhibidores competitivos al unirse al Fe** del sitio activo y desplazando al «-
cetoglutarato requerido para la actividad de las desmetilasas de la familia JMJC, sin embargo,
dado que el a-cetoglutarato es un cofactor para varias otras enzimas incluidas la HDACs y
las TETs, estas moléculas tienen baja especificidad (Baby et al., 2021). Ejemplo de esto es el
farmaco vorinostat, que actualmente se encuentra aprobado por la FDA para el tratamiento
de leucemia mieloide y cuyo principal blanco son las HDACs (Wawruszak et al., 2021).

Inhibidores competitivos del sustrato de histonas
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En esta categoria se encuentran las moléculas que comparten similitud con los residuos
de lisina trimetilados que son blanco de la subfamilia KDM4. Estas moléculas son péptidos
modificados que compiten con el sustrato de histona metilado. En este sentido, los compuestos
de esta seccion no sélo van dirigidos contra el dominio JmjC de las demetilasas, si no que
algunos se unen a los dominios Tudor, inhibiendo la actividad de las demetilasas (Upadhyay
etal., 2018). Los compuestos que conjuntan andlogos del sustrato de histona junto andlogos de
a-cetoglutarato son los que han demostrado mejor capacidad para discriminar entre diferentes
miembros de la subfamilia KDM4 (Woon et al., 2012).

Inhibidores independientes de sustrato o cofactor

Dado que el mecanismo de catdlisis en los miembros de la subfamilia KDM4 es
compartido entre ellas y con otro tipo de enzimas, los fairmacos dirigidos al sitio catalitico
tienen mayores probabilidades de ser inespecificos (Lee et al., 2020), por lo tanto, una de las
estrategias que se pueden abordar es el uso de moléculas que puedan unirse a la superficie
externa de las proteinas, este es el caso del péptido 22, el cudl fue disenado para unirse a la
superficie de dimerizacion de KDM4C y que demostré actividad inhibitoria no competitiva
(Leurs et al., 2014).

La figura 3.4 muestra la clasificacién y estructuras de los fairmacos descritos en esta
seccion. En resumen, la mayoria de los inhibidores descritos tienen como blanco a todos o
varios miembros de la subfamilia KDM4. Debido a que hay tipos de cdncer que muestran
desregulacion de solo un miembro de la familia KDM4 (Sterling et al., 2021), es importante
lograr inhibidores especificos y efectivos para cada enzima. Ademds, la mayoria de los
inhibidores de KDM4 reportados hasta la fecha solo han mostrado actividad in vitro (Chin
and Han, 2015), por lo tanto, todavia falta la validacion de firmacos que puedan ser
utilizados en la terapia contra el cancer.
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Figura 3.4: Moléculas que han demostrado actividad inhibitoria de las enzimas de la subfamilia KDM4.
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3.4 Las proteinas BORIS y CTCF

CTCEF es una proteina de unién al DNA que tiene decenas de miles de sitios de unién en
el genoma, algunos de los cuales estdn conservados entre especies y tejidos (Schmidt et al.,
2012). Las funciones principales de CTCF incluyen mantener los dominios asociados
topolégicamente (TADs), actuar como una barrera para la propagacion de estructuras
heterocromaticas y definir los limites entre la eucromatina y la heterocromatina; por esta
razén, CTCF ha sido denominada una proteina arquitecténica (Fiorito et al., 2016;
Kaczmarczyk et al., 2022; Kentepozidou et al., 2020; Ong and Corces, 2014). CTCF
también regula el anclaje del DNA a estructuras celulares como la ldmina nuclear (Fiorito
et al., 2016; Kaczmarczyk et al., 2022), actia como un aislante proteico controlando las
interacciones entre enhancers y promotores (Ren et al., 2017), y puede funcionar como una
proteina estructural para factores de transcripcion (Schwalie et al., 2013; Chernukhin et al.,
2000; Defossez et al., 2005) y factores epigenéticos (Wei et al., 2020). Basado en la
localizacion de CTCF en otros sitios gendémicos, también se ha demostrado que esta
involucrado en procesos como el splicing alternativo al pausar el recorrido de la RNA
Polimerasa II (RNAP II), favoreciendo el ensamblaje del spliceosoma (Shukla et al., 2011).
CTCF también interactia con IncRNAs, lo cual es importante para la regulacién
transcripcional de genes como Xist, un IncRNA responsable de la inactivacion del
cromosoma X. Por esta razén, CTCF ha sido considerada una proteina muy versétil, similar
a una navaja suiza. Un resumen de sus funciones se muestra en la Figura 3.5.
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Figura 3.5: El factor arquitecténico CTCF. Resumen del amplio rango de mecanismos de accién de CTCF,
tales como: formacién de bucles de cromatina, reclutamiento de la RNA Polimerasa II (Pol II), regulacién
transcripcional, definicién de limites entre eucromatina y heterocromatina, anclaje de DNA, aislante, splicing
alternativo, unién a RNA, entre otros. TAD: dominio asociado topolégicamente. Imagen de Del Moral-Morales
et al. (2023).
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Por otro lado, CTCFL, el gen que codifica la proteina conocida como Hermano del
Regulador de Sitios Improntados (BORIS por sus siglas en inglés), es un pardlogo de
CTCF. Se cree que CTCFL surgié de un evento de duplicacién en algin momento antes de
la evolucion de los mamiferos (Loukinov et al., 2002), sin embargo, su origen exacto sigue
siendo incierto. A diferencia de CTCF que es un gen esencial y de expresion ubicua, CTCFL
sOlo se expresa en testiculo bajo circunstancias normales, sin embargo, este gen ha ganado
notoriedad en los dltimos afios porque se ha detectado en varias neoplasias, lo que sugiere
un papel importante de esta proteina en el cancer (Klenova et al., 2002; Liu et al., 2019).

Tanto BORIS como CTCEF son proteinas de unién al DNA y estdn compuestas por tres
dominios: el carboxi-terminal (C-terminal), el de unién al DNA y el amino-terminal
(N-terminal). El dominio de unién al DNA comprende once dedos de zinc (ZF), con un
porcentaje de identidad cercano al 80 %, mientras que la conservacién entre CTCF y BORIS
en los dominios N y C-terminal es inferior al 15 % (Figura 3.6). La similitud entre los
dominios de unién al DNA de BORIS y CTCF sugiere que podrian unirse a los mismos
sitios en el genoma (Klenova et al., 2002). Sin embargo, se ha demostrado que solo una
parte de sus genes objetivo es compartida entre las dos proteinas (Nishana et al., 2020);
ademds, CTCF se une a regiones intrénicas e intergénicas, mientras que BORIS se une
preferentemente a promotores (Sleutels et al., 2012). Varios estudios han encontrado que
BORIS y CTCEF tienen consecuencias opuestas sobre la expresion génica (Vatolin et al.,
2005; Nguyen et al., 2008; Hong et al., 2005); mientras que BORIS es un activador
transcripcional que promueve la proliferacion celular (Gaykalova et al., 2012; Smith et al.,
2009), CTCEF es un represor que inhibe la progresion del ciclo celular (Debaugny and Skok,
2020).
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Figura 3.6: BORIS es un paralogo de CTCF. Representacion gréafica del dominio de unién al DNA de CTCF.
Cada circulo representa un aminodcido, y el color indica si estd conservado en BORIS. Las flechas corresponden
a los aminodcidos que forman puentes de hidrégeno con el DNA segtn (Yin et al., 2017). RBD significa RNA-
binding domain (dominio de unién al RNA).

Debido al bajo grado de conservacion entre los dominios terminales de BORIS y CTCF
se ha sugerido que estos sirven como anclaje para distintos cofactores, lo que podria ser
responsable de las diferencias entre los efectos de BORIS y CTCF sobre la expresion génica
(de Necochea-Campion et al., 2011; Hore et al., 2008). Una de las principales funciones de
CTCEF es la retencion de cohesina para establecer bucles de cromatina (Li et al., 2020b); se
ha descrito que la interaccion CTCF-cohesina estd mediada por el dominio N-terminal y los
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dos primeros dedos de zinc. La sustitucion de esta region por la perteneciente a BORIS
resulta en la pérdida de los anillos de cohesina en los sitios de unién a CTCF y por
subsecuente, una pérdida de los bucles de cromatina establecidos (Pugacheva et al., 2020),
apoyando atin mas las funciones divergentes de estas dos proteinas y sugiriendo que BORIS
puede competir por algunos de los sitios de unién a CTCF causando desregulacién en la
estructura 3D de la cromatina y un cambio en los patrones de expresion génica de las
células (Nishana et al., 2020).

Pocos estudios han explorado el papel fisiolégico de BORIS; sin embargo, los datos
sugieren que la expresion de BORIS en tejidos no neopldsicos estd restringida a los
espermatocitos, donde podria estar implicado en el proceso de maduracion de las células
germinales masculinas a través del mantenimiento de los sitios de uniéon a CTCF durante el
proceso de metilacion de novo del DNA (Monk et al., 2008). También se ha observado que
la expresion de BORIS y CTCF es mutuamente excluyente durante el proceso de
espermatogénesis (Loukinov et al., 2002), el knock-down de CTCF induce la expresion de
BORIS, y CTCF se une directamente al promotor de BORIS (Kholmanskikh et al., 2008) lo
que en conjunto sugiere un bucle de regulacion entre ambas proteinas.

3.4.1 BORIS como blanco terapéutico en cancer

BORIS, un parédlogo de CTCEF, ha sido identificado como un marcador de diversos tipos
de céancer, incluyendo osteosarcoma, mama, pulmoén y ovario (Ulaner et al., 2003; D’Arcy
etal., 2008; Hong et al., 2005; Woloszynska-Read et al., 2007). Si bien su patron de expresion
tumoral es bien conocido, los mecanismos moleculares relacionados a su funcién oncogénica
auin no estdn completamente esclarecidos.

Evidencias experimentales sugieren que BORIS desempefia un papel crucial en la
regulacion de la expresion génica en células cancerosas. Estudios han demostrado que
BORIS modula la expresiéon de genes clave implicados en la tumorigénesis, como el
receptor de andrégenos (Salgado-Albarrdn et al., 2019), la telomerasa h'TERT (Renaud
et al., 2011), y antigenos cancer-testiculo como MAGE-Al y NY-ESO-1 (Vatolin et al., 2005;
Hong et al., 2005). Ademads, se ha observado que la sobreexpresion de BORIS promueve la
migracion, proliferacion e invasion celular, mientras que su inhibicién induce apoptosis
(Dougherty et al., 2008; Zhang et al., 2017).

Sin embargo, el papel de BORIS en la proliferacion celular parece ser mas complejo de lo
que inicialmente se pensaba. Algunos estudios han reportado una correlacion positiva entre
la expresion de BORIS y la proliferacion celular (Gaykalova et al., 2012), mientras que otros
han observado una reduccién en la proliferacion tras la induccién de BORIS (Tiffen et al.,
2013; Rosa-Garrido et al., 2012). Estos resultados sugieren que el efecto de BORIS en la
proliferacion celular podria depender de diversos factores, como el tipo de célula, el contexto
tumoral y los niveles de expresion de BORIS. Ademads, se ha propuesto que la regulacion de
la expresion de genes relacionados con la invasion, como TGFB1, podria ser un mecanismo
adicional por el cual BORIS contribuye a la progresion tumoral (Janssen et al., 2020).
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Por otra parte, BORIS ha ganado notoriedad en cancer de ovario. Esto es debido a que,
en tejido no neopldsico, la expresion de BORIS es indetectable en la mayoria de los tejidos,
excepto en los testiculos (Sleutels et al., 2012); sin embargo, se sobreexpresa en varias
neoplasias, especialmente en el cancer de ovario epitelial de alto grado (HGSC), donde se
cree que desempefia un papel esencial en la progresion tumoral (Woloszynska-Read et al.,
2007). El cancer de ovario es la neoplasia ginecolégica mds agresiva y una de las
principales causas de muerte en mujeres posmenopdusicas (Palmirotta et al., 2017). Dado
que este tipo de tumores son en su mayoria asintomadticos, el diagndstico es complicado y,
por lo general, se detectan cuando la enfermedad ya se encuentra en un estadio avanzado
(estadio III o IV), lo que hace que la terapia estindar no tenga éxito. Por lo tanto, la
bisqueda de nuevas estrategias terapéuticas es imperativa para lograr una mejoria de las
pacientes con cancer de ovario.

Lo anterior ha llevado a pensar que una terapia dirigida contra esta proteina tendria un
impacto significativo en el cancer de ovario, por esta razén, BORIS es un antigeno tumoral
de alta prioridad de acuerdo con el Instituto Nacional del Céancer (NCI, Estados Unidos)
(Cheever et al., 2009). Se ha observado que BORIS se relaciona positivamente con el estadio
de la enfermedad (Woloszynska-Read et al., 2011; Gong et al., 2019), y con la malignidad
en tumores HGSC (Salgado-Albarran et al., 2019). Ademads, los altos niveles de BORIS se
asocian con una baja supervivencia libre de recurrencia y una corta supervivencia global en
pacientes con cancer de ovario (Hillman et al., 2019; Zhang et al., 2022a).

Estudios previos han intentado desarrollar una vacuna contra los dominios N y
C-terminal de la proteina para probar su eficacia contra el crecimiento de tumores mamarios
implantados en ratones. En estos estudios se observé que la inmunizacién disminuia el
crecimiento tumoral y aumentaba la supervivencia de los ratones inmunizados sin afectar al
resto de tejidos somadticos, lo que sugiere que BORIS es una prometedora diana terapéutica
en cancer (Ghochikyan et al., 2007; Mkrtichyan et al., 2008, 2011). Sin embargo, no se ha
explorado la posibilidad de inhibir la actividad de BORIS mediante métodos
farmacoldgicos especificos. En este sentido, una de las principales limitantes es el
porcentaje de similitud que comparte con CTCF, ya que al ser esta una proteina esencial, su
inhibicion eventualmente causaria muerte celular (Klenova et al., 2002). Aunado a esto,
BORIS tiene 17 isoformas, las cuales cuentan con diferentes combinaciones de dedos de
zinc, lo que afiade una capa mas de complejidad al problema de inhibicion farmacoldgica de
esta proteina.

3.4.2 Las isoformas de BORIS

La expresion de BORIS estd controlada por tres promotores diferentes: A, B y C, los
cuales son regulados por la unién a CTCF y la metilacion del DNA. Hay una isla CpG en
el promotor C y dos sitios de unién a CTCF, uno en el promotor A y otro en el promotor
B (Figura 3.7). En testiculos, CTCF no estd unido y la isla CpG no estd metilada, por lo
que todos los promotores tienen actividad transcripcional. En el resto de tejidos, la isla CpG
estd metilada y CTCF estd unido a sus dos sitios de unién; en consecuencia, la expresion de
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BORIS esta reprimida. En cancer, existen diferentes combinaciones de promotores activos.
Renaud et al. (2007) dividieron los tumores que expresan BORIS en dos grupos: By A/C. Los
tumores del grupo B expresan BORIS sélo a partir del promotor B, mostrando desmetilacion
de laisla CpG y unién de CTCF a los promotores A y C. Por otro lado, el grupo A/C presenta
metilacion de la isla CpG y unioén de CTCF al promotor B (Renaud et al., 2007).
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Figura 3.7: La expresion de BORIS esta controlada por tres promotores. Representacion gréfica de los
promotores de BORIS. CBS significa CTCF Binding Site (sitio de unién a CTCF). El color del circulo representa
el estado metilado de la isla CpG, blanco significa no metilado y negro metilado. Adaptado de Renaud et al.
(2007).

Hasta ahora hay 23 isoformas diferentes descritas para BORIS. El grupo de Lobanenkov
las ha dividido en tres familias segtn el promotor que regula su transcripcién (A, Bo C) y
en seis subfamilias (sf1-6) segin su extremo 3’-UTR (véase Apéndice B). Debido a sus
similitudes, ha sido imposible evaluar cada isoforma individualmente; sin embargo, es
posible medir los niveles de expresion de cada subfamilia mediante RT-qPCR. Las seis
familias estdn presentes en testiculo, mientras que en cdncer se detectaron dos patrones
principales, el primero consiste en una alta expresion de sfl Unicamente, y el segundo se
caracteriza por una alta expresion de todas las isoformas excluyendo la subfamilia sf5.
Ninguno de estos grupos se asocid a un tipo de cancer especifico (Pugacheva et al., 2010).
En el céncer de ovario, se ha detectado la expresion de las subfamilias sf2, sf3, sf4 y sf6;
siendo sf2 y sf6 las mds abundantes (Link et al., 2013). Desafortunadamente, se desconoce
el impacto biolégico del patrén de expresion de las isoformas de BORIS.

Las 23 isoformas codifican para 17 proteinas diferentes (Figura 3.8). BORIS BO es la
proteina candnica y contiene los dominios N-terminal, Zinc Finger y C-terminal. La mayoria
de las isoformas tienen un dominio C-terminal méas corto que la proteina canénica. Existen
diferentes combinaciones de dedos de zinc entre las isoformas, sin embargo, cabe mencionar
que la isoforma C6 es la Unica que tiene un ZF hibrido (mitad ZF4, mitad ZF9). Como ya
se ha mencionado, la funcionalidad de estas proteinas no ha sido explorada, sin embargo, se
ha planteado la hip6tesis de que las diferentes combinaciones de ZF y dominios terminales
podrian permitir a BORIS unirse a un amplio conjunto de motivos de DNA.
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Figura 3.8: Representacion esquematica de las 17 isoformas BORIS. El nombre del transcrito asignado
por citePugacheva2015 se muestra a la izquierda. El nimero de isoforma de la derecha corresponde al registro
disponible en la base de datos de genes de NCBI (NCBI gene, 2025).
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4. Planteamiento del problema

Los procesos epigenéticos que participan en cdncer involucran diversas proteinas que
comparten altos porcentajes de identidad entre si. Esto ha dificultado el desarrollo de
inhibidores farmacoldgicos especificos que puedan ser llevados a la clinica. En particular,
no existen estudios enfocados en encontrar inhibidores especificos para las desmetilasas de
histonas o las proteinas involucradas en la organizacion tridimensional de la cromatina.
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5. Hipodtesis

Mediante enfoques bioinformaticos y de biologia estructural, se podran identificar
moléculas candidatas a inhibidores farmacoldgicos especificos para los miembros de la
subfamilia KDM4 y para BORIS, con minima interferencia sobre sus proteinas homodlogas.
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6. Objetivos

6.1 Objetivo general

Identificar compuestos con potencial de unirse selectivamente al sitio activo de las
proteinas KDM4 o al dominio de unién al DNA de BORIS, minimizando efectos sobre
proteinas homologas.

6.2 Objetivos especificos

1. Identificar las desmetilasas de lisinas de histonas (KDMs) que son relevantes en
distintos tipos de cdnceres empleando la base de datos de TCGA.

2. Identificar las firmas moleculares que favorecen la interaccién de ligandos con el sitio
catalitico de las KDM4.

3. Seleccionar compuestos que tengan alta probabilidad de unirse al sitio catalitico de
cada uno de los miembros de la subfamilia KDM4 mediante acoplamiento molecular.

4. Proponer moléculas que puedan actuar como agentes terapéuticos desde una
perspectiva transcriptomica, integrando los datos obtenidos mediante acoplamiento
molecular.

5. Explorar las diferencias estructurales entre CTCF y BORIS para buscar sitios que
puedan ser blanco de inhibidores especificos de BORIS.

6. Proponer compuestos que puedan inhibir la actividad de BORIS sin afectar a CTCF.

23



7. Metodologia

7.1 Analisis de datos transcriptémicos de cancer

7.1.1 Obtencién de datos de expresion génica

Con el objetivo de evaluar los niveles de expresion génica de los miembros de la
subfamilia KDM4 en muestras de tejido no neopldsico y tumorales, se descargaron las bases
de datos GTEx y TCGA de Xena Browser (Goldman et al., 2020). Solo se tuvieron en
cuenta para el andlisis los tipos de cdncer con su contraparte de tejido no neopldsico
disponible. La cantidad de muestras analizadas por cada tipo de cdncer se muestra en la
Figura 7.1 Los conteos en RSEM (RNA-Seq by Expectation Maximization) se utilizaron
como entrada para el andlisis de expresion diferencial
(TcgaTargetGtex_gene_expected_count). RSEM es una estrategia para la normalizacion del
numero de lecturas obtenidas mediante RNAseq (Li and Dewey, 2011). Para convertir de
RSEM a cuentas normalizadas se us6 la siguiente formula:

Cuentas normalizadas = loga(RSEM + 1)

7.1.2  Andlisis de supervivencia

Para evaluar la asociacion entre la expresion de los genes de la subfamilia KDM4 y la
supervivencia global de los pacientes se utilizo la informacién clinica depositada en TCGA
y el paquete Survival v3.2 a 11 para R (Therneau et al., 2000). Para la regresiéon de COX
(COXPH), la asociacién se considerd significativa si el valor p <0,05. La estimacion
COXPH <0 se etiquetd como “buen prondsticoc la estimacion COXPH >0 como “mal
prondstico”. Posteriormente se dividieron los pacientes en cuartiles de acuerdo con sus
niveles de expresion de cada KDM. Se realizaron el grafico de Kaplan Meier y la prueba de
rango logaritmico utilizando pacientes con expresion de KDM <QIl (Bajo-KDM) y
pacientes con expresion de KDM >Q3 (High-KDM). La diferencia en la supervivencia
global entre los grupos se considerd significativa con un valor p <0,05.
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Figura 7.1: Muestras usadas para el analisis transcriptomico. Las muestras fueron obtenidas de las bases
de datos TCGA y GTEx. El color verde denota a las muestras de tejido no neopldsico (Normal Tissue), el color
amarillo a las muestras de tejido neoplésico.

7.1.3  Andlisis de expresion diferencial

Con el objetivo de conocer las diferencias en la expresion de los diferentes miembros de
la subfamilia KDM4 en los distintos tipos de cédncer, se utilizé el paquete DESeq2 v1.32.0
(Love et al., 2014) para comparar el perfil transcriptomico de muestras neoplasicas contra
los controles no neopldsicos. También se realiz6 un anélisis de expresion diferencial dentro
de cada tipo de cancer especifico comparando dos grupos: pacientes con expresion de KDM
>Q3 (Alto-KDM) frente a pacientes con expresion de KDM <Q1 (Bajo-KDM). Los genes
con abs(log2FoldChange) >log2(1,5) y padj <0,05 se seleccionaron como genes expresados
diferencialmente (DEG). Para este tultimo andlisis se eligieron las muestras etiquetadas
como de “mal prondstico”por la prueba COXPH o aquellas en las que altos niveles de KDM
mostraron una menor supervivencia en el grafico de Kaplan Meier en comparacién con las
muestras de bajo KDM.
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7.1.4 Andlisis de enriquecimiento de DEGs

Para describir los procesos bioldgicos en los que podrian estar participando los DEGs, se
realiz6 un andlisis de enriquecimiento con gProfiler2 (Kolberg et al., 2020) y la base de datos
Hallmark Gene Set Collection de la Molecular Signatures Database (MSigDB) (Liberzon
et al., 2015). Este dataset se eligié debido a que tiene sets de genes no redundantes y que
representan procesos bioldgicos primordiales. Se usé g:SCS como método de correccion por
prueba multiple (Reimand et al., 2007) y se consider6 significativo los enriquecimientos con
un valor p <0,05. Como fondo se utiliz6 la lista de todos los genes expresados en las muestras.

7.2 Cribado virtual de potenciales ligandos para la subfamilia KDM4

7.2.1 Bases de datos de ligandos

Para la identificacién de posibles ligandos de las proteinas de la subfamilia KDM4, se
usaron tres bases de datos: DrugBank (Wishart et al., 2018), la biblioteca de fairmacos en Fase
I'y aprobados por la FDA (obtenida de www.selleckchem.com) y COCONUT (Sorokina et al.,
2021a). Las bases de datos contenian 9,131, 3034 y 406,747 compuestos, respectivamente.
Las bibliotecas se filtraron utilizando el algoritmo FILTER de OpenEye (OpenEye Scientific
Software, disponible en www.eyesopen.com); los filtros aplicados se pueden encontrar en el
Apéndice C. El estado de ionizacion de cada molécula se establecié mediante el algoritmo
FIXPKA de OpenEye. Las cargas se calcularon con la herramienta molcharge de OpenEye y
el método AM1-BCC (Jakalian et al., 2002). Se generaron diez conformadores de baja energia
para cada molécula con el algoritmo OMEGA.

7.2.2  Preparacion de las dianas farmacoldgicas

Las estructuras cristalograficas de los sitios activos de KDM4 se descargaron del
Protein Data Bank (PDB, www.rcsb.org). Los nimeros de acceso y las referencias de todos
los modelos utilizados estdn disponibles en la Tabla 7.1. En los casos requeridos, las
porciones faltantes de las moléculas se modelaron con SWISS-MODEL (Waterhouse et al.,
2018). Las estructuras se prepararon para el acoplamiento con el programa SPRUCE
incluido en la distribucion OEDocking de OpenEye.

En el caso de KDM4D, se usaron nueve estructuras diferentes porque al alinear
estructuralmente los modelos en PDB se notaron diferencias significativas (mayores a 2 A),
por lo que se analizaron por separado.
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Tabla 7.1: Estructuras cristalogrificas usadas en el andlisis de acoplamiento molecular.

Enzima PDB ID Referencia
KDM4A SF32 Le Bihan et al. (2016)
KDM4B 4LXL Wang et al. (2014)
KDM4C 2XML Yue et al. (2010)

4HON Krishnan and Trievel (2012b)
4HOO Krishnan and Trievel (2012a)

5F5C Krojer et al. (2015)
S5SFP4 Chung (2016b)
KDM4D SFP7 Chung (2016c¢)
5FPS8 Chung (20164d)
SFPA Chung (2016e)
5FPB Chung (2016a)
6H10 Malecki et al. (2020)
KDMJ4E 2W2I Yue et al. (2009)

7.2.3  Acoplamiento molecular (Molecular Docking)

Las estructuras de KDM4 se ajustaron mediante alineamiento estructural usando PyMol
(DeLano et al., 2002) para mantener la misma orientacion del sitio activo. El residuo
conservado GLU190 se defini6 como punto de anclaje para el espacio de busqueda. Se
utilizé el campo de fuerza Amber [f94 para el cdlculo de las cargas parciales de la proteina.
Se implementaron dos sistemas para comprender la influencia del metal sobre el sitio activo
de las proteinas KDM4, HOLO y APO. La forma HOLO incluyé los cofactores Zn** en el
sitio activo. Para el sistema APO, se eliminé cualquier cofactor metdlico para el andlisis.
Cada base de datos quimica curada se acopl6 al receptor rigido en forma APO y HOLO con
el programa FRED de OpenEye Scientific (OpenEye Scientific Software, 2021). Se utiliz6
la funcién de puntuacién Chemgauss4, y las 100 moléculas con mayor puntuacion en cada
caso se consideraron posibles aciertos.

7.2.4 Andlisis de similitud de flexéforos entre compuestos

El anélisis de similitud de farmacé6foro entre compuestos se realizé con DataWarrior
(Sander et al., 2015) utilizando el descriptor Flexophore. Dos compuestos se consideraron
similares si su relacion de similitud superaba un umbral del 95 Y%. Para cada proteina y base
de datos evaluada, se analizaron los 100 compuestos con mayor puntuacion. Como se
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utilizaron nueve estructuras PDB diferentes para KDM4D, se eligié una muestra aleatoria
de 100 compuestos de cada base de datos.

7.2.5 Simulaciones de dindmica molecular y cdlculos de energia de enlace absoluta

Los métodos de acoplamiento molecular son herramientas eficaces para el cribado de
grandes bases de datos; sin embargo, su principal limitacién son las estimaciones
imprecisas de la energia de union. Para estimar la energia de unién absoluta (AGppga) de
los ligandos se utiliz6 el método de mecdnica molecular del &4rea superficial de
Poisson-Boltzmann (MM-PBSA). Dado que este enfoque requiere una gran cantidad de
recursos computacionales, realizamos el calculo de AGppg4 sélo para un subconjunto de
moléculas de acuerdo con los siguientes criterios:

a) Moléculas que se unen sélo a una KDM4.

b) Moléculas que se unen a alguna o a todas las KDM4 significativamente
sobreexpresadas en un tipo de cdncer.

¢) Las 10 mejores moléculas para cada KDM4 segtin su puntuacion FRED/Chemgauss4,
independientemente de la base de datos.

Brevemente, cada complejo proteina-ligando fue sometido a 20 ns de simulaciones de
dindmica molecular utilizando GROMACS 5.1.15 (Abraham et al., 2015). Los archivos se
procesaron con pdb2gmx, utilizando AMBER99SB como campo de fuerza y T/P3P como
modelo de agua. Debido a la dificultad de simular los estados de coordinacién del Zn?*,
todas las simulaciones se realizaron utilizando la forma APO. Se conservé la carga parcial
AMIBCC obtenida con MOLCHARGE para cada ligando. Los pardmetros de Van der
Waals y topologia de los ligandos se generaron con ACPYPE estableciendo GAFF como
campo de fuerza (Sousa da Silva and Vranken, 2012). Los complejos se encerraron en una
caja dodecaédrica con una distancia minima caja-soluto de 1,0 nm, y la celda se llen6 con
agua. Cada sistema se equilibré utilizando las condiciones descritas previamente por
Kumari et al. (2014). Tras el equilibrado, se llevé a cabo una corrida de produccion de 20
ns. El AGppga se calculd con la funcion g_mmpbsa de GROMACS.

7.3 Red de interaccion farmaco-proteina-enfermedad

Para la red se tomaron los 100 foirmacos mejor calificados de la base de datos DrugBank
para cada KDM4 en el andlisis de acoplamiento molecular. La herramienta NeDRex
(Sadegh et al., 2021) se usé para recuperar las proteinas diana de cada farmaco utilizando
las interacciones proteina-farmaco integradas en el paquete. Finalmente, se seleccionaron
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los genes regulados al alza identificados en las comparaciones entre Alto KDM y Bajo
KDM.

La red de interaccién proteina-proteina utilizada como referencia se obtuvo de IID
version 2021-04 (Kotlyar et al.,, 2019), so6lo se utilizaron los bordes validados
experimentalmente (.*p”, .*p;ortho”, .*p;ortho;pred.° .*p;pred”). Las redes se ensamblaron
con KeyPathwayMiner (K=3 y L=0) (Alcaraz et al., 2020). Sélo se utilizaron como entrada
las proteinas reguladas por los 100 mejores compuestos de la base de datos DrugBank para
cada KDM. Los miembros de la subfamilia KDM4 expresados diferencialmente en cada
tumor se definieron como nodos positivos. Las redes de interaccidon proteina-firmaco y
proteina-proteina se fusionaron y editaron utilizando Cytoscape 3.8.2 (Shannon et al.,
2003).

7.4 Modelado tridimensional de BORIS y CTCF

Hasta la fecha, no hay datos cristalograficos disponibles para BORIS, por lo tanto, es
necesario generar un modelo 3D que mads tarde se utilizard para el andlisis de acoplamiento
molecular. Se utilizé6 Modeller versién 10.1 (Sali and Blundell, 1993) para la creacion de
modelos de homologia tridimensionales (3D) del dominio de dedos de zinc de BORIS, asi
como para fusionar los diferentes fragmentos cristalizados de CTFC en un modelo. Para
BORIS Ia regién modelada abarcaba desde la PRO284 hasta CYS568 (ZF2-ZF11) y para
CTCEF la regién utilizada fue desde PRO293 hasta CYS577 (también ZF2-ZF11). En ambos
casos, se utilizaron como plantillas las estructuras de rayos X de CTCF 5TOU (Hashimoto
et al., 2017), SYEF, y SYEL (Yin et al., 2017) disponibles en Protein Data Bank (PDB)
(Figura 7.2).

5TOU

CTCF
727 aa

N-terminal domain ZF1 ZF2 ZF3 ZFA4 ZF5 ZF6 ZF7 ZF8 ZF9 ZF10 ZF11 C-terminal domain

Identity: <15% 47.8% 78.3% 87.5% 87.0% 91.3% 87.5% 667% 87.0% 69.6% 58.3% 47.8% <15%

BORIS N-terminal domain ~ ZF1 ZF2 ZF3 ZF4 ZF5 ZF6 ZF7 ZF8 ZF9 ZF10 ZF11 C-terminal domain
663 aa

Zinc finger domain

Figura 7.2: Representacion esquemadtica de las estructuras utilizadas para modelar CTCF y BORIS.
Los nucledtidos en las cadenas de DNA de SYEF y SYEL se definieron como ligandos
en el archivo de alineacién (.), y los iones Zn** se declararon como z. Los contactos entre

los aminodcidos y el Zn** se especificaron como restricciones especiales y se fijaron en una
media de 2,3A con una desviacion estdndar de 0,3. Se generaron mil modelos para cada
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proteina y se selecciond el que tenia la puntuacion mas baja de Energia Proteica Optimizada
Discreta (DOPE por sus siglas en inglés) como el mejor (Eswar et al., 2006). LA secuencia
de comandos y los archivos de alineacion utilizados para generar los modelos se pueden
encontrar en el Apéndice D.

La calidad estereoquimica de las mejores estructuras proporcionadas por Modeller se
evalud con los algoritmos ERRAT (Colovos and Yeates, 1993), PROCHECK (Laskowski
et al., 2012), y PROVE (Pontius et al., 1996), del Structural Analysis and Verification
Server (SAVES v6.0, https://saves.mbi.ucla.edu/). Se utiliz6 PyMOL Version 2.4.2 para la
visualizacion y el andlisis de desviacion cuadratica media (RMSD por sus siglas en inglés)
de las estructuras predichas.

Dado que Modeller no puede generar cadenas de DNA, sélo copiar las que estidn
presentes en los templados, se construyeron dos nuevas cadenas de DNA complementarias
con el servidor w3DNA (http://web.x3dna.org/) utilizando como plantillas las cadenas de
DNA de SYEF y SYEL, esto permiti6 tener una doble hélice continua en lugar de los dos
fragmentos obtenidos en el modelo original (Li et al., 2019b). La secuencia de la nueva
molécula de DNA es la siguiente:

FW: 5'-TTGCAGTACCACATTTAACCAGCAGAGGGCGAGTCGACT-3'

RV: 3'-AACGTCATGGTGTAAATTGGTCGTCTCCCGCTCAGCTGA-5'

Para las isoformas BORIS, las secuencias de proteinas se extrajeron de (Link et al., 2013).
Los archivos .fasta se utilizaron como entrada para el algoritmo AlphaFold2 (Jumper et al.,
2021). Se seleccionaron los pardmetros CASP14 y el modelo O se consideré el mejor en todos
los casos.

Se utilizé la versién 10.1 de Modeller (Sali and Blundell, 1993) para construir el modelo
del promotor BORIS-hTERT. Los modelos utilizados fueron: 5TOU (Hashimoto et al., 2017)
para los residuos 293 a 345, 5KKQ (Hashimoto et al., 2017) para los residuos 317 a 461, y
SYEL (Yinet al., 2017) para los residuos 437 a 577, los dominios terminales (residuos 1-209
y 545 a 663) se modelaron utilizando AlphaFold2 (Jumper et al., 2021). Se construy6 una
cadena de DNA con el servidor w3DNA utilizando la secuencia del sitio de unién a CTCF en
el promotor h”TERT, que también se ha reportado como sitio de unién a BORIS (Renaud et al.,
2007). AlphaFold2 también se utiliz6 para modelar dimeros CTCF-CTCF, CTCF-BORIS y
BORIS-BORIS (Evans et al., 2021).

La secuencia de DNA utilizada para el modelo BORIS-ATERT es:

FW: 5'-CGAGCCGTGCGCTCCCTGCTGCGCAGCCACTACCGCGAGG-3'

RV: 5'-CCTCGCGGTAGTGGCTGCGCAGCAGGGAGCGCACGGCTCG-3'
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7.5 Simulaciones de Dinamica Molecular

Las estructuras obtenidas con MODELLER fueron refinadas y sometidas a minimizacién
energética mediante GROMACS version 2020.4 (Abraham et al., 2015). Previamente a las
simulaciones, los residuos de cisteina que se unen a los iones Zn** fueron cambiados a su
estado desprotonado (CYN) ya que se ha demostrado que las cisteinas cargadas negativamente
son importantes para la correcta interaccién con el Zn** y la estabilidad global del dedo de
zinc (Nguyen et al., 2020). Los residuos de histidina que interacttian con el Zn** en cada dedo
de zinc se declararon como HSD para que coincidieran con el estado protonado anteriormente
descrito para las histidinas que se coordinan con iones Zn** (Li et al., 2008).

Los archivos se procesaron con pdb2gmx utilizando el campo de fuerza
Charmm36-feb2021 (Huang et al., 2016) y tip3p como modelo de agua. El complejo se
encerrd en una caja dodecaédrica con una distancia minima caja-soluto de 1,0 nm y la celda
se llen6 con agua y NaCl a una concentracion total de 150 nM ademds de suficientes iones
Na® para neutralizar la carga neta del complejo. En total, hay 373 residuos (58,3 kDa) en
cada complejo, 285 son residuos de aminodcidos, 39 son residuos de DNA y 10 son iones
de Zn*".

7.5.1 Minimizacion de energia

Para eliminar los contactos potencialmente de alta energia y los 4tomos solapados, los
sistemas se sometieron a dos pasos de minimizacion de energia, una primera fase de
minimizacion de energia se llevo a cabo con el algoritmo de descenso mds pronunciado
seguido de una segunda de gradientes conjugados. Los archivos mdp utilizados para cada
ejecucion se pueden encontrar en Apéndice E.1 y Apéndice E.2.

A continuacién, cada sistema se sometié a un equilibro de temperatura mediante el
método V-rescale. Se utilizaron dos termostatos, uno para el complejo (Proteina, DNA y
Zn**) y el otro para el agua, Na*, y CI” iones. Se aumentd la temperatura poco a poco,
iniciando en 50 K y aumentando 50 K cada 100 ps hasta alcanzar los 300 K. Un ejemplo del
archivo mdp para cada ejecucion se puede encontrar en Appendix E.3. El equilibrio de
temperatura fue seguido por el equilibrio de presion durante 100 ps utilizando el termostato
anterior y el método Berendsen para mantener la presion a 1 bar. El archivo mdp utilizado
se encuentra en Apéndice E.4. Para ambos equilibrios, se aplicaron restricciones a las
cadenas de proteina, Zn>* y DNA. Tras el equilibrio, se llevé a cabo una simulacién de
produccién de 500 ns utilizando el método V-rescale para el acoplamiento de temperatura y
el barostato Parrinello-Rahman en ausencia de restricciones. Tanto las interacciones
electrostdticas como las de van der Waals se limitaron a 1,2 nm y se aplicaron condiciones
periddicas en las tres dimensiones. Todos los enlaces de hidrégeno se restringieron con el
algoritmo LINCS. El archivo mdp utilizado para configurar las simulaciones se puede
encontrar en Appendix E.S.
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7.5.2 Analisis de las simulaciones de dinamica molecular

Los célculos de la desviacion cuadratica media (RMSD) y la fluctuacion cuadratica media
(RMSF) se realizaron utilizando el paquete Bio3D version 2.4-1 para R (Grant et al., 2021),
sOlo se consideraron los 4tomos Ca de la proteina y los &tomos O4’ del DNA. Los enlaces
de hidrégeno entre la proteina y el DNA se analizaron con la herramienta gromacs hbond,
utilizando los parametros por defecto (distancia entre los dtomos donador y aceptor 3,5 A y
angulo entre los d&tomos implicados en el enlace de hidrogeno <30°). La estructura secundaria
local se analiz6 con gmx do_ssp. La visualizacion de la estructura 3D se realiz6 con Chimera
version 1.15.

7.6 Analisis de acoplamiento molecular para BORIS y CTCF

Se emplearon tres algoritmos distintos para realizar simulaciones de acoplamiento o
docking molecular de la base de datos de DrugBank contra las proteinas objetivo. Se usaron
los algoritmos de docking PLANTS (Gorgulla et al., 2021) y AutoDock Vina (Eberhardt
et al., 2021), mientras que como herramienta de docking ciego se usé DiffDock (Corso
et al., 2022) acoplado al sistema de puntuacién gnina (McNutt et al., 2021). Los parametros
y comandos utilizados se muestran en el Apéndice F. En el caso de los algoritmos
dirigidos, la caja de busqueda se centr6 en los dos sitios no conservados de BORIS
identificados mediante el andlisis de modelado tridimensional.

Cada algoritmo gener6 10 diferentes poses para cada ligando, las cuales fueron
clasificadas de los mejores a los peores puntajes. Para consolidar los resultados, se calcul
un ranking consenso para la pose de mayor puntuacién producida por cada herramienta,
utilizando el método de “exponential consensus ranking”. Se establecié un valor de corte
predeterminado de 0.0015, designando a los ligandos con puntajes por encima de este
umbral como posibles ligandos de las proteinas. Para refinar la seleccion, se excluyeron los
ligandos que demostraron capacidad de unién tanto a CTCF como a BORIS,
independientemente del sitio. Las moléculas restantes se propusieron como potenciales
inhibidores de BORIS.

7.7 Vectores de expresion para BORIS y CTCF

Con el objetivo de sobreexpresar las proteinas BORIS y CTCEF, se transfectaron células
HEK-293 y SKOV3 con los siguientes vectores:

= BORIS-GFP
CTCFL/BORIS cDNA ORF Clone, Human, C-GFPSpark® tag vector (cat. HG15751-
ACQG, SinoBiological)
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Apéndice G.1

= CTCF-GFP
CTCF cDNA OREF Clone, Human and C-GFPSpark® tag vector (cat. HG15017-ACG,
SinoBiological)
Apéndice G.2

= CTCF-HA
CTCF cDNA ORF Clone, Human and C-HA tag vector (cat. HG15017-CY,
SinoBiological)
Apéndice G.3

= BORIS-HA
BORIS cDNA ORF Clone, Human and C-HA tag vector (cat. HG15751-CY,
SinoBiological)
Apéndice G.4

Los plasmidos mencionados se transformaron en E. coli competente, se mezclo 0, 1ug de
cada pldsmido con 50uL de bacterias competentes. La mezcla se incub6 en hielo durante 30
minutos y luego se sometié a un choque térmico de 42°C durante 30 segundos. Se afiadieron
450uL; de medio LB y las bacterias se incubaron a 37°C durante una hora. Por dltimo, se
extendi6 el medio en una placa de agar LB con kanamicina 50 pg/mL y se incubé toda la
noche a 37°C. Se inocul6 una colonia de cada placa en 200 mL de medio LB con el antibiético
correspondiente y se incub6 toda la noche a 37°C y 250 rpm. Tras la incubacion, se extrajeron
los plasmidos con el kit QITAGEN® Plasmid Midi (cat. 12143) siguiendo las instrucciones
del fabricante.

7.7.1 Cultivo celular y transfecciones

La linea celular HEK-293 derivada de rifién fetal humano y la linea SKOV3 se cultivaron
en medio DMEM suplementado con un 10 % de suero bovino fetal a 37°C y un 5 % de COs.
Todos los pldsmidos se transfectaron con el reactivo de transfeccidn Xfect (cat. 631317 Takara
Bio, CA, EE.UU.) siguiendo las instrucciones del proveedor. Se sembraron 2x10° células
y se transfectaron con 7,5 ug de plasmido. Para las transfecciones transitorias, el medio de
transfeccion se incubd durante la noche y las células se cosecharon 48 horas después de la
transfeccion.

7.7.2 Western Blot

Tras los tratamientos, se obtuvo proteina total por lisis y se cuantificé utilizando el kit
DC™ Protein Assay (cat. 5000112, Bio-Rad) 40uL de proteina total se separaron por
electroforesis en un gel de SDS-poliacrilamida al 10 %. Las proteinas se transfirieron a una

33



membrana de PVDF a 50 V en camara himeda (4°C, toda la noche). Las membranas se
bloquearon durante una hora a temperatura ambiente con leche baja en grasa al 5 %. Los
anticuerpos primarios se incubaron como sigue: a-GFP 1:1000 (5246S, Cell Signaling,
EE.UU.), a-BORIS 1:200 (cat. HPA001472, Sigma), anti-CTCF 1:750 (cat.N17, Santa
Cruz Biotechnology) y anti-GAPDH (cat. sc-47724, Santa Cruz Biotechnology). El
anticuerpo anti-GFP se incubd durante una hora (temperatura ambiente) en TBS tween
0,05 % y 5 % de leche baja en grasa. Los anticuerpos anti-BORIS y anti-CTCF se incubaron
a 4°C, durante toda la noche en TBS tween 0,05% y 0,5 % de leche baja en grasa. Los
anticuerpos secundarios conjugados con peroxidasa de rdbano utilizados fueron: anti-conejo
de cabra (sc-2004, Santa Cruz Biotechnology, EE.UU.) y anti-cabra de burro (sc-2056,
Santa Cruz Biotechnology, EE.UU.). Ambos se incubaron a temperatura ambiente durante 1
hora. Para detectar los complejos inmunes se utilizé el reactivo Super Signal West Femto
Maximum Sensitivity Substrate (cat. 34096, Thermo Scientific). El andlisis densitométrico
se realiz6 con el programa Image J v.1.8.0.

7.7.3 Inmunofluorescencia

Se sembraron 2x10° células SKOV 3 en placas de 6 pocillos y se fijaron con formaldehido
al 4 % durante 10 min. A continuacioén, las células se permeabilizaron con Triton X-100 al
0,1 % durante 5 minutos, seguido de una incubacién de una hora con 1 ml de glicina 100 mM.
A continuacion, las células se incubaron durante 1 h a temperatura ambiente con el anticuerpo
primario correspondiente y se lavaron con PBS. Por ultimo, las células se incubaron con
IgG anti-conejo de cabra Alexa Fluor 647 (21246, Santa Cruz Biotechnology, EE.UU.) a
temperatura ambiente durante 60 min y se lavaron con PBS. Los niicleos se tifieron con medio
de montaje DAPI (Polysciences Inc., EE.UU.). Por ultimo, las células se cubrieron con un
cubreobjetos y se visualizaron en un microscopio Olympus Bx43. Los anticuerpos utilizados
se muestran en la Tabla 7.2.

Tabla 7.2: Anticuerpos usados para Inmunofluorescencia.

Anticuerpo Cantidad Marca Catalogo
BORIS (rabbit) 1:200 Sigma Aldrich HPA001472
CTCEF (rabbit) 1:200 Cell Signaling 3418S
anti-conejo de cabra Alexa Fluor 647 1:1000 Santa Cruz 21246

7.8 Interacciones proteina-proteina de BORIS y CTCF

En primer lugar, se realizé una biisqueda bibliogréfica para encontrar las proteinas con
evidencia experimental de interaccién con BORIS o CTCEF. Posteriormente, se modelaron

34



todas las posibles interacciones utilizando AlphaFold v2.3.0 (Evans et al., 2021), empleando
el modelo de multimero. Para evaluar la confianza de las predicciones, se utiliz6 la puntuacion

DockQ con un umbral de 0,23, tal como se sugiere en el documento original (Bryant et al.,
2022).

7.8.1 Inmunoprecipitaciones

Para la co-inmunoprecipitacion (Co-IP) de BORIS-HA y CTCF-HA, se utilizé el kit
Pierce™ Classic Magnetic IP/Co-IP siguiendo las instrucciones del fabricante. Se
emplearon 500 ug de proteina total para cada reaccioén, obtenida de la transfeccion de
células HEK-293 como se describié previamente. Los anticuerpos utilizados y cantidades se
muestran en la Tabla 7.3.

Tabla 7.3: Anticuerpos usados para la inmunoprecipitacion.

Anticuerpo Cantidad Marca Catalogo
HA (mouse) 2 ug Invitrogen 32-6700
IgG (mouse) 2 ug Merk 12-371

Para el andlisis por Western Blot, las muestras fueron separadas en geles NuPAGE™ Bis-
Tris Mini Protein Gels al 4-12 % con un espesor de 1,5 mm. Se cargaron 30 ul de la muestra
obtenida mediante IP mezclada con 10 pl de buffer de carga. Las muestras se calentaron a 72
°C durante 10 minutos antes de la carga. La transferencia se realizé durante 7 minutos a 20
V utilizando el sistema iBlot 2 de Thermo Fisher. Las membranas se bloquearon en TBS 1 %
Tween con 5 % de leche libre de grasa. La membrana se incubé con el anticuerpo primario
durante la noche a 4 °C, seguido de una incubacién de 1 hora a temperatura ambiente con el
anticuerpo secundario. En ambos casos los anticuerpos se diluyeron en TBS 1 % Tween con
5 % de leche libre de grasa. La deteccion se llevo a cabo utilizando el sustrato SuperSignal™
West Femto Maximum Sensitivity y el sistema de captura de imagenes ChemiDoc MP. Los
anticuerpos y diluciones usadas se muestran en la Tabla 7.4.

Tabla 7.4: Anticuerpos usados para Western Blot.

Anticuerpo Cantidad Marca Catélogo
BORIS (rabbit) 1:1000 Sigma Aldrich HPA001472
CTCEF (rabbit) 1:1000 Cell Signaling 3418S

TBP (rabbit) 1:1000 Cell Signaling 44059S
a-Rabbit 1:5000 Cell Signaling 7074P2
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8. Resultados

8.1 Los miembros de la subfamilia KDM4 son prometedores blancos
terapéuticos para compuestos naturales

8.1.1 La expresion de la subfamilia KDM4 tiene un mal prondstico en el cancer

Para abordar el papel de la subfamilia KDM4 en el cédncer, se realiz6 un andlisis de
expresion en un amplio conjunto de muestras tumorales y no neopldsicas disponibles
publicamente. La comparacion entre las muestras tumorales frente al tejido no neoplasico
mostré que existen distintas combinaciones de KDM4s diferencialmente expresadas para
cada tipo de tumor. KDM4D y KDM4A son los genes mds notables, ya que estidn
principalmente sobreexpresados, mientras que KDM4B y C suelen estar subexpresados en
comparacion con el tejido no neopldsico (Figura 8.1a). Para caracterizar la importancia
clinica de los miembros de la subfamilia KDM4, se realizaron dos andlisis de supervivencia.
La sobreexpresion de KDM4A indica un mal prondstico para varios tipos de cdncer, como
carcinoma endometrioide del cuerpo uterino, carcinoma hepatocelular de higado, céncer
adrenocortical, glioma de bajo grado y carcinoma uterino. La sobreexpresion de KDM4B es
un mal prondstico para el cdncer adrenocortical y el carcinoma tiroideo. La expresion de
KDM4C se relaciona con un mal prondstico para el adenocarcinoma de recto y el
feocromocitoma y paraganglioma. KDM4D se relaciona con un mal prondstico para el
adenocarcinoma de pulmon, el cdncer adrenocortical y el carcinoma hepatocelular de
higado (Figura 8.1b). Finalmente, dado que la expresion de KDMA4E es baja en la mayoria
de las muestras evaluadas, no se consider6 para el resto de los andlisis.

A continuacidn, se estudi6 el papel de las proteinas KDM4 en los 12 tipos de cancer
donde la desregulacién de algin miembro de la subfamilia es de mal prondstico. Se realiz6
un andlisis de expresion diferencial comparando s6lo muestras tumorales clasificadas como
de alta expresion de KDM (cuarto cuartil) usando como control aquellas con baja expresion de
KDM (primer cuartil). La Figura 8.2a muestra el log2FC de cada KDM en las comparaciones
hechas, asi como el niimero de genes diferencialmente expresados (DEGs, [log2FC| >1 y p-adj
<0.05) en cada condicion. El andlisis de enriquecimiento de los DEGs contra la base de datos
GSEA Hallmarks (una coleccién de procesos biologicos bien definidos y no redundantes)
mostré que, en cdncer, los genes regulados por la subfamilia KDM4 estdn involucrados en
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Figura 8.1: Expresion de la subfamilia KDM4 en el cancer. a) Andlisis de expresion génica y supervivencia
para cada proteina KDM4. El primer panel muestra el andlisis de expresion diferencial de las muestras tumorales
frente al tejido no neoplasico. El segundo panel muestra el andlisis de supervivencia de CoxPH y Kaplan Meier
como columnas adyacentes para cada proteina KDM4. Para el andlisis de CoxPH (primera columna), el color
de la casilla indica si los niveles altos de KDM4 son de mal o buen prondstico (valor de p <0.05). Para el andlisis
de Kaplan-Meier (segunda columna), las muestras tumorales se dividieron en dos grupos segun su expresion
de KDM: bajo y alto. Las casillas blancas representan asociacion no significativa (valor de p >0.05). b) Curvas
de Kaplan Meier significativas de la proteina KDM4 sobreexpresada en el tipo de cdncer donde se encontrd
una relacién de mal pronéstico con un valor de p <0.05. El color de la linea representa la expresién de KDM4:
morado para pacientes con alta expresion y azul para baja.

procesos como la sefnalizacion de TNFa por NFxB, la respuesta al interferén-gamma, la
respuesta inflamatoria, el punto de control G2M vy la via p53 (Figura 8.2b). En general,
nuestros datos sugieren que las proteinas de la subfamilia KDM4 son blancos relevantes para
buscar inhibidores especificos que podrian ser beneficiosos en el tratamiento de neoplasias y
que cada neoplasia tiene un diferente patrén de expresion de las proteinas KDM4.

8.1.2  Compuestos Naturales como Inhibidores Potenciales de la Subfamilia KDM4

Dado que se observo que las KDM4 estdan desreguladas en diferentes neoplasias y que
su expresion estd relacionada con diversos procesos asociados con el cdncer, a continuacion,
se utiliz6 docking molecular usando el algoritmo FRED de la plataforma OpenEye para
buscar potenciales compuestos inhibidores. Se probaron un total de 418,912 compuestos
provenientes de tres bases de datos diferentes (DrugBank, FDA y COCONUT) contra los
sitios activos de cada KDM4; en total se usaron 13 estructuras cristalograficas disponibles
en PDB. Previo al andlisis de acoplamiento molecular, se superpusieron las diferentes
estructuras PDB disponibles para cada una de las proteinas KDM4 y no se encontraron
diferencias significativas en los sitios cataliticos entre ellas; s6lo KDM4D mostrd
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Figura 8.2: Principales firmas moleculares enriquecidas en los 12 tipos de tumores donde la desregulacion
de la subfamilia KDM4 es de mal pronéstico. a) El andlisis de expresion diferencial se realiz6 comparando
muestras con alto y bajo nivel de expresion de KDM4. La intensidad del color indica el log2(FC). El panel
derecho representa el nimero de genes expresados diferencialmente (DEG) para cada comparacién. b) El
grafico muestra los procesos moleculares enriquecidos en genes diferencialmente expresados (DEG) para cada
comparacion. La intensidad del color representa el valor p y el tamafio de la interseccion.

variaciones estructurales importantes entre los distintos modelos disponibles en PDB,
principalmente en los bucles que rodean la entrada del sitio activo. Por este motivo, se
utilizé una Unica estructura para las KDMs 4A, B, C y E, mientras que se mantuvieron las 9
de KDM4D para tener una muestra representativa de sus diferentes conformaciones. La
fluctuacion cuadrética media (RMSF) de las estructuras de KDM4 utilizadas en este trabajo
indica que, en general, la conformacion del sitio catalitico es similar entre los distintos
KDM4, aunque existe un pico alrededor del residuo 150 (los nimeros de aminodcidos son
relativos a KDM4A) que pertenece a la region del bucle exterior (Figura 8.3a).
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Para el andlisis de acoplamiento, se prepararon tanto las formas HOLO (con metales)
como APO (sin metales) de todas las estructuras disponibles. En total se usaron 26
estructuras para el acoplamiento FRED. Se seleccionaron los 100 mejores ligandos de
acuerdo con el puntaje FRED/Chemgauss4 obtenido, registrando un total de 7,800
interacciones proteina-ligando. La Figura 8.3b muestra la distribucion de puntajes de esos
7800 compuestos y el nimero de estructuras diferentes que podrian ser blanco de cada
ligando. El puntaje FRED/Chemgauss4 estd relacionado con la energia de unién del
complejo proteina-ligando; es decir, valores mas negativos representan interacciones mas
fuertes y sugieren que una molécula tiene un mayor potencial de unién (Figura 8.3b). El
nimero de blancos indica la cantidad de miembros de la subfamilia KDM4 a la que se
puede unir un ligando. Valores altos indican alta promiscuidad de los ligandos, mientras que
los valores cercanos a cero sugieren que la union del ligando es especifica para una enzima,
lo cual es deseable para el disefio de farmacos. También observamos que los mejores
puntajes se lograron con el sistema HOLO en comparaciéon con el sistema APO, lo que
sugiere que los ligandos pueden proporcionar grupos funcionales que actian como agentes
quelantes que forman enlaces de coordinacién con el metal divalente en el sitio activo de la
forma HOLO de KDM4.

Para todas las enzimas KDM4, los compuestos de la base de datos COCONUT tuvieron
mejores puntajes, mientras que la mayoria de los valores de FDA y DrugBank tienden a
ubicarse cerca de puntajes menos favorables (entre -16 y -11), aunque tienen una proporcién
notable de ligandos con puntajes mayores a -10 (Figura 8.3c).

8.1.3 Los grupos fenoles y aziicares son clave para el disefio de inhibidores potenciales de
KDM4

A continuacion, se exploraron las similitudes estructurales entre los compuestos
predichos para unirse con alta afinidad a los miembros de la subfamilia KDM4; tales
hallazgos podrian ser importantes para entender las firmas moleculares involucradas en las
interacciones protefna-ligando y para el desarrollo futuro de inhibidores de la subfamilia
KDM4. Para abordar esta pregunta, evaluamos la estructura de los 100 mejores ligandos
para cada enzima (un total de 1,500 moléculas) utilizando un mapa de similitud de
flex6foros. Nuestro andlisis recuperd 15 grupos de compuestos con similitudes estructurales
(Figura 8.4a,b), numerados arbitrariamente. Un compuesto representativo de cada grupo se
muestra en la Figura (Figura 8.4¢). Es notable que los dos grupos centrales (ntimeros 14 y
15) contienen principalmente compuestos de COCONUT. Estos son también los grupos con
mejor puntuacion Fred/Chemgauss4 y mayor densidad de nodos; contienen moléculas
compuestas por 3-4 anillos de combinaciones de grupos fenol o piranosa unidos por enlaces
glucosidicos que aumentan la flexibilidad de las moléculas. En general, las moléculas con
menos de 3 anillos (asi como las moléculas lineales), tienen una puntuacion mas baja. Lo
anterior indica que los aztcares y moléculas aromaticas favorecen la interaccién con el sitio
de unién de las proteinas KDM4. También observamos que los grupos OH y O- son
esenciales para la interaccion entre el ligando y KDM4 al realizar enlaces de coordinacion
con sus cofactores metélicos, como Zn**, Ni** o Fe**; por lo tanto, en el disefio de fairmacos,
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Figura 8.3: Docking molecular contra la subfamilia KDM4. a) Alineacion estructural tridimensional para
las estructuras de la subfamilia KDM4 utilizadas en este trabajo. El panel inferior muestra los valores de RMSD
por residuo para todas las estructuras. ¢) Distribucion de la puntuacién FRED/Chemgauss4 para cada una de
las tres bases de datos evaluadas. Los puntos atipicos se muestran en gris.

la inclusion de azicares y fenoles representa una ventaja para lograr un inhibidor
competitivo.

En la literatura existen moléculas validadas experimentalmente como inhibidores de la
subfamilia KDM4; por lo tanto, para el andlisis de flex6foros, se incluyeron 16 compuestos
citados por Baby et al. (2021) cuyo IC50 es de rango micro a nanomolar (nodos en negrita
de la (Figura 8.4a)). Se observé que la mayoria de estas moléculas permanecian como nodos
aislados cuyos flexéforos no comparten similitudes con los compuestos de las bases de datos
COCONUT, DrugBank y FDA.

8.1.4 El sitio activo de KDM4 estd estabilizado por interacciones de apilamiento Pi y
favorece la unién de ligandos flavonoides.

Para predecir la estabilidad de los complejos proteina-ligando previamente predichos, se
llevé a cabo simulaciones de dindmica molecular utilizando el método MM-PBSA para
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Figura 8.4: Mapa de similitud de flexéforos para COCONUT, DrugBank y FDA. a) Mapa de similitud de
flexéforos. Cada nodo representa un compuesto, el color del nodo representa su puntuacion FRED/Chemgauss4.
La forma del nodo indica a qué KDM4 se une el ligando. Los bordes de la red indican una relacién de al menos
un 95 % de similitud de flex6foros entre pares de compuestos (vecinos). Los puntos negros representan los
compuestos de Baby et al. (2021). b) Distribucién de nodos para los compuestos pertenecientes a cada una de
las bases de datos evaluadas (COCONUT, DrugBank y FDA). ¢) Estructura 2D para un compuesto representativo
de cada uno de los clusters elegidos. Los clusters se seleccionaron en funcién de su tamafio y nimero de aristas.

calcular la energia de unién absoluta (AGpps4) de un subconjunto representativo de
moléculas (20 de FDA, 16 de DrugBank y 25 de COCONUT). Dado que la simulacién de
dindmica molecular con sistemas HOLO presenta desafios computacionales, se optd por
simular unicamente los sistemas APO. Un complejo proteina-ligando exitoso implica que la
interaccion predicha por el algoritmo de acoplamiento es reproducible a través de
simulaciones de dindmica molecular, sugiriendo una alta probabilidad de que ese ligando
actie como inhibidor de KDM4. Si los valores de AGppgsa son negativos, se considera al
ligando propuesto como potencial inhibidor. Dado que se observé una tasa de éxito superior
al 60 % en todos los compuestos evaluados (Figura 8.5a), consideramos confiables las
predicciones obtenidas por el algoritmo FRED.
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Dado que el complejo KDM4A-CNP0371131 presentaba la puntuacion
FRED/Chemgauss4 mds negativa de todos los complejos proteina-ligando evaluados, se
eligi6 como ejemplo representativo de los cambios conformacionales observados durante
las simulaciones de dindmica molecular. Este complejo presenté la puntuacion
FRED/Chemgauss4 mds negativa. Los valores de RMSF por residuo mostraron que las
areas de bucles alrededor de la cavidad de KDM4A son las mds flexibles, y que el ligando
vibra dentro del sitio activo de la proteina (Figura 8.5b). El drea de la cavidad de KDM4A
es de 753,5 A2, su volumen es de 824 A3, y tiene un potencial electrostitico exclusivamente
negativo (Figura 8.5c). Debido a su tamafio, el sitio de unién de KDM4A podria acomodar
moléculas dos veces el tamafo de las estructuras 14 o 15 en la Figura 8.4c. Lo anterior
sugiere que solo la mitad de la cavidad estd ocupada por el ligando, dejando la otra mitad a
los cofactores metdlicos y al solvente. Por tanto, el tamafio de la molécula no es una
limitacién para el disefio de un inhibidor competitivo, sino que son los grupos funcionales
que coordinan los cofactores metdlicos y las interacciones con los residuos del sitio
catalitico los que determinan la especificidad de la unién ligando-receptor.

Un rasgo notable del sitio de uniéon de KDM4A es la presencia de varios aminodcidos
aromdticos (Y, F, W y H), que no solo estabilizan el sitio de unién, sino que también
contribuyen a la interaccion proteina-ligando mediante interacciones de apilamiento pi con
otros grupos aromdticos. Los residuos que interactian con mayor frecuencia con los
ligandos son 171, Q84, N86, Y132, A134, D135, G170, V171, Y175, Y177, F185, H188,
E190, D191, S196, N198, W208, L241 y S288. La figura 8.5d muestra la unién del ligando
CNP0371131 a KDM4A, siendo el complejo con mejor puntuacion. HI188 destaca por
establecer dos enlaces de coordinacién con los cofactores metélicos (Zn>*,Ni** o Fe).
También se observé que, aunque los residuos E y D en el sitio catalitico no interactdan
directamente con los ligandos, contribuyen al microambiente negativo de la cavidad. Por
ejemplo, la epigalocatequina galato (EGCG), una molécula del grupo nimero 3, establece
un enlace de coordinacion con el metal de KDM4A a través del grupo flavonoide, mientras
que el catecol secundario se desvia en la direccién opuesta debido a las fuerzas repulsivas
entre ellos. Ademds, los compuestos de los grupos 14 y 15 muestran una orientacion
favorable de los grupos OH del aztcar en el flavonoide, lo que permite la formacién de 2 a 3
enlaces de coordinacion con el metal; en este caso, aunque aumenta el nimero de enlaces de
coordinacion, estos no son proporcionados por el catecol sino por los aziicares. Esto se debe
a la menor disponibilidad de electrones en el oxigeno del OH del catecol secundario en
comparacion con los azicares, lo que ocasiona una mayor capacidad para formar enlaces de
coordinacién con el Zn** en el sitio activo de KDM4A.

Para estudiar la distribuciéon de la energia AGppsa en la proteina, se calculd la
contribucion de la energia de unién por residuo en el complejo KDM4A-CNP0371131.
Observamos que la energia de union estd impulsada principalmente por interacciones
electrostdticas de largo alcance y se distribuye a lo largo de todos los residuos, no solo en
los presentes en la cavidad (Figura 8.5e). En general, las fuerzas atractivas (valores
negativos) compensan las fuerzas de repulsion (valores positivos), y aunque se encuentran
algunos picos de repulsion (como en el residuo 180), estos se compensan con otras
interacciones estabilizadoras (como los residuos 78, 172, 228, 298 y 300), lo que conduce a

42



>
oo}

COCONUT DrugBank FDA

L e B B e B et e

Binding Energy (kcal/mol)

o 401 40+
Success: 64% Success: 73% Success: 70%
o 2 a8 a6 2
FRED/Chemgausss4 score

Fred/Chemgauss4 - AGPBSA success » Successful s Unsuccessiul

Cc
o2
=<
w
(%]
2o
o 20 00
Residue
D E

s

5
T

il : IS

. . . . . .
50 100 15 200 250 300 350
Residue Number

Contribution Energy (kcal/mol)

o & b N o N & o ®
T —

=)

Figura 8.5: Simulaciones de dinamica molecular y calculo de la energia de enlace absoluta. a) Relacion
FRED/Chemgauss4 vs AG ppgsa para los ligandos con mejor puntuacion de cada base de datos. Los ligandos
que mostraron una energia de unién favorable (menor a 0 kcal/mol) y una puntuacién FRED/Chemgauss4
negativa se consideraron exitosos (puntos rojos). El porcentaje de éxito representa la proporcidon de moléculas
que cumplieron los criterios establecidos para cada base de datos. b) Panel superior: Representacion gréfica (20
fotogramas) de la simulacién de dindmica molecular para KDM4A (PDB ID: 5F32) en complejo con el ligando
CNP0371131 de COCONUT. Panel inferior: Valor RMSF para cada residuo. ¢) Potencial electrostitico para el
complejo KDM4A-CNP0371131. d) Representacion grafica de la molécula CNP0371131 (verde) unida al sitio
catalitico de KDM4A. Los ntimeros de residuo corresponden a la estructura PDB 5F32. e) Contribucién media
por residuo de la energia libre de uniéon MM-PBSA para el complejo KDM4A-CNP0371131.

una energia AGppga favorable en general. Esto indica que el complejo es estable, por lo
que el ligando tiene probabilidades de mostrar actividad inhibidora de KDM4A in vitro. La
energia de unidn se logra gracias a la contribucion de la energia de interaccion intrinseca
favorable (AE)/) y la energia de interacciéon no polar (ALE,p-), Mientras que una
penalizacion desfavorable es aplicada por la energia de interaccién polar (AE,mq),
principalmente debido al efecto de solvatacion tanto del ligando como del sitio activo. Estos
resultados proporcionan informacién sobre las interacciones moleculares entre el sitio
catalitico de KDM4A y las moléculas pequefias, lo que podria ayudar en el disefo actual y
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futuro de pequefios inhibidores. La Tabla 8.1 enumera las principales moléculas obtenidas
de las bases de datos COCONUT, DrugBank y FDA.

Tabla 8.1: Lista de las principales moléculas con potencial actividad inhibidora de las proteinas de la subfamilia
KDM4 determinada mediante acoplamiento molecular utilizando las bases de datos COCONUT, DrugBank y
FDA.

Blanco Base de Ligando
datos
COCONUT CNP0058667,  CNP0150788,  CNP0216191,  CNP0002425,
KDMJ4A CNP0371131, Pulchellidin 3-Glucoside (CNP0359043),
CNP0223133, CNP0258703 (Epigallocatechin gallate)
DrugBank 6-O-capryloylsucrose, Zanamivir, Acteoside, DB04211, DB03249,

DB07719, DB12116

Glucosamine, Glucosamine sulfate, Doripenem,

FDA Neohesperidin, Sulisobenzone, Verbascoside,

Wedelolactone, Epigallocatechin gallate

COCONUT CNP0322725, CNP0216191, CNP0098686, @ CNP0316754,
KDM4B CNP0107391, CNP0239128, Crispine D (CNP0119105)
DrugBank Carba-glucotropaeolin, Ascorbyl glucoside, Zanamivir,
Iodo-Willardiine, beta-D-arabinofuranose 5-phosphate,
DB03250,DB02488
FDA Methazolamide, Sulisobenzone, Baricitinib, Lanraplenib, Pentostatin
COCONUT CNPO0187735, CNP0417860,  CNP0226084,  CNP0298305,
KDM4C CNP0289146, CNP0350449, CNP0106665
DrugBank Peramivir, DB03717, Edotecarin, 3’-Uridine Monophosphate
FDA Cynarin, Quercitrin, Chlorogenic acid, (-)-Epigallocatechin gallate,
Hyperoside, Gastrodin, Polydatin
COCONUT 6-C-Glucosylorobol (CNP0299696), CNP0002425, CNP0362352,
KDM4D CNP0243580, CNP0216191,  Isovolubilin ~ (CNP0151675),
CNP0397301
DrugBank 6-O-Capryloylsucrose, Balanol, 10-hydroxycamptothecin, DB07102,
2’-Deoxycytidine-5’-Monophosphate, Cidofovir, Levoglucose
FDA Glucosamine, Glucosamine Sulfate, Oleuropein, Sulpiride,
Sulisobenzone, Levosulpiride (Levogastrol), Hydroxycamptothecin
COCONUT CNP0131606,  CNP0186792,  CNP0125603,  4-hydroxy-2-
KDMA4E ketoarginine (CNP0433705), CNP0295348, Quercetin 5-Glucuronide
(CNP0081446), CNP0249133
DrugBank Azacitidine, Meglumine, Balanol, Levoglucose, Ascorbic acid, L-
Xylulose 5-Phosphate, 5-phospho-D-arabinohydroxamic acid
FDA Glucosamine,  Glucosamine  Sulfate, ~Minoxidil  Sulphate,
Sulfamonomethoxine, Sulpiride, Xylitol, Orotic Acid (6-
Carboxyuracil)

8.1.5 Los inhibidores de la subfamilia KDM4 podrian tener un impacto significativo en la
terapia del céncer.

Dado que nuestros datos muestran que hay algunos tipos de cdncer en los que estdn
involucradas més de una KDM, es posible que un firmaco que tenga como blanco a todas
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las proteinas KDM4 significativas en una neoplasia podria ser altamente efectivo como
terapia. Para integrar esta informacion, se construy6 una red proteina-firmaco-enfermedad
que contiene las cinco KDM4 y los siete principales ligandos en cada una de las tres bases
de datos evaluadas. Observamos que de acuerdo al patrén de expresion de cada KDM4, se
puede encontrar un conjunto de farmacos diferente para cada neoplasia (Figura 8.6); por
ejemplo, KDM4E y D son importantes para el adenocarcinoma de pulmén, por lo tanto,
sulpirida y balanol son firmacos aprobados por la FDA que podrian considerarse para el
tratamiento de ese cdncer. Ademds, KDM4A, B y D son relevantes para el céancer
adrenocortical y el carcinoma tiroideo; por lo tanto, los compuestos COCONUT
CNP0002425, CNP0299696 y CNP216191 son candidatos destacados para el tratamiento
de esas neoplasias. En cuanto al complejo KDM4A-CNP0371131 (que tuvo la puntuacién
mds alta de FRED/Chemgauss4), observamos que CNP0371131 es exclusivo para KDM4A;
por lo tanto, podria usarse como tratamiento para cdnceres donde solo KDM4A esta
desregulado, como el carcinoma endometrioide del cuerpo uterino.

De forma similar podemos utilizar los blancos conocidos de las moléculas ya aprobadas
por la FDA para inhibir méds de un gen desregulado en céncer. Un ejemplo detallado de la
utilidad de este andlisis es la red construida para el carcinoma endometrioide del cuerpo
uterino (Figura 8.7), que muestra que KDM4D y KDM4A estdn sobreexpresados y ambos
interactian con DNMT1 (una DNA metiltransferasa); nuestro andlisis de acoplamiento
muestra que hay 5 compuestos de COCONUT capaces de unirse a KDM4D y 5 compuestos
del DrugBank que se dirigen a KDM4A. Sin embargo, los compuestos del DrugBank tienen
como blanco a otras proteinas de la red ademds de las KDM4; por ejemplo, el DB07602 se
dirige a KDM4A y EGFR; mientras que la Azacitidina inhibe tanto a KDM4A como a
DNMT]1, lo que sugiere que la Azacitidina podria modular proteinas esenciales implicadas
en la regulacion negativa de la metilacion de la histona H3K9 (como muestra la sombra azul
claro de la Figura 8.7). Este mismo enfoque para interpretar los resultados puede aplicarse
para las otras redes generadas especificamente de acuerdo con los perfiles de expresion
caracterizados en este trabajo.

8.2 Bisqueda de inhibidores especificos para la proteina BORIS

8.2.1 El modelado por homologia de BORIS y CTCF produce estructuras confiables

Ademds de los miembros de la subfamilia KDM4, otra proteina que se ha posicionado
como un potencial blanco terapéutico es BORIS, un pardlogo de CTCF. A pesar del
potencial que tiene BORIS como blanco terapéutico, las estrategias usadas para las
proteinas de la subfamilia KDM4 no pueden aplicarse a esta ya que, a diferencia del caso
previamente estudiado, la proteina BORIS no cuenta con estructuras cristalograficas
disponibles, por lo tanto antes de implementar el cribado virtual, es necesario predecir su
estructura tridimensional. Como aproximacion inicial, se generaron con Modeller mil
modelos de homologia 3D para los dedos de zinc 2 al 11 (ZF2-11) de BORIS utilizando

45



Suwde
\ L-Xyjlose Su\famon‘ethoane CNPQ058667
Me: 5-Phosphate (2) Verb‘osde Don‘nem

CNPO4:
B&“\j& TN Chipagee72 ‘
’KDMAE\ Ovarian Serous )
— { Cystadgnocarcipdfia Liver

CNP0249433

\ 10 STpAcd— Hepatocellular Brain Lower
5-phq spho—D—aﬁlru,oh droxamic (6lCarboxyyza | Grade Glioma
284
\ oKidil /

Lung

“ ,ﬂy ance!
‘ onpdebos Adenocarcinoya P '/é@“/ |
CNPO29E348 1Ole’ ein oo /","“ NPODA35 -

4 - NP0223133
’ Neoh‘er;

\ucomme din_ = KDM4A;
——— Tmaﬂm

Lung Squamous

Cell Carcinoma C
A ide,

49 Testicular Germ
ell Tumor

Pancreatic
Adenocarcins

Levo iride
(Levogastrol) —|KDM4D =——

CNPO3I

Pagsoozieictone

~ Carba-glu@@ropaxolin Carcinoma
Uteriné Corpu
Endometrioid

CNP0151675
Careinoma

CNP0397

Skin Cutaneous be \ )
Melanoma \ beta-D-arabipofuranose
: 5-phoSphate
Hydgoxy ) Zangl
Camptothecine

CNP0107391
Adrenocortical
Cancer

o
Cidevir  Asgarbyl

Colon “glucSSide ~

Adenocarcinoma

CNP0O3227
CNPO31 Kldney(_)lear
5 Cell.Carcinoma
Database \ {
S = KDM4B
DE@+o5 Lanrealenib TeNP239128
| Coconut (GS¥E76) ~
Pl DrugBank CNPaQe7860 MethafBtamide CNPOT19105 (2)
o 3-Uridinemd@ephosphate o
/ Pent tin (3)
| FDA CNP010666 Pentogfatin (4)

Rectum

Adenocarcisma \ /" CNPO350449
Node type mu\/ m\/j_DBﬁW

CNPO187735—— KDMAC [
G pancer / \CNPﬁzgsaos
O DruQ Edo‘ann /
Pe ivir
O Protein CNP0226084 | CNPO289146
g b i

-21.0  FRED/Chemgauss4 score -8.0

Figura 8.6: Principales inhibidores potenciales de la subfamilia KDM4. La red representa la relacién
Farmaco-Proteina y Enfermedad-Proteina entre los miembros de la subfamilia KDM4. El ancho del borde
Farmaco-Proteina y la intensidad del color representan la puntuaciéon FRED/Chemgauss4. Para nombres largos

de compuestos, solo se proporciona el ID de la base de datos.

como templados las estructuras cristalograficas disponibles para CTCF. El modelo nimero
639 fue seleccionado como el mejor debido a que mostrd la puntuacion DOPE mds baja
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Figura 8.7: Analisis de redes de interaccion para los inhibidores potenciales de KDM4 en diferentes tipos
de cancer.

(-18995,75). La puntuacién DOPE esta directamente relacionada con la energia libre de un
complejo y, por tanto, el modelo con el valor més bajo se considera el mds cercano al estado
nativo de la proteina (Shen and Sali, 2006). Dado que Modeller no puede modelar cadenas
de DNA, so6lo copiar las disponibles en las plantillas, Los dos segmentos de DNA en el
modelo final fueron sustituidos por un nuevo segmento creado con w3DNA para conseguir
una Unica molécula continua, la secuencia de esta molécula corresponde al sitio de unién
consenso de CTCF (Figure 8.8a, b). El diagrama de Ramachandran para el modelo 639
muestra que el 90,3 % de los aminodcidos se encuentran en las regiones mds favorables del
diagrama y no hay residuos en las regiones no permitidas (Figure 8.8c).
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Figura 8.8: Modelado 3D por homologia para los dedos de zinc 2 a 11 de BORIS. a) Modelo creado con
Modeller después del reemplazo de las cadenas de DNA. b) Motivos consenso para los sitios de unién tnicos y
compartidos de CTCF y BORIS, la imagen es tomada de (Nishana et al., 2020). La secuencia de DNA utilizada
para todos los modelos en este trabajo se muestra en la parte inferior del panel. ¢) Grafico de Ramachandran
para el modelo en el panel a. Residuos en las regiones mds favorecidas [A,B,L] = 90.2 %, residuos en regiones
adicionalmente permitidas [a,b,1,p] = 8.3 %, residuos en regiones generosamente permitidas [ a, b, I, p] = 1.5 %
y residuos en regiones no permitidas = 0.0 %.

Se siguid un proceso similar para crear un modelo de CTCF basado en los fragmentos
disponibles en PDB para esta proteina, los resultados se muestran en la Figura 7.2. El modelo
de CTCF con el puntaje DOPE mads bajo fue el nimero 724. Los fragmentos de DNA incluidos
originalmente por Modeller fueron reemplazados por la misma molécula utilizada para el
modelo de BORIS (Figura 8.9a). El grafico de Ramachandran para este modelo muestra que
el 90.2 % de los residuos estan en las regiones mas favorecidas del grafico, mientras que el
0.4 % se encuentran en las regiones no permitidas (Figura 8.9b).

El puntaje DOPE por residuo muestra que, en general, la energia para cada residuo es
similar a la de los modelos utilizados como plantillas, lo que indica que ambos modelos son de
buena calidad (Figura 8.9¢) y que la alineacién es correcta (Eswar et al., 2006). Sin embargo,
el Factor de Calidad Global para ambos modelos estd por debajo de lo esperado (Tabla 8.2).
Este factor se calcula mediante el algoritmo ERRAT e indica la calidad de las interacciones
atOdmicas no enlazantes en una estructura proteica dada; se espera que un buen modelo tenga
un factor de calidad global superior al 90 % (Colovos and Yeates, 1993). El algoritmo de
Evaluacién de Volumen de Proteinas (PROVE) calcula la desviacion Z estadistica para los
volimenes de los 4&tomos en los modelos comparados con los dtomos de estructuras de PDB
con altaresolucion y refinadas (Pontius et al., 1996). El porcentaje indica el nimero de valores
atipicos; se espera que un buen modelo tenga menos del 1 %, aunque porcentajes entre el 1 y
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el 5 % es aceptable. Para nuestros modelos, el puntaje PROVE indica que el modelo de CTCF
es aceptable, mientras que los valores atipicos en el modelo de BORIS representan el 6.7 %
de los dtomos, lo cual indica que existe traslape en los &tomos del modelo (Tabla 8.2).

a)

1

zF2 \

b) c)

— BORIS model
—— CTCF Model
; CTCF 5T0U
0:00 i - - CTCF SYEF

' - CTCF 5YEL

—-0.02

Psi (degrees)
DOPE per-residue score

-0.04

-0.06

5 0 50 100 150 200 250 300
Phi (degrees) Alignment position

Figura 8.9: Modelo 3D para CTCF. a) Modelo de los dedos de zinc 2 a 11 de CTCF creado con Modeller después
del reemplazo de las cadenas de DNA. b) Gréfico de Ramachandran para el modelo en el panel a. Estadisticas
del gréfico: residuos en las regiones mas favorecidas [A,B.L] = 90.2 %, residuos en regiones adicionalmente
permitidas [a,b,l,p] = 8.3 %, residuos en regiones generosamente permitidas [ a, b, 1, p] = 1.5 % y residuos en
regiones no permitidas = 0.0 %. ¢) Puntaje DOPE por residuo para los modelos de BORIS y CTCF comparados
con las plantillas utilizadas.

La alineacion estructural entre los modelos de CTCF y BORIS, asi como los templados
utilizados para crear ambos modelos, se muestra en la Figura 8.10a. Se observé un RMSD
inferior a 2,0 A para todas las comparaciones (Figura 8.10b), lo que indica que las diferencias
entre los modelos y las plantillas no son significativas. El RMSF entre los modelos de BORIS
y CTCF muestra que, en general, las estructuras son similares; sin embargo, se observan
algunas diferencias importantes en los primeros residuos de cada dedo de zinc, estas regiones
corresponden a los segmentos de los modelos con bucles, por lo que podrian tener mayor
flexibilidad (Figura 8.10c).

8.2.2 Las simulaciones de Dindmica Molecular muestran que los modelos propuestos son
estables

Para mejorar los modelos, estos fueron sometidos a minimizacién de energia,
equilibraciéon de temperatura y presion con gromacs. Después de estos pasos, se observo
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Tabla 8.2: Valores de puntaje DOPE, Factor de Calidad Global, pardmetros de PROCHECK y puntajes de

PROVE para cada modelo obtenido.

Model BORIS CTCF

Factor de Calidad Global(ERRAT) 36 53.65

PROVE 6.7 % 4.9 %

PROCHECK

Residuos en las regiones mds favorecidas 90.2 % 90.2 %
Residuos en regiones adicionalmente permitidas 8.3% 8.7 %
Residuos en regiones generosamente permitidas 1.5 % 0.8 %
Residuos en regiones no permitidas 0.0 % 0.4 %

a)
— SYEF SYEL BORIS CTCF 1ZF2: :ZF3 : :ZF4 - - ZF5: :ZFG (ZF7 - :ZFB ZF9 : ZF‘IU; ZF11

CTCF 0.722 0677 0.69 0.677 [ 4
<3

BORIS 0.599 0.706 0.665 0 0.677 L(#)

=
@
RMSD ’

EREFE

0

20 40 60 80 100 120 140 160 180 200 220 240 260 280

Residue No.

Figura 8.10: Alineacion estructural de los modelos para CTCF y BORIS. a) Alineacién de las plantillas de
CTCEF y los modelos creados. El modelo de CTCF se muestra en cian, BORIS en verde, el templado 5STOU en
azul oscuro, SYEF en rojo y SYEL en magenta. b) RMSD entre los modelos y las plantillas utilizadas. ¢) RMSF
para los modelos de CTCF vs BORIS. Las lineas discontinuas marcan el inicio y el final de cada dedo de zinc.
El ndmero de residuo es relativo al inicio de los fragmentos modelados.
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una mejora considerable en ambos modelos, tal como se muestra en la Tabla 8.3. Para
BORIS, el Factor de Calidad Global aumentd hasta 99.05 y los valores atipicos en PROVE
disminuyeron al 3.5 %; sin embargo, hubo una ligera disminucién en el porcentaje de
residuos en las regiones mds favorables del grafico de Ramachandran en comparacién con
la conformacion inicial.

Modelo BORIS CTCF

Factor de Calidad Global(ERRAT) 99.05 79.41

PROVE 3.5% 7.1%

PROCHECK

Residuos en las regiones mas favorecidas 87.2 % 84.8 %
Residuos en regiones adicionalmente permitidas 11.3 % 12.9 %
Residuos en regiones generosamente permitidas 1.1% 1.9 %
Residuos en regiones no permitidas 0.4 % 0.4 %

Tabla 8.3: Valores de la puntuaciéon DOPE, el Factor de Calidad Global, los pardmetros PROCHECK Yy las
puntuaciones PROVE de cada modelo obtenido.

El enlace coordinado entre los residuos de Zn**, CYS e HIS contribuye a la estabilidad
conformacional de los dedos de zinc y a la interaccion con el DNA. El estado de protonacion
de los residuos CYS y HIS en los dedos de zinc es crucial para su interaccion con el metal, ya
que los residuos cargados negativamente son necesarios para la estabilizacion del metal en su
sitio de unién (Godwin et al., 2017; Li et al., 2008). Para las simulaciones, los residuos CYS
se fijaron en su estado desprotonado (CYN) y los HIS se protonaron en el &tomo ND1 (HSD)
como se muestra en la Figura 8.11a. Esta configuracién permitié mantener el Zn** en su
lugar sin necesidad de aplicar restricciones posicionales. La Figura 8.11b muestra el primer
y ultimo fotograma de la simulacién de dindmica molecular para el modelo de BORIS. Se
observa que el Zn** permaneci6 en contacto con las histidinas y cisteinas en lugar de saltar
fuera de su sitio de unidn.

Para evaluar las fluctuaciones estructurales de los modelos, se calculé el RMSD entre los
diferentes puntos de la simulacion y el modelo inicial. BORIS y CTCF fueron simulados en
presencia y en ausencia de la cadena de DNA (Figura 8.12a). Es notable que el complejo
CTCF+DNA no mostré fluctuaciones importantes en sus valores de RMSD a lo largo del
tiempo mientras que se observd el comportamiento opuesto para la proteina CTCF sola, donde
el RMSD fluctia durante todo el tiempo simulado. El mismo comportamiento se observa en
el RMSF y el radio de giro (Rg), lo que en general indica que el modelo de CTCF es estable
cuando estd unido al DNA, pero no cuando estd solo (Figura 8.12b,c¢). Por otro lado, el
complejo BORIS+DNA presenta algunas fluctuaciones importantes en su RMSD, RMSF y
Rg en comparaciéon con CTCF+DNA, mientras que BORIS solo se comporta de forma similar
a CTCEF, lo que indica que la conformaciéon 3D de BORIS también depende del DNA.

Se observo que las cadenas de DNA parecen seguir la misma tendencia que la proteina.
Las cadenas en el modelo de BORIS muestran un ligero aumento en el RMSD alrededor de
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Figura 8.11: Configuracion de los dedos de zinc en los modelos. a) Se muestra el ZF2 del modelo de BORIS
para ilustrar la conformacion estructural de los dedos de zinc después de que los residuos HIS y CYS que
interactdan con el ion Zn?>* fueron declarados como HSD y CYN, respectivamente. b) Comparacién entre el

primer (cian) y tltimo (naranja) fotograma de la simulacién de dindmica molecular de BORIS, se muestran los
ZFT7y 8.

150 ns, mientras que las cadenas de DNA pertenecientes al modelo de CTCF permanecen
estables durante toda la simulacion (Figura 8.13a). Para el modelo de BORIS, las moléculas
de DNA tienen un poco mds de flexibilidad en comparacién con el complejo CTCF+DNA,
esto es evidenciado por los valos de RMSD més altos para el modelo de BORIS que para el
de CTCF (Figura 8.13b).

Debido a que las interacciones DNA-Proteina estdn mayoritariamente mediadas por
puentes de hidrégeno, se calculé el nimero de enlaces de hidrégeno para evaluar la
interaccion entre BORIS y el DNA. La media de enlaces de hidrogeno para BORIS es de
63,7 y para CTCF es de 58,3, lo que indica una diferencia en la interaccion de ambas
proteinas con el DNA. En general, la interacciéon del DNA para los modelos BORIS y
CTCEF es estable (Figura 8.14). El DNA utilizado para ambos modelos CTCF y BORIS
corresponde al sitio de unién consenso de CTCF y aunque se sabe que BORIS comparte
sitios con CTCEF, hay otros que son exclusivos para BORIS y que tienen un motivo de unién
ligeramente diferente.

Finalmente, la estructura secundaria para ambas proteinas cuando se simulan con o sin
DNA se muestra en la Figura 8.15. En general, se observa que las estructuras se conservan
cuando la proteina estd unida al DNA pero no cuando estd separada. La estructura secundaria
de ambas proteinas se mantiene a través de las simulaciones y corresponde a la estructura
conocida para los dedos de zinc, es decir, dos laminas 3 y una hélice o Figure 8.15a. Sin
embargo, existen algunas diferencias entre CTCF y BORIS, por ejemplo, el tamafio de la
region conectiva entre los ZF5 y ZF6 es mayor en CTCF que en BORIS.
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Figura 8.12: Andlisis de Simulaciones de Dindmica Molecular. a) El RMSD se calculé utilizando solo los
atomos Ca en la proteina. Se muestra el comportamiento a lo largo del tiempo y la distribucién general. b)
RMSF de los dtomos Cc del esqueleto de BORIS y CTCF. Cada dedo de zinc estd marcado con un cuadro gris.
¢) Radio de giro para las proteinas a lo largo de las simulaciones.
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Figura 8.14: Analisis de los enlaces de hidrégeno entre la proteina y el DNA a través de las simulaciones.
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BORIS BORIS + DNA

Figura 8.15: Analisis de la estructura secundaria de BORIS y CTCF. Estructura secundaria a través de
la simulacién de BORIS y CTCEF, los residuos estdn codificados por colores de la siguiente manera: azul, a-
hélice; gris, 3-hélice; violeta, 5-hélice; rojo, B-hoja; negro, B-puente; amarillo, giro con enlace de hidrégeno;
verde, loop; y blanco, bobina. Las flechas azules indican cada uno de los dedos de zinc.

8.2.3 Obtener un modelo completo para BORIS es complicado debido a las regiones
intrinsecamente desordenadas

Debido a que no se dispone de un modelo 3D completo de BORIS y CTCEF, se utilizé
AlphaFold2 para modelar las isoformas candénicas de CTCF y BORIS, asi como cada dominio
individualmente. Los resultados se muestran en la Figura 8.16. Los residuos estdn coloreados
seglin la puntuacién de confianza por residuo (pLDDT). Se observa que la prediccion para la
estructura del dominio de unién al DNA tiene una confianza alta, mientras que los dominios
terminales tienen puntuaciones de confianza muy bajas, como era de esperar para regiones
intrinsecamente desordenadas. Es importante mencionar que, debido a las caracteristicas del
algoritmo AlphaFold, a los modelos les faltan los iones Zn>* y las moléculas de DNA. Al
comparar con el modelo creado con Modeller, se observa que hay algunas diferencias en
la disposicion de los dedos de zinc entre las predicciones de AlphaFold y Modeller, muy
probablemente debido a la ausencia de una molécula de DNA en el modelo de AlphaFold
(Figure 8.16).

Dado que BORIS tiene 17 isoformas reportadas (Link et al., 2013), se utilizé AlphaFold
para modelar cada una de ellas. Los resultados se muestran en el Appendix B.2. La isoforma
BO es la secuencia canonica. La principal diferencia entre las isoformas es la longitud de los
dominios terminales. Las isoformas B4 y BS carecen de dominios terminales. La isoforma C5
carece de 10 de los 11 dedos de zinc del dominio de unién al DNA. La isoforma C6 tiene un
dedo de zinc hibrido formado por la combinacién de los ZF4 y ZF9. En general, la confianza
de las predicciones es buena en el dominio de unién al DNA, pero baja para los dominios
terminales, lo que sugiere que son regiones intrinsecamente desordenadas. Es importante
mencionar que, debido a las caracteristicas del algoritmo AlphaFold, a los modelos les faltan
los iones Zn** y el DNA. Se requieren més andlisis para mejorar las predicciones estructurales.

Con el objetivo de evaluar el comportamiento de los dominios terminales, se generé un
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Figura 8.16: Modelado 3D de BORIS y CTCF con AlphaFold. Los residuos estin coloreados segtin la
puntuacién de confianza por residuo (pLDDT). El panel inferior muestra la alineacién entre el modelador (negro)
y las predicciones AlphaFold (azul)

modelo completo para BORIS con Modeller. Como templados se us6é el modelo
previamente generado para los dedos de zinc 2 a 11, mientras que para los extremos
terminales se usaron los modelos generados con AlphaFold 2. En cuanto a la cadena de
DNA, se modelé como se describi6 anteriormente utilizando la secuencia del promotor de
hTERT. Se ha demostrado que BORIS induce la expresion del gen ATERT en lineas
celulares de cancer de ovario y testiculo, ademds de que CTCF también puede unirse a su
promotor y reprimir su expresion; por lo tanto, se sugiere que BORIS compite con CTCF e
induce la expresion de h”TERT (Renaud et al., 2011). Dado que Renaud et al. validaron el
sitio de unién para CTCF y BORIS en el promotor de hTERT, se usaron estos datos para
construir una cadena de DNA con la secuencia de esa region (Figura 8.17a).

La cadena de DNA del promotor hTERT se insert6 en el modelo y la calidad global
se evalué mediante el servidor SAVES v6.0. El grafico de Ramachandran muestra que el
97,8 % de los residuos pertenecen a las regiones permitidas (Figura 8.17b). Ademads, todos
los aminoécidos atipicos pertenecen a los dominios N-terminal y C-terminal.

Para evaluar la estabilidad de nuestro modelo, el complejo proteina-DNA fue sometido a
una simulacién de dindmica molecular durante 1 ps. Es notable que los valores de RMSD
permanecen estables en el tiempo (Figura 8.18a). En el caso del RMSF, se observa que el
dominio de dedos de zinc permanece estable, mientras que el N-terminal y el C-terminal
son mds flexibles, como cabria esperar de una region desordenada (Figure 8.18b). También
se observaron variaciones en el radio de giro (Rg), lo que podria deberse a la flexibilidad de
los dominios terminales (Figure 8.18c). En general, nuestros datos indican que las regiones
terminales de BORIS no se mantienen estables durante la simulacién y esto afecta a la
estabilidad global de nuestro modelo.
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Figura 8.17: Modelo 3D para BORIS acoplado al promotor de ®”TERT. a) Modelo de la proteina completa
BORIS creado con Modeller. b) Grafico de Ramachandran para el modelo en el panel a. Estadisticas del grafico:
residuos en las regiones mds favorecidas [A,B,L] = 88.1 %, residuos en regiones adicionalmente permitidas
[a,b,L,p] = 9.7 %, residuos en regiones generosamente permitidas [ a, b, I, p] = 1.1 % y residuos en regiones no
permitidas = 1.1 %.

Tabla 8.4: Valores de puntuacién DOPE, Factor de Calidad Global, los pardmetros PROCHECK, y las
puntuaciones PROVE para BORIS acoplado al promotor hTERT.

Model Antes de la minimizacion Después de la minimizacion
Factor de Calidad General (ERRAT) 51.66 78.12
PROVE 7.4 % 6.8 %
PROCHECK
Residuos en las regiones més favorecidas 88.1 % 87.2 %
Residuos en las regiones adicionalmente favorecidas 9.7 % 9.7 %
Residuos en las regiones generosamente favorecidas 1.1% 2.1%
Residuos en las regiones no permitidas 1.1% 1.1%

Por otra parte, las cadenas de DNA permanecieron estables durante toda la simulacion.
Tanto los valores RMSD (Figura 8.19a) como RMSF (Figura 8.19b) mostraron poca
variacion. La estructura secundaria para ambas proteinas cuando se simula con o sin DNA
se muestra en Figure 8.15. También evaluamos el nimero de enlaces de hidrégeno entre
BORIS y el promotor hTERT. La media de enlaces de hidrégeno es de 82, que es
considerablemente mayor que los enlaces de hidrégeno reportados para nuestros modelos
anteriores. En general, la interaccién proteina-DNA es estable en nuestro modelo (Figura
8.20a), lo que se ve reflejado en los bajos valores de RMSF reportados para el dominio de
dedos de zinc.

8.2.4 Las condiciones de simulacién no recapitulan la unién metilosensible de CTCF al
DNA

Para evaluar la capacidad de nuestras condiciones de simulacién actuales para recrear
las interacciones DNA-proteina, realizamos una serie de simulaciones de control utilizando
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Figura 8.18: Analisis de simulaciones de dindmica molecular. a) El RMSD se calcul6 utilizando sélo los
atomos Ca de la proteina. Se muestra el comportamiento en el tiempo y la distribucion global. b) RMSF de los
atomos Ca de BORIS. El dominio de dedos de zinc estd marcado con un recuadro gris. ¢) Radio de giro de la
proteina junto con las simulaciones.

las estructuras cristalograficas de CTCF 5TOU y 5T00 como referencia. Estas estructuras
representan los dedos de zinc 3-7 de CTCF unidos al DNA (5TOU) y al DNA metilado
(5T00). Los modelos cristalogréficos se eligieron para eliminar el error asociado al proceso
de modelado por homologia. Se realizaron simulaciones para varios escenarios, incluyendo
CTCEF solo (sin DNA), CTCF con DNA, CTCF con DNA metilado y una secuencia de DNA
aleatoria como control para evaluar el comportamiento de la proteina. Ademas, se realizaron
simulaciones para la region ZF3-7 modelo por homologia BORIS con secuencias de DNA
normales y aleatorias. Las simulaciones revelaron que el CTCF no unido es intrinsecamente
inestable. Sin embargo, curiosamente, el complejo CTCF-DNA metilado no mostrd
cambios significativos en su desviacion cuadritica media (RMSD) en comparacién con el
complejo CTCF + DNA, lo que sugiere que el complejo se mantuvo estable durante toda la
simulacion, contrariamente a informes experimentales anteriores. Por otro lado, cuando se
introdujo una secuencia de DNA aleatoria, CTCF se desprendié del DNA como era de
esperar. Sorprendentemente, en el caso de BORIS, no hubo diferencias perceptibles entre
las simulaciones que utilizaban secuencias de DNA normales y aleatorias. Este hallazgo
inesperado contrasta con el comportamiento observado en CTCF (Figura 8.21).

8.2.5 Inhibir a BORIS sin inhibir a CTCF

Para identificar inhibidores especificos de BORIS, realizamos andlisis de acoplamiento
utilizando los modelos construidos para CTCF y BORIS. En primer lugar, se realizé una
bisqueda de cavidades para encontrar las superficies con menor conservacién en BORIS
con respecto a CTCF. La superficie molecular de BORIS se marcé por colores en funcion
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Figura 8.19: Analisis del promotor h”TERT a través de la simulacion. a) RMSD de la molécula de DNA
(d&tomos O4 ). La distribucién de los RMSDs a través de la simulacién se muestra a la derecha de los graficos.
b) Grafico RMSF para la columna vertebral del DNA (dtomos O4 ).

de la conservacién de aminodcidos en comparacién con CTCF (Figura 8.22). En particular,
este andlisis desvel6 dos sitios distintos en la superficie de interaccion proteina-DNA de
BORIS que carecen de conservacion con CTCF (Figure 8.22). Estos sitios no conservados
son particularmente interesantes como potenciales dianas farmacoldgicas, dada su mayor
probabilidad de unirse a ligandos especificos. Para probar esta hipdtesis, sometimos la
biblioteca DrugBank a simulaciones de acoplamiento contra estos sitios identificados tanto
en BORIS como en CTCF. Este enfoque tiene como objetivo identificar moléculas que
puedan unirse a BORIS sin afectar a CTCF, ofreciendo asi informacién valiosa para el
desarrollo de inhibidores dirigidos.

Se emplearon tres programas de software distintos para realizar simulaciones de
acoplamiento de la biblioteca de ligandos frente a las proteinas diana. Posteriormente, se
generaron multiples poses para cada ligando, que se clasificaron de mejor a peor
puntuacion. Para consolidar los resultados, se calculd una clasificaciéon consenso para la
pose con mejor puntuacion producida por cada herramienta, utilizando el método
exponencial de clasificacion consenso. Se establecioé un valor de corte predeterminado de
0,0015, designando los ligandos con una puntuacién superior a este umbral como posibles
ligandos de las proteinas diana. Para refinar la seleccion, se excluyeron los ligandos que
demostraban capacidad de unién tanto a CTCF como a BORIS, independientemente del
sitio. Como medida de control, se investigaron farmacos adicionales anotados por su
afinidad de unién a proteinas de dedos de zinc. Curiosamente, las clasificaciones de estos
compuestos no superaron a las observadas para los demds compuestos de la biblioteca,
como se muestra en la Figura 8.23. No se observé una diferencia significativa entre los
puntajes obtenidos por los ligandos conocidos de otras proteinas de dedos de zinc y el resto
de ligandos evaluados. En total, se identificaron 159 inhibidores especificos para el sitio 1
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Figura 8.20: Analisis de la unién de BORIS al promotor de h”TERT. a) Ntimero de enlaces de hidrégeno
entre la proteina y el DNA a través de las simulaciones. El panel derecho muestra la distribucién del nimero de
puentes de hidrégeno. La linea discontinua corresponde a la media. b) Andlisis de la estructura secundaria de
BORIS y CTCEF. El color de los residuos es como sigue: azul, a-hélice; gris, 3-hélice; violeta, 5-hélice; rojo,
B-plegada; negro, B-bridge; amarillo, giro con enlace de hidrégeno; verde, flexion; y blanco, coil.

de CTCEF, 136 para el sitio 2 de CTCF, 169 para el sitio 1 de BORIS y 133 para el sitio 2 de
BORIS. Los 10 ligandos principales para cada sitio en BORIS se muestran en la Tabla 8.5.

Para el Sitio 1, los compuestos principales fueron el patidegib, un inhibidor de la via de
hedgehog empleado en el tratamiento de carcinoma basocelular (Jimeno et al., 2013), el
lorlatinib, aprobado por la FDA para el cdncer de pulmén (Waqar and Morgensztern, 2018),
y el elacridar, utilizado como adyuvante en el tratamiento de tumores del sistema nervioso
central (Agarwal et al., 2011). En el caso del Sitio 2, los compuestos mejor posicionados
fueron el venlafaxine, un inhibidor de la recaptura de serotonina, el deprocin, una droga con
efectos alucinégenos reportados (Awuchi et al., 2023), y el ulimorelin, un inductor de la
motilidad gastrointestinal (James et al., 2020).

De la lista de potenciales ligandos de BORIS se excluyeron todos los compuestos que
rankearon alto para CTCF y que mostraron potencial de unién a otras proteinas con dominios
de dedos de zinc, esto con el objetivo de disminuir las probabilidades de inhibir blancos
secundarios. También se eliminaron los compuestos que puntuaron alto para ambos sitios de
unién de BORIS, bajo el supuesto de que al unirse con alta afinidad a ambos sitios es méds
probable que sean moléculas inespecificas que podrian también inhibir a otras proteinas con
dedos de zinc.

Es notable que tanto para el Sitio 1 como para el 2 se obtuvieron principalmente
compuestos aromadticos de alto peso molecular. Esto es deseable debido a que lo que se
busca es inhibir la unién de BORIS al DNA, por lo tanto, un compuesto de alto peso
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Figura 8.21: Simulaciones de dindmica molecular para los complejos de CTCF y BORIS con el DNA.
El panel superior muestra las estructuras de rayos X utilizadas para las simulaciones de CTCF. STOU es CTCF
unido a su sitio de unién habitual. 5T00 es CTCF unido a una cadena de DNA metilada (la misma secuencia que
en 5STOU). El panel inferior muestra los graficos RMSD de las proteinas y las cadenas de DNA a lo largo de la
simulacién. Los complejos evaluados son CTCF solo, CTCF + DNA (5T0U), CTCF + DNA metilado (5T00),
CTCF + secuencia aleatoria de DNA (secuencia scramble de 5STOU), BORIS + DNA (modelo de homologia) y
BORIS + DNA aleatorio.

molecular podria ser lo més adecuado para interferir con las funciones de BORIS.

8.3 Las interacciones proteina-proteina en BORIS podrian ser una
buena fuente de inhibidores selectivos.

Como se ha mostrado anteriormente, el modelado de las regiones intrinsecamente
desordenadas de BORIS no es posible utilizando las herramientas disponibles actualmente,
sin embargo, es posible que dichos dominios adquieran una estructura secundaria local al
interactuar con otras proteinas. Por lo tanto, el siguiente paso que se tomo fue el modelado
de heterodimeros de proteinas con AlphaFold2. La lista de proteinas cuya interaccién con
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Figura 8.22: Superficie electronica de BORIS. La superficie estd coloreada segiin su conservacién de
secuencia respecto a CTCF. Los dos sitios de unién no conservados estdn ampliados.

BORIS se ha comprobado experimentalmente fue obtenida mediante una busqueda
bibliografica y se presenta en la Tabla 8.6.

Cada pareja se model6 utilizando la informacién disponible; si se conocia el dominio
especifico de la interaccion, la secuencia de BORIS se truncé para contener solo la region de
interaccion. En caso contrario, se utilizé como entrada la secuencia completa de la proteina.
Para evaluar la confianza de los modelos, se calificaron con la puntuaciéon DockQ (Mirabello
and Wallner, 2024). El articulo original establece un umbral de 0,23 para considerar que un
modelo es confiable. Entre los modelos creados, s6lo el par CTCF-BORIS superé este
umbral. Sin embargo, la siguiente mejor prediccion fue la interaccién entre el dominio
C-terminal de BORIS y la proteina de unién a TATA (TBP), con una puntuaciéon DockQ de
0,197. Aunque no super6 el umbral, esta puntuacion fue superior a las demds. Para mejorar
el modelo, se refind iterativamente la secuencia reteniendo sélo la porcion del dominio
C-terminal que mostraba interaccion (Figure 8.24). Con cada iteracion, la confianza en el
modelo fue mejorando. El modelo final mostré una alta puntuacién de DockQ, un bajo error
de alineacion predicho (PAE) y una alta confianza por residuo (pLDDT). Los resultados
muestran que el dominio C-terminal de BORIS interactia con el dominio de unién al DNA
de TBP y que el modelo generado con AlphaFold es confiable. En la Figura 8.25 se observa
que el dominio de unién al DNA de TBP interactia con una hélice formada por el extremo
carboxilo del dominio C-terminal de BORIS.

Debido al alto porcentaje de identidad entre BORIS y CTCF y a la ausencia de informes
previos en la literatura sobre una interaccién entre CTCF y TBP, se model6 el complejo
CTCF-TBP utilizando AlphaFold y el dominio C-terminal de CTCF. Sin embargo, los niveles
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Figura 8.23: Ranking exponencial de consenso para los ligandos de DrugBank acoplados contra CTCF y
BORIS. Los recuadros amarillos marcan la localizaciéon de los ligandos considerados como especificos para
cada una de las proteinas. Los puntos rojos indican firmacos que tienen como blanco proteinas de dedos de
zinc.

de confianza de estos modelos no fueron tan altos como los obtenidos para BORIS, y el PAE
para las predicciones de CTCF fue menor (Figure 8.26). Se siguié el mismo proceso de
refinamiento que para el complejo BORIS-TBP y en este caso se encontr6 que solamente
uno de los modelos tiene un puntaje DockQ mayor al umbral establecido y se observa que
los valores de PAE son mads altos que para los modelos de BORIS, lo que indica una menor
confianza del algoritmo en la prediccion.

Al comparar las secuencias de las regiones C-terminal de CTCF y BORIS, observamos
una similitud del 25 % (Figura 8.27a). Sin embargo, la hélice identificada como la regién
de interaccion con TBP en BORIS no se conserva en CTCF. Esto es evidente a partir de la
prediccion de regiones desordenadas (DISOPRED) y de estructura secundaria en Figura
8.27b. Basindonos en nuestros datos, se puede hipotetizar que TBP tiene el potencial de
unirse a BORIS pero no a CTCF. Sin embargo, para validar esta hipétesis, se realizaron
experimentos de co-inmunoprecipitacion (IP).

Para la validacion de las interacciones entre TBP, BORIS y CTCEF, se eligieron como
modelo experimental las células HEK-293 ya que carecen de expresion endégena de BORIS
(Figura 8.28a). Se transfectaron en las células vectores de sobreexpresion de BORIS y CTCF,
ambos marcados con hemaglutinina (HA). Tras la transfeccion, se realizé la extraccion de
proteinas e inmunoprecipitaciéon con un anticuerpo contra HA para posteriormente llevar a
cabo un Western blot para BORIS, CTCF y TBP. La vinculina sirvié como control negativo
debido a su presencia en las uniones de adhesion focal (Bays and DeMali, 2017), situadas
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Tabla 8.5: Top 10 ligandos para BORIS. Se muestran los 10 ligandos con la puntuacién més alta para ambos
sitios de unién en BORIS. La lista excluye moléculas que muestran potencial de unién a CTCF o que se ha
reportado que son inhibidores de otras proteinas con dominios de dedos de zinc.

Sitio 1 Sitio 2
DBI12655  Patidegib DB00285  Venlafaxine .
DBI2130  Lorlatinib ko’ DB13990  Deprocin L

DB04881 Elacridar o DB12128 Ulimorelin

DB01338  Pipecuronium DB03734  Xylarohydroxamate o e

DB07700  DB07700 DB04330  Bilh 434 T

DB07680 DB07680 DB12148 Menatetrenone
DB02009 L-756423

DB00677 Isoflurophate

DB14218 Telotristat DB01745 DB01745

XL
DB16266 Olodanrigan ©

DB01640 DB01640
.
\\\ Y N
SRS eate
DB11691 Naldemedine DB15039 ITI-214 -

fuera del nicleo, lo que hace muy improbable cualquier interacciéon con BORIS o CTCF.
Ninguna de las dos proteinas mostré interaccion con vinculina, ademds como control del
anticuerpo contra HA se utiliz6 uno dirigido a IgG, que no mostré sefial para ninguna de las
proteinas evaluadas. Los resultados demostraron la recuperacion exitosa de TBP con la IP de
proteinas marcadas con HA, indicando la formacién de complejos TBP-BORIS y TBP-CTCF
(Figura 8.28).
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Tabla 8.6: Interacciones proteina-proteina conocidas de BORIS. Las proteinas que fueron validadas
experimentalmente para interactuar con CTCF también estdn etiquetadas en rojo.

Tipos de proteinas Proteina Funcién del complejo Evidencia experimental Referencias
Metilacién de arginina L -
PRMT7 Inmunoprecipitacion. (Jelinic et al., 2006)
para controlar la impronta.
Ensayo de ligacién
Funcién desconocida (Rivero-Hinojosa et al., 2021),
CTCF de proximidad in situ.
en la espermatogénesis. L (Pugacheva et al., 2015)
Inmunoprecipitacién
Proteinas asociadas BAG6 Activacién transcripcional Ensayo de dos hibridos
(Nguyen et al., 2008)
ala cromatina SET1A de c-myc y BRCAL. en levadura
POGZ . Ensayo de dos hibridos
Desconocida (Nguyen et al., 2008)
SRCAP en levadura
Activacion transcripcional
TBP Ensayo de pull down. (Schwarzenbach et al., 2014)
de MAGE-A1.
SP1 Activacién transcripcional Inmunoprecipitacion. (Kang et al., 2007),
de NY-ESO-1. Ensayo de pull down. (Schwarzenbach et al., 2014)
ELF2
HCFC2, HCFC1
Factores de MGA
transcripcién TLK2 Ensayo de dos hibridos
P Desconocida Y ! (Nguyen et al., 2008)
NFATS en levadura
ZNF518
ATF7
MKL2
Ku70 Reparacién de dafio en el DNA. Inmunoprecipitacién (Zhang et al., 2022b)
Regulacién transcripcional L
Proteinas de UBF Inmunoprecipitacion. (van de Nobelen et al., 2010)
del DNA ribosomal.
unién al DNA
CHDS
. Ensayo de dos hibridos
Proteinas de CSTA Desconocida (Nguyen et al., 2008)
en levadura
sefializacién FHL2
BORIS (C-terminal + 2 2F) - TBP BORIS (C-termina) - TBP (C-erminal) BORIS (neix) - TBP (C-terminal) BORIS (iteracting) - TBP (Cterminal)
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Figura 8.24: Modelos de AlphaFold2 para los complejos BORIS-TBP. El panel superior muestra el Error

de Alineamiento Predicho (PAE), y el panel inferior muestra los modelos coloreados segun la confianza por
residuo (pLDDT).
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Figura 8.25: Prediccion de AlphaFold2 para el complejo BORIS-TBP. a) El modelo estéd coloreado segtin
la cadena. El rosa corresponde a TBP y el violeta a BORIS. b) Confianza por residuo (pLDDT) del modelo
predicho para el complejo BORIS-TBP.

CTCF (C-terminal + 2 ZF) - TBP. CTCF (C-terminal) - TBP (C-terminal) CTCF (helix) - TBP (C-terminal) CTCF (interacting) - TBP (C-terminal)
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Figura 8.26: Prediccion de AlphaFold2 para el complejo CTCF-TBP. El panel superior muestra el Predicted
Aligned Error (PAE), el panel inferior muestra los modelos coloreados por la confianza por residuo (pLDDT).
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Figura 8.27: Comparacion de secuencias entre los dominios C-terminales de BORIS y CTCF. a)
Alineamiento de secuencias para los extremos carboxilo terminal de CTCF y BORIS. Los aminodcidos estdn
coloreados segin sus propiedades fisicoquimicas. La hélice de BORIS que se supone interactia con TBP esta
marcada con un cuadro negro. b) Prediccion de regiones desordenadas (DISOPRED) y prediccidn de estructura
secundaria (PSIPRED) calculadas con el servidor http://bioinf.cs.ucl.ac.uk/.
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Figura 8.28: Andlisis de inmunoprecipitacion de lisados de células HEK-293 transfectadas con proteina
BORIS o CTCF marcada con HA. Tras la inmunoprecipitacién con un anticuerpo HA-especifico, se utilizé
Western blot para detectar BORIS, CTCF, TBP y Vinculina. El panel izquierdo muestra las muestras de
entrada y el derecho las muestras después de la IP. Se presenta un blot representativo de 3 réplicas bioldgicas
independientes.
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0. Discusion

La alteracion de procesos epigenéticos es una de las firmas moleculares que caracterizan
al cancer (Hanahan, 2022). Dichos procesos involucran principalmente cambios en los
patrones de metilacion del DNA, en el establecimiento de modificaciones postraduccionales
de histonas y los patrones de expresion génica, ademds de desregulacion de la estructura
tridimensional de la cromatina, en especifico de los dominios topolégicamente asociados
(Besselink et al., 2023; Lee and Kim, 2022; Akdemir et al., 2020). Por lo tanto, las proteinas
involucradas en estos procesos son un blanco de interés para el desarrollo de estrategias
terapéuticas enfocadas a contrarrestar la progresion del cancer. En este sentido, la mayoria
de los esfuerzos se han enfocado en caracterizar moléculas inhibitorias de las DNMTs,
mientras que otros procesos como la desmetilacion de histonas y la regulacion de asas de
cromatina atn carecen de firmacos enfocados a los epifactores que los regulan (Yu et al.,
2024; Lee and Kim, 2022). Dicho fenémeno puede ser debido a que varios elementos
epigenéticos son regulados por proteinas que comparten altos porcentajes de identidad entre
si, lo que dificulta la especificidad de las terapias y aumenta las probabilidades de obtener
moléculas con efectos secundarios indeseables.

En el presente trabajo se evaluaron dos grupos de epifactores que se han clasificado
como potenciales blancos terapéuticos en cdncer. El primero es la subfamilia de
desmetilasas KDM4, las cuales estin implicadas en el desarrollo del cdncer por su
capacidad para alterar el estado de la cromatina e influir en la expresion génica (Garcia
et al., 2016). El segundo grupo son las proteinas de uniéon al DNA CTCF y BORIS, las
cuales regulan de forma dindmica la formacién de asas de cromatina y regiones
topolégicamente asociadas (Pugacheva et al., 2020). Ambos casos son interesantes desde el
punto de vista farmacolégico e involucran proteinas homdlogas, en este trabajo se evaluaron
por separado con el propdsito de proponer nuevas alternativas terapéuticas.

La expresion de los miembros de la subfamilia KDM4 (KDM4A, B, C, D y E) estd
estrechamente regulada en tejidos no neopldsicos pero a menudo desregulada en varias
neoplasias (Guerra-Calderas et al., 2015; Chen et al., 2020; Wu et al., 2021). En este
estudio, utilizando amplios conjuntos de datos de RNAseq de tumores y tejidos no
neopldsicos, se demostré6 que las proteinas KDM4 son relevantes para la mayoria de
tumores. Mediante andlisis transcriptomicos, se observé que las proteinas KDM4, cuando
se sobreexpresan, desencadenan cambios de expresion que son distintos en cada tipo de
cancer y que tienen diferentes consecuencias en la supervivencia de los pacientes. Se mostré
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también que los procesos influenciados por las KDM4s involucran varias firmas
moleculares del cancer, incluyendo angiogénesis, respuesta inmune e inflamatoria, ciclo
celular y transicion epitelio-mesénquima (Hanahan, 2022), lo que concuerda con reportes
previos que sugieren que estas proteinas tienen un papel importante para la enfermedad
(Katoh and Katoh, 2004; Shin and Janknecht, 2007c; Labbé et al., 2013).

Nuestros resultados sugieren que los miembros de la subfamilia KDM4 son dianas
farmacoldgicas prometedoras para el desarrollo de alternativas terapéuticas en distintos
tipos de cdncer. Es notable que cada una de las KDM4 tiene diferente impacto en la
supervivencia de los pacientes y en los patrones de expresion que inducen. Este hecho
sugiere que las terapias dirigidas contra las enzimas KDM4 deben ser especificas, a fin de
acoplarse a las necesidades de cada individuo. Sin embargo, un reto al que hay que
enfrentarse durante el desarrollo de inhibidores especificos es la semejanza de los dominios
cataliticos de todos los miembros de la familia JMJC. Dado que estas proteinas comparten
mecanismo catalitico, sus sitios activos tienen un alto porcentaje de identidad, lo que
complica la busqueda de ligandos dirigidos a una sola enzima (Markolovic et al., 2016). El
establecimiento de un mecanismo de unién especifico para un inhibidor competitivo de una
o algunas proteinas KDM4 es importante para un adecuado control de la terapia. De hecho,
se sabe que la mayoria de los inhibidores de KDM4 descritos se dirigen también a otras
demetilasas de histona, lo que limita su uso como agentes terapéuticos en pacientes con
cancer (Chin and Han, 2015; Baby et al., 2021).

Para la busqueda de nuevas moléculas con actividad inhibitoria de KDM4, se usaron
distintos repositorios de moléculas pequeiias, entre ellas una coleccion de compuestos
naturales (COCONUT), la cual es una fuente de diversas moléculas con actividad biolégica.
Ademds, se incluyeron las bases de datos DrugBank y FDA, las cuales han sido
ampliamente  utilizadas en  estudios de reposicionamiento de  farmacos
(Masoudi-Sobhanzadeh et al., 2020; Sorokina et al., 2021a). Comparadas con los
compuestos de la FDA y DrugBank, las moléculas de la base de datos COCONUT
obtuvieron una mejor puntuacién en los andlisis de acoplamiento molecular contra la
subfamilia KDM4, lo que sugiere que los compuestos naturales podrian ser una rica fuente
de terapias contra el cancer (Pushpakom et al., 2019). Sin embargo, es importante tener en
cuenta que no se hizo una correccién de la calificacion FRED/Chemgauss para contrarrestar
el efecto del tamafio de las moléculas, por lo que también es de esperarse que los
compuestos de COCONUT tengan una puntuaciéon mds alta, ya que es sabido que las
calificaciones de acoplamiento molecular toman en cuenta el nimero de interacciones
proteina-ligando, por lo que es indudable que moléculas de mayor peso molecular tendrdn a
su vez mayor nimero de interacciones y por subsecuente, mejor puntuaciéon (Li et al.,
2019a). También se observo que la cavidad del sitio activo de estas enzimas es de gran
tamafno, por lo que puede acomodar ligandos de alto peso molecular, tales como las
presentes en la base de datos COCONUT. Es importante destacar que los compuestos
naturales se han utilizado durante siglos para tratar una amplia gama de enfermedades,
incluyendo el cancer (Fang et al., 2020; Gémez-Cansino et al., 2017; Gutiérrez-Rebolledo
et al., 2017).
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Entre las moléculas propuestas por este trabajo destacan los catecoles y flavonoides, que
mostraron mayores puntajes en los andlisis de acoplamiento molecular. Estos ligandos han
sido propuestos como inhibidores de las KDM4 debido a su elevado contenido de grupos
OH, que les permite actuar como reguladores de radicales libres (Baby et al., 2021). Estos
grupos funcionales favorecen la interaccion con los cofactores metdlicos en el sitio activo de
las proteinas KDM4, los cuales participan en el mecanismo de transferencia de electrones
durante la desmetilacion de lisinas (Warshakoon et al., 2006). Los grupos OH de los
catecoles (como flavonoides o fenoles) pueden formar enlaces de coordinaciéon con dichos
metales, compitiendo con los sustratos naturales de la proteina y aumentando la afinidad
ligando-proteina (Xu, 2013). Varios de estos compuestos interfieren en procesos
epigenéticos; por ejemplo, los flavonoides son compuestos presentes en la frambuesa negra
(y en muchas otras plantas) que inhiben la actividad de la DNA metiltransferasa 1
(DNMTT1) potenciando la expresion de genes supresores de tumores (Wang et al., 2013). Sin
embargo, aunque hay trabajos previos sobre moléculas naturales que podrian interferir con
la actividad de la subfamilia KDM4, hasta ahora no se conocen inhibidores naturales
directos (Guillade et al., 2018). Es por esto que en nuestra busqueda de inhibidores
especificos de la subfamilia KDM4 utilizamos la base de datos COCONUT, que retine
406,744 productos naturales de mas de 50 bases de datos diferentes, donde casi la mitad de
los compuestos proceden principalmente de plantas, hongos, bacterias y, en menor medida,
de origen animal o marino (Capecchi and Reymond, 2021; Sorokina et al., 2021b). La
mayoria de estos compuestos han sido utilizados como medicina tradicional en China, India
(Ayurveda), Jap6n (Kampo), Corea, México, entre otros paises (Gutiérrez-Rebolledo et al.,
2017; Yuan et al., 2016a) y proceden de Asia, Africa, Brasil y México (Sorokina et al.,
2021b).

Un ejemplo de las moléculas identificadas en este estudio es el galato de epigalocatequina
(EGCG), un metabolito secundario del té (Camellia sinensis) que contiene un grupo catecol;
este ha sido ampliamente estudiado por su efecto sobre la metilacion del DNA y actualmente
es usado como agente terapéutico para diabetes e hipertension (Fang et al., 2003; Choi et al.,
2009). En este estudio, el EGCG mostré una interaccién favorable con KDM4, sugiriendo
su potencial como inhibidor. Ademas, se ha reportado que el EGCG puede quelar metales
divalentes como el zinc y se ha propuesto en ensayos clinicos como coadyuvante en varios
procesos terapéuticos (Shirakami and Shimizu, 2018). Otro caso similar es el del pirogalol,
que contiene tres grupos OH en lugar de dos y ha sido investigado por sus efectos citotoxicos
en lineas celulares de cidncer de pulmén, mostrando su potencial terapéutico (Yang et al.,
2009).

Ademds de los enlaces de coordinacion, otras fuerzas no covalentes como puentes
salinos, interacciones hidrofdbicas, enlaces de hidrogeno y apilamiento 7 influyen en la
union proteina-ligando (Churchill and Wetmore, 2009; Houser et al., 2020; Wilson et al.,
2014). Las interacciones 7 entre anillos aromdticos son clave en la formacion del complejo
con KDM4, ya que sus residuos aromdticos en los sitios activos favorecen esta interaccion.
Moléculas con anillos aromadticos tienen mayor afinidad, mientras que las que carecen de
estas interacciones muestran menor eficacia. Inhibidores con anillos aromaticos y grupos
amina han demostrado interactuar bien con los cofactores metédlicos de KDM4 y
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proporcionan una oportunidad para el desarrollo de una nueva generacion de inhibidores de
novo para la subfamilia KDM4 (Matecki et al., 2019).

Dado que la especificidad es dificil de alcanzar para los inhibidores de las KDM, es
posible usar este hecho en beneficio de la terapia al buscar ligandos que puedan dirigirse a
todas las KDM4 relevantes para una neoplasia especifica. Como se muestra en este trabajo,
las moléculas identificadas podrian tener un efecto terapéutico amplificado al modular, no
sOlo las funciones de KDM4, sino procesos celulares completos, modificando la actividad
de proteinas implicadas en las mismas vias. Este mecanismo de accién ha sido propuesto
para otras enfermedades y dianas proteicas con anterioridad (Cheng et al., 2019); sin
embargo, el estudio de los inhibidores de KDM4 sigue siendo abordado sin tener en cuenta
el contexto molecular necesario para su correcta funcion (Chin and Han, 2015; Baby et al.,
2021). En este sentido, nuestros datos sugieren que los ligandos propuestos podrian ser
utilizados como terapias multiblanco, aprovechando su actividad inespecifica contra otras
KDMs e inclusive contra proteinas cuya expresion es inducida por las KDM4. Esto abre una
nueva ventana de oportunidades para el uso de inhibidores de la subfamilia KDM4 y
contribuye a la busqueda de terapias personalizadas contra el cancer.

Por ejemplo, las redes construidas para el feocromocitoma y el paraganglioma muestran
que cuando hay sobreexpresion de KDM4A, también hay sobreexpresion de proteinas
implicadas en la regulacién positiva de la expresion génica, las cuales estdn estrechamente
relacionadas con la regulacion negativa de la funcién de metilacién de H3K9 encontrada en
las redes de cdancer corticosuprarrenal, adenocarcinoma de pulmén y carcinoma
endometrioide del cuerpo uterino. Ademds, encontramos que algunos procesos relacionados
a la sobreexpresion de las KDM4 estdn relacionados con GPCRs monoaminérgicos o con
vias de adiccién a la cocaina en carcinomas tiroideos y uterinos, esto es altamente relevante
dado el hecho de que proteinas implicadas en estos procesos metabdlicos han demostrado
previamente estar afectadas en algunos cénceres; como linfoma, prdstata, cancer de pulmén
y algunos cédnceres cerebrales (Shih, 2018; Rybaczyk et al., 2008). Ciertos farmacos que
mostraron alta afinidad por KDM4A son actualmente usados como inhibidores de otras
proteinas con funcién epigenética, tal es el caso de la azacitidina y el EGCG que son
ligandos de DNMTT1 también. Por lo tanto, estos resultados sugieren que dirigirse a varias
proteinas KDM4 a la vez también puede ser un enfoque terapéutico prometedor ya que los
farmacos dirigidos a ellas pueden modular también a las proteinas de los procesos celulares
que contribuyen al fenotipo neoplasico.

Por otra parte, BORIS y CTCF son otro caso de proteinas que comparten altos niveles de
identidad entre si y cuya funcion es de interés en cdncer. A diferencia del caso de las enzimas
KDM4, BORIS y CTCEF tienen funciones y patrones de expresion totalmente opuestos, en
el caso de CTCF es una proteina de expresion ubicua que es esencial para el mantenimiento
de la estructura de la cromatina, mientras que BORIS estd presente s6lo en testiculo y en
algunos tipos de cancer, principalmente de ovario (Klenova et al., 2002; Del Moral-Morales
et al., 2023). BORIS es un prometedor blanco terapéutico debido a que se ha visto que su
abatimiento interfiere con la proliferacion y crecimiento de células tumorales, ademds de que
sus patrones de expresion lo hacen ideal para el tratamiento del cancer de ovario (Mkrtichyan
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et al., 2011; Salgado-Albarran et al., 2019). Sin embargo, hay tres principales problemas
que han limitado el surgimiento de nuevas terapias dirigidas a esta proteina, las cudles se
discutirdn a continuacion junto con las estrategias que se tomaron para sobreponerse a ellas.

En primer lugar, no se cuenta con una estructura cristalografica para BORIS. Uno de los
requisitos principales para los estudios de acoplamiento molecular y de cribado virtual es la
disponibilidad de una estructura determinada experimentalmente para la proteina blanco (Li
et al., 2019a). Esta limitante logré ser superada mediante la creacién de modelos por
homologia, usando como plantillas las estructuras disponibles para CTCF. Mediante este
abordaje se logré obtener modelos tridimensionales confiables de los dominios de unién al
DNA tanto de BORIS como de CTCF. Las simulaciones de dindmica molecular
corroboraron la estabilidad conformacional de estos modelos al interactuar con secuencias
de DNA consenso, pero revelaron limitaciones en la prediccion de fenémenos como la
metilacién del DNA, que se sabe inhibe la unién de CTCF (Renda et al., 2007; Hashimoto
et al., 2017). Estos resultados sugieren que las interacciones electrostaticas en la interfaz
proteina-DNA, frecuentemente sobreestimadas en las simulaciones (Yoo et al., 2020),
podrian desempefiar un papel crucial en la especificidad de uni6n. Las simulaciones
dependen de la precision de los modelos de interaccion molecular (campos de fuerza) por lo
que la correcta recapitulacion de los detalles atomicos de la interaccion estd sujeta a la
precision del campo de fuerza usado (Tucker et al., 2022).

Una segunda limitacién en la busqueda de un inhibidor especifico para BORIS radica en
la elevada similitud de su secuencia de aminoécidos con la proteina CTCF, particularmente
en los dominios responsables de la unién al DNA. Como se ha mencionado, BORIS y CTCF
comparten aproximadamente un 80 % de identidad en el dominio de dedos de zinc, lo que
conlleva diversas implicaciones funcionales. Entre ellas destaca la competencia de BORIS
por los sitios de unién de CTCEF, resultando en la disrupcion de las estructuras de cromatina
(Pugacheva et al., 2015). Los andlisis estructurales comparativos de ambas proteinas revelan
conservacion de todos los residuos de aminodcidos que interactiian directamente con el DNA,
lo que dificulta considerablemente el disefio de moléculas capaces de inhibir selectivamente
la unién de BORIS sin afectar a CTCF (Marshall et al., 2014). No obstante, se identificaron
dos regiones con diferencias estructurales significativas, lo que sugiere su potencial como
blancos terapéuticos.

Mediante estudios de acoplamiento molecular (docking), se ha llevado a cabo una
bisqueda de compuestos candidatos en la base de datos DrugBank, seleccionada por su
contenido de moléculas biolégicamente activas aprobadas para uso clinico. Esta estrategia
computacional nos permite explorar un amplio espacio quimico de moléculas
biolégicamente activas, agilizando asi la identificacion de potenciales inhibidores. Entre los
compuestos identificados, destacan moléculas aprobadas clinicamente para el tratamiento
de tumores sé6lidos, como patidegib (Jimeno et al., 2013), lorlatinib y elacridar (Agarwal
et al., 2011). La mayoria de estos compuestos presentan caracteristicas estructurales
comunes, tales como alto peso molecular y presencia de anillos aromadticos. Nuestro
objetivo es disenar moléculas capaces de interferir en la interaccién proteina-DNA mediada
por BORIS, con el fin de desplazar a la proteina de su sitio de unién y restaurar la funcién
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normal de la cromatina. Al excluir compuestos con afinidad por CTCF, aseguramos que la
inhibicién de BORIS no afecte negativamente otros procesos reguladores.

La inhibiciéon de las superficies de interaccion DNA-Proteina mediante moléculas
pequeias se considera dificil de lograr debido a que generalmente los factores
transcripcionales carecen de bolsillos que puedan acomodar ligandos, ademds de que los
dominios de unién al DNA generalmente estin conservados entre diferentes factores de
transcripcion que pertenecen a la misma familia, tal es el caso de BORIS y CTCF, como ya
se ha expuesto, o el de los receptores andrégenos, estrégenos y progesterona (Bushweller,
2019; Radaeva et al., 2021). Sin embargo, el uso de métodos computacionales ha permitido
sobreponerse a los retos que implica la identificacion de compuestos dirigidos a la
interaccion DNA-Proteina, tal es el caso del compuesto VPC-14449, el cual inhibe la
interaccion del Receptor de Andrégenos con el DNA sin afectar a ninguno de los otros
receptores de hormonas esteroides, ademds de que este mecanismo de accidén evita la
resistencia que eventualmente desarrollan los tumores dependientes de andrégenos (Li
et al., 2014; Dalal et al., 2017).

Ademas del receptor de andrégenos, el uso de estrategias computacionales ha facilitado la
identificacion de moléculas que interfieren con la interaccion DNA-proteina de otros factores
de transcripcion tales como STAT3 (Buettner et al., 2011), PAX2 (Grimley et al., 2017) y
FOXM1 (Gormally et al., 2014). Todas estas moléculas tienen en comin que son de alto peso
molecular y contienen varios anillos aromaticos, ademds de que han mostrado actividad in
vitro con una alta selectividad a pesar de que las proteinas contra las que van dirigidas tienen
homdlogos cercanos (Radaeva et al., 2021).

Finalmente, el tercer desafio para el disefio de inhibidores de BORIS radica en la
naturaleza intrinsecamente desordenada de sus extremos amino y carboxilo terminales. La
falta de estructura secundaria y terciaria definida en estas regiones dificulta
significativamente tanto el modelado molecular como la determinaciéon por medio de
métodos experimentales y, por consiguiente, la identificacion de sitios de unién para
potenciales inhibidores. Esta limitacion resulta particularmente desafortunada dado que
estas regiones presentan una menor identidad de secuencia con CTCF, lo que sugiere un
potencial para el desarrollo de inhibidores selectivos.

Debido a la baja identidad de estos dominios, se ha hipotetizado que las consecuencias
funcionales opuestas de la unién de BORIS y CTCF en sus regiones blanco son debido al
reclutamiento de diferentes cofactores (Del Moral-Morales et al., 2023). Dado que se ha
reportado que las regiones intrinsecamente desordenadas pueden adquirir una estructura
secundaria temporal al formar complejos proteicos con otras proteinas (Chakrabarti and
Chakravarty, 2022), se modelaron las estructuras de las interacciones proteina-proteina de
cada par descrito en la literatura usando AlphaFold, el cual ha demostrado que puede
generar estas estructuras con alta precision cuando el valor de PAE es bajo (Zhu et al.,
2023). Se observd que de todos los pares modelados, unicamente se obtuvo el par
CTCF-BORIS con alta confianza; el resto de estos modelos no pasaron el umbral de DockQ
score para considerarlos confiables. El heterodimero CTCF-BORIS estd ampliamente
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reportado en la literatura y, de acuerdo con nuestros modelos y con los datos
experimentales, la interaccion se da entre los dominios de unién al DNA (Pugacheva et al.,
2015), no entre los extremos terminales, por lo que no sirve para el propdsito de la busqueda
de un inhibidor que se dirija a los extremos amino terminal de BORIS.

En consecuencia, se seleccion6 como la interacciéon mds probable aquella que involucra
a BORIS y la proteina de union a cajas TATA (TBP). Los modelos predictivos generados
por AlphaFold sugieren que el dominio carboxilo terminal de BORIS puede establecer un
contacto directo con el dominio de unién al DNA de TBP mediante una a-hélice
parcialmente conservada en CTCF. Aunque los modelos del dimero CTCF-TBP presentan
menor confianza, la prediccion de una interaccion estable entre BORIS y TBP resulta
coherente con la funcién activadora de BORIS. Al formar parte del complejo de
preiniciacion de la transcripcion (PIC), TBP desempefia un papel crucial en la regulacion de
la expresion génica Patel et al. (2018); Majello et al. (1998). La unién de BORIS a TBP
podria facilitar el reclutamiento del PIC a los promotores de los genes diana,
desencadenando asi la activacion transcripcional (Hong et al., 2005; Vatolin et al., 2005).
Este mecanismo de activacion transcripcional es congruente con estudios previos que han
demostrado la capacidad de diversas proteinas para modular la actividad de TBP a través de
interacciones con su surco de unién al DNA. En estos casos, regiones intrinsecamente
desordenadas adquieren estructura secundaria al unirse a TBP, favoreciendo la regulacion
de la transcripcion (Mal et al., 2007; Anandapadamanaban et al., 2013). Los resultados
obtenidos sugieren que BORIS podria emplear una estrategia similar para activar la
transcripcion de sus genes diana.

Experimentos de co-inmunoprecipitaciéon han evidenciado la capacidad de TBP para
interactuar tanto con CTCF como con BORIS. No obstante, estudios mas recientes han
revelado una localizacion diferencial de TBP en los sitios de unién de estas proteinas.
Mientras que TBP se colocaliza con BORIS, su presencia en los sitios de union de CTCF
resulta escasa. Estos hallazgos sugieren que BORIS podria desempefiarse como un factor de
transcripcion pionero, facilitando la apertura de la cromatina y el reclutamiento de otros
factores de transcripcion, incluyendo a TBP. Esta funcién de BORIS es coherente con la
capacidad de TBP de formar parte del PIC, por lo cual nuestros resultados aportan nuevas
evidencias sobre el mecanismo molecular mediante el cual BORIS regula la expresion
génica (Pugacheva et al., 2024).

En resumen, los datos presentados sugieren un modelo de interaccion entre BORIS y
TBP que ofrece una nueva perspectiva sobre los mecanismos moleculares implicados en la
regulacion transcripcional mediada por BORIS. La identificacion de la regiéon de
interaccion entre BORIS y TBP, junto con su baja identidad con CTCF, plantea una
prometedora oportunidad para el desarrollo de terapias dirigidas especificamente a BORIS.
Al inhibir su interaccion con TBP, se podria modular la actividad transcripcional de genes
clave involucrados en procesos patoldgicos, sin afectar significativamente a la funcién de
CTCF. Sin embargo, se requieren estudios adicionales para validar este modelo y explorar
el potencial terapéutico de esta estrategia.
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10. Conclusiones

A través del andlisis de datos transcriptémicos, se identificaron las lisinas de histonas de
la subfamilia KDM4 como blancos terapéuticos prometedores en diversos tipos de cédncer.
Estudios in silico revelaron que los flavonoides poseen una afinidad preferencial por el sitio
catalitico de estas enzimas. Mediante técnicas de acoplamiento molecular, se diseharon y
evaluaron moléculas candidatas a firmacos capaces de inhibir la actividad de las KDM4. La
integracion de los datos transcriptomicos y de acoplamiento molecular permitié construir
una red de interaccion farmaco-ligando-proteina, lo cual constituye una herramienta
invaluable para la seleccion de compuestos candidatos para su uso en la medicina
personalizada. Ademads, mediante el empleo de herramientas de modelado molecular, se
exploraron las posibilidades de desarrollar inhibidores selectivos de BORIS. Los resultados
obtenidos permitieron identificar regiones especificas de la proteina como blancos
potenciales para el disefo de farmacos. Ademas, se validé experimentalmente la interaccion
de BORIS con TBP, lo cual amplia el panorama para la busqueda de moléculas inhibitorias
que no tengan como blanco a CTCF.

Este estudio ha evaluado el potencial de las proteinas KDM4 y BORIS como nuevas
dianas terapéuticas en el tratamiento del cdncer. A través de un enfoque interdisciplinario
que combina andlisis de datos dmicos y modelado molecular, hemos identificado moléculas
con potencial de inhibir selectivamente la actividad de estas enzimas. Nuestros hallazgos
no solo amplian nuestro conocimiento sobre los mecanismos moleculares subyacentes a la
tumorigénesis, sino que también abren nuevas vias para el desarrollo de terapias eficaces y
personalizadas contra una amplia gama de tipos de cdncer. Los resultados obtenidos en este
trabajo constituyen un punto de partida sélido para futuras investigaciones encaminadas a
la evaluacion preclinica y clinica de estos compuestos, asi como a la exploracién de nuevos
mecanismos moleculares regulados por KDM4 y BORIS.
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11. Perspectivas

Este trabajo sienta las bases para explorar nuevas estrategias terapéuticas contra el cancer,
centradas en la inhibicion de las enzimas KDM4 y BORIS. Las perspectivas futuras de esta
investigacion se pueden enmarcar en los siguientes ejes:

Desarrollo de nuevas estrategias terapéuticas:

= La identificacion de moléculas con afinidad por los sitios cataliticos de KDM4 y los
dominios especificos de BORIS abre la puerta al disefio racional de farmacos mas
potentes y selectivos.

= [os compuestos candidatos identificados en este estudio deberdn ser evaluados en
modelos preclinicos para determinar su eficacia y seguridad en la inhibicién del
crecimiento tumoral y la induccién de apoptosis. El uso de repositorios de farmacos
ya aprobados por la FDA permite reducir el tiempo de pruebas preclinicas, asi como
el costo de la investigacion necesaria para llevar las terapias a los pacientes.

= [aexploracion de sinergia entre los diferentes blancos de un firmaco, podria potenciar
los efectos terapéuticos de los inhibidores de KDM4 y BORIS, tal como se sugiere
en las redes construidas en este trabajo. Ademads, la combinacién de la informacién
gendmica del paciente con los datos obtenidos en este estudio permitira seleccionar los
tratamientos mds adecuados para cada individuo.

Comprension de los mecanismos moleculares de la tumorigénesis:

= El estudio de las interacciones moleculares entre TBP, BORIS y otras proteinas
involucradas en la regulacion de la expresion génica permitird comprender mejor los
mecanismos moleculares subyacentes a la tumorigénesis.

» La generaciéon de modelos con alteraciones en la expresion de KDM4 y BORIS
permitird estudiar el papel de estas enzimas en la iniciacién y progresion del céncer,
asi como evaluar la eficacia de las terapias dirigidas.

= El andlisis de los perfiles de expresion génica en células tratadas con inhibidores de
KDM4 y BORIS podria contribuir a comprender los mecanismos mediante los cuales
estas proteinas regulan la expresion génica.
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En resumen, este trabajo abre nuevas perspectivas de investigacién en el campo de la
farmacologia, con un potencial impacto significativo en el desarrollo de nuevas terapias contra
el céncer.
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A. Constantes de Michaelis para los
miembros de la subfamilia KDM4

Tabla A.1: Valores de Km para cada miembro de la subfamilia KDM4. Datos tomados de Hillringhaus et al.
(2011)

H3K9me2 H3K9me3
KDM4A 73 +26 pM 45 +7 pM
KDM4B 50+ 11 pM 31 +10 pM
KDM4C 66 + 14 uM 48 £+ 9 UM
KDM4D 74 £ 6 UM 37+9 uM
KDM4E 25+3 M 23 +4 M
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B.

Figura B.1: Clasificaciéon de las isoformas de BORIS. El gen CTCFL esté representado en la parte superior
con sus tres sitios de transcripcion diferentes. Los dieciséis exones se representan como recuadros, los exones
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BORIS
isoforms

BORIS A3
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Figura B.2: Modelado 3D de las isoformas de BORIS. Las 17 isoformas de BORIS descritas por Link et al.
(2013) se modelaron con AlphaFold. El dominio N-terminal se muestra en negro, el C-terminal en azul, y los
dedos de zinc en rojo y amarillo.
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C. Parametros para el algoritmo FILTER de

OpenEye.

MAX_COUNT_FORMAL_CRG 4 "Maximum number of formal charges"

MAX_XLOGP 1.0 "Maximum XLogP"

3 MIN_SOLUBILITY soluble "Minimum solubility"

MAX_LIPINSKI 3 "Maximum number of Lipinski violations"

PSA_USE_SandP false "Count S and P as polar atoms"

MIN_2D_PSA 100.0 "Minimum 2-Dimensional (SMILES) Polar Surface Area"
MAX_2D_PSA 250.0 "Maximum 2-Dimensional (SMILES) Polar Surface Area"

RULE
RULE
RULE
RULE
RULE

s RULE

RULE
RULE
RULE
RULE
RULE
RULE
RULE
RULE
RULE

3 RULE

RULE
RULE
RULE
RULE
RULE
RULE
RULE
RULE

1

N = = T = T e e o e e N S N e e T e

acid
acid_chloride
acid_halide
alkyl_phosphate
alkylating_agent
amide

amine

amino_acid
carboxylic_acid
cation C_Cl1l_I _P_or_S
disulfide
hydroxylamine
nitro
N_P_S_Halides
organometallic
phosphoric_acid
phosphoric_ester
sulfinimine
sulfinylthio
sulfonamide
thiocarbonyl
thioester

thiol

thiourea
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D. Archivos de entrada para Modeller

I from modeller import *
> from modeller.automodel import x*

1 class MyModel (AutoModel):

5 def special_restraints(self, aln):

6 rsr = self.restraints

7 for ids in (('SG:4:A', 'ZN:286:B'),

8 ('SG:7:A'", 'ZN:286:B'),

9 ('NE2:20:A', 'ZN:286:B'),

10 ('NE2:24:A', 'ZN:286:B'),
0 ('SG:32:A', 'ZN:287:B'),

12 ('SG:35:A', 'ZN:287:B'),

13 ('NE2:48:A', 'ZN:287:B'),
14 ('NE2:53:A', 'ZN:287:B'),
15 ('SG:61:A', 'ZN:288:B'),

16 ('SG:64:A', 'ZN:288:B'),

17 ('NE2:77:A', 'ZN:288:B'),
18 ('NE2:81:A', 'ZN:288:B'),
19 ('SG:89:A', 'ZN:289:B'),

20 ('SG:92:A', 'ZN:289:B'),

21 ('NE2:105:A', 'ZN:289:B'),
2 ('NE2:109:A', 'ZN:289:B'),
23 ('SG:117:A', 'ZN:290:B'),
24 ('SG:120:A', 'ZN:290:B'),
25 ('NE2:133:A', 'ZN:290:B'),
26 ('NE2:138:A', 'ZN:290:B'),
27 ('SG:147:A', 'ZN:291:B'),
28 ('SG:150:A"', 'ZN:291:B'),
29 ('NE2:163:A', 'ZN:291:B'),
30 ('NE2:168:A', 'ZN:291:B'),
31 ('SG:177:A', 'ZN:292:B'),
EY) ('SG:180:A', 'ZN:292:B'),
33 ('NE2:193:A', 'ZN:292:B'),
34 ('NE2:197:A', 'ZN:292:B'),
35 ('SG:205:A', 'ZN:293:B'),
36 ('SG:208:A" 'ZN:293:B'),

37 ('NE2:221:A', 'ZN:293:B'),
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('NE2:225:A', 'ZN:293:B'),
('8G:233:A', 'ZN:294:B'),
('SG:236:A', 'ZN:294:B'),
('NE2:249:A', 'ZN:294:B'),

('NE2:254:A', 'ZN:294:B'),
('SG:265:A', 'ZN:295:B'),
('SG:268:A', 'ZN:295:B'),

('NE2:281:A', 'ZN:295:B'),
('SG:285:A', 'ZN:295:B"')

)
atoms = [self.atoms[i] for i in ids]
rsr.add (forms.UpperBound (group=physical.upper_distance,
feature=features.Distance(*atoms),
mean=2.3, stdev=0.3))
env = Environ()
env.io.hetatm = True
a = MyModel(env, alnfile='BORIS_CTCF.ali',
knowns=('5TOU_A"','5YEL', 'BYEF'),
sequence="'BORIS_ZF',
assess_methods=(assess.DOPE,
#soap_protein_od.Scorer (),
assess.GA341))
> a.starting_model = 1

; a.ending_model = 1000

a.make ()

Alignment file for BORIS in .pir format (BORIS_CTCF.ali)

>P1;BORIS_ZF
sequence : BORIS_ZF::::human:BORIS:::

5 PHLCHLCLKTFRTVTLLRNHVNTHTGTRPYKCNDCNMAFVTSGELVRHRRYKHTHEKPFK

CSMCKYASVEASKLKRHVRSHTGERPFQCCQCSYASRDTYKLKRHMRTHSGEKPYECHIC
HTRFTQSGTMKIHILQKHGENVPKYQCPHCATIIARKSDLRVHMRNLHAYSAAELKCRYC
SAVFHERYALIQHQKTHKNEKRFKCKHCSYACKQERHMTAHIRTHTGEKPFTCLSCNKCF
RQKQLLNAHFRKYHDANFIPTVYKCSKCGKGFSRWINLHRHSEKC/zzzzzzzzzz/. ..

....................... T
B /

*

>P1;5TOU_A
structureX:Temp_CTCF5tOu.pdb:293:A:336::::3.20:0.231

5 THKCHLCGRAFRTVTLLRNHLNTHTGTRPHKCPDCDMAFVTSGE----———---------
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33

S}

>P1;5YEL
structureX:Temp_CTCF5YEL.pdb:406:A:577::::2.96:0.269

————————————————————————————————————————————————————— PYECYIC
HARFTQSGTMKMHILQKH---VAKFHCPHCDTVIARKSDLGVHLRKQHSYIEQGKKCRYC
DAVFHERYALIQHQKSHKNEKRFKCDQCDYASRQERHMIMHKRTHTG -KPYACSHCDKTF
RQKQLLDMHFKRYHDP -~ VPAAFVCSKCGKTFTRRNTMARHDNAC/----zzzzzz/ . . .

....................... it
G E LT /

*

>P1;5YEF

structureX:Temp_CTCFb5yef .pdb:321:A:436::::2.96:0.269
———————————————————————————— PHKCPDCDMAFVTSGELVRHRRYKHTHEKPFK

CSMCDYASVEVSKLKRHIRSHTGERPFQCSLCSYASRDTYKLKRHMRTHSGEKPYECYIC
HARFTQSGTMKMHILQKHTENVAK — === === === === oo oo

Alignment file for CTCF in .pir format (CTCF_CTCF.ali)

>P1;CTCF_ZF
sequence : CTCF_ZF :293: :557: human:CTCF: : :

; PHKCHLCGRAFRTVTLLRNHLNTHTGTRPHKCPDCDMAFVTSGELVRHRRYKHTHEKPFK

I

CSMCDYASVEVSKLKRHIRSHTGERPFQCSLCSYASRDTYKLKRHMRTHSGEKPYECYIC
HARFTQSGTMKMHILQKHTENVAKFHCPHCDTVIARKSDLGVHLRKQHSYIEQGKKCRYC
DAVFHERYALIQHQKSHKNEKRFKCDQCDYACRQERHMIMHKRTHTGEKPYACSHCDKTF
RQKQLLDMHFKRYHDPNFVPAAFVCSKCGKTFTRRNTMARHDNAC/zzzzzzzzzz/. . .

....................... T
B /
*
>P1;5TOU_A
structureX:Temp_CTCF5tOu.pdb:293:A:336::::3.20:0.231

5 THKCHLCGRAFRTVTLLRNHLNTHTGTRPHKCPDCDMAFVTSGE----------------
e e /zz-------- /===
_______________________ iy B
R e /
*
>P1;5YEL
structureX:Temp_CTCFS5YEL.pdb:406:A:577::::2.96:0.269

————————————————————————————————————————————————————— PYECYIC
HARFTQSGTMKMHILQKH---VAKFHCPHCDTVIARKSDLGVHLRKQHSYIEQGKKCRYC
DAVFHERYALIQHQKSHKNEKRFKCDQCDYASRQERHMIMHKRTHTG -KPYACSHCDKTF

7 RQKQLLDMHFKRYHDP --VPAAFVCSKCGKTFTRRNTMARHDNAC /----zzzzzz/. ..
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30 *

31 >P1;5YEF

»» structureX:Temp_CTCFS5yef .pdb:321:A:436::::2.96:0.269

33 mm T s oo s — o ——— - PHKCPDCDMAFVTSGELVRHRRYKHTHEKPFK
3 CSMCDYASVEVSKLKRHIRSHTGERPFQCSLCSYASRDTYKLKRHMRTHSGEKPYECYIC
55» HARFTQSGTMKMHILQKHTENVAK - - - - === - -------—-—----— - - —————————
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> =

E. Parametros usados en las simulaciones

de Dinamica Molecular

E.l

title =

;3 integrator

emtol

5 emstep

» nsteps

nstlist
cutoff-scheme
ns_type

rlist

> coulombtype
3 rcoulomb

vdwtype
vdw-modifier

» rvdw-switch

7 rvdw

pbc
DispCorr

Steepest descent minimization

Minimization

= steep

100.0
0.01
50000

10
Verlet
grid
1.2
PME
1.2
cutoff
force-switch
1.0
1.2
Xyz

no

E.2 Conjugate gradients minimization

title =

integrator

s emtol

emstep

7 nsteps

o0

nstcgsteep

nstlist

Minimization

cg
100.0
0.02
50000

= 100

10
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11 cutoff-scheme = Verlet

2 ns_type = grid

3 rlist =1.2

14 coulombtype = PME

15 rcoulomb =1.2

16 vdwtype = cutoff

17 vdw-modifier = force-switch
13 rvdw-switch =1.0

19 rvdw = 1.2

20 pbc = Xyz

21 DispCorr = no

E.3 NVT equilibration

1 define = -DPOSRES
> ; Run parameters

5 integrator = md

4+ nsteps = 50000

5 dt = 0.002

6 ; Output control

7 nstenergy = 500

s nstlog = 500

9 nstxout-compressed = 500

10 ; Bond parameters

11 continuation = no

2 constraint_algorithm = lincs

13 constraints = h-bonds
4 lincs_iter =1

5 lincs_order 4
16 ; Neighbor searching and vdW

17 cutoff -scheme = Verlet

1z ns_type = grid

19 nstlist = 20

0 rlist = 1.2

21 vdwtype = cutoff

22 vdw-modifier = force-switch
23 rvdw-switch = 1.0

24 rvdw = 1.2

»5 ;3 Electrostatics

26 coulombtype = PME

27 rcoulomb = 1.2

23 pme_order =4

9 fourierspacing = 0.16

50 ; Temperature coupling

31 tcoupl = V-rescale

2 tc—-grps = Protein_ZN2_DNA Water_NA_CL
33 tau_t = 0.1 0.1

4 ref_t = 300 300

35 ; Pressure coupling

36 pcoupl = no

37 ; Periodic boundary conditions
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pbc

DispCorr

> ; Velocity generation
» gen_vel

gen_temp

5 gen_seed

E.4 NPT equilibration

define

; Run parameters
integrator

nsteps

dt

; Output control
nstenergy

nstlog

nstxout -compressed
; Bond parameters
continuation

3 constraint_algorithm

constraints
lincs_iter
lincs_order

; Neighbor searching and

cutoff-scheme
ns_type
nstlist

rlist

vdwtype

3 vdw-modifier

rvdw-switch

rvdw

; Electrostatics
coulombtype
rcoulomb
pme_order
fourierspacing

; Temperature coupling

tcoupl

33 Tc-grps

tau_t

ref t

; Pressure coupling
pcoupl

pcoupltype

tau_p

ref_p

A%

Xyz

no

yes
300

-DPOSRES

md
50000
0.002

500
500
500

yes
lincs
h-bonds

1

4

daw

Verlet

grid

20

1.2

cutoff
force-switch
1.0

1.2

V-rescale
Protein_ZN2_DNA Water_ NA_CL

0.1 0.1
300 300
Berendsen
isotropic
2.0
1.0
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compressibility
refcoord_scaling

pbc
DispCorr

; Velocity gemeration
gen_vel

4.5e-5
com

5 ; Periodic boundary conditions

Xyz

no

no

E.S5 Molecular dynamics: Production run

; Run parameters
integrator

nsteps

dt

; Output control
nstenergy

nstlog

nstxout -compressed
; Bond parameters
continuation
constraint_algorithm
constraints

3 lincs_iter

lincs_order

md
25000000
0.002

5000
5000
5000

yes
lincs
h-bonds
1

4

; Neighbor searching and vdW

cutoff-scheme
ns_type
nstlist

rlist

vdwtype
vdw-modifier
rvdw-switch

3 rvdw

; Electrostatics
coulombtype

rcoulomb

pme_order
fourierspacing

; Temperature coupling
tcoupl

tc-grps

tau_t

33 ref_t

; Pressure coupling
pcoupl

pcoupltype

tau_p

ref_p
compressibility

Verlet

grid

20

1.2

cutoff
force-switch
1.0

1.2

V-rescale
Protein_ZN2_DNA Water NA_CL
0.1 0.1
300 300

Parrinello-Rahman
isotropic

2.0

1.0

4.5e-5

; Periodic boundary conditions
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pbc

3 DispCorr

; Velocity generation

5 gen_vel

Xyz

no

no
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F. Secuencia de comandos utilizados para
el analisis de acoplamiento molecular de

BORIS y CTFC

#! /bin/bash
workdir=/DATA/Aylin/BORIS_CTCF_Docking/

5 1ligLib=/DATA/LigandsDB/DrugBank/mol2/

[T RN

cpus=2
proteins="BORIS CTCF"
databases="DrugBank"

sites="Sitel Site2"

for i in $databases

do
for x in $proteins
do
echo "---——=----- DiffDock-------- "
if [ ' -d "/$workdir/$x/$i/DiffDockResults" ]; then

mkdir /$workdir/$x/$i/

bash /DATA/Aylin/Scripts/Docking/diffdock_batch.sh \
--ligandDir /DATA/LigandsDB/$i/sdf/ \

--protein $workdir/$x\_clean.pdb \

--splits 1 \

--outdir $workdir/$x/$i/

else

echo "/$workdir/$x/$i/DiffDockResults already exists. Skipping"
fi

mkdir $workdir/$x/$i/Sitel/
mkdir $workdir/$x/$i/Site2/

mkdir /$workdir/$x/$i/DiffDock_sdf
for f in $workdir/$x/$i/DiffDockResults/*/*.sdf
do
b="basename $f .sdf"
dir=$(cat $f | head -n 1 | awk '{print $2}')
obabel -i sdf $f -o sdf -0 /$workdir/$x/$i/DiffDock_sdf/$dir\_$b.sdf
done
echo "---——-=----- Vina ----—-—----



85

86

88

89

90

echo "SITE1"

bash /DATA/Aylin/Scripts/Docking/vina.sh \
--ligand /DATA/LigandsDB/$i \

--outDir $workdir/$x/$i/Sitel/ \

--split 20 \

--config /DATA/Aylin/BORIS_CTCF_Docking/config_$x\_S1.txt

echo "SITE2"

bash /DATA/Aylin/Scripts/Docking/vina.sh \
--ligand /DATA/LigandsDB/$i/ \

--outDir $workdir/$x/$i/Site2/ \

--split 20 \

--config /DATA/Aylin/BORIS_CTCF_Docking/config_$x\_S2.txt

echo "-—-————————- PLANTS ----—-—-——= "
echo "SITE 1"

if [ ! -d "/$workdir/$x/$i/Sitel/PLANTS" ]; then
mkdir $workdir/$x/$i/Sitel/PLANTS/

bash /DATA/Aylin/Scripts/Docking/parallelPLANTS.sh \
$workdir/$x/$x\ _clean.mol2 \
/DATA/LigandsDB/$i/PLANTS .mol2 \

$cpus \

$workdir/bindingsite_S1.def \
$workdir/$x/$i/Sitel/PLANTS/

else

echo "/$workdir/$x/$i/Sitel/PLANTS already exists. Skipping"

fi

echo "SITE 2"

if [ ' -d "/$workdir/$x/$i/Site2/PLANTS" ]1; then
mkdir $workdir/$x/$i/Site2/PLANTS/

bash /DATA/Aylin/Scripts/Docking/parallelPLANTS.sh \
$workdir/$x/$x\_clean.mol2 \
/DATA/LigandsDB/$i/PLANTS .mol2 \

$cpus \

$workdir/bindingsite_S2.def \
$workdir/$x/$i/Site2/PLANTS/

else

echo "/$workdir/$x/$i/Site2/PLANTS already exists. Skipping"
fi

for site in $sites

do

find $workdir/$x/$i/$site/PLANTS/results -name "*x *"
rm $workdir/$x/$i/$site/names. txt

touch $workdir/$x/$i/$site/names.txt

#Convert Vina output to mol2

#

echo "Spliting Vina results and converting to .mol2"
mkdir $workdir/$x/$i/$site/Vina_mol2

for f in $workdir/$x/$i/$site/VinaResults/*.pdbqt

do

-type £

rename
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96

97

)8

done

done

done

b="basename $f .pdbqt"

ligand=$(cat $1ligLib/$b.mol2 | sed -n '2 p' | awk '{print $2}')

echo "$ligand $b" >> $workdir/$x/$i/$site/names. txt

obabel -i pdbqt $f -o mol2 -0 $workdir/$x/$i/$site/Vina_mol2/$ligand\_pose.mol

116



G. Mapas de plasmidos

G.1 CTCFL/BORIS ¢cDNA ORF Clone, Human, C-GFPSpark® tag

CTCFL/BORIS cDNA ORF Clone, Human, C-GFPSparke tag |

8669 bp
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G.2 CTCF c¢DNA ORF Clone, Human, C-GFPSpark® tag

Clal

CTCF cDNA ORF Clone, Human, C-GFPSparke tag ﬂt

8861 bp ;)
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G.3 CTCF cDNA ORF Clone, Human, HA tag

CTCF cDNA ORF Clone, Human, C-HA tag
E174 hp

PRImerFH &
HA-TaE IE!'-'.
Sackbone peg pu (DN
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G.4 BORIS cDNA ORF Clone, Human, HA tag

CTCFL/BORIS cDMA ORF Clone, Human, C-HA tag

7982 bp
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P | and Applications

ARTICLE

www.nature.com/npjsba

W) Check for updates

Comparative transcriptome analysis reveals key epigenetic
targets in SARS-CoV-2 infection

Marisol Salgado-Albarran

Rodrigo Gonzalez-Barrios*® and Ernesto Soto-Reyes (@' &

27 Erick I. Navarro-Delgado 7, Aylin Del Moral-Morales @', Nicolas Alcaraz @, Jan Baumbach @”°,

5,6

COVID-19 is an infection caused by SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus 2), which has caused a global
outbreak. Current research efforts are focused on the understanding of the molecular mechanisms involved in SARS-CoV-2 infection
in order to propose drug-based therapeutic options. Transcriptional changes due to epigenetic regulation are key host cell
responses to viral infection and have been studied in SARS-CoV and MERS-CoV; however, such changes are not fully described for
SARS-CoV-2. In this study, we analyzed multiple transcriptomes obtained from cell lines infected with MERS-CoV, SARS-CoV, and
SARS-CoV-2, and from COVID-19 patient-derived samples. Using integrative analyses of gene co-expression networks and de-novo
pathway enrichment, we characterize different gene modules and protein pathways enriched with Transcription Factors or
Epifactors relevant for SARS-CoV-2 infection. We identified EP300, MOV10, RELA, and TRIM25 as top candidates, and more than 60
additional proteins involved in the epigenetic response during viral infection that has therapeutic potential. Our results show that
targeting the epigenetic machinery could be a feasible alternative to treat COVID-19.

npj Systems Biology and Applications (2021)7:21; https://doi.org/10.1038/s41540-021-00181-x

INTRODUCTION

The coronavirus family (CoV) are non-segmented, positive-sense,
and enveloped RNA viruses that have been identified as the cause
of multiple enteric and respiratory diseases in both animals and
humans'. Three major CoV strains of this family have caused
recent human pandemics: the Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2002-20032, severe acute respiratory
syndrome coronavirus 1 (SARS-CoV) in 2012, and SARS-CoV-2 in
2020°. The most recent one was identified in Wuhan, China by the
end of 2019 and is the etiological origin of atypical pneumonia
known as Coronavirus Disease 2019 (COVID-19), which has caused
a global outbreak and is one of the top sixth public health
emergencies of international concern® with 98,089,877 confirmed
cases and 2,100,404 deaths as of January 2021, leading to the
biggest CoV pandemic in modern times®.

By being intracellular pathogens, viruses' infection strategy
requires the continuous subordination and exploitation of cellular
transcriptional machinery and metabolism in order to ensure its
own expansion. To do so, the host genome expression must be
used and, to be successful, this will depend on chromatin
dynamics and transcription regulation, which are principally ruled
by epigenetic mechanisms, such as DNA methylation, histone
post-translational modifications (HPTM), and transcription factors
(TFs)°. During a viral infection, it has been reported that epigenetic
and transcriptional changes occur for both sides: the infected cell
promotes an antiviral environmental response, leading to the
induction of pathways to survive, while the virus switches off the
expression of critical anti-viral host cell genes”®.

Several studies have reported the importance of epigenetic
modifications in viral infections. In the influenza virus, specific
gene promoter DNA methylation®, decreased H3K4me3 (a

hallmark of active chromatin)'®, histone acetylation in H3 and
H4 histones, and increased levels of H4K20me2 and unmodified
H3K36 and H4K79 have been reported''. Interestingly, these
HPTMs do not always trigger the same mechanisms and lead to
similar phenotypes; for example, depletion of H3K79me2, an
epigenetic mark that is usually increased upon viral infections due
to an upregulation of DOTIL, results in impaired viral growth in
human cytomegalovirus infection'?, while enhancing the replica-
tion in influenza virus''. However, these mechanisms usually lead
to host transcriptional inactivation, which contributes to the
altered cellular transcription produced by viral infections.
Regarding CoVs, few experimental studies have been con-
ducted to unravel the epigenetic proteins and marks involved in
their infection and pathogenesis in MERS-CoV and SARS-CoV,
being especially scarce in SARS-CoV-2 due to its recent
appearance. For MERS-CoV and SARS-CoV, different outcomes
have been reported, such as the mechanisms used to control the
interferon-stimulated genes, which involve H3K27 methylation in
MERS-CoV but not in SARS-CoV'?, and the ones used to down-
regulate antigen-presenting molecules, which involves DNA
methylation in MERS-CoV and not in SARS-CoV’. These studies
show that epigenetic mechanisms are highly important in the host
gene expression control carried out by the virus and that, despite
the phylogenetic closeness, these mechanisms can be very
different between strains, highlighting the need to understand
the epigenetic processes that play a role in SARS-CoV-2 infection.
Integrative computational methods are promising approaches
used to generate research hypotheses, generate consensus
regulatory networks and describe deregulated processes in
SARS-CoV-2 infection'*'®. Nevertheless, they have overlooked
key epigenetic and TFs that underlie the infected phenotype.
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Since drugs that target the epigenetic landscape of diseased cells
have shown great potential and have proved to be game-
changing as complementary treatments of complex diseases, such
as cancer'®, the identification of these key epigenetic proteins and
TFs become highly important in our current context, where
popular regimen candidates for treating COVID-19, such as
Remdesivir, Hydroxychloroquine, Lopinavir, and Interferon have
shown to have little or no effect on reducing mortality of
hospitalized COVID-19 individuals'”.

In this work, we gathered publicly available RNA-seq data
from SARS-CoV-2, SARS-CoV, and MERS-CoV infected cell lines
and patient samples and performed differential expression
analyses together with a weighted gene co-expression network
analysis to identify unique and shared central epigenetic players
in SARS-CoV-2, SARS-CoV, and MERS-CoV. Candidate genes were
further prioritized by integrating differentially expressed genes
(DEGS), enrichment tests, gene-coexpression network, and
viral-host protein—protein interaction network analysis to
propose potential key epigenetic proteins involved in SARS-
CoV-2 infection. Finally, we identified currently approved drugs
that target key epigenetic drivers of SARS-CoV-2 infection,
and thus they are potential new therapeutic approaches for
COVID-19.

RESULTS

SARS-CoV-2, SARS-CoV, and MERS-CoV induce different
transcriptional and epigenetic responses during infection in
pulmonary cell lines

In order to identify the genes that change their expression in
pulmonary cell lines (Calu-3, MRC-5, A549, and NHBE) due to
infection of Coronaviruses such as MERS-CoV, SARS-CoV, or SARS-
CoV-2, differential expression analysis was performed in RNA-seq
data (Supplementary Table 1).

As a first approach, we evaluated the overlapping DEGs
identified for each virus regardless of the cell type and in
common among viruses (Supplementary Table 2). For MERS-CoV
and SARS-CoV, the overlap among all cell conditions was
considered. For SARS-CoV-2, the overlap among 3 out of the 4
cell conditions was used, since the NHBE cell line showed a small
number of DEGs most likely because these cells are derived from
normal bronchial epithelial cells'®'® (Supplementary Fig. 1a). We
observed that the majority of the virus-associated genes are
unique for each virus and a small proportion is shared among
them. Specifically, only three genes were differentially expressed
during infection in cell lines regardless of the virus evaluated (Fig.
1a). Furthermore, GO enrichment analysis (Fig. 1b) shows that the
top ten enriched GO terms are different for each virus, except
“cellular response to lipopolysaccharide”, shared between SARS-
CoV-2 and SARS-CoV; however, the three viruses share terms
related to immune response processes (Supplementary Fig. 1b).
The latter shows that, despite their phylogenetic relationship, the
main changes in gene expression driven by MERS-CoV, SARS-CoV-
2, and SARS-CoV infection are divergent at both levels: at the DEGs
and the cellular processes, suggesting that each virus uses specific
molecular strategies during infection.

Subsequently, we inspected the DEGs with epigenetic or
transcriptional regulatory function present among viruses, here-
inafter referred to as epigenes. A comparative analysis of the DEGs
among the three viruses revealed that only INO80D, a regulatory
component of the chromatin remodeling INO80 complex, is
shared among them. MERS-CoV and SARS-CoV only share the
histone deacetylase HDAC9; while MERS-CoV and SARS-CoV-2
share DUSP1, KDM6B, CHD2, and GADD45A. Between SARS-CoV
and SARS-CoV-2, we found PBK MYSMI1, ZNF711, and PCGF5
(Fig. 1¢, Supplementary Fig. 1c). In addition, given that TFs are also
key elements in gene remodeling and regulation, we evaluated
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the ones differentially expressed across viruses and none of them
was affected in all conditions. However, MERS-CoV and SARS-CoV
share ZNF484 and CEBPD; SARS-CoV and SARS-CoV-2 share ZEBI,
ZEBTB20, NR4A1, and FOXN2, and between MERS-CoV and SARS-
CoV-2 15 shared TFs were found, including RELB, JUN, FOSB, E2F8,
among others (Fig. 1c, Supplementary Fig. 1d).

Furthermore, the analysis showed that the differentially
expressed epifactors belong to a wide range of functional
categories, such as histone writers, histone readers, histone erases,
Polycomb group proteins, chromatin remodeling, DNA modifica-
tions, among others (Fig. 1d). In addition, regarding differentially
expressed TFs, cell lines infected with SARS-CoV-2 show differ-
ential expression of TFs of the STAT (mediators of the cellular
response to cytokine) and IRF (interferon-regulatory factor) family,
which are not differentially expressed in MERS-CoV and SARS-CoV
(Fig. 1e). We noted that most of the TFs that are differentially
expressed and shared between two or more of the Coronaviruses
infected cells are members of the Znf TF family (ZNF436, 448, 543,
597, 773, XSCAN12, ZEB1, ZDTB20, KLF10, and HIVEP1) bHLH
family (MXD1 and MXD4), involved in CCAAT/Enhancer Binding
Protein (C/EBP) (DDIT3 and CEPPD), NF-kB complex (RELB), AP-1
complex (FOSB, JUN), ETS family (SPDEF) and E2F TF, among
others (Supplementary Fig. 1c).

Since the repeated elements contained in the genome and their
expression can also be regulated by epigenetic components, we
evaluated the changes in gene expression of repeat elements after
viral infection (Supplementary Table 3). We found that 47, 22, and
319 repeat elements are differentially expressed in SARS-CoV-2,
SARS-CoV, and MERS-CoV infected cell lines, respectively. In SARS-
CoV-2, the repeat elements belong predominantly to the long
interspersed nuclear elements (LINE; 13 elements), long terminal
repeat (LTR; 17 elements), and DNA repeat elements (17 elements)
families. Similarly, for SARS-CoV and MERS-CoV we found LINE (5
and 59 elements), LTR (10 and 179 elements), and DNA repeat (5
and 65 elements). Interestingly, short interspersed nuclear
elements (SINE) elements are not differentially expressed (only
three elements found in MERS-CoV) and few Satellite elements
were identified (3, 1, and 10 in SARS-CoV-2, SARS-CoV, and MERS-
CoV, respectively) The elements L1MA4:L1:LINE, L1PA8A:L1:LINE
and LTR54:ERV1:LTR are shared among all viruses. Notably, the L1
or LINE-1 elements are the only autonomous transposons that
remain active in the human genome and are mainly repressed by
epigenetic mechanisms such as HPTMs (H3K9me3)?°. The latter,
along with the fact that SARS-CoV-2 infected cells overexpress the
histone demethylases KDM7A and KDM6B that target the
heterochromatin  histone marks such as H3K9me and
H3K27me?' (Supplementary Fig. 1c), suggest that SARS-CoV-2
infection could promote an open chromatin conformation, thus
affecting the transcriptional expression and the derepression of
the repeated sequences.

SARS-CoV-2 transcriptional effect in COVID-19 patient-derived
samples

Afterward, we evaluated the transcriptional response in patient
samples infected with SARS-CoV-2 to assess their resemblance to
the previously observed results in cell lines. For this purpose, we
obtained datasets from samples of bronchoalveolar lavage fluid
(BALF) and lung. From the differential expression analysis, we
found 389 DEGs shared among both samples (Fig. 2a). In this
geneset, we identified 28 epigenes whose fold change direction
was consistent in most of the cases (Fig. 2b); GO enrichment
analysis shows that most of the DEGs were related to the immune
response to viral infection such as leukocyte mediated immunity
and humoral immune response (Fig. 2c). Furthermore, they were
involved in a wide range of epigenetic processes, such as histone
modification, chromatin remodeling, DNA modification, and TF
(Fig. 2d). Following, we evaluated the similarity of these results
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with the data observed for SARS-CoV-2 in infected cell lines by
comparing the overlap between the virus-associated genes with
the DEGs present in the patient’s samples (hereinafter referred as
patient-DEGs, 389 genes). We found 46, 10, and 22 genes in
common with SARS-CoV-2, SARS-CoV, and MERS-CoV respectively.
In particular, for SARS-CoV-2 infected cell lines and patients, 5 TFs
(STAT5A, MAFF, IRF9, MXD1, and STAT4) and no epifactors were
identified. The shared DEG between samples of SARS-CoV-2
infected patients and MERS-CoV and SARS-CoV infected cell lines,
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which were found at a lesser extent, is likely to be non-specific
viral-responding immune genes. Finally, we found that 804 and 20
repeat elements are differentially expressed in BALF and LUNG
samples, respectively, being LTR elements the most differentially
expressed in both samples (Supplementary Table 3). Collectively,
these results show that the gene expression changes promoted by
SARS-CoV-2 infection in patients are similar in respiratory tract
samples, where immune response processes are the main ones
affected.
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SARS-CoV-2 and MERS-CoV infection induce different
transcriptional fold changes in shared gene co-expression
modaules, which recapitulate the expression profiles in COVID-
19 patient-derived samples

So far, our analyses showed that cell lines and patient samples
infected with SARS-CoV-2 exhibited DEGs related to immunologi-
cal processes, which has been previously described by Blanco-
Melo et al?? and is congruent with our results. However,
differential expression analysis often overlooks the subtle
differences in several genes that all together can be responsible
for major changes in global transcriptional regulation. Weighted
gene co-expression network analysis overcomes this limitation by
studying the expression of thousands of genes in the same
analysis®3. Thus, we expanded our previous results by including a
co-expression analysis to identify gene modules associated with
each viral infection and genes that play central roles within them.

We constructed the co-expression network with the log2 fold
changes of each sample compared to its controls. After identifying
the modules, we calculated the correlation between each module
and the different traits, where we found that out of the 24 total
modules identified, 13 were significantly correlated to the
infection of any of the three viruses (Supplementary Fig. 2;
Supplementary Table 4). Specific modules are associated with
MERS-CoV (module 1), SARS-CoV (module 7), and SARS-CoV-2

M. Salgado-Albarran et al.
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(modules 9 and 10) (Fig. 3); shared modules were also identified.
Notably, more than half of the modules (7 out of 13) are
significantly associated with both SARS-CoV-2 and MERS-CoV;
contrary to SARS-CoV-2 and SARS-CoV, which have only one
module jointly associated. Remarkably, SARS-CoV-2 and MERS-CoV
share a higher number of modules that are significantly associated
with each virus. Even though the transcriptional profile is not the
same, as it can be seen by the opposing response, the same genes
from the shared modules are involved in both infections.
Therefore, those infections share more players relevant to the
infection than SARS-CoV-2 and SARS-CoV, as it would be expected.

Further analysis with GO enrichment analysis (Supplementary
Fig. 3), shows that genes in modules 11 and 12 are involved in the
host cell response to viral infection, while modules 4, 5, 7, 8, 10,
and 13 were associated with intracellular processes used by the
viruses during the infection, such as DNA replication, translation,
ribosome biogenesis, and protein folding. Interestingly, module 6
was found related to epigenetic processes, particularly, transcrip-
tional activation of promoters. These results show that, in addition
to the immunological processes identified in our previous
differential expression analysis, the transcriptional response to
SARS-CoV-2 and MERS-CoV infection contain genes that also
participate in RNA translation, DNA replication, and epigenetic
regulation.
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Fig. 3 Relevant modules for coronavirus infection. Summary of the analyses used to identify relevant modules for each infection. From left
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found in patients’ samples, and information of the module size.
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Following, in order to determine the modules that might be
more relevant to SARS-CoV, MERS-CoV, or SARS-CoV-2 infection in
terms of epigenetic regulation, we conducted enrichment
analyses to identify an over-representation of epigenes, virus-
associated gene sets, DEGs found in patients (Fig. 3).

When integrating these analyses, we found module 1 relevant
for MERS-CoV and module 7 for SARS-CoV infection since they are
exclusive for these viruses according to the co-expression analysis
(Fig. 3). To determine the most important epigenes for each of
these modules, we evaluated the eigengene-based connectivity
(Module Membership, MM) to find hub genes and the gene
significance (GS) of each gene. Subsequently, we prioritized them
by identifying drugs targeting them. After looking for candidate
drugs that targeted these central players, we found approved
medication for CDK7 and PCNA for SARS-CoV and NCOAT1, NR1H2,
PRKAB2, CLOCK, KDM1B, and ATF2 (Supplementary Fig. 4).

Regarding SARS-CoV-2, module 9 was uniquely associated with
it, but also other modules stood out. First, module 4 had a
consistent behavior between cell lines and patients, since we
found it negatively correlated to SARS-CoV-2 while being enriched
in downregulated genes in BALF and LUNG samples; in addition, it
was enriched in epifactors, suggesting an important role in viral-
related epigenetic modifications carried out by these genes. A
similar phenomenon is observed for module 12, which was
positively correlated with SARS-CoV-2 infection and enriched with
upregulated genes in patients and with SARS-CoV-2 DEGs. In
addition, modules 10 and 11 were positively correlated to SARS-
CoV-2 and enriched in SARS-CoV-2 DEGs, with module 11 being
also enriched with patient's DEGs. Module 6 was negatively
associated with SARS-CoV-2 in the co-expression network and
enriched with epigenes, and module 8 was enriched with
upregulated genes in PBMC and negatively associated with
SARS-CoV-2 in the co-expression network while being enriched
with epifactors and SARS-CoV-2-DEGs (Fig. 3). Finally, the
enrichment of TFs targets in each module was evaluated to
identify the ones that could explain the co-expression patterns of
the genes within the module. With this analysis, it was found that
Module 4 is enriched in the target genes of the transcriptional
factors MTA1, MORC2, and RBM34 that belong to the same
module (Supplementary Table 5), being MTA1 and RBMC34
differentially expressed in BALF samples. It is worth mentioning
that in most of these modules epigenes showed a higher MM than
the rest of the genes (Module 1: W = 164,249, p < 0.05, Module 2:
W = 1497, p < 0.05, Module 4: W= 51,768, p < 0.05, Module 6: W =
1359, p<0.05, Module 7: W=3741, p<0.05, Module 12: W=
113,820, p <0.05, Module 13: W=2,182,049, p < 0.05), evincing
their central role within their modules.

Collectively, these results show that the transcriptional response
to the infection of SARS-CoV-2 and MERS-CoV involve a higher
similarity regarding gene modules but with a different extent of
transcriptional change in host cells during infection, which
extends our previous observations in the differential expression
analysis. Therefore, the same genes in the shared modules play a
potential role in both infections, despite presenting a different
transcriptional behavior. Importantly, the virus-correlated co-
expression modules either recapitulate the changes in gene
expression observed in different COVID-19 patient sample types or
are enriched with epifactors, and also contain genes involved in
several biological processes related to viral infection, suggesting
that the data obtained in the cell lines could recapitulate what was
found in infected patients

Protein—protein interaction network analysis provides
additional therapeutic alternatives and new targets for drug
development for COVID-19

To prioritize epigenes that play a key function in each co-
expression module relevant for SARS-CoV-2 (modules 4, 6, 8-12),
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we examined them at the protein—protein interaction (PPI) level in
the context of SARS-CoV-2 infection. We constructed a PPI
network containing all experimentally validated human protein
interactions®* and the reported virus-host protein interactions
from Gordon et al. and Stukalov et al.>>%%, Using the virus—human
PPI network, we performed de novo pathway enrichment analysis
with KeyPathwayMiner?” to extract the largest network using a
selection of epigenes as input, while also taking into account the
SARS-CoV-2-DEGs and patient-DEGs previously identified. The
selection of epigenes for each module was based on their shortest
path length with viral proteins, their expression correlation with
viral genes, and their MM.

All genes contained in the networks identified (Fig. 4) provide
insights about the molecular machinery involved in SARS-CoV-2
infection, since the genes are either differentially expressed in
infected cell lines or patients, or they are hub-epigenes in the co-
expression analysis.

For module 4, the network obtained contains mainly epifactors.
Notably, DNMT1 directly interacts with the viral protein ORF8 and
with TRIM28, to which it is also highly co-expressed. Other
relevant epigenes in the networks are SIRT6 (highly co-expressed
and interactor of TRIM28), SENP3, MTA1 (a TF whose targets are
also enriched in module 4; Supplementary Table V), and BAP1
(differentially expressed in patients). Furthermore, MEPCE, an
snRNA methyl phosphate capping enzyme, is differentially
expressed in patients and interacts with viral protein NSP8.
Module 6 contains BRD4, which directly interacts with E viral
protein and is highly co-expressed with EP300, a histone
acetyltransferase. Another relevant epigene is SETD1B (related to
the trimethylation of H3K4> a unique epigenetic histone mark
related to transcriptional activation), which interacts with TRIM28,
present in module 4°%. For module 8, notable epigenes are CENPF,
differentially expressed in SARS-CoV and SARS-CoV-2 and directly
interacting with NSP13; and TOP2A, differentially expressed in
SARS-CoV infected cell lines and patients. EP300, an exception
node in module 9, interacts with several TFs such as NR2F2,
HOXB9, NR3C2, and SOX9. In module 10, RELA (also known as
nuclear factor NF-kB p65 subunit) and MOV10 are exception
nodes that interact with the TFs SMAD3, ZNF277, and UBE2D3.
Also, viral proteins ORF7B and ORF3 interact with FXYD2, STEAP1B,
and TMEM156, which are differentially expressed in SARS-CoV-2
infected cell lines. For module 11, IRF7 (interferon regulatory factor
7) and STAT5A interact with EP300. Module 12, also contains
epigenes of interest, such as MOV10 (Putative helicase MOV-10)
that interacts with the N protein, TRIM25, RELA, and TLE1, which
has a direct interaction with viral protein NSP13. Further genes
which are classified as hub-epigenes and are also differentially
expressed in cell lines or patients are FOS, CEBPD, NR4A1, PRDM1,
PCGF5, ZNF652, IRF2, and ZEB2.

Briefly, we identified relevant TFs known to participate in
Coronavirus infection and support the veracity of our results, such
as TFs from the STAT family (STAT1, STAT2, and STAT5A),
interferon regulatory factors (IRF7 and IRF2), cytokines (CCL3,
CCL4, and IL1B), and FOS and JUND, members of the AP-1
complex®®. However, we also identify important genes that appear
to be drivers of SARS-CoV-2 infection; such as the epifactors
MOV10 and EP300 and the TF RELA, since they are exception
connectors (genes that do not belong to the specific module, but
are important in the protein pathway found) in more than one
module (modules 6 and 9-11), and belong to modules enriched in
genes that participate in histone H3-K4 methylation and in the
response to interferon-gamma. EP300 is a histone acetyltransfer-
ase that was also identified in SARS-CoV-2 infected cell lines'.
Additionally, we found that MOV10, a putative helicase, also
participates in SARS-CoV-2 infection. The TF RELA has been
increasingly recognized as a crucial modulator of the response to
SARS-CoV-2 infection'**° and is part of the NF-kB complex, along
with RELB®', which is differentially expressed in MERS-CoV and
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SARS-CoV-2 infected cell lines (Supplementary Fig. 1D). TRIM25 is a
ubiquitin ligase required for the production of INF-1 and is
inhibited by the Nucleocapsid of SARS-CoV>32, Finally, TRIM28 (also
known as KAP1) has been shown to interfere with viral integration
into host genome®® and represses the expression of repeat
elements of the LINE family, in particular LINA4?', which was
previously identified as differentially expressed in cell lines
infected with the three Coronaviruses.
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Afterward, we evaluated whether the proteins in the networks
had annotated drugs targeting them. We found drugs for 69 out
of the total 260 proteins, being PLAU, RELA, NEK6, NR1H4, PTGS2,
PRKDC, ESR1, NR3C2, TTK, TOP2A, ADRB2, HDAC4, TRIM25, STK10,
RPS6KA5, and EP300 the ones with the most drugs identified
(more than 20). A total of 799 drugs were found, where Erlotinib,
Imatinib, Lapatinib, Sunitinib, S-adenosyl-L-homocysteine (SAH),
Quercetin, Tandutinib, RAF-265, Pictilisib, Neratinib, and Fedratinib
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Fig. 4 Protein-protein interactions network containing SARS-CoV-2-DEGs, patient-DEGs, or selected epigenes for modules 4, 6, 8-12.
Nodes and edges represent proteins and the interaction between them, respectively. The node and edge color’s meaning is indicated in the

annotation panel.
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Table 1. Drugs targeting candidate epigenes from modules 4, 6, 8, and 10-12.

Target Drug name Module Function
protein
TOP2A Genistein, fluorouracil, intoplicine, enoxacin, sparfloxacin, amrubicin, Module 8 Epifactor (chromatin remodeling)

etoposide, epirubicin, ciprofloxacin, myricetin, mitoxantrone,
trovafloxacin, RTA 744, daunorubicin, norfloxacin, finafloxacin,
dexrazoxane, 13-deoxydoxorubicin, idarubicin, lomefloxacin, lucanthone,
pefloxacin, valrubicin, amsacrine, levofloxacin, doxorubicin, declopramide,
annamycin, banoxantrone, ZEN-012, podofilox, aldoxorubicin, teniposide,
moxifloxacin, SP1049C, amonafide, dactinomycin, fleroxacin, becatecarin,
ofloxacin, and elsamitrucin

BRD4 Fedratinib, panobinostat, romidepsin, birabresib, alprazolam, vorinostat, Module 6 Epifactor (histone modification read)
volasertib, alobresib, belinostat, and apabetalone

EP300 Curcumin Module 6 Epifactor (histone modification write)

DNMT1 S-adenosyl-L-homocysteine, procainamide, palifosfamide, cefalotin, Module 4  Epifactor (DNA methylation)
decitabine, azacitidine, flucytosine, epigallocatechin gallate, and
hydralazine

SENP3 Methylphenidate Module 4  Epifactor (histone modification erase, histone

modification write cofactor)

SIRT6 7-[4-(Dimethylamino)Phenyl]-N-Hydroxy-4,6-Dimethyl-7-Oxo-2,4- Module 4  Epifactor (histone modification erase)
Heptadienamide

FOS Pseudoephedrine and nadroparin Module 12 TF

RELA SC-236, betulinic acid, bortezomib, dimethyl fumarate, PHENYL-5-(1H- Module 12 TF
PYRAZOL-3-YL)-1,3-thiazole, indoprofen

STAT1 Epigallocatechin gallate Module 12 TF

STAT5A AZD-1480 Module 11 TF

SMAD3 Ellagic acid Module 10 TF

are the drugs with more targets (more than 5; Supplementar - - )
Table 6). Relevant epigenes that have associated medication arg Table 2. Candidate epigenes for drug development in modules 4, 6, 8,
shown in Table 1. and 10-12.
Most notably, RELA is targeted by SC-236, bortezomib, Target Module Function
indoprofen (an anti-inflammatory) and betulinic acid, whose protein
derivatives show anti-HIV activity®**3>. EP300 is targeted by
curcumin, a molecule with anti-inflammatory properties®. The MOV10 Module 12 Epifactor (chromatin remodeling)
latter proposes RELA and EP300 as new potential drug target MTA1 Module 4  Epifactor (chromatin remodeling cofactor)
candidates for SARS-CoV-2 infection, not only because they TLE1 Module 12 Epifactor (chromatin remodeling, histone
participate in immune-related processes, but also because they modification cofactor)
belong to the cellular epigenetic machinery used by the virus TAF4 Module 12 Epifactor (histone chaperone)
during infection. Furthermore, self-evident immune-related tar- BAP1 Module 4 Epifactor (histone modification erase
gets STAT5A, STAT1, and FOXN2 are also good candidates for P : ’
_ X polycomb group (PcG) protein)
treatment. Finally, the proteins MOV10, TRIM25, and TRIM28 do . 8 o
not have associated drugs, thus they are good candidates for drug TRIM28 Module 4 - Epifactor (histone modification read)
development, as well as other relevant epigenes shown in Table 2. PRDM1 Module 12 Epifactor (histone modification write
Together, network analysis at the protein level allowed the cofactor)

identification of several epigenes that are part of the molecular SETD1B Module 6  Epifactor (histone modification write)
machinery used by the virus during infection (Fig. 5). Epigenes UBE2D3 Module 10 Epifactor (histone modification write)
that participate in the immune response through different PCGF5 Module 12 Epifactor (polycomb group (PcG) protein)
mechanisms (response to interferon or NF-kB complex) are among STAT2 Module 12 TF
the main genes identified and are evident drug target candidates
for COVID-19 because they already have associated drugs GMEB2 Module 6 TF
targeting them (such as STAT5A and STAT1). Furthermore, new ZNF277 Module 10 TF
candidate druggable epigenes were also identified, notable IRF7 Module 11 TF
examples are EP300 and RELA, which are targeted by drugs with CEBPD Module 12 TF
anti-inflammatory or antiviral properties; and TRIM25, TRIM28, and NR4AT Module 12 TF
MOV10, which are good candidates for drug development. ZNF652 Module 12 TF

IRF2 Module 12 TF
DISCUSSION ZEB2 Module 12 TF
Cells are in constant adaptation with their environment, in fact SP110 Module 12 TF
they can sense and respond to different stimuli by changing their CUX1 Module 12 TF
transcrlpFlonaI pattems. Th|§ ceIIuIar.pIastlc.lty allqws cglls to'ada3p7t TRIM25 Module 12 E3 ubiquitin ligase
almost immediately to insults, including virus infections’.
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Epigenetic proteins and TFs are one of the main elements
involved in the transcriptional response of cells during viral
infection. These elements can be used as protein targets for drug
identification and treatment. In this work, we aimed to identify key
TFs and proteins involved in the epigenetic response to viral
infection of SARS-CoV-2, SARS-CoV, and MERS-CoV by integrating
co-expression and de novo pathway enrichment analyses. There-
fore, our study focused on the infection part of COVID-19, which is
relevant mostly during the early stages of the disease, in contrast
to the immune pathologies seen in the later ones.

One of our main findings is that the transcriptional response
(regarding DEGs and significantly co-expressed modules) induced
by SARS-CoV-2 and MERS-CoV involves a higher similarity
regarding gene players and biological processes than SARS-CoV-
2 and SARS-CoV, despite presenting a different transcriptional
behavior. However, it is interesting to notice that regarding the
transcriptional trend of the modules (i.e., correlation sign), SARS-
CoV-2 and SARS-CoV behave more similarly despite many
modules not being significantly associated with SARS-CoV.
Nevertheless, unique modules, patterns and DEG were found in
each CoV. Despite they belong to the coronavirus family, each one
has unique characteristics that could influence its pathogenicity
and virulence. This finding agrees with a recent study that has
found specific biological process deregulations in SARS-CoV-2
infected cell lines, which are not found in other CoVs'®. In
addition, different transcriptional change patterns have been
observed between MERS-CoV and SARS-CoV during the infection;
these changes are not recapitulated by phylogenetic relationships
since, in some groups of genes, MERS-CoV-infected transcriptional
behavior appears to be more similar to the more remotely related
influenza H5N1 virus infection'?.

Furthermore, the contrasting transcriptional response induced
by the infection of SARS-CoV-2 and MERS-CoV in several modules
suggests that genes in those modules participate in both viral
infections but with a different mechanism, which leads to distinct

Published in partnership with the Systems Biology Institute

pathways of infection that could explain the dissimilar phenotypes
observed in both diseases. Divergent fold change trends, such as
the ones described in this study, have been previously described
in MERS-CoV and SARS-CoV infections to limit the host type |
interferon (IFN-I) response, where predominant active and
repressive epigenetic marks in involved genes are the opposite
between both CoVs'3. In our study, we present a list of epigenes
and biological processes whose fold change trend is the opposite
between MERS-CoV and SARS-CoV-2; further investigation on
them could shed light on the mechanisms responsible for the
differences in pathogenesis and outcome of both viral infections.

We further identify at the protein interaction level, that several
TFs take part mainly in the immunological response to viral
infection. One example is NF-kB, whose p65 subunit (also known
as RELA) is a central part in the protein interaction network for
SARS-CoV-2. NF-kB induces the expression of several pro-
inflammatory cytokines, including IL-6, CCL2, and CCL3%, which
had been found in high levels in COVID19 patients>°. On the other
hand, TRIM25, a ubiquitinase, is essential for the activation of NF-
kB and the production of IL-6*°. TRIM25 is overexpressed in cell
lines infected with SARS-CoV-2 but not in those with MERS-CoV,
which furthermore suggests that NF-«kB could be a medullary part
of the host immune response against SARS-CoV-2. The previous
observation is reinforced by the fact that it was observed that
RELA directly interacts with histone acetyltransferase EP300, and
both proteins interact with various components of the AP-1
complex such as FOS, JUND, and FOSL1. AP-1. EP300 and NF-«B
regulate chromatin accessibility in the proximal promoter region
of IL-6 and CCL2, both pro-inflammatory cytokines*'**2, The p300/
CBP complex is one of the best-characterized cofactors of NF-«kB
and specifically binds RELA and acetylates it along with the
surrounding histones®'. It is known that adults older than 65 years
have higher NF-kB levels compared to younger adults** and some
authors had suggested that this may be one reason older adults
are more susceptible to develop the severe form of COVID-19**,
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According to our results, SARS-CoV-2 infection modifies the
expression of several TFs of the interferon regulatory factor (IRF)
and STAT families, which are primarily involved in the immune
response against pathogens. STAT1 and STAT2 are key elements
of the signaling induced by type | interferons, these proteins form
a dimer upon interferon-mediated phosphorylation and, together
with IRF9, form the complex ISGF3 that activates the transcription
of interferon-stimulated genes*. Our results also showed that IRF9
is upregulated in cell lines infected with SARS-CoV-2; however,
module 12’s interactome showed that STAT2 and STAT1 interact
with IRF2. IRF2 is a negative regulator of IFNa and its inhibition
causes an increase in the antiviral response induced by IFNa*.
This fact further suggests an impairment of interferon type |
stimulated genes activation, as previously described as a hallmark
of SAR-CoV-2 infection®’. On the other hand, IRF1 and IRF7 were
also upregulated in SARS-CoV-2 infected cell lines. IRF7 is a key TF
for IFNa expression, and it has been previously identified as a hub
gene for SARS-CoV-2 infection together with IFR9 and STAT1%, It
is also interesting that IRF7 loss of function mutations was
associated with severe COVID-19 patients®® and with the
development of life-threatening influenza in children®® which
suggests that inhibition of IRF7 activity is crucial for SARS-CoV-2
pathology.

Viruses have been reported to use epigenetic machinery to take
advantage of the cell and hijack its regulatory capacity for their
own benefit'>. The epigenetic machinery can be affected by
coronaviruses in this same sense, and this can happen either by
promoting alterations in the epigenetic code, such as DNA
methylation and post-translational modifications of histones, or
directly by promoting the dysregulation of enzymes and other
proteins associated with the epigenome.

We found that among the deregulated epifactors with histone
acetylation function are HDAC9 and SIRT1 enzymes. In this sense,
it has recently been reported that the SIRT1 protein (a class 3
HDAC) was positively regulated in the lung of patients with severe
COVID-19 comorbidities®'. Likewise, another work demonstrated
that under conditions of cellular energy stress, SIRT1 can
epigenetically regulate the ACE2 receptor’?. Also, it has been
observed that treatment with non-steroidal anti-inflammatory
drugs can inhibit SIRT1 activity, which in turn could affect ACE2
expression®. Accordingly, it has been postulated that in some
diseases where the epigenetic dysregulation is implicit (such as
lupus) the entrance of SARS-CoV-2 into the host cells may be
facilitated™*.

Interestingly, the enzymes HAT1, HDAC2, and KDM5B have
been reported to also potentially regulate ACE2 in human lungs.
KDM5B has gained interest, because it is associated with other
viral infections such as the hepatitis B virus*>, and potentially with
SARS-CoV-2>'. Remarkably, in breast cancer cells, it has been
shown that inhibition of this enzyme triggers a robust interferon
response that results in resistance to infection by DNA and RNA
viruses®®. In this regard, we observed several deregulated KDMs in
the different coronavirus infections, in which KDM6B stands out by
being deregulated in both MERS-CoV and SARS-CoV2 infection.
KDMG6B is a specific demethylase of H3K27me3, which acts as a
repressive histone mark. Although it remains to be fully studied, it
is associated with the regulation of a wide range of genes involved
in inflammatory agents, development, cancer, viral infection
response, senescence and is an important host response against
environmental, cellular stress®’. Therefore, adding to the above, it
is suggested that demethylases, such as KDM6B, are potential
epigenes that are affected during SARS-CoV-2 infection and can
be presented as potential targets for the treatment of COVID-19.
However, this should be further studied.

Several epigenes previously involved in response to viral
infections stood out in our protein interaction analysis, such as
BRD4, TOP2A, and TRIM28. Bromodomain protein 4 (BRD4) is a
histone acetylation reader and writer that plays an important role
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in DNA replication, transcription, and DNA repair®. This epigene is
critical for the maintenance of the higher-order chromatin
structure since its inhibition leads to chromatin decondensation
and fragmentation, and it also can stimulate innate antiviral
immunity®®, BRD4 complexes with RELA and CDK9 and are
functionally required for effective activation of NF-kB-dependent
immediate-early cytokine genes in response to viral patterns. In
this sense, our results show a PPl with EP300, which involves the
p300/CBP complex, one of the best-characterized cofactors of NF-
kB and binds specifically to RELA®®, validating the possible
importance of this system in infection with SARS-CoV2. Examples
like this suggest that the virus, through these epigenetic
remodelers, promotes chromatin remodeling that could lead to
opening, both at the local and global level. Accordingly, an
indicator of global changes is the increased expression of
transcripts from repeated sequences such as LINE1. If this is so,
then the virus is manipulating the chromatin aperture to promote
the expression of genes that support its invasion. In this regard,
other work has suggested the importance of LINE1 elements.
Where these types of repetitive elements are very relevant in gene
regulation, especially when these elements are in proximity to
neighboring genes since they could alter their expression.
Therefore, the dysregulation of repeated elements such as LINE1
could indirectly change the cellular transcriptome®®.

Furthermore, we find epigenes that interact with the viral
proteins directly or very closely. This connection suggests a virus-
promoted modulation to affect the epigenome of the host cell’s
interactome. Which reinforces the idea that the virus strategy is
partly to take advantage of the epigenetic machinery. In general,
our data suggest that the SARS-CoV-2 infection deregulates the
epigenetic master machinery of the host cell. One of the points
that should be taken into consideration in the future is that if this
epigenetic machinery is not re-established after disease courses it
could generate other diseases such as cancer in the long term.
This is based on the fact that many of the genes that we found in
our study have been proposed as epigenetic hallmarks in various
neoplasms.

Our last key finding is the identification of driver epigenetic
proteins and TFs involved in SARS-CoV-2 infection that can be
targeted by existing drugs. We identified SAH targeting several
epigenetic components of the host response to SARS-CoV-2
infection. SAH is the product of the chemical reaction performed
by methyltransferases using nucleic acids or proteins as substrates
and has been previously suggested as a potential treatment for
viral infections such as ZIKA, MERS-CoV, and SARS-CoV®'™®* due to
its inhibitory activity of the viral RNA cap 2’-O-methyltransferase,
formed by the NSP16-NSP10 complex®>©%. Furthermore, given the
interaction between DNMT1 and ORF8 at the protein level, SAH
could potentially work against SARS-CoV-2 infection, not only by
inhibiting the methyltransferase activity of NSP16-NSP10 but also
by directly modulating the activity of the key host proteins
involved in the transcriptional response to infection or by
interfering with the interactions observed between ORF8
and DNMT1.

Furthermore, as anticipated, many proteins with epigenetic
functions involved in SARS-CoV-2 infection have kinase activity
and can be targeted by kinase inhibitors. One important example
is imatinib, which we identified as a potential drug for SARS-CoV-2
and SARS-CoV, and is currently undergoing clinical trials to
evaluate its efficacy in COVID-19 patients (NCT04394416,
NCT04422678, NCT04346147, and NCT04357613; www.
clinicaltrials.gov). Similarly, we found quercetin targeting several
epifactors with kinase activity. Quercetin is a plant-derived
compound with anti-inflammatory and antiviral effects®”® that
has been evaluated in clinical trials as a dietary supplement or
prophylaxis for COVID-19 (NCT04578158, NCT04377789, and
NCT0446813). Even though some independent studies show no
clear evidence of its effectiveness, preliminary data shows that it
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could be effective to decrease the frequency and duration of
respiratory tract infections®®~"". It is worth mentioning that these
drugs are being tested in clinical trials based on their described
inhibitory activity of enzymes related to the activation of immune
response and inflammation, such as growth receptors’2 The latter,
together with our results, suggests that drugs targeting epigenetic
mechanisms could be also effective to treat SARS-CoV-2 by
modulating their kinase activity.

Finally, we also identified Bortezomib and betulinic acid
associated with RELA. Bortezomib is a proteasome inhibitor that
has been proposed as COVID-19 therapy given its capacity to inhibit
(although only marginally) the papain-like protease (NSP3) of SARS-
CoV, which also has deubiquitinase activity’>>. Likewise, betulinic
acid has been proposed as a target of NSP3 in SARS-CoV-27,

Together, we have supporting evidence that current drug-
based therapies to treat COVID-19 also target the transcriptional
response to infection by the modulation of the epigenetic
proteins identified in this study. Furthermore, we provide
additional new potential drug targets and drug candidates which
could be effective and whose potential use has not been exploited
yet. These results provide comprehensive evidence that epige-
netic therapy could aid in restoring the transcriptional changes
observed during infection. By using epigenetic drugs, a ther-
apeutic effect can be achieved due to their systemic effects, which
can be advantageous to treat a disease that targets different
tissues and cellular mechanisms, as observed in COVID-19.

In this study, we used a blend of bioinformatic approaches to
comparatively analyze transcriptomic data from SARS-CoV-2,
SARS-CoV, and MERS-CoV infected pulmonary cell lines and
COVID-19 patient-derived samples. In particular, we focused on
the epigenetic processes and transcriptional factors, since these
have been widely proposed as the master regulators of the
expression of most genes. We found that the transcriptional
response to the infection of SARS-CoV-2 and MERS-CoV is more
similar to that observed for SARS-CoV regarding shared signifi-
cantly associated gene modules; however, the transcriptional
change elicited by MERS-CoV and SARS-CoV seems to be opposite.
At the same time, we identified specific altered modules in the
response to infection with SARS-CoV2 that could serve as a guide
for the proposal of different therapeutic strategies based on
epigenetic therapy. Thus, our results add a piece to the puzzle of
the strategies used by the different coronaviruses to manipulate
the gene regulation capacity of the cell. Although the pathways
are differential between them, the virus's objective is to take
advantage of the TFs and various chromatin remodelers to avoid
being detected and prevail in the invasion. This is a very fine
strategy that the virus uses and it has been poorly studied in both
its biological importance and its future therapeutic application.
This could open a new window of opportunities for treatment and
thus close the chapter on this pandemic disease.

METHODS

Data processing and differential expression analysis

Raw sequencing data was trimmed with Trimmomatic version 0.39”” using
the parameters ILLUMINACLIP 2:30:10 LEADING:3 TRAILING:3 SLIDINGWIN-
DOW:4:15 MINLEN:36; and the quality of reads was evaluated with FastQC
version 0.11.97%, Technical replicates (when existing) were merged and
each biological replicate was aligned to the GRCh38 v33 human genome
with STAR version 2.7.3”° using the mapping parameters suggested in Jin
et al.®% (—outFilterMultimapNmax 100—winAnchorMultimapNmax 100).
To estimate the abundance of the transcripts accounting for coding and
non-coding genes as well as repetitive elements, we used TETranscripts
version 2.1.4%° with the multi-mode. Raw count tables were used for
differential expression analysis using DESeq2®'. DEGs were identified with
a p adj. < 0.05 and abs(log, fold change) > log,(1.5).
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Viral transcripts quantification

The viral transcriptome was constructed with the 11 gene sequences
reported in the SARS-CoV-2 genome (NCBI Reference Sequence
NC_045512.2). Viral transcript expression was quantified in each trimmed
RNA-seq file of SARS-CoV-2 infected samples with Salmon v 1.3.0%%,

Virus and patient DEGs

Virus-associated gene sets were obtained with the intersection of DEGs
identified in all the cell lines infected with the corresponding virus, except
for SARS-CoV-2. For SARS-CoV, the intersection between the cell lines
infected consisted of 182 genes (SARS-CoV-DEGs); for MERS-CoV, the
intersection was 1139 genes (MERS-CoV-DEGs); and for SARS-CoV-2, the
intersection between at least 3 out of the 4 cell lines was used instead, and
consisted in 909 genes (SARS-CoV-2-DEGs) (Supplementary Table 2). The
patient-associated gene set was obtained with the shared DEGs in lung
and BALF conditions (389 genes, patient-DEGs) (Supplementary Table 2).

Epigenes catalog

To build the Epigenes catalog, 4 different databases were used:
EpiFactors®®, Histome®!, dbEM®, and the manually curated TF list from
Lambert et al.®%. TFs’ functional annotation was taken from Lambert et al.2®.
The final list consisted of 2161 genes (776 epifactors, 1348 TFs, and 41
categorized as both TF and epifactor).

Co-expression analysis

Count matrices of the analyzed cell lines were filtered to remove low-
expressed genes using the function filterByExpr from edgeR®” while
accounting for the treatment (i.e., virus infection) and cell type in the
filtering design. Following, normalization of gene counts was performed
with vst function from DESeq2®' (treatment and cell type of each sample
were included in the design matrix and accounted for these effects with
the blind argument). The gene co-expression network was built with the
log, fold changes (log,FC) of each biological sample compared with the
controls of the same biological condition by applying the formula (1).

log, FC; = log, (SC;/ACC;) (1)

where SC and ACC correspond to the normalized counts of gene i in the
infected and controls samples, respectively. The resulting matrix contain-
ing the log2FoldChanges per sample was used to construct the weighted
gene co-expression network with the WGCNA package?. A soft threshold
of 9 was used to construct the network and modules were identified with a
minimum size of 20. Modules whose expression was similar were merged
using a dissimilarity threshold of 0.25, resulting in a total of 24 modules.
Finally, the module-eigengene Pearson correlation of each module with
the viruses was tested.

Enrichment analysis

Gene Ontology (GO) enrichment analyses were performed using
clusterProfiler® in virus-associated and patient gene sets. For the
differential expression analyses of infected cell lines, the enrichment of
GO terms in DEGs was tested using the expressed genes on each particular
comparison as background. For the co-expression network, the enrichment
of GO terms was tested in each module using the genes of the full network
as background.

Epigenes, virus-associated DEGs, and TF-target enrichment analyses
were performed with gProfiler2% using a custom gmt file or the TRANSFAC
database included in the package for TF-target enrichment. The correction
method used was g:SCS and an adjusted p value significance threshold of
0.05. As background, all the genes annotated in the co-expression network
were used for epigenes and TF-target enrichment and the expressed genes
in each virus for virus-associated DEG enrichment.

Co-expression module selection

SARS-CoV-2 modules were selected from the co-expression analysis based
on whether they were uniquely and significantly associated with SARS-
COV-2 in the co-expression analysis. If they were not uniquely associated
with SARS-CoV-2, the modules enriched with at least one dataset (DEG,
patient-DEG, or Epigenes) were selected. Based on these criteria, modules
4, 6, and 8-12 were selected. MERS-CoV and SARS-CoV modules were
selected on whether they were uniquely associated with each specific virus
in the co-expression analysis. Module 1 was selected for MERS-CoV and
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module 7 for SARS-CoV. SARS-CoV-2 selected modules were further
analyzed, as described in the following sections.

Virus-host network construction

Virus—human interactions were obtained from Gordon et al.”> and Stukalov
et al.?%. The human PPI network was obtained from IID version 2018-11%*
using only the experimentally validated interactions (“exp”, “exp;ortho”,
“exp;ortho;pred”, or “exp;pred”). After homogenizing the viral protein
nomenclature, the three sources of interactions were merged to create the
entire virus-human PPI, followed by the removal of duplicated edges and
self-loops. The final integrated network contained 30 viral nodes, 17,524
human nodes and 329,054 edges. The mapping of viral transcript counts to
viral proteins in the PPl was based on the reference sequence annotation
(NCBI Reference Sequence NC_045512.2) and the data provided in
Supplementary Data from Gordon et al.?”.

|25

Epigene selection

For co-expression modules 4, 6, 8, and 10-12, relevant epigenes were
selected based on whether they satisfied at least one of the following
criteria: (1) its shortest path length with viral proteins, (2) the correlation
value between its expression and the expression of viral proteins, and (3)
its MM value, a measure of the correlation between a gene expression
profile and the module eigengene, which is highly related to the
intramodular connectivity, and GS the correlation of a gene with an
external trait (viral infection)®.

(1) The shortest path length was calculated between all pairs of viral
proteins and human proteins in the PPl network with the igraph
package version 1.0.0°'. The retained epigenes were the ones whose
shortest path length with at least one viral protein was less than 3.

(2) Pearson’s correlation coefficient was computed between the count
values of viral transcripts and count values of epigenes in infected
cell lines. Epigenes with p value <0.05 and abs(correlation_esti-
mate) > 0.5 with at least one viral transcript were selected.

(3) Epigenes with abs(MM) > 0.8 in the corresponding module of the co-
expression network were retained.

For modules 1 and 7, epigenes with abs(MM) > 0.8 and abs(GS) > 0.3
were selected.

De novo pathway enrichment

De novo pathway enrichment analysis for co-expression modules 4, 6, 8,
10-12 was performed with KeyPathwayMiner?’, the built virus—human PPI
network, the full list of viral proteins as positive nodes and a customized
input indicator matrix for each module containing as active genes those
which belonged to any of the following categories: (1) it was a SARS-CoV-2-
DEG, (2) it was a patient-DEG, or (3) it was an epigene selected as described
above. The parameters used for all the analyses were the Greedy search
algorithm, INES search strategy, remove border exception nodes, L =0,
and K = 0 for modules 4 and 12, K = 2 for module 6, and K = 3 for modules
8-11.

Drug identification

All approved and non-approved drugs targeting the genes/proteins
contained in each network were obtained with CoVex®? by mapping the
gene names to uniprot IDs, using the closeness centrality algorithm and
the following parameters: result size =50,000, disabled hub penalty,
disabled max degree, include indirect drugs = FALSE and include non-
approved drugs = TRUE. The latter parameters ensure the retrieval of all
drugs associated with the input genes. A total of 265 out of 277 genes
mapped to the CoVex database.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Transcriptomic and Drug Discovery
Analyses Reveal Natural Compounds
Targeting the KDM4 Subfamily as
Promising Adjuvant Treatments in
Cancer

Aylin del Moral-Morales ', Marisol Salgado-Albarran"?!, Elizabeth Ortiz-Gutiérrez ¥,
Gerardo Pérez-Hernéandez'* and Ernesto Soto-Reyes '

" Departamento de Ciencias Naturales, Universidad Auténoma Metropolitana-Cuajimalpa (UAM-C), Mexico City, Mexico, °Chair
of Experimental Bioinformatics, TUM School of Life Sciences Weihenstephan, Technical University of Munich, Munich, Germany

KDM4 proteins are a subfamily of histone demethylases that target the trimethylation of
lysines 9 and 36 of histone H3, which are associated with transcriptional repression and
elongation respectively. Their deregulation in cancer may lead to chromatin structure
alteration and transcriptional defects that could promote malignancy. Despite that KDM4
proteins are promising drug targets in cancer therapy, only a few drugs have been
described as inhibitors of these enzymes, while studies on natural compounds as possible
inhibitors are still needed. Natural compounds are a major source of biologically active
substances and many are known to target epigenetic processes such as DNA methylation
and histone deacetylation, making them a rich source for the discovery of new histone
demethylase inhibitors. Here, using transcriptomic analyses we determined that the KDM4
family is deregulated and associated with a poor prognosis in multiple neoplastic tissues.
Also, by molecular docking and molecular dynamics approaches, we screened the
COCONUT database to search for inhibitors of natural origin compared to FDA-
approved drugs and DrugBank databases. We found that molecules from natural
products presented the best scores in the FRED docking analysis. Molecules with
sugars, aromatic rings, and the presence of OH or O- groups favor the interaction with
the active site of KDM4 subfamily proteins. Finally, we integrated a protein-protein
interaction network to correlate data from transcriptomic analysis and docking
screenings to propose FDA-approved drugs that could be used as multitarget
therapies or in combination with the potential natural inhibitors of KDM4 enzymes. This
study highlights the relevance of the KDM4 family in cancer and proposes natural
compounds that could be used as potential therapies.

Keywords: epigenetics (chromatin remodeling), KDM4 inhibitor, cancer, natural compounds, drug discovery,
structural biology
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INTRODUCTION

Histone methylation is the addition of methyl groups to the
arginine (R) and lysine (K) residues on histone tails (Portela and
Esteller, 2010). The methylation and demethylation of the
different lysines in each histone tail allow a dynamic
regulation of the chromatin state (Jambhekar et al., 2019) that
affects transcription depending on the residue and the number of
methyl groups added (lysines can be mono, di, and
trimethylated). Histone lysine methylation marks are regulated
by two sets of enzymes: histone lysine methyltransferases and
histone lysine demethylases (KDMs) (Garcia et al., 2016). KDMs
can be divided into two families according to their mechanisms of
action (Sterling et al., 2020). The lysine-specific demethylases
(LSD) family is characterized by its catalytic site, which requires
an available pair of electrons in the nitrogen atom from the lysine
that is going to be demethylated; thus, they can only remove
mono and dimethyl groups (Stavropoulos et al., 2006). On the
other hand, the Jumonji-C domain-containing (JMJC) family is
dependent on Fe** and 2-oxoglutarate and does not require an
available pair of electrons for its catalytic activity, which is why it
can target mono, di, and trimethylated lysines (Tsukada et al.,
2006a); for further reaction mechanism details, see (Guerra-
Calderas et al., 2015); (Ramanan et al., 2020), and (Cortopassi
et al., 2015). Besides, in vitro studies have detected arginine
demethylase activities for KDM4A and KDMA4E (Walport
et al, 2016), even though molecular dynamics simulations
combined with quantum mechanical and molecular
mechanical calculations suggest that KDM4E demethylase
activity is more efficient when an arginine residue is the
substrate rather than a lysine residue (Ramanan et al., 2021).
KDMs are also divided into eight subfamilies (KDM1-8)
according to the similarity of their catalytic domain and their
substrate specificity (Sterling et al., 2020).

The KDM4 subfamily is part of the JMJC group. It is
composed of five functional members (KDM4A-E) that mainly
target the trimethylation of H3K36 and H3K9, which are
associated with active transcription and heterochromatin
(transcriptional repression), respectively (Katoh and Katoh
2004; Shin and Janknecht 2007b; Labbé et al., 2013; Zhao and
Garcia 2015). The KDM4 proteins are of great interest as drug
targets due to their oncogenic potential (Rotili and Mai, 2011;
Agger et al., 2019). For instance, KDM4A is overexpressed and
sometimes amplified in several neoplasms such as leukemia, lung,
prostate, colorectal, and breast cancer (Guerra-Calderas et al.,
2015). It has also been reported that the inhibition or
downregulation of KDM4A causes a decrease in the
proliferation of acute myeloid leukemia (Massett et al., 2021),
breast cancer (Metzger et al., 2017), and prostate cancer (Mu
et al, 2019). KDM4B promotes carcinogenesis in estrogen
receptor-positive breast cancer (Yang et al, 2010; Kawazu
et al., 2011) and has also been associated with poor outcomes
in gastric cancer (Wu et al., 2019), castration-resistant prostate
cancer (Sha et al., 2020) and osteosarcoma (Liu et al., 2020).
KDM4C promotes malignancy in multiple neoplasms, such as
multiple myeloma (Lv and Liu, 2021), glioblastoma (Lee et al.,
2021), and squamous cell carcinoma (Labbé et al.,, 2013).

Natural Compounds Targeting KDM4 Subfamily

Only a few studies have explored KDM4D and E’s role in
cancer; these proteins are shorter than KDM4A-C because they
lack the C-terminal PHD and Tudor domains, required for
histone recognition and binding (Labbé et al., 2013). In non-
neoplastic tissues, KDM4D is mainly expressed in the testis
(Iwamori et al, 2011); a few reports suggested that it
contributes to the establishment of androgen-independent
prostate cancer (Shin and Janknecht, 2007a), acts as a
repressor of p53 in colorectal cancer (Li et al, 2020) and
promotes liver cancer progression (Deng et al.,, 2021). On the
other hand, until recently, KDM4E was considered a pseudogene
due to its low expression levels; however, recent reports point out
that it encodes an active enzyme involved in H3K9me3
demethylation (Hillringhaus et al, 2011; Liu et al, 2018);
nevertheless, KDM4E’s role in cancer has not been explored yet.

Although the KDM4 proteins are promising targets for cancer
therapy, currently there are few reports of KDM4 small-molecule
inhibitors [see (Lee et al, 2020) for a comprehensive review].
Nevertheless, all of them target more than one family member
due to the similarity of their catalytic domains. For example,
disulfiram and ebselen are metal cofactor disruptors that inhibit
KDM4A through the obstruction of the Zn>* ion at its catalytic site;
however, those drugs target other zinc-binding proteins as well,
including other KDMs (Rotili and Mai, 2011). Other known
KDM4A inhibitors are 2-oxoglutarate analogs, these molecules act
as competitive inhibitors but, since 2-oxoglutarate is a cofactor for
several other enzymes including all the JMJC family, these molecules
have low specificity (Baby et al., 2021). Because there are cancer types
that show dysregulation of only one family member (Sterling et al.,
2020), it is important to achieve specific and effective inhibitors for
each enzyme. Moreover, most of the KDM4 inhibitors reported to
date have only shown in vitro activity (Chin and Han, 2015),
consequently, there is still a lack of validated drugs that could be
used in cancer therapy.

Natural compounds have always been a major source of
biologically active substances, and many are known for their
effect on epigenetic processes such as DNA methylation, histone
marks and IncRNAs (Yang et al., 2018). The KDM enzymes are
no exception; for example, several natural products like
resveratrol, curcumin and melatonin have been reported as
inhibitors of the LSD1 enzymes (Fang et al., 2020). Tripartin,
a compound produced by a bacteria found in dung beetles, is the
only natural inhibitor reported for the KDM4 subfamily (Kim
etal., 2013). However, another study showed that tripartin and its
analogs increased H3K9me3 levels but did not directly interact
with KDM4 proteins, suggesting that their mechanisms of action
could involve other enzymes (Guillade et al., 2018).

Currently, drug repurposing allows the use of medications,
previously indicated to certain diseases, as new therapeutic
alternatives for other diseases by identifying the protein targets of
these drugs. It is cost-effective and has been reinforced by
computational approaches such as molecular docking (Pushpakom
etal, 2019). In this work, we evaluated the KDM4 subfamily’s role in
cancer and searched for natural and previously FDA-approved
compounds that could potentially inhibit the KDM4 proteins. Our
work highlights the value of the KDM4 subfamily as therapeutic
targets and, using a combination of transcriptomic and structural
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FIGURE 1 | KDM4 family expression in cancer. (A) The number of samples used for the transcriptomic and survival analysis. Samples were obtained from TCGA,
TARGET and GTEx databases. (B) Gene expression and survival analysis for each KDM4 protein. The first panel shows the differential expression analysis of the tumor
samples vs. the non-neoplastic tissue. The second panel shows the CoxPH and Kaplan Meier survival analysis as adjacent columns for each KDM4 protein. For CoxPH
analysis (first column), the tile color indicates if high levels of the KDM4 are of bad or good prognosis (p value <0.05). For the Kaplan-Meier analysis (second column),
tumor samples were divided into two groups according to their KDM expression: Low-KDM and patients with High-KDM (p value <0.05). White tiles represent non
significant association. (C) Significant Kaplan Meier curves of the KDM4 protein overexpressed in the cancer type where only a bad prognosis relationship was found with

biology approaches, we provide a set of compounds with high

inhibitory and clinical potential in cancer.

MATERIALS AND METHODS

Gene Expression Datasets

Survival information and gene expression levels of non-neoplastic
and tumor samples (the “TCGA TARGET GTEx” dataset) were

downloaded from Xena Browser (Vivian et al., 2017; Goldman
et al, 2020). RSEM expected counts
(TcgaTargetGtex_gene_expected_count) were used as input for
differential expression analysis. Only cancer types with associated
normal tissue available were considered for analysis.

Survival Analysis

Event and time-to-event information was used to evaluate the
association between expression of the KDM4 subfamily genes and
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Overall Survival of patients using the Survival v3.2-11 package
(Grambsch and Therneau, 2000). For COX Proportional Hazards,
association was considered significant if p value <0.05. COXPH
estimate <0 was labeled as “good prognosis” and COXPH
estimate >0 as “bad prognosis”. Kaplan Meier plot and Log Rank
Test were performed using patients with KDM expression < Ql
(Low-KDM) and patients with KDM expression > Q3 (High-KDM).
Difference in overall survival between groups was considered
significant with p value <0.05.

Differential Expression Analysis

Normalized RSEM expected counts from Xena Browser were
converted to RSEM expected counts (RSEM expected counts =
2"(normalized RSEM expected counts) -1) and used as input for
DESeq2 v1.32.0 to compare neoplastic vs. non-neoplastic samples
(Love et al., 2014). Differential expression analysis was also
performed within a specific cancer type by comparing two
groups: patients with KDM expression > Q3 (High-KDM)
versus patients with KDM expression < Q1 (Low-KDM).
Genes with abs (log2FoldChange) > log2 (1.5) and padj <0.05
were selected as Differentially Expressed Genes (DEGs). For this
last analysis samples were chosen if they were labeled as “bad
prognosis” by the COXPH test or if they had a significant Log-
rank test between the groups used for the Kaplan Meier plot
where the High-KDM group had a lower survival expectancy
than the Low-KDM group.

DEGs Enrichment Analysis

Enrichment analyses for DEGs were performed with gProfiler2
(Kolberg et al., 2020) using the Hallmark Gene Set Collection gmt
file from the Molecular Signatures Database (MSigDB) (Liberzon
et al., 2015). The correction method used was g:SCS and an
adjusted p value significance threshold of 0.05. All the genes
expressed in each sample were used as background.

Ligand Libraries Preparation

Virtual ligand screening studies were performed against three
databases: DrugBank (Wishart et al., 2018), the FDA-approved
and passed phase I drug library (obtained from www.
selleckchem.com), and COCONUT (Sorokina et al., 2021).
The databases contained 9131, 3034, and 406,747 compounds,
respectively. The libraries were filtered using OpenEye’s
FILTER algorithm (OpenEye Scientific Software, 2021); the
filters applied can be found in Supplementary File S1. The
ionization state was established through OpenEye’s FIXPKA
algorithm. Charges were calculated with OpenEye’s molcharge
tool and the AM1-BCC method (Jakalian et al., 2002). Ten
low-energy conformers were generated for each molecule with
the OMEGA algorithm.

Target Preparation

The crystallographic structures for KDM4 active sites were
downloaded from Protein Data Bank (PDB). The accession
numbers and references for all the models used are available
in Table 1. The missing portions of the molecules were modeled
with SWISS-MODEL (Waterhouse et al., 2018). The structures
(using the active site of KDM4 as target) were prepared for

Natural Compounds Targeting KDM4 Subfamily

TABLE 1 | Structures used for the molecular docking screenings.

Enzime PDB accession References
KDM4A 5F32 Bavetsias et al. (2016)
KDM4B 4LXL Chu et al. (2014)
KDM4C 2XML Hillinghaus et al. (2011)
KDM4D 4HON Krishnan and Trievel (2013)
KDM4E 4HOO Krishnan and Trievel (2013)
5F5C Bavetsias et al. (2016)
5FP4 Westaway et al. (2016)
5FP7
5FP8
5FPA
5FPB
6H10 Matecki et al. (2019)
2W2l Hillinghaus et al. (2011)

docking with the SPRUCE program included in OpenEye’s
OEDocking distribution.

Molecular Docking

The KDM4 structures were fitted by structural alignment to
maintain the same active site orientation. Different reports
have established that KDM4 is active in the presence of Fe**
and Zn®* as cofactors in the active site; crystallographic
reports have also shown the presence of Ni** as a cofactor,
with no significant differences in KDM conformation. Since
the development of a competitive inhibitor must consider the
effect of the metal in the active site, in this work, Zn** was
considered as the representative metal for the functional
activity of KDM4. For the docking study, the
representation of coordination bonds between metals and
the active site is not necessary, so we consider this as a
good representation of the electrostatic potentials for the
metal in the force field used. The conserved residue
GLU190 of the active site was defined as the anchor point
for the search docking box. Amber ff94 force field was used for
protein and Zn** partial charges calculation.

Two systems were implemented to understand the metal
influence over KDM4 proteins’ active site, HOLO and APO.
The HOLO form included the Zn** cofactors in the active site of
each KDM4. For the APO system, any metal cofactor was
removed for the analysis. Each cured chemical database was
docked to the receptor in APO as GLU190 residue as
reference of binding site, while for the HOLO form we used
GLU190 and Zn** as reference for the FRED program from
OpenEye Scientific software. The Chemgauss4 scoring function
was used, and the top 100 scoring molecules for each case were
considered possible hits.

Flexophore Similarity Analysis Between
Compounds

The 3D-pharmacophore similarity analysis between compounds was
performed with DataWarrior (Sander et al, 2015) using the
Flexophore descriptor. Two compounds were considered similar if
their similarity relationship surpassed a threshold of 95%. For each
protein and database evaluated, the top 100 scoring compounds were
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analyzed. As nine different PDB structures were used for KDM4D, a
random sample of 100 compounds from each database were chosen.

Molecular Dynamics Simulations and
Absolute Binding Energy Calculations

Molecular docking methods are efficient tools for large database
screening; however, their main limitation is inaccurate binding
energy estimations. The molecular mechanics
Poisson-Boltzmann surface area (MM-PBSA) method was
used to estimate the absolute binding energy (AGppsa) of the
ligands. Since this approach requires a large amount of
computational resources, we performed the AGppsy calculation
for only a subset of molecules according to the following criteria:

a) Molecules that bind only to one KDM4

b) Molecules that bind to some or all the significantly
overexpressed KDM4s in a cancer type.

c) The best 10 molecules for each KDM4 according to their
FRED/Chemgauss4 score, regardless of the source database.

Briefly, each protein-ligand complex was subjected to 20 ns of
molecular dynamics simulations using GROMACS 5.1.15 (Abraham
et al, 2015). The files were processed by pdb2gmx, setting
AMBER99SB as the force field and TIP3P as the water model.
Due to the difficulty of simulating Zn coordination states, all the
simulations were performed using the APO form. Partial charge
AMIBCC obtained with MOLCHARGE for each ligand was
conserved. The van der Waals and topology parameters of the
ligands were generated with ACPYPE setting GAFF as the force
field (Silva and Vranken, 2012). The complexes were enclosed into a
dodecahedral box with a minimum box-solute distance of 1.0 nm,
and the cell was filled with water. Each system was equilibrated using
the conditions previously described by Kumari et al. (2014). After
equilibration, a 20 ns production run was carried out. The AGppsa
was calculated with GROMACS g mmpbsa (Kumari et al., 2014).

Network Analysis
The network analysis was performed with a selection of input
genes which were selected as follows:

- The starting point were the top 100 drugs from the
DrugBank database for each KDM as evaluated through
the molecular docking analysis, which were used to retrieve
their target proteins using the protein-drug interactions
integrated in NeDRex (Sadegh et al., 2021).

- Only upregulated genes identified in the comparisons
between High-KDM and Low-KDM were selected.

The protein-protein interaction network used as reference was
obtained from IID version 2021-04 (Kotlyar et al., 2019), only the
experimentally validated edges (“exp”, “exp;ortho”, “exp;ortho;
pred” or “exp;pred”) were used. The networks were assembled
with KeyPathwayMiner (K = 3 and L = 0) (Alcaraz et al., 2020).
Only the upregulated proteins targeted by the top 100
compounds from the DrugBank database for each KDM were

used as input. The differentially expressed KDM4s in each tumor

Natural Compounds Targeting KDM4 Subfamily

were defined as positive nodes. Protein-drug and protein-protein
interaction networks were merged and edited using Cytoscape
3.8.2 (Shannon et al., 2003).

RESULTS

KDM4 Subfamily Expression is of Bad

Prognosis in Cancer

To address the KDM4 subfamily’s role in cancer, we carried
out gene expression analysis on a broad set of publicly
available tumor and non-neoplastic tissue samples
(Figure 1A). The differential expression analysis of the
tumor samples vs. the non-neoplastic tissue showed that
KDM4A-D subfamily members are deregulated in several
tumors and there are several combinations of differentially
expressed KDM4s for each tumor type. KDM4D and KDM4A
are the most notable genes since they are mostly

overexpressed while KDM4B and C are usually
downregulated compared to non-neoplastic tissue
(Figure 1B). To further characterize the clinical

significance of the KDM4 subfamily members, two survival
analyses were conducted; CoxPH and Kaplan Meier
(Figure 1B). For the last one, samples were divided into
two groups according to their KDM expression: low (first
quartile) and high (fourth quartile, Figure 1C). KDM4A
overexpression indicates a bad prognosis for Uterine
Corpus Endometrioid Carcinoma, Liver Hepatocellular
Carcinoma, Adrenocortical Cancer, Brain Lower Grade
Glioma, and Uterine Carcinoma. KDM4B overexpression is
a bad prognosis for Adrenocortical Cancer and Thyroid
Carcinoma. KDM4C expression is related to a bad
prognosis for Rectum Adenocarcinoma and
Pheochromocytoma and Paraganglioma. KDM4D is related
to a bad prognosis for Lung Adenocarcinoma, Adrenocortical
Cancer, and Liver Hepatocellular Carcinoma. Finally, since
KDMA4E expression is low in most of the samples evaluated,
we do not report the differential expression analysis or the
survival analysis for this gene.

We next seek to evaluate the relevance of the KDM4 proteins
in a selected group of cancer types, the selection considered the
fact that we are interested in inhibitor molecules; thus, the
tumors used for further evaluation are the ones where the
overexpression is related to bad prognosis. We conducted a
differential expression analysis comparing only the tumor
samples ranked by KDM expression: high-KDM (fourth
quartile) vs. low-KDM (first quartile). The log2 Fold Change
(log2FC) of each KDM4 protein and the number of differentially
expressed genes (DEGs) in each comparison are shown in
Figure 2A. Enrichment analysis of the DEGs against the
GSEA Hallmarks database showed that, in cancer, the genes
regulated by the KDM4 family are involved in processes such as
TNFa signaling by NFkB, interferon-gamma response,
inflammatory response, G2M checkpoint, and p53 pathway
(Figure 2B). Overall, our data suggest that KDM4 proteins
are relevant targets to screen for specific inhibitors that could be
beneficial in the treatment of neoplasms.
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FIGURE 2 | Differential expression and enrichment analysis of the KDM4 family. (A) The left panel of squares represents the 12 types of tumors
where the deregulation of the KDM4 subfamily is of bad prognosis. The differential expression analysis was performed comparing High-KDM vs. Low-
KDM samples. Color intensity is related to the log2(FC). The right panel represents the number of differentially expressed genes (DEG) for each
comparison. (B) Hallmarks of Cancer enrichment analysis for the DEG in each sample. Color intensity represents the pvalue and size of the
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Natural Compounds as Promising Potential

KDM4 Subfamily Inhibitors

Since we observed that KDM4 proteins are deregulated in several
neoplasies and that their expression is related to several processes
associated with cancer, we next used molecular docking to screen for
potential inhibitory compounds. In order to explore the scaffold for
inhibition specificity, we docked a total of 418,912 compounds from
three different databases (DrugBank, FDA, and COCONUT) against
the active sites of each KDM4; the protein targets used are
disclosed in Table 1. Previous to the molecular docking
analysis, the available PDB structures for each of the
KDM4 proteins were superimposed; no significant changes
in the catalytic sites were found between them. Only KDM4D
showed important structural variations between the different
models available in PDB, mainly in the loops surrounding the
active site entrance. For this reason, a single structure was

used for KDMs 4A, B, C, and E while we kept 9 for KDM4D to
have a representative sample of its different conformations.
The Root Mean Square Fluctuation (RMSF) for the KDM4
structures used in this work indicates that overall, the
catalytic site’s structure conformation is similar between
the different KDM4s, although there is a peak around
residue 150 (amino acid numbers are relative to KDM4A)
which belongs to the outer loop region with higher mobility
(Figure 3A).

For docking analysis, both HOLO and APO forms of 13 KDM4
structures were prepared; thus, a total of 26 structures were sampled
for FRED/Chemgauss4 docking. The 100 best-scored results were
selected, recording a total of 7,800 protein-ligand interactions
(Supplementary File S2). Figure 3B shows the score distribution
of the 7800 compounds related to the number of different structures
that could be targeted by each ligand. Note that the FRED/
Chemgauss4 score is related to the binding energy of the protein-
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belonging to each of the databases evaluated (COCONUT, DrugBank, and FDA). (C) 2D structure for a representative compound from each of the chosen clusters.
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ligand complex; thus, large negative values stand for stronger
interactions and suggest that a molecule has a higher binding
potential. For all the KDM4 enzymes, COCONUT compounds
had the best favorable binding score, set between —-21 and -15,
meanwhile, most of the FDA and DrugBank values trend to locate
near less favorable scores (between —16 and —11) and have a notable
proportion of outlier ligands with scores greater than -10

(Figure 3C). As shown in Figures 3A,B high protein-ligand
interaction count is related to high ligand promiscuity for
different KDM4 proteins, whereas the values near to zero suggest
that the ligand binding is specific for an enzyme, which is desirable for
drug design (Supplementary Files S3, S4). We also observed that the
best scores were achieved with the HOLO system in comparison to
the APO system, suggesting that the ligands can provide functional
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groups that act as chelating agents that form coordination bonds with
the divalent metal in the active site of the HOLO form of KDM4.

Flexophore-Based Scaffold Suggests
Phenols and Sugars as Key for the Design of
Potential KDM4 Inhibitors

Next, we seek to further explore whether structural similarities
exist among the compounds predicted to bind the KDM4
subfamily members; such findings could be important for
understanding the molecular signatures involved in the
protein-ligand interactions and for the future development of
KDM4 subfamily inhibitors. To address this idea, we evaluated
the chemical scaffold of the top 100 hits for each KDM4 from
FDA, DrugBank, and COCONUT databases (1,500 molecules
total) using a similarity flexophores map. This graphical method
tests whether the conformational flexibility of a molecule plays a
significant role as a potential inhibitor of proteins (von Korff
et al, 2009). Usually, ligands adopt subtle conformations to
achieve geometric complementarity with their targets, allowing
them to reorganize the attractive and repulsive forces required
during their binding. Thus, a molecule with several rotatable
bonds (higher flexibility) is more likely to adapt to a binding site.
Our flexophore analysis retrieved clusters with maximized edges
and nodes that match similar compounds. We analyzed 15
representative clusters, arbitrarily numbered, while isolated
nodes (436 out of the 1,500 compounds evaluated) represent
ligands with no similar molecules according to the criteria used
(Figure 4A). In the literature had been reported molecules
experimentally validated as inhibitors of the KDM4 subfamily;
thus, for the flexophore analysis, we included 16 compounds cited
by (Baby et al., 2021) whose IC50 is of micro to nanomolar range
(nodes in bold in Figure 4A). We observed that most of these
molecules remained as isolated nodes whose floxophores did not
share similarities with the compounds from COCONUT,
DrugBank, and FDA databases.

The molecules” distribution by library is shown in
Figure 4B. The node color represents the Fred/Chemgauss4
score, and the shape indicates to which KDM4 the compound
potentially binds. It is noticeable that the two central clusters
(numbers 14 and 15) contain mainly COCONUT compounds.
Clusters 1, 6, 7, 11, and 12 have a mixture of DrugBank and
FDA molecules; cluster 5 has mainly DrugBank compounds,
and clusters 1 and 3 contain a combination of the three
databases, while the remaining clusters are composed
primarily of compounds from the FDA database. A
representative molecule for each cluster is displayed in
Figure 4C. Clusters with better Fred/Chemgauss4 score and
highest node density like clusters 14 and 15, contain molecules
composed of 3-4 rings of phenol or pyranose group
combinations joined by glycosidic bonds that increase
flexibility to the molecules. A similar composition was
observed for the molecules from cluster 3, although this set
had more members with lower score values than the ones
previously mentioned, this can be due to the ketone group
joining the rings instead of a glycosidic bond, and the carbonyl
of ketone can influence the dipolar moment and flexibility of

Natural Compounds Targeting KDM4 Subfamily

the molecule altering the possible pi-interactions with the
receptor. In general, molecules with fewer than 3 rings (as
well as linear molecules), tend to have a lower score. The
former indicates that rings from sugars and aromatic
molecules favor the interaction with the binding site of
KDM4 proteins. We also noticed that OH and O- groups
are essential for the interaction between the ligand and KDM4
to doing coordination bonds with their metal cofactors, such as
Zn**, Ni** or Fe**; thus, in drug design, the inclusion of sugars
and phenols represents an advantage for the achievement of a
competitive inhibitor.

Active Site of KDM4 is Stabilized by
Pi-Stacking Aromatic Residues and Favor
Flavonoid-Carbohydrates Ligand Binding

Docking algorithms are powerful tools for the identification of
potentially inhibitory molecules; however, since their main
purpose is to narrow down large compound databases, the
protein-ligand binding affinity calculations are often
sacrificed to achieve higher calculation speeds. The scoring
functions used by these algorithms have serious limitations
to adequately estimate binding energies, in addition, they do
not consider the conformational changes of ligands and targets.
To overcome this challenge, we validated the affinity of Protein-
Ligand complexes through molecular dynamics simulations.
The absolute binding energy (AGppsa) was calculated with
the MM-PBSA method for a representative subset of
molecules (20 from FDA, 16 from DrugBank and 25 from
COCONUT). Because performing molecular dynamics with
HOLO systems represents a computational challenge
(Vidossich and Magistrato, 2014), it was decided to calculate
the AGpgsa only for the APO systems.

The FRED/Chemgauss4 score vs. the calculated AGppsa for
each ligand were compared; in both cases, a negative value means
that the protein-ligand interaction is favorable; if both values were
negative, the hit was considered a success. A successful Protein-
Ligand complex means that the interaction predicted by the
docking algorithm could be replicated through molecular
dynamics simulations, thus there is a high possibility for that
ligand to be a KDM4 inhibitor. Since we observed a success rate
higher than 60% in all the compounds evaluated (Figure 5A), we
considered the predictions obtained by the FRED algorithm as
potential KDM4 family inhibitors.

Since the KDM4A-CNP0371131 complex had the more
negative FRED/Chemgauss4 score out of all of the protein-
ligand complexes evaluated, it was chosen as a representative
example for the conformational changes observed during the
molecular dynamics simulations. The per residue RMSF values
showed that the loop areas surrounding the KDM4A cavity
(residues 170, 225, and C-terminal) are the most flexible areas.
It is also noticeable that the ligand is vibrating inside the protein’s
active site (Figure 5B). KDM4A’s cavity area is 753.5 A’ its
volume is 824 A% and has an exclusively negative electrostatic
potential (Figure 5C). Due to its size, the KDM4A binding site
could fit molecules twice the size of structures 14 or 15 in
Figure 4C, which have an area of 320 A’ or 303 A%
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respectively. The former suggests that only half of the cavity is A remarkable characteristic of the KDM4A binding site is the
occupied by the ligand, leaving the other half to the metallic ~ presence of several aromatic amino acids (Y, F, W, and H) which
cofactors and the solvent. Therefore, the molecule’s size is nota ~ not only stabilize the binding site but also contribute to the
limitation for the design of a competitive inhibitor; instead, it is ~ protein-ligand binding through pi stacking interactions with
the functional groups that coordinate the metallic cofactors and ~ other aromatic groups. The residues that most frequently
the interactions with the catalytic site’s residues that determines  interact with the ligands are 171, Q84, N86, Y132, Al34,
the specificity of the ligand-receptor binding. D135, G170, V171, Y175, Y177, F185, H188, E190, D191,
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TABLE 2 | List of the top molecules with potential inhibitory activity of KDM4 subfamily proteins determined with molecular docking using COCONUT, DrugBank and FDA

Ligand

CNP0058667, CNP0150788, CNP0216191, CNP0002425, CNP0371131, Pulchellidin 3-Glucoside (CNP0359043),

Glucosamine, Glucosamine sulfate, Doripenem, Neohesperidin, Sulisobenzone, Verbascoside

CNP0322725, CNP0216191, CNP0098686, CNP0316754, CNP0107391, CNP0239128, Crispine D (CNP0119105)
Carba-glucotropaeolin, Ascorbyl glucoside, Zanamivir, lodo-Willardiine, beta-D-arabinofuranose 5-phosphate,
CNP0187735, CNP0417860, CNP0226084, CNP0298305, CNP0289146, CNP0350449, CNP0O106665

Cynarin, Quercitrin, Chlorogenic acid, (-)-Epigallocatechin gallate, Hyperoside, Gastrodin, Polydatin
6-C-Glucosylorobol (CNP0299696), CNP0002425, CNP0362352, CNP0243580, CNP0216191, Isovolubilin

6-O-Capryloylsucrose, Balanol, 10-hydroxycamptothecin, DB07102, 2'-Deoxycytidine-5'-Monophosphate, Cidofovir,
Glucosamine, Glucosamine Sulfate, Oleuropein, Sulpiride, Sulisobenzone, Levosulpiride (Levogastrol),
CNP0131606, CNP0186792, CNP0125603, 4-hydroxy-2-ketoarginine (CNP0433705), CNP0295348, Quercetin 5-

Azacitidine, Meglumine, Balanol, Levoglucose, Ascorbic acid, L-Xylulose 5-Phosphate, 5-phospho-D-arabinohydroxamic

databases.
Target Database
KDM4A COCONUT
CNP0223133, CNP02587083 (Epigallocatechin gallate)
DrugBank 6-O-capryloylsucrose, Zanamivir, Acteoside, DB04211, DB03249, DB07719, DB12116
FDA
Wedelolactone, Epigallocatechin gallate
KDM4B COCONUT
DrugBank
DB03250,DB02488
FDA Methazolamide, Sulisobenzone, Baricitinib, Lanraplenib, Pentostatin
KDM4C COCONUT
DrugBank Peramivir, DB03717, Edotecarin, 3'-Uridine Monophosphate
FDA
KDM4D COCONUT
(CNP0151675), CNP0397301
DrugBank
Levoglucose
FDA
Hydroxycamptothecin
KDM4E COCONUT
Glucuronide (CNP0081446), CNP0249133
DrugBank
acid
FDA

Carboxyuracil)

*For long compound names only the database ID is provided.

$196, N198, W208, 1241, and S288. Figure 5D shows an example
for CNP0371131 binding to KDM4A, since it is the best scoring
complex. H188 stands out because it establishes two coordination
bonds with the metallic cofactors (Zn**, Ni**, or Fe**). It was also
observed that, although the E and D residues in the catalytic site
do not directly interact with the ligands, they do contribute to the
overall negative microenvironment of the cavity. For example,
epigallocatechin gallate (EGCG), a molecule belonging to cluster
number 3, establishes one coordination bond with KDM4A metal
through the flavonoid group, meanwhile, the secondary catechol
bends in the opposite direction of the metal due to repulsive
forces effect between them. Additionally, compounds in clusters
14 and 15 exhibit a favorable orientation of the OH groups of the
sugar on the flavonoid that allows the formation of 2-3
coordination bonds with the metal (Figure 5D); although in
this case the number of coordination bonds increases, they are
not provided by catechol but by the carbohydrates. The former is
due to the reduced availability of electrons in the oxygen from the
OH of the secondary catechol to form coordination bonds in
comparison with those of the sugars that show a higher electron
availability and thus, capacity to form more coordination bonds
with the Zn>" at the active site of KDM4A. This is a possible
explanation as to why molecules with sugars and phenol groups
achieved the best FRED/Chemgauss4 scores.

To study the AGpps, energy distribution through the protein,
we calculated the per residue binding energy contribution of the
KDM4A-CNP0371131 complex. We observed that the binding
energy is mainly driven by long-range electrostatic interactions
and it is distributed along all the residues, not only the ones
present in the cavity (Figure 5E). In general, the attractive forces

Glucosamine, Glucosamine Sulfate, Minoxidil Sulphate, Sulfamonomethoxine, Sulpiride, Xylitol, Orotic Acid (6-

(negative values) compensate for the repulsion forces (positive
values), and although some peak repulsion forces can be found
(such as the one for residue 180), these are compensated by other
stabilizing interactions (such as residues 78, 172, 228, 298 and
300), leading to an overall favorable AGpgss energy. The former
indicates that the complex is stable; thus the ligand has
probabilities of showing KDM4A inhibition activity in vitro.
The binding energy is achieved by the contribution of the
favorable intrinsic interaction energy (AEymn) and the
nonpolar interaction energy (AE,onpolar)s While an unfavorable
penalty is applied by the polar interaction energy (AEyoiar)s
mainly due to the solvation effect of both the ligand and the
active site (Supplementary Figure S4). Together, these results
provide an insight into the molecular interactions between the
KDMA4A catalytic site and small molecules, which could assist in
the present and future design of small inhibitors. As an example,
Table 2 lists the top molecules obtained from COCONUT,
DrugBank, and FDA databases.

KDM4 Subfamily Inhibitors are Potential

Multitarget Therapies in Cancer

Since our data show that there are some cancer types where more
than one KDM is involved, we suggest that a drug that targets all
the significant KDM4 proteins in a neoplasm could be highly
effective as a therapy. To integrate all this information (KDM4
gene expression, drug inhibitors, and transcriptomic profiles of
each cancer with KDM4 overexpression), facilitate interpretation
and explore the applicability of the results, we constructed a
protein-drug-disease network containing the five KDM4s and the
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top seven hits for each KDM4 from the three databases evaluated.
We also included the neoplasms related to each enzyme; a
neoplasm was included if a KDM4 was overexpressed or if it
was of bad prognosis in any of the two survival analyses. When
integrating these data we observed that according to their KDM4
expression pattern, a different drug set for each neoplasm can be
found (Figure 6); for example, KDMA4E and D are of importance
for Lung Adenocarcinoma, therefore, sulpiride and balanol are
FDA-approved drugs that could be considered for the treatment
of that cancer. Moreover, KDM4A, B, and D are relevant for
Adrenocortical Cancer and Thyroid Carcinoma; thus the
COCONUT CNP0002425, CNP0299696, and CNP216191
compounds are prominent candidates for the treatment of
those neoplasms. For the therapy of Acute Myeloid Leukemia,
since KDM4A, D and E are involved, the CNP0131606 is
promising given the fact that it could target those three
enzymes. As for the KDM4A-CNP0371131 complex (which
had the highest FRED/Chemgauss4 score) we observed that
CNP0371131 was exclusive for KDM4A; thus, could be used
as a treatment for cancers where only KDM4A is deregulated,
such as Uterine Corpus Endometrioid Carcinoma and Testicular
Germ Cell Tumor.

A detailed example of the usefulness of this analysis is the
network extracted for uterine corpus endometrioid carcinoma
(Figure 7), which shows that KDM4D and KDM4A are
overexpressed and both interact with DNMT1 (a DNA
methyltransferase involved in gene regulation); our docking
analysis shows that there are 5 COCONUT compounds able
to target KDM4D and 5 DrugBank compounds targeting
KDM4A. However, the DrugBank compounds target other
proteins in the network in addition to KDM4; for instance,
DB07602 targets KDM4A and EGFR; and Azacitidine inhibits
KDM4A and DNMT]I, which suggests that Azacitidine could
modulate essential proteins involved in the negative regulation of
histone H3K9 methylation (as depicted by the light blue shadow
in Figure 7). This same approach to interpret the results can be
applied for the other networks specifically generated according to
the expression profiles shown in Figure 2A.

This analysis also allows us to observe that KDM4 proteins,
when overexpressed, trigger expression changes that affect genes
involved in various cellular processes. For example, the network
detected for pheochromocytoma and paraganglioma shows that
the proteins are involved in the positive regulation of gene
expression, which is also closely related to the negative
regulation of H3K9 methylation function found in networks
adrenocortical ~cancer (KDM4A  overexpression), lung
adenocarcinoma (KDM4A overexpression) and uterine corpus
endometrioid carcinoma. Furthermore, we found that some
druggable processes are related to monoamine GPCRs or
closely related to cocaine addiction pathways, in thyroid and
uterine carcinomas (Figure 7), this is highly relevant given the
fact that proteins involved in these metabolic processes have
previously been demonstrated to be affected in some cancer; such
as lymphoma, prostate, lung cancer and some brain cancers
(Rybaczyk et al., 2008; Shih, 2018). Thus, these results suggest
that targeting KDM4 proteins can also be a promising therapeutic
approach because the drugs targeting them can potentially

Natural Compounds Targeting KDM4 Subfamily

modulate cellular processes that contribute to the neoplastic
phenotype.

DISCUSSION

Epigenetic processes play an important role in the regulation of
gene transcription. The discovery of histone demethylases has
contributed to understanding the dynamic process of histone
marks establishment where the deregulation of these enzymes can
contribute to the development of several diseases including
cancer (Guerra-Calderas et al.,, 2015). These types of enzymes
can affect the expression of multiple genes such as oncogenes, cell
cycle genes and tumor suppressor genes (Sterling et al., 2020).
Many of these demethylases have been involved in cancer, such as
KDMIA, related to the maintenance of clonogenicity and the
inhibition of differentiation (Harris et al., 2012). As well as
KDM2A and KDM2B, which have K3K36me2 and H3K4me3
as their substrate, where its deregulation is associated with
increased proliferation of stem cells and tumor growth and
metastasis (Harris et al., 2012; Wagner et al, 2013) among
other processes such as cell proliferation and drug resistance,
among others. In the present work we focus on the role of KDM4
subfamily members since they have been involved in cancer
development for their ability to alter the chromatin’s state and
influence gene expression (Garcia et al., 2016). KDM4A, B, C, and
D’s expression is tightly regulated in non-neoplastic tissues but
often deregulated in several neoplasias such as prostate, liver,
bladder, colorectal, squamous cell carcinomas, acute myeloid
leukemia, breast, lung and ovarian cancer (Guerra-Calderas
et al., 2015, 2018; Lu et al,, 2015; Lin et al., 2019; Chen et al.,
2020; Wu et al, 2021). KDM4E’s expression has only been
detected in testis, however, its physiological role remains
unknown (Hillringhaus et al., 2011). In this study, using large
RNAseq tumor and non-neoplastic tissue datasets, we show that
KDM4 proteins are relevant in different neoplasias and potential
drug targets for therapy. One of the widest sources of novel
biologically active molecules are natural compounds. These have
been used for centuries to treat a wide range of diseases, including
cancer (Gomez-Cansino et al., 2017; Gutiérrez-Rebolledo et al.,
2017; Fang et al, 2020). Importantly, plenty of natural
compounds are known to interfere with epigenetic processes;
for example, flavonoids are compounds found in black raspberry
(and many other plants) which inhibit DNA methyltransferase 1
(DNMTI1) activity and enhance the expression of tumor
suppressor genes (Wang et al., 2013). Nevertheless, although
there are reports about natural molecules that could interfere
with KDM4 subfamily activity, no direct natural inhibitors are
known so far (Guillade et al., 2018).

Since our main interest is to propose natural KDM4 inhibitors, we
used the COlleCtion of Open Natural Products (COCONUT), which
gathers 406,744 natural products from over 50 different databases,
where nearly half the compounds come mainly from plants, fungi,
bacteria, and to a lesser extent, from animal or marine origins
(Capecchi and Reymond, 2021; Sorokina et al, 2021). Most of
these compounds (Sorokina et al, 2021) have been used as
traditional medicine in China, India (Ayurveda), Japan (Kampo),
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Korea, Mexico, among other countries (Yuan et al., 2016; Gutiérrez-
Rebolledo et al, 2017) and come from Asia, Africa, Brazil, and
Mexico (Sorokina et al., 2021). The former indicates that this database
is a very powerful bioinformatic tool for natural compound screening,
Also, in this work, we included the DrugBank and FDA databases,
which have been the first-line source for drug repurposing. When
compared against the FDA and DrugBank compounds, the
molecules from the COCONUT database stood out in the
molecular docking analyses against the KDM4 subfamily, which
further suggests that natural compounds could be a rich source of
anticancer therapies (Pushpakom et al., 2019).

However, a challenge faced during the development of specific
inhibitors is the resemblance of JMJC family members’ catalytic
sites. Since these proteins share a catalytic mechanism, their
active sites have a high resemblance, which complicates the
design of ligands that could be specific for a single enzyme
(Markolovic et al, 2016). The KDM4 subfamily active site
consists of a TIM-barrel fold (16 beta-sheets and 15 alpha
helix), which is a usual structural pattern in proteins that
allows a wide assortment of functions (Romero-Romero et al,,
2021). Thus, the TIM-barrel fold pattern is a challenge for drug
design since ligands could bind to different proteins. In this sense,
itis relevant that a specific binding mechanism with a competitive
inhibitor is established for one or some KDM4 proteins. In fact,
most of the KDM4 inhibitors reported are known to target other
KDMs which limits their use for cancer treatment (Chin and Han,
2015; Baby et al., 2021). Furthermore, we showed that the KDM4
subfamily’s expression is heterogeneous among different cancer
types, which adds another layer of complexity to the search for
inhibitor molecules that could favor the treatment of neoplasms
where the KDM4 proteins are relevant.

Since the KDM4 subfamily is a promising therapeutic target for
drug design, a wide number of synthetic and nature-inspired
molecules have been explored. Among them, it has been proposed
that catechol and flavonoids as structural scaffolds, these kinds of
molecules have gained attention because of their high content of OH
with redox capacity that can also act as free radical regulators (Baby
et al,, 2021). Such functional groups can favor their interaction with
high electronegative residues located in the active site of KDM4
proteins, as shown in this study. Furthermore, the metallic cofactors
in KDM4 active sites, assist the catalytic mechanism of electrons
transfer during lysine methylation, thus OH groups can form
coordination bonds that compete with KDM4’s natural substrates
and allow a greater affinity than the substrate itself (Warshakoon
et al,, 2006). It has been reported that coordination bonds between
catechol-containing groups (such as flavonoids, or phenols) and
KDM4 metal cofactors lead to an enhancement of interaction
forces (Xu, 2013). An example of the former is the
epigallocatechin gallate (EGCG), a secondary metabolite derived
from the tea plant (Camellia sinensis) that contains catechol and
whose effect has been studied in various epigenetic processes (Fang
et al,, 2003; Choi et al., 2009). EGCG is a compound included in FDA
and COCONUT databases which showed a favorable FRED/
Chemgauss4 score on its interaction with KDM4 (Figure 4C,
compound 3), this suggests that it may be a promising inhibitor
candidate for these enzymes. On the other hand, it has been reported
that EGCG chelates divalent metals, including zinc, and it has been

Natural Compounds Targeting KDM4 Subfamily

proposed in many clinical assays as an adjuvant in multiple processes
(Shirakami and Shimizu, 2018). Another variant of catechol,
pyrogallol, which contains 3 OH groups instead of 2, has been
studied as a therapeutic agent in lung cancer cell lines showing
cytotoxic effects (Yang et al., 2009).

In addition to the contribution of coordination bonds that favor
specificity, there are other non-covalent binding forces that can also
have an impact on specificity and binding affinity such as salt bridges,
hydrophobic interactions, hydrogen bonds, and pi-stacking
interactions. In particular, pi-stacking interactions among aromatic
rings are an important factor in the protein-ligand complex
formation; in such interactions, the geometric orientation of the
rings change the dipole attraction forces among them as well as the
hydrophobic and van der Waals forces rearrange (Churchill and
Wetmore, 2009; Wilson et al., 2014; Houser et al., 2020). The presence
of five aromatic residues and one histidine in KDM4 active sites
promotes a favorable environment to design specific inhibitors
(Churchill and Wetmore, 2009; Brylinski, 2018). The former is
evident for linear molecules (such as the ones in clusters 1, 2, 5,
and 6 in Figure 4C), since those obtained a lower score due to their
interaction with the metal through ionic groups of amines, carboxyl,
or phosphates groups and pi-stacking interactions are not present.
While, molecules of clusters 3, 14, and 15 have higher scores due to
the presence of aromatic rings that favor pi-stacking interaction.
Similar results have been reported for KDM4 proteins and tetrazolyl
hydrazide inhibitors which have an aromatic ring and amine
functional groups that interact with the protein’s metal cofactors
(Matecki et al., 2019). Metal coordination capability of sugars coupled
with flavonoids favors the physicochemical properties of the KDM4
active sites and provides an opportunity for the development of a new
generation of de novo molecules for cancer treatment. One of the
limitations of our study is that it is not supported by experimental
assays, but its strength is that this work is the first step towards an
experimental approach that could contribute to the treatment of
different neoplasms.

Our results also show that members of the KDM4
subfamily are promising drug targets for the development
of therapeutic alternatives in different types of cancer. Since
specificity is hard to achieve for KDM inhibitors, we aimed to
use this to our advantage searching for ligands that could
target all the KDM4s relevant for a specific neoplasm without
altering the others. We highlight the importance of natural
compounds against KDM4 subfamily members, not only
because of their high potential as inhibitors but also
because these compounds could contribute to an
integrative cancer treatment. As shown in this work the
identified molecules could have an amplified therapeutic
effect by modulating, not only KDM4 functions but entire
cellular processes, by modifying the activity of proteins
involved in the same pathways. This mechanism of action
has been proposed for other diseases and protein targets
before (Cheng et al., 2019); however, the study of KDM4
inhibitors remains approached without considering the
molecular context required for their proper function (Chin
and Han, 2015; Baby et al., 2021). Overall, our data suggest
that natural compounds could be used as adjuvant therapies
in cancer, which opens a new window of opportunities for the

150

Frontiers in Genetics | www.frontiersin.org

15

1Y

April 2022 | Volume 13 | Article 860924



del Moral-Morales et al.

search of KDM4 subfamily inhibitors and contributes to the
search of novel cancer therapies.
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Abstract: Architectural proteins are essential epigenetic regulators that play a critical role in organiz-
ing chromatin and controlling gene expression. CTCF (CCCTC-binding factor) is a key architectural
protein responsible for maintaining the intricate 3D structure of chromatin. Because of its multivalent
properties and plasticity to bind various sequences, CTCF is similar to a Swiss knife for genome
organization. Despite the importance of this protein, its mechanisms of action are not fully elucidated.
It has been hypothesized that its versatility is achieved through interaction with multiple partners,
forming a complex network that regulates chromatin folding within the nucleus. In this review, we
delve into CTCF’s interactions with other molecules involved in epigenetic processes, particularly
histone and DNA demethylases, as well as several long non-coding RNAs (IncRNAs) that are able to
recruit CTCF. Our review highlights the importance of CTCF partners to shed light on chromatin
regulation and pave the way for future exploration of the mechanisms that enable the finely-tuned
role of CTCF as a master regulator of chromatin.

Keywords: CTCF; epigenetics; chromatin regulation; histone; demethylases; IncRNAs; TET; KDM;
BORIS; CTCF-s

1. Introduction

Chromatin, a macromolecular complex of DNA, RNA, and proteins, provides a frame-
work for the packaging of genetic material within the cell nucleus. Its organization plays
a crucial role in gene expression and is regulated by a diverse array of protein com-
plexes in response to a dynamic code of histone posttranslational modifications and DNA
modifications [1]. CTCF (CCCTC-binding factor) is a crucial architectural protein be-
lieved to play a critical role in maintaining chromatin organization through its interactions
with various protein complexes [2]. Among other functions, CTCF is a versatile protein
known to participate in various processes related to the chromatin structure, including
insulation [3], alternative splicing [4-6], transcriptional activation [7], and chromatin loop
formation [8]. It is not clear how CTCF has such a dynamic range of functions; however,
the response to this question may lie in the context-dependent interactions of CTCF with
several protein partners.

Epigenetic complexes, which regulate histone post-translational modifications and
DNA methylation, usually contain enzymes that chemically modify the amino-terminal
ends of histones, forming a code that determines the chromatin state through a system
of writing, reading, and erasing complexes [9-11]. The mechanisms by which epigenetic
components are recruited to specific regions of the genome have not been fully under-
stood, mainly due to the lack of DNA binding domains in most proteins with epigenetic
functions [12]. This is why CTCF is a fundamental protein since it could be the bridge
between many epigenetic factors and the DNA [13]. The importance of CTCF protein—
protein interactions is highlighted by BORIS (Brother of the Regulator of Imprinted Sites),
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the paralogous protein of CTCFE. The similarity of DNA-binding domains between BORIS
and CTCF suggests they share similar targets in the genome [14]; however, due to the low
degree of conservation between their terminal domains, it is believed that they interact with
different cofactors, which cause them to have opposite consequences in gene expression
and chromatin structure [15-17].

In addition, long non-coding RNAs (IncRNAs) have been described as crucial fac-
tors in chromatin architecture [18]. Recent evidence indicates that CTCF interacts with
several IncRNAs that modulate its recruitment and binding to the DNA. Depletion of
CTCF RNA binding domains impairs chromatin loop formation and alters transcriptional
profiles [19,20]. Moreover, IncRNAs serve as a scaffold for the interaction of CTCF with
other proteins in the form of RNA bridges [21] or could even cause it to detach from its
DNA binding sites [22]. Without a doubt, CTCF depends on its interactions with other
proteins and nucleic acids to exert a wide range of functions. In this review, we aim to shed
light on the role of CTCF partners in shaping the 3D organization and gene regulation of
chromatin, specifically those with epigenetic function.

2. CTCF Is a Multifaceted Protein

Originally, CTCF was described in chickens as a protein that binds to a region upstream
of the c-myc promoter. Because that binding site has three regularly spaced repetitions
of the sequence CCCTC, the protein was named CCCTC-binding factor or CTCF [23].
Later, it was found that CTCF is a ubiquitously expressed and highly conserved protein in
vertebrates [14,24]. CTCF consists of 727 amino acids (aa) distributed in three domains; a
zinc finger DNA-binding domain flanked by the intrinsically disordered N- and C-terminal
regions (Figure 1a). The DNA binding domain of CTCF has 11 zinc fingers (ZF) which
allow it to interact dynamically with the DNA [25-27]. CTCF uses different combinations
of its ZF to recognize and bind to a variety of DNA sequences, which is why it is considered
a multivalent protein [28,29]. However, around 80% of its target sequences contain the
core motif 5-CCACCAGGTGG-3’ that is recognized by ZFs 4 to 7. Unconserved flanking
sequences can be recognized by ZF 1-2 or ZF 8-11, which helps to stabilize the CTCE-DNA
complex [30-32]. A peculiarity of CTCF is that ZF1 and ZF10 have an RNA binding domain
(RBD) which is used to interact with several IncRNAs, providing extra anchorage points
for the protein [19,31].

CTCF has tens of thousands of genomic binding sites, some of which are conserved
between species and tissues [33]. CTCF actions are dependent on its binding site location;
which are mainly located in intergenic regions, although they could also be present in
regulatory regions such as enhancers, gene promoters, and within gene bodies [34-36]. The
main functions of CTCF include maintaining topologically associated domains (TADs),
acting as a barrier to the spread of heterochromatic structures, and defining the boundaries
between euchromatin and heterochromatin, for this reason, CTCF has been coined as an
architectural protein [37-40]. CTCF also regulates DNA anchorage to cellular structures
such as the nuclear lamina [37,38], acts as a protein insulator by controlling the interac-
tions between enhancers and promoters [41], and can function as a scaffold protein for
transcription factors [42—-44] and epigenetic factors [45]. Based on the location of the CTCF
in other genomic sites, it has also been demonstrated to be involved in processes such
as alternative splicing by pausing RNA Polymerase II (RNAP II) binding to alternative
exons, thus providing the required temporal context for co-transcriptional spliceosome
formation at weak upstream splice sites [4]. CTCF also interacts with IncRNAs which is
important for the transcriptional regulation of genes such as Xist, a IncRNA responsible for
X chromosome inactivation. For this reason, CTCF has been considered a very versatile
protein similar to a swiss army knife. A summary of its functions is shown in Figure 1b.
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Figure 1. The architectonic factor CTCF. (a) CTCF is an 82-kDa protein that contains three domains:
an N-terminal region, a C-terminal region, and a central domain of 11 zinc fingers. Moreover, CTCF
uses the zinc finger domain cooperatively to bind to DNA. RBD:RNA binding domain, ZF: zinc
finger. (b) Overview of the wide arrange of CTCF mechanisms of action as: Chromatin looping, RNA
Polymerase II (Pol II) recruitment, transcriptional regulation, boundary definition, DNA anchorage,
insulator, alternative splicing, and RNA binding, among others. TAD: topologically associated
domain. Created with BioRender.com (accessed on 23 April 2023).
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3. BORIS and CTCF-s Highlight the Importance of CTCF Protein—Protein Interactions

The mechanisms underlying CTCF functions are not yet fully understood, but it is
probable that most of them depend on interactions with other proteins. One of the better-
characterized CTCF protein—protein interactions is cohesin retention. The cohesin ring is a
multi-protein complex involved in the formation of chromatin loops [46]. The mechanism
of loop extrusion by cohesin involves the translocation of the complex along chromatin
fibers, progressively extruding chromatin loops until it encounters a barrier that prevents
further movement; such a barrier is frequently a CTCF dimer. In humans, CTCF interacts
with SA1-SCC1 subunits of cohesins through its N-terminal domain, fixating the ring in
place and establishing topologically associated domains [8,47,48]. Based on this mechanism
of action, it has been proposed that upon binding to the DNA, the unbound ZFs and the
terminal regions of CTCF might serve as a platform for interaction with other proteins.
This hypothesis is supported by the discovery of a shorter isoform known as CTCF-short
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(CTCF-s), which lacks the N-terminal domain and the first three zinc fingers (Figure 2a).
Because they share the core DNA binding domain, CTCF-s competes for the canonical
CTCF binding sites and interferes with CTCF—cohesin interactions, causing a disruption in
the long-range connection between enhancers and promoters (Figure 2b). Overexpression
of CTCF-s leads to increased cell apoptosis in HeLa-S3 cells, but the physiological role of
this isoform and its impact on CTCF interactions with other proteins remain uncertain [49].

a b
Canonical CTCF

N-terminal domain

C-terminal domain

Figure 2. The participation of CTCF and CTCF-short (CTCF-s) in the formation of chromatin loops.
(a) Representation of the domain distribution of CTCF and CTCF-short (CTCF-s). (b) CTCF physically
binds to itself to form homodimers which promote chromatin loop formation through cohesin ring
protein. CTCF-s competes with CTCF to alter the chromatin architecture and loop formation, mainly
because CTCF-s is unable to interact with the cohesin ring. Created with BioRender.com (accessed on
23 April 2023).

Similarly, CTCF has a paralogous gene called CTCF-Like (CTCFL), which encodes the
protein Brother of the Regulator of Imprinted Sites (BORIS). It is believed that CTCFL
originated from a duplication event at some point before the evolution of mammals [14].
Unlike CTCF, BORIS is a protein that under physiological circumstances is only expressed
in the testis, where it is required for spermatogenesis [50]. Nonetheless, BORIS has gained
notoriety recently as a promising drug target because it is aberrantly expressed in several
neoplasms and has been related to poor outcomes in cancer patients [51,52].

CTCF and BORIS share 75% of identity, mainly in their DNA binding domains,
suggesting that they might compete for similar binding sites in the genome. Indeed, BORIS
has been described to bind to a large subset of CTCF binding sites; however, there are a
few differences in the target regions of both proteins [53]. While CTCF binds preferentially
to intronic and intergenic regions, BORIS binds mainly to promoters [54,55]. Because the
N- and C-terminal domains of BORIS are not conserved (Figure 3a), it has been suggested
that BORIS may share binding sites with CTCEF, but after binding will recruit different
protein partners, interfering with the main functions of CTCF. In this regard, it has been
reported that BORIS expression affects transcriptional regulation and the establishment of
chromatin loops since BORIS alone is insufficient to recruit the cohesin complex, which is
indispensable for CTCF-mediated chromatin loop formation [53,56].

Besides the impairment of chromatin loops, the differences between CTCF and BORIS
terminal domains may affect which proteins are recruited upon binding (Figure 3b).
Through a yeast two-hybrid assay, it was demonstrated that BORIS binds to a set of
completely different protein partners than CTCF [57]. This explains the opposite conse-
quences of their expression in cancer; while BORIS promotes cell proliferation and has been
classified as an oncogene [58,59], CTCF is a known tumor suppressor [60]. Moreover, it has
been observed that BORIS promotes the expression of some genes that are repressed by
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CTCE, such as hTERT [61], NY-ESO [17], and H19 [62]. So far, CDH8 and UBF are the only
proteins known to bind both CTCF and BORIS [63,64]. A summary of the currently known
BORIS protein partners is displayed in Table 1. The former reinforces the importance
of CTCF protein—protein interactions for the maintenance of the 3D-chromatin structure
and suggests that the terminal domains of these proteins serve as scaffolds for cofactor
recruitment. Together, this suggests that the cellular functions of CTCF and BORIS could
be defined by their interaction with other proteins.

s
a s ol b
28

Zinc finger domain
75% identity

protein
partners?

C-terminal domain
< 15% identity

N-terminal domain
< 15% identity

BORIS

BORIS

Figure 3. Features and functions of Brother of the Regulator of imprinted sites (BORIS). (a) Represen-
tation of the domain distribution of BORIS and their percentage of identity with CTCF. (b) BORIS can
alter chromatin loops by a competitive mechanism with CTCF and its inability to interact with the
cohesin ring. Moreover, the recruitment of new protein partners by BORIS could explain the opposite
behaviors of CTCF and BORIS. Created with BioRender.com (accessed on 23 April 2023).

Table 1. Known protein—protein interactions of BORIS. Proteins that were experimentally validated
to interact with CTCF as well are labeled in red.

Complex Experimental

Protein .
Types Protein Function Evidence References
PRMT7 Argininelmethylation to Immunoprecipitation. [65]
control imprinting.
CTCF Unknown function in In‘situ‘ proximity [50,53]
spermatogenesis. ligation assay.
Immunoprecipitation
Chromatin-associated BAG6 Transcriptional activation .
proteins SET1A of c-myc and BRCAL. Yeast two-hybrid assay 571
SPROCC/;\ZP Unknown Yeast two-hybrid assay [57]
TBP Transcrfifl’\j[izrgé aActlivation Pull down assay. [66]
o -Al.
SP1 Transcriptional activation Immunoprecipitation. [66,67]
of NY-ESO-1. Pull down assay.
ELF2
HCFC2, HCFC1
Transcription MGA
factors ;;555 Unknown Yeast ?zsoa-;ybnd [57]
ZNF518
ATF7
MKL2
Ku70 DNA damage repair. Immunoprecipitation [68]
DNA Binding UBF tDNA trarllsc'riptional Immunoprecipitation. [64]
proteins CHDS regulation.
Signaling CSTA Unknown Yeast szvsoa-hybrld [57]
proteins FHL2 Y
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4. CTCF Regulates the Chromatin Structure through Interactions with Several
Epigenetic Factors

The chromatin status is dynamic and can be regulated by covalent modification of the
amino-terminal ends of histones that protrude from the nucleosome and are accessible to
enzymes that chemically modify them through a system of writing, reading, and erasing
complexes [9]. These modifications correspond to a kind of code that works in conjunc-
tion with the DNA sequence to determine the state of the chromatin and establishes and
stabilizes gene expression patterns [10]. Because of CTCF’s role as the master regulator of
chromatin, it is highly probable that both its actions and DNA recruitment are dependent on
the chromatin context. To better understand the interactions between CTCF and other pro-
teins with epigenetic functions, we analyzed data from the literature, as well as the STRING
database [69] and the Integrated Interactions Database [70] to find CTCF protein partners
(Supplementary Table S1). While many of these partners are transcription factors that use
CTCEF as a scaffold to shape the chromatin structure [71], CTCF also interacts with other
proteins that have epigenetic functions, such as DNA and histone demethylases [21,72,73].
The identification of CTCF protein partners involved in epigenetic processes may provide
valuable insights into the complex regulatory mechanisms of chromatin organization and
gene expression. To identify these proteins, we filtered our list of CTCF protein partners us-
ing the annotations available in the EpiFactors database [13]. The resulting CTCF epigenetic
factor targets are shown in Figure 4.

Among these interactions, many of the proteins participate in the shaping of the
3D conformation of the genome such as the DNA helicases CHD? [74], CHDS [63] and
CHDIL [75], the topoisomerases TOP2A [76] and TOP2B [77], and the components of
chromatin remodeling complexes such as ARID1A [78], YY1 [79], YAF2 [42] and BPTF [71].
The former suggests that CTCF works in combination with other remodeling cofactors to
establish chromatin domains.

It is also worth noticing that CTCF interacts with several members of the Polycomb
group (PcG). These proteins are part of a system that regulates post-translational modifiers
of histones, and their action is generally associated with the transcriptional repression of
tissue-specific genes. This group has two members, the Polycomb Repressive Complexes 1
and 2 (PRC1 and PRC2). PRC2 is the complex that acts as a writer, as it is responsible for
mono-, di-, and trimethylated lysine 27 of histone 3 (H3K27me3). This mark is associated
with silenced gene promoters and facultative heterochromatin. H3K27me3 is recognized
by PRC1 (reader) that binds to chromatin, monoubiquitinates lysine 119 of histone H2A
(H2AK119ub), and prevents transcription by blocking the recruitment of RNA polymerase
I1[80,81]. CTCF interacts with EED and SUZ12 which are members of the PRC2 complex; a
couple of studies have proposed that CTCF could guide the PRC2 complex to gene pro-
moters that are susceptible to repression through H3K27 methylation [82,83]. Furthermore,
BMI1, PCGF1, and RYBP are members of the PRC1 complex. Although the biological
significance of their interaction with CTCF remains unexplored, a study shows that these
proteins may regulate the organization of CTCF-mediated chromatin interactions [84].

Besides PcG proteins and chromatin remodeling factors, CTCF’s relationship with
proteins related to histone post-translational modifications are remarkable as well. CTCF in-
teracts with proteins involved in the three stages of histone posttranslational modifications
(writing, reading, and erasing). However, we would like to discuss further two particular
cases that have not been broadly explored yet; histone and DNA demethylases.
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Figure 4. Epigenetic factors that interact with CTCEF. The protein—protein interactions between CTCF
and other proteins with epigenetic functions. Colors are according to the EpiFactor category that
each protein belongs to, as follows: histone modification reader in yellow, chromatin remodeling
in mint, polycomb group proteins in blue navy, DNA demethylation in pink, histone modification
eraser in salmon, RNA modification in green, and histone modification writing in orange. Created
with BioRender.com (accessed on 23 April 2023).

5. CTCF as a Modulator of Histone Methylation

Histone methylation is a post-translational modification related to multiple biological
functions. Methylation happens mainly in arginine (R) and lysine (K) residues. Arginines
can be mono- or dimethylated, and this chemical modification generally potentiates the
interaction with other enzymes that modify histone tails [85]. Moreover, lysine residues
can be mono-, di-, or trimethylated; these histone marks are associated with either tran-
scriptional activation or repression, depending on the lysine residue. As an example, di-
and trimethylation at H3K4 is related to enhanced gene expression, whereas trimethy-
lation at H3K9 and H3K27 is associated with transcriptional repression [10]. Because
histone methylation is a covalent modification, it was initially assumed to be stable and
irreversible. However, in 2004, the first histone lysine demethylase was characterized,
and since then more than 20 enzymes have been described that can remove this covalent
modification [86,87].

Currently, histone lysine demethylases (KDMs) are classified into two families based
on their chemical mechanism of action: the amine oxidase-like and the oxygenase
enzymes [88]. The amino oxidase-like family has two members: KDM1A; the first his-
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tone lysine demethylase described by Shi and colleagues in 2004; and KDM1B. These
proteins have a common amine oxidase-like domain and are FAD-dependent [89]. KDM1
enzymes can remove mono- and dimethyl groups but cannot demethylate trimethylated
lysines, due to their FAD-dependent catalytic mechanism [90]. The oxygenase family is the
largest one, with more than 20 JmjC (Jumonji) domain-containing enzymes. These proteins
enclose a Fe* ion in their catalytic domain and use a-ketoglutarate as a co-substrate [91].
This family is also divided into seven subfamilies (KDM2-8) according to the similarity of
their catalytic domain and their substrate specificity [88].

In vitro studies have demonstrated that the simple binding of these enzymes to their
substrates is sufficient for the demethylation reaction, suggesting that their recruitment
must be tightly controlled in order to prevent aberrant demethylation [92-94]. It is not
yet clear how the demethylases are directed to specific sites in the chromatin, especially
since they lack DNA binding domains. One possible explanation could be that certain
transcriptional factors and other chromatin-binding proteins might be responsible for
the recruitment of these epigenetic components. KDMs activity could be regulated by
protein—protein interactions allowing a dynamical interaction with the chromatin by taking
advantage of the “reader” domains present in their binding partners [95,96]. Moreover, it
has been suggested that the chromatin environment provides certain selectivity to demethy-
lases since it controls the accessibility of these proteins to their target sites [97]. In addition,
it is known that several transcription factors recruit histone demethylases upon binding to
their target genes to promote a change in the chromatin state [98-100]. However, KDMs’
relationship with CTCF remains partially unexplored.

Until now, few studies have demonstrated the association between CTCF and histone
demethylases; in fact, only two KDM partners have been found. The first was reported
in 2014 by Yamamoto et al., who found via co-immunoprecipitation that CTCF formed a
complex with the H3K4me3 and H3K4me?2 specific demethylase KDM5B. Moreover, when
conducting ChIP-seq assays, they discovered that KDM5B sites overlap with those of CTCF
in most mammary cancer cell lines, and this overlapping phenomenon correlates with a
lower H3K4me3 signal compared to those non-overlapping sites (Figure 5a). The role of
the KDM5B-CTCF complex is not clear, but the authors suggest that CTCF takes partin a
finely tuned regulation of basal/stem cell genes, such as ACTG2, APOE, CTGF, FN1, and
TGFp2, among others. The perturbation of these transcriptional changes could promote
breast cancer progression [73,101].

Another CTCF histone demethylase partner is KDM4A. The first clue that CTCF could
be a KDM4A partner was reported in 2011 by Kang’s group, who performed transfection
and immunofluorescence assays and observed that the demethylation frequency of KDM4A
was enhanced by the presence of CTCF [102]. This study opened the window to another
report in 2018, where co-immunoprecipitation was used to demonstrate that CTCF and
KDM4A form a protein complex. Furthermore, it was shown by ChIP-qPCR and ChIP-
Re/ChIP-qPCR that CTCF and KDM4A coexist in the first intron of CHD5, the promoter of
WRAPS53, and the region located at —1922 bp of the ASCL2 transcription starting site. The
coexistence of CTCF and KDM4A correlates with the reduction of H3K36me3/2 histone
modifications at the first intron of CHD5 and is associated with its transcriptional down-
regulation (Figure 5b). Moreover, CTCF or KDM4A depletion mediated by siRNAs leads to
the CHDb reactivation expression, proposing that both proteins are involved in the negative
regulation of this gene. The knockout of KDM4A by CRISPR/Cas9 restored the expression
of CHD5 and H3K36me3 and H3K36me2 histone marks, without disturbing the CTCF
localization [72]. Nevertheless, it is currently unknown whether this complex is related to a
genome-wide repression or activation and if CTCF might also be one of the key proteins
driving the specificity of KDM4A.

To the best of our knowledge, there are no studies evaluating the association between
CTCF and other histone demethylases. Nevertheless, ChIP-seq studies demonstrate some
overlap between KDM5A, KDM5C, KDM1A, and CTCE, suggesting that CTCF could
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be involved in their regulation; however, further studies are required to determine the
participation of CTCF in the modulation of these enzymes.
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Figure 5. CTCF interactions with histone and DNA demethylases. (a) CTCF interacts with KDM5B
and regulates the transcription rate of basal/stem cell genes in luminal breast cancer lines. (b) The

Intron

interaction of CTCF with KDM4A is involved in the down-regulation of CHD5 gene expression in
MCEF?7 cells. (c) CTCF interaction with TET1 and TET2 proteins is involved in enhancer activation.
(d) CTCF can also interact with 5caC, which leads to RNA pol II pausing and alternative exon
inclusion of the CD45+ gene. CTCF and TET protein—protein interaction is possible but remains
uncharacterized for this mechanism. Created with BioRender.com (accessed on 23 April 2023).

6. CTCF and the TET Enzymes

DNA methylation is an epigenetic process involving a methyl group transfer to the
C5 position of the cytosine to form 5-methylcytosine (5mC). DNA methylation has several
functions; although it is generally associated with transcriptional repression; it is also
involved in other vital processes, such as genomic imprinting, X chromosome inactivation,
and retrotransposon element suppression [103,104]. Similarly to histones, DNA can be
demethylated; this process can be accomplished either passively, by simply not methylating
the new DNA strand after replication, or actively, by a replication-independent process
that involves the ten-eleven translocation (TET) enzymes [105].

The first evidence of the enzyme-mediated DNA demethylation was observed in
2007, with the identification of the Trypanosoma cruzi enzymes JBP1 and JBP2 that are
responsible for gene silencing through the hydroxylation and glycosylation of a thymine
methyl group (known as ] Base). This discovery pointed toward the existence of “eraser”
proteins that are in charge of removing DNA methylation [106]. Shortly after, in 2009,
when looking for mammalian homologs of the trypanosome thymidine hydroxylases,
the three human ten eleven translocation (TET) proteins, TET1, TET2, and TET3 were
identified [107]. Nevertheless, the TET proteins were not at a central stage until they
were found to oxidize 5mC to 5-hydroxymethyl-cytosine (5hmC) as part of the DNA
demethylation mechanism [108,109]. Subsequent reports revealed that TET proteins further
oxidize 5ShmC to 5-formyl-cytosine (5{C) and 5-carboxyl-cytosine (5caC), both of which
are removed through the Base Excision Repair (BER) pathway, thereby completing the
demethylation process [108,110].
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Because DNA methylation is an epigenetic marker that is essential for correct cel-
lular function and organism development [111,112], TET proteins must be subjected to
finely controlled regulatory mechanisms. These enzymes have fundamental roles in epi-
genetic reprogramming, embryogenesis, development, and tumorigenesis, and it is well-
known that their inactivation contributes to the local DNA hypermethylation observed in
cancer [113,114]. Apart from catalytic activity regulation, TET1 and TET3 are more likely
recruited to their genomic target sites through the direct binding of their respective CXXC
domains to the DNA [115]. In vitro binding assays and in vivo chromatin immunoprecipi-
tation assays confirm that these domains can bind CpG-rich oligonucleotides with a slight
preference for unmethylated versus methylated substrates [116-118]. In contrast, TET2
does not have any obvious DNA-binding domains, and it is therefore potentially recruited
through the direct binding of DNA-targeting partners [119]. In fact, it has been demon-
strated that the TET2 protein binds tissue-specific transcription factors such as the early
B cell factor 1 (EBF1) [120] and WT1 [121,122]. The dynamic expression of DNA-binding
factors and their interactions with TET2 can likely concede the tissue-specific and temporal
modulation of TET activity on a limited set of genomic loci [123]. Furthermore, interaction
with several binding partners is likely to alter the genomic location and stability of TET
proteins [124].

Since TET enzymes form protein complexes with other epigenetic components to mod-
ify gene transcription, the interaction of these proteins with CTCF is of particular interest. It
is known that synchronized fluctuations of DNA methylation, demethylation, nucleosome
positioning, and CTCF chromatin binding have an important role in establishing cell-
type-specific chromatin states during differentiation. Loss of CTCF in regions such as the
boundaries of chromatin loops, promoters, and TADs can be associated with the spread of
DNA methylation and demethylation, and can be linked to the down-regulation of adjacent
genes. A hierarchical interaction between cytosine modifications, nucleosome positioning,
and DNA sequences controls CTCF binding and regulates gene expression [125,126].

It has been proposed that CTCF binding to low methylated regions could mediate
local DNA demethylation through TET recruitment [127]. The first evidence was an os-
cillating 5hmC pattern observed around the binding sites of CTCF in mouse embryonic
stem cells, which suggests that accessibility and 5ShmC deposition could be related to CTCF
binding [128]. The genomic co-localization of CTCFE, TET1, TET2, and S5hmc was probed
by co-immunoprecipitation assays on 3T3-L1 and HEK293T cell lines and correlated with
enhancer activation on differentiated cells through the facilitation of the hydroxymethy-
lation of DNA [129]. This concludes that CTCF directly interacts with the TET enzymes
and promotes the DNA hydroxymethylation of enhancers driving adipocyte differentiation
(Figure 5c). Nevertheless, the relationship between CTCF and TET demethylases is not
only relevant to cell differentiation processes, since a study in 2016 revealed that dynamic
TET1 and TET2-catalyzed DNA oxidation stimulates CTCF-dependent alternative splicing
in human lymphocytes. This study found that CTCF directly interacts with 5caC in vitro
and that this mark was strongly associated with alternative exon inclusion [6]. Moreover,
a study demonstrated that 5caC could reinforce CTCF binding to the DNA (Figure 5d).
These findings suggest that the TET mediated-induction of 5caC is a potential way to
regulate CTCF binding and further reinforces the idea that there is a close relationship
between CTCF and the TET proteins [130]. More studies are needed to better describe the
exact functions that DNA oxidation plays in transcriptional regulatory events; additional
explorations will be required to define the way in which CTCF binding is associated with
5caC in vivo.

Taken together, the above information suggests that CTCF could interact, directly
or indirectly, with histone and DNA demethylases; it is still unknown whether these
complexes are related to repression, activation, or other transcriptional processes.
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7. Long Non-Coding RNAs as Non-Protein Partners of CTCF

Long non-coding RNAs (IncRNAs) have emerged as important regulators of chro-
matin structure and gene expression. They act as scaffolds, guides, or decoys that recruit
chromatin modifiers to specific genomic regions, mediate higher-order chromatin organi-
zation, and influence gene expression [131]. LncRNAs have been demonstrated to play
a critical role in the formation and maintenance of chromatin domains, such as TADs. In
this context, IncRNAs have been found to interact with chromatin-associated proteins,
CTCEF for instance, to modulate their function and impact on chromatin structure and gene
regulation [19,132]. Recently, IncRNAs have been identified as key regulators of CTCF [20].
CTCF interacts with RNA through the RNA-binding domains in ZF1 and ZF10. Some stud-
ies have even reported a consensus sequence for RNAs that bind to CTCE, and it has been
suggested that it could have around 5000 potential RNA partners in the genome [21,133].

LncRNAs contribute to the functions of CTCF by recruiting it to specific genomic
sites, modulating chromatin loops, and regulating the formation of TADs. One of the most
studied cases is CTCF-mediated Xist transcriptional repression. Xist is a IncRNA involved
in X chromosome inactivation. CTCF represses Xist expression by binding to its promoter;
however, Jpx is a IncRNA that binds to CTCF and removes it from the Xist promoter,
allowing its expression and subsequent X chromosome inactivation [19,134]. Recently, it
was found that Jpx can also compete for CTCF binding sites in the DNA, altering the loop
formation and the overall conformation of the chromatin [22]. The interplay between CTCF
and other RNA-binding proteins is also important for the maintenance of TADs. As shown
in Figure 4, CTCF interacts with several RNA-binding proteins. Among them, DDX5 is an
RNA helicase involved in many steps of RN A-related processes, such as alternative splicing,
miRNA biogenesis, and RNA unwinding [135]. It has been described that both DDX5 and
the IncRNA steroid receptor RNA activator (SRA) interact with the CTCF-cohesin complex
and stabilize it. Such an interaction is required for the insulation activity of CTCF [136].

Several other IncRNAs have been identified to interact with CTCF and modulate its
function. HOTTIP, for instance, can recruit CTCF to specific genomic regions and promote
TAD formation [137]. Similarly, GATA6-AS1 contributes to TAD formation by forming an
RNA-DNA triplex and interacting with CTCF [138]. LncRNAs also regulate gene expression
through the recruitment or detachment of CTCF [139-141]. PACERR recruits CTCF and
p300 to promoter regions to activate gene transcription through histone acetylation [142].
LncRNAs have also been associated to increase protein stability; for instance, the IncRNA
ELDR inhibits CTCF degradation by the proteasome, increasing protein levels without
modifying transcript levels. Table 2 shows known interactions between CTCF and IncRNAs,
along with the putative function of the complexes.

Overall, IncRNAs represent an exciting new area of research in the field of chromatin
biology and gene regulation. The interaction between IncRNAs and CTCF offers a new
level of complexity to the already intricate network of molecular interactions that govern
gene expression and chromatin architecture.

Table 2. Long noncoding RNAs (IncRNAs) that are known to directly interact with CTCF.

IncRNA Function References
HOTTIP CTCF recruitment and TAD formation [137,140]
PACERR Recruits CTCF and p300 to promoter regions. [142]

Jpx binds to CTCF consensus regions causing a shift in chromatin

JPX loops. It is also involved in X chromosome inactivation. [22,139]
DLGAP1-AS2 Reduced binding of CTCF to target genes. 140
GATA6-AS1 May contribute to TAD formation. Forms an RNA-DNA triplex. 138
ELDR Inhibits CTCF degradation by the proteasome. 143
SH3PXD2A-AS1 Recruits CTCF to inhibit the expression of target genes. 141
CDKN2B-AS1 Recruits CTCF and EZH?2 to silence target genes. 144
LINC00346 Prevents CTCF binding to the c-Myc promoter 145
H19 Mediates the interaction between CTCF and Vigilin to regulate [146]

IGF2 imprinting.

Firre Anchorage of the X chromosome to the nucleolus. 147
CCAT1-L Modulates chromatin loops. 148
SRA Estabilizes CTCF-cohesin complex. 136
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8. Conclusions and Final Remarks

CTCF is a nuclear factor that is involved in several chromatin-related processes, in-
cluding transcriptional regulation, three-dimensional chromatin topology, and epigenetics.
Part of its relevance lies in its versatility, as shown in this review, CTCEF relies on a broad
network of protein and RNA partners to achieve its different tasks. The role of the protein
partners is clear upon comparison with CTCF-s and BORIS. In the first case, the lack of
the N-terminal domain leads to the loss of the most studied CTCF interacting partners, the
cohesin complex. The second case is more complex, since BORIS binding to the DNA has
completely opposite consequences than CTCF, besides sharing a high degree of identity
at their DNA binding domains. Most of this could be explained by their interactions with
different protein partners through their unconserved terminal domains. There is current
research going on in this regard, and without a doubt, the study of the interplay between
CTCF and BORIS in cancer will help to understand CTCF’s role in chromatin organization
and other epigenetic processes.

Chromatin is finely organized inside the nucleus through a complex system that has
not yet been elucidated. As mentioned previously in this review, many of the epigenetic
factors that help to establish and maintain chromatin structure lack DNA binding domains;
thus, it has been hypothesized that their action should rely on other proteins. CTCF is
capable of binding to thousands of sites in the genome, and due to the flexibility of its DNA
binding domain, it is considered a multivalent protein. In this review, we demonstrate that
CTCF interacts with a wide array of epigenetic factors which suggests that it could serve
as a scaffold for the assembly of different protein complexes. Nevertheless, the logistics
involved in partner election, the impact of each complex, and the crosstalk between different
partners is an exciting point of view that is worth further study.

Since epigenetic markers such as histone and DNA methylation are highly dependent
on the chromatin context, the interaction between CTCF and different components of the
epigenetic complexes is interesting. So far only a few protein—protein interactions between
CTCF and other epigenetic factors have been fully characterized, and in most cases, the stud-
ies have been conducted on a specific gene or promoter; thus, genomic scale experiments
could be helpful to identify the overall impact and localization of the complexes.

LncRNAs add another layer of complexity to the CTCF-mediated chromatin regulation.
Currently, the role of most of these complexes in biological processes remains unknown.
However, several studies hint towards the existence of a broad CTCF-RNA interaction
network. The role of some of these complexes has been discussed here; among them, Jpx
is the most remarkable example due to its ability to detach CTCF from its binding sites.
Further studies will help to understand the role of CTCF-IncRNA interactions.

Because of CTCF’s versatility, it could likely function as a scaffold for many of the epi-
genetic complexes required for a proper genomic organization. Without a doubt, there are
still undiscovered mechanisms for CTCEF; the study of this protein could aid to understand
the complex mechanisms that regulate chromatin organization and gene expression.
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The axolotl, known for its remarkable regenerative abilities, is an excellent model for studying regenerative therapies.
Nevertheless, the precise molecular mechanisms governing its regenerative potential remain uncertain. In this study, we
collected samples from axolotls of different ages, including 8-year-old individuals and 8-month-old juveniles, obtaining their
blastemas 10 days after amputation. Subsequently, we conducted a transcriptomic analysis comparing our samples to a set of
previously published experiments. Our analysis unveiled a distinctive transcriptional response in the blastema, characterized
by differential gene expression associated with processes such as bone and tissue remodeling, transcriptional regulation,
angiogenesis, and intercellular communication. To gain deeper insights, we compared these findings with those from aged
axolotls that showed no signs of regeneration 10 days after amputation. We identified four genes—FSTLI, ADAMTS17, GPX7,
and CTHRCI—that showed higher expression in regenerating tissue compared to aged axolotls. Further scrutiny, including
structural and homology analysis, revealed that these genes are conserved across vertebrate species. Our discoveries point to
a group of proteins relevant to tissue regeneration, with their conservation in vertebrates suggesting critical roles in de-
velopment. These findings also propose a novel gene set involved in axolotl regeneration, laying a promising foundation for
future investigations across vertebrates.

Keywords: aging; Ambystoma mexicanum; blastema; tissue regeneration; transcriptomics
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1. Introduction

The axolotl is a salamander of the genus Ambystoma, which
comprises 32 species from southern Canada to central
Mexico. Among the different species present in Mexico,
Ambystoma mexicanum, an endemic species from the lake
region of Mexico City, is the most studied [1, 2]. Commonly
known as axolotls, A. mexicanum is a vertebrate amphibian
with an unusual appearance. Unlike other salamanders,
axolotls do not metamorphose to become adults; instead,
they remain in their larval form, retaining their external gills
and aquatic lifestyle throughout their entire lives [3, 4]. In
addition to their popularity as pets in many parts of the
world, this animal is considered an interesting model for
studying tissue regeneration. Indeed, they can regenerate
a wide range of injured tissues within just a few weeks,
including limbs [5, 6], tail, central and peripheral nervous
systems [7, 8], iris [9], bone, and muscle [10, 11].

Previous studies have shown that the axolotl re-
generation process involves three phases: wound healing,
blastema formation, and redevelopment [12, 13]. After an
injury, the fibroblasts surrounding the wound acquire
proliferative capacity and set the stage for new tissue de-
velopment [14-17]. Once the wound is closed, the fibroblasts
dedifferentiate into mesenchymal progenitor cells that ac-
cumulate in an epithelium-covered region called the blas-
tema. It is in this organ where the reconstruction of the
missing limb takes place. Blastema cells are thought to have
a certain “cellular memory,” as they always differentiate into
the same cell type from which they originated, and the new
limb will have the same size, shape, and orientation as the
amputated one [18-20]. Because of this, the study of the
underlying mechanisms and factors involved in blastema
regeneration is currently of great interest. Specifically, re-
searchers are interested in dissecting the cellular and mo-
lecular events, leading to regeneration in axolotls that could
be extrapolated to other species. A previous study dem-
onstrated that mouse growth factors can induce blastema
formation in axolotls, suggesting that the machinery re-
quired for tissue regeneration may be conserved in mam-
mals [21]. However, the molecular factors involved in the
activation of such machinery remain unexplored.

One limitation of studying axolotls is the complexity of
their genome; with 32 gigabase pairs of DNA distributed
across 14 pairs of chromosomes, it is one of the largest
genomes among vertebrates. However, approximately 70%
of their genome is composed of repetitive elements, making
its assembly a challenge [22]. Furthermore, the lack of a fully
annotated transcriptome has hampered comprehensive
studies of tissue regeneration, making it difficult to compare
the results across publications. Despite these challenges,
previous research has identified several candidate genes that
may play a role in the regenerative process. However, the
mechanistic insights into these genes and how they interact
with others are not fully understood [23-25]. Fortunately,
recent advances in genome assembly and transcriptome
annotation are enabling detailed transcriptomic studies that
will shed light on the molecular processes underlying axolotl
regeneration [26].
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Additionally, the impact of environmental factors, such
as habitat, diet, and age, on the regenerative capacity of
axolotls has not been investigated [5]. While axolotls can
regenerate tissues throughout most of their entire lifespan,
this phenomenon becomes less efficient with age [9, 27].
Younger individuals can regenerate tissues in a matter of
days or weeks, whereas sexually mature adults may require
several months to regenerate a limb [18, 28]. It is also worth
noting that most experiments have been carried out on the
d/d strain, a homozygous white mutant lineage established
by French naturalists in the mid-19th century. Interestingly,
this strain often exhibits regeneration defects due to ex-
tensive inbreeding [1, 29]. Therefore, to fully understand the
genetic, transcriptomic, and environmental factors involved
in tissue regeneration in A. mexicanum, and how aging may
affect this process [30], it is crucial to study native Mexican
axolotl populations from the Xochimilco Lake area.

In this study, we conducted transcriptomic analysis on
the limbs of juvenile axolotls (8 months old) and the blas-
tema formed 10 days postamputation, aiming to elucidate
the molecular fingerprint of tissue regeneration. Our in-
vestigation involved a comparative analysis of our datasets
with those previously documented by Bryant in 2017, with
the objective of identifying conserved transcriptomic re-
sponses in blastemas, even across different axolotl strains
[23]. Through a custom annotation of the axolotl proteome,
we found that the differentially expressed genes (DEGs) were
primarily associated with anatomical development and cell
differentiation. Additionally, we collected samples from the
limbs of two aged axolotls (8 years old) that did not develop
a blastema after amputation. By contrasting the DEGs in
blastemas with those in aged limbs, we pinpointed four
genes (FSTL1, ADAMTS17, GPX7, and CTHRCI) exhibiting
heightened expression in regenerating tissues but di-
minished expression in aged axolotls. These genes were
found to be associated with anatomical structure develop-
ment, as corroborated by structural and conservation ana-
lyses, indicating their high conservation across vertebrates
and their pivotal roles in development, bone morphogenesis,
and cartilage formation in mammals. Our results suggest
a set of key axolotl genes that potentially participate in tissue
regeneration specifically in juvenile axolotls. These genes
could provide a basis for studying tissue regeneration in
other vertebrates and hold promise for advancing the field of
regenerative medicine.

2. Materials and Methods

2.1. Sample Collection. All biological samples were sourced
from a captive population of Mexican axolotls (A. mex-
icanum) housed at the Unidad de Manejo Ambiental of the
Centro de Investigaciones Biologicas y Acuicolas de Cue-
manco (UMA-CIBAC), affiliated with the Universidad
Auténoma Metropolitana, Xochimilco Campus (UAM-
Xochimilco) in Mexico City. This axolotl colony originates
from wild individuals captured in the Xochimilco Lake area.
Situated adjacent to the lake, CIBAC provides conditions
closely resembling the axolotl’s natural habitat; the water in
their tanks is sourced from the lake, and their diet primarily
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consists of aquatic worms (Tubifex). All procedures were
approved and supervised by veterinarians from UMA-CIBAC
and UAM-Xochimilco, in accordance with the norms and
regulations set by the Mexican Ministry of Environment and
Natural Resources (Reference Number CEIL2023.007).

Sedation of the axolotls was achieved through immer-
sion in a tank containing benzocaine at a concentration of
50 mg/L before the amputation process. Biological samples
were meticulously collected, using a stereoscopic micro-
scope, from the inferior limbs of five juvenile axolotls
(8 months old) as well as from two aged axolotls (8 years
old). Specifically, blastema tissues were acquired 10 days
postamputation from juvenile axolotls, whereas aged axo-
lotls did not display any development of blastema tissue. Five
additional 8-month-old organisms, along with their corre-
sponding blastema generated 10 days after amputation, were
collected to perform experimental validation of ADAMTS-
17.No animals were sacrificed for this study, and the axolotls
were safely reintroduced to their habitat at UMA-CIBAC
following the final sample collection.

2.2. RNA Extraction and Sequencing. The collected tissue was
preserved in RNAlater (Invitrogen) at 4°C for a maximum of
24 h prior to processing. RNA was extracted according to the
protocol established by Pefia-Llopis and Brugarolas [31]. Its
quality and concentration were assessed using the High
Sensitivity RNA Tapestation (Agilent Technologies). Ribo-
somal RNA depletion was performed using the Ribo-Zero
Gold Kit (Illumina), and libraries were constructed using the
SMARTerStranded V2 kit (Takara Bio). Paired-end (PE)
sequencing was carried out on Illumina with a read length
configuration of 150 and 20 million reads per sample.

2.3. Quantitative Reverse Transcription-Polymerase Chain
Reaction (RT-qgPCR). Total RNA from five samples of juv-
enile axolotl limbs and their blastemas, collected 10 days
postamputation, and two samples from aged axolotls were
extracted using TRIzol reagent (Invitrogen, Catalog No.
15596026), and RNA integrity and quality were evaluated
with TapeStation 2200. cDNA was synthesized through
a reverse transcription reaction following the instructions
provided by the GeneAmp RNA PCR Core Kit (Applied
Biosystem, Catalog No. N8080143) using oligo(dT) primers.
qRT-PCR assays were performed on 7500 Real-Time PCR
System (4351105, Applied Biosystems, Foster City, CA,
USA) using Maxima SYBR Green/ROX qPCR Master Mix
(2x) kit (Thermo Scientific, Catalog No. K0222). To assess
the expression of ADAMTS17 and GAPDH as the house-
keeping gene control, the following oligonucleotides were
used: ADAMTS17 (FW: 5'-CTGCTCTGACCTACAAGT
GC-3/, RV: 5-TTGGCATAAAAGTCTCGGCA-3') and
GAPDH (FW: 5'-GCTGCCTCCTATGACGAAAT-3', RV:
5'-TTCCTCGGTGTATCCCAGAA-3'). The relative ex-
pression of ADAMTS17 was determined using the —AACt
method, comparing its expression in blastema tissues of
juvenile axolotls or limbs of aged axolotls to the control
condition and normalized with GAPDH. Statistical analyses
were performed using a t-test in GraphPad 7.

2.3.1. Transcriptomic Analysis. In addition to the experi-
mentally obtained samples, data from two other studies were
also analyzed. The accession numbers for the samples used
are displayed in Table 1.

Quality assessment of the sequencing data was performed
using FastQC [32] Subsequently, raw counts were aligned to
the reference genome AmexG_v6.0-DD [26] using STAR
v.2.7.9a [33]. The resulting transcript-aligned read counts
were quantified using featureCounts for R, and the
AmexT_v47 transcriptome, accessible at https://www.axolotl-
omics.org/assemblies, was used for this purpose. DESeq2
v.1.32.0 [34] was employed for the differential expression
analysis. The tissue obtained after amputation of the juvenile
axolotl’s limb was used as a control. Two separate compar-
isons were carried out: aged axolotl limb (8years old)
versus control and 10-day blastema from juvenile axolotls
versus control. Genes were designated as DEGs if they
exhibited |log2 (fold change)|>1 and padj < 0.05. For the
Bryant dataset, differential expression analysis was conducted
for proximal blastema using upper arm tissue as the control
and for distal blastema using hand tissue as the control.

2.3.2. Gene Annotation and Protein-Protein Interaction
(PPI) Networks. All genes were named according to the
“gene_name” field in the AmexT v47 transcriptome file,
accessible at https://www.axolotl-omics.org/assemblies. In
cases where the “gene_name” field was either empty or equal
to “N/A,” genes were assigned the same name as their
gene_id. Priority was given to nomenclature with the [hs]
identifier over any other annotation. To distinguish genes
with the same name, a numerical identifier was appended;
for example, KAZAL.3 indicated the presence of four other
genes with the name KAZAL in the dataset. The predicted
gene ontology (GO) function and PPIs for each gene were
determined using STRING [35]. Only one open reading
frame per gene was used as input for STRING; if a gene had
more than one transcript, the 0.1 isoform was selected. GO
term enrichment analysis was performed using gProfiler2
v.0.2.1 for R [36] with the correction method g:SCS and an
adjusted p value significance threshold of 0.05. Redundant
terms were clustered using rrvgo v.1.4.4 for R [37]. The PPI
visualizations were built with KeyPathwayMineR [38] All
network visualizations were created with Cytoscape [39].

2.3.2.1. Coexpression Analysis. Our datasets, as well as the
ones from Bryant and Caballero-Pérez, were used as input
for WGCNA [40]. The raw counts were normalized using
variance-stabilizing transformation (VST) from the DESeq2
package. Batch effect correction was performed with
Combat from the sva v3.40.0 package for R [41]. The
blockwiseModules function was employed to identify
coexpression modules within the data. The function was run
with a power of 7 and a minimum module size of 30 genes,
with the TOMType set to “unsigned.” The resulting
coexpression modules were named with random colors.
Modules were considered significant if they had a p value
< 0.05 and |Module-Trait Correlation| > 0.5. GO en-
richment analysis for the genes contained in each module was
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TaBLE 1: Analysis of previously published samples.

SRA accession Sample type Citation
SRR2885267 Bone

SRR2885268 Bone

SRR2885269 Bone

SRR2885270 Forearm cartilage

SRR2885271 Forearm cartilage

SRR2885273 Forearm cartilage

SRR2885553 Distal blastema

SRR2885591 Distal blastema

SRR2885592 Elbow

SRR2885593 Elbow

SRR2885594 Forearm

SRR2885595 Forearm (23]
SRR2885597 Hand

SRR2885598 Hand

SRR2885599 Hand

SRR2885865 Proximal blastema

SRR2885866 Proximal blastema

SRR2885867 Skeletal muscle

SRR2885868 Skeletal muscle

SRR2885869 Skeletal muscle

SRR2885870 Skeletal muscle

SRR2885871 Upper arm

SRR2885873 Upper arm

SRR2885875 Upper arm

SRR5042766 Front leg [24]
SRR5042769 Rear leg

performed with gProfiler2 v.0.2.1 for R*®, and the PPI network
was built with KeyPathwayMineR [38] using only the genes
with module membership > 0.7. Visualizations were created
with Cytoscape and BioRender.com.

2.4. Homology and Structural Biology Analysis. The amino
acid sequences for each transcript were obtained from the
annotation file (.gtf) for the AmexT_v47 transcriptome. If
more than one transcript was available, only the 0.1 isoform
was modeled. The amino acid sequence of each protein was
used as a query for BLASTP 2.12.0 [42, 43] against the
UniProtKB and Swiss-Prot database [44]. Only the sequence
with the highest identity percentage in each organism was
conserved for the identity plot, and the organisms displayed
were selected based on the animal model organisms de-
scribed in a comprehensive review of model organisms [45].
AlphaFold2 [46] was used to predict the structures of the
proteins; templates were used for all predictions, and the
ConSurf [47] web server was used to color the residues
according to their conservation. Functional domain anno-
tation was performed using the Conserved Domain Data-
base (CDD) [48] and the NCBI Conserved Domain tool [49].
Protein visualizations were created with the PyMOL Mo-
lecular Graphics System v.4.60.

3. Results

3.1. Blastemas Share a Defined Transcriptomic Profile. To
explore the dynamics of gene expression during the for-
mation of blastema in A. mexicanum, we conducted an
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experiment involving the RNA sample collection. This was
achieved by amputating the right forelimb of five juvenile
axolotls (8 months old) at a proximal site. These axolotls
were bred and raised within CIBAC, a facility dedicated to
maintaining a colony derived from wild specimens captured
in Lake Xochimilco. Blastema samples were obtained 10 days
after the amputation procedure, and RNA was subsequently
extracted. The extracted RNA samples underwent se-
quencing analysis.

To contextualize our findings, we compared them with
RNA-seq data from Bryant [23], who studied a strain of d/d
axolotls (white mutant). In their study, forelimbs were
amputated at two different sites (proximal and distal), and
blastemas were collected 23 days postamputation. To iden-
tify the most significant changes in gene expression between
the different samples, we performed differential expression
analysis (Figure 1(a)).

Overall, we observed that most of the DEGs were
downregulated. In our samples, we identified 667 upregu-
lated genes and 2076 downregulated genes in the blastema
compared to control tissue. In the distal blastema, we found
4809 upregulated genes and 5577 downregulated genes
compared to the control, whereas in the proximal blastema,
we found 6143 upregulated genes and 7671 downregulated
genes (Figure 1(b)).

We compared the DEGs in our samples with Bryant’s
datasets to search for genes that were consistently regulated
across experiments. Our aim was to identify expression
patterns associated with regeneration regardless of strain or
amputation site. We found 1277 DEGs that were common to
all three datasets. Specifically, out of these common DEGs,
248 were upregulated and 886 were downregulated in all
three samples (Figure 1(c), Supporting Table 1).

Since ontology annotation for A. mexicanum is not
available, we used STRING [35] to generate a homology
annotation for the coding genes in the AmexT_v47 tran-
scriptome. By performing a GO term enrichment analysis,
we found that the DEGs in the blastema were primarily
associated with biological processes related to tissue and
muscle development, cytoskeleton organization, cell adhe-
sion, extracellular matrix organization, and ossification.
However, among the downregulated genes, we observed an
enrichment in biological processes such as cytoskeleton
organization, muscle structure development, and myofibril
assembly. Conversely, the upregulated genes were enriched
in terms such as anatomical structure development, negative
regulation of cellular processes, and regulation of cell dif-
ferentiation (Figure 1(d), Supporting Table 2).

A gene-GO term network was constructed using 10 of
the most representative terms from Figure 1(d) to provide
a more comprehensive visualization of the genes involved in
the process of regeneration. Notably, the majority of genes
belonged to the term “anatomical structure development,”
and a significant proportion of the genes in this category
showed downregulation in the blastema compared to the
control. However, genes associated with the Wnt pathway
(WNT5A and WNT5B) were upregulated, as were the
metallopeptidases ADAMTS17, ADAM8, MMP19, MMPI1,
and MMPI13, which are also associated with the
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FiGure 1: Comparison of DEG in different blastema samples. (a) Schematic representation of tissue sampling and downstream analyses. We
sampled five juvenile axolotl limbs (control) and two aged axolotl limbs (over 8 years old). Amputation was performed below the elbow
(proximal amputation). Blastemas from juvenile axolotls were collected after 10 days, while aged axolotls showed no blastema at the same
time point. Datasets published by Bryant et al. were also analyzed; the samples were taken from d/d strain axolotls at two different
amputation sites: the first at hand level (distal) and the second below the elbow (proximal). Blastemas from Bryant’s dataset were collected
23 days postamputation. After RNA extraction and sequencing, differential expression and network analysis were performed to find relevant
genes and predict GO terms associated with regeneration. (b) Differentially expressed gene (DEG) volcano plots. The left panel shows the
comparison between blastema and control limbs (juvenile axolotls). The middle panel shows the distal blastema compared to the hand. The
right panel shows the proximal blastema compared to the upper arm. Red dots represent the upregulated genes (p value < 0.05 and log2 (fold
change) > 1). Blue dots represent the downregulated genes (p value < 0.05 and log2 (fold change) > 1). (¢) Venn diagram of the intersection
between DEG for blastema vs. control, distal blastema vs. hand, and proximal blastema vs. humerus. The left panel shows the heat map for
the 1277 genes in the intersection between DEG in aged axolotls and blastema. The color of the tiles represents the log2(fold change) value
for each gene. Genes with the same behavior across samples are indicated by parentheses (1134 of 1277 genes). d) Top 20 gene ontology
biological processes associated with all DEG in the intersection shown in Figure 1(c) (1134 genes), downregulated genes only (886 genes), or
upregulated genes (248 genes). The size of the bar corresponds to the number of genes associated with the significant GO term. The color of
the bars represents the logl0 (p value) of the term. Created with BioRender.

“extracellular structure organization” term. Similarly, genes ~ summary, our results provide a collection of genes and
related to cell adhesion, myofibril assembly, and actomyosin ~ biological processes that are associated with blastema tissue
structure organization were mostly downregulated in blas-  and the regeneration process in axolotls, which is consistent
temas, with a few exceptions such as tenascin (TNC), fi- with and extends the data from previous studies (Figure 2).

bronectin (FN1I), and thrombospondin-2 (THBS2). Another
group of genes, including SMAD6, SMAD7, and BAMBI,
involved in the tumor growth factor beta (TGF-f) signaling ~ 3.1.1. Key Genes in Regeneration Revealed by the Tran-
pathway, were upregulated and associated with cell differ-  scriptomic Profile of Aged Axolotls. In addition to the pre-
entiation, along with SOX4 and NOX4. Genes associated viously analyzed samples, we included two aged axolotls

with epigenetic functions were also found. A notable ex-  (8years old) in our study, subjecting them to proximal
ample is the histone lysine demethylase KDM3A, found  forelimb amputation. Surprisingly, after a period of 10 days
among the genes involved in differentiation and develop-  postamputation and a subsequent follow-up of 6 months,

ment. This finding suggests that tissue regeneration may be  these aged specimens showed no signs of limb regeneration,
controlled by epigenetic processes. Notably, genes involved ~ in stark contrast to the robust regenerative response ob-
in the ossification and regulation of cell differentiation were  served in juvenile axolotls. Consequently, no post-
also upregulated. Additionally, several genes previously = amputation samples were collected from the aged cohort.
associated with regeneration in axolotls, marked in squared =~ When we compared the transcriptome of the aged limbs to
boxes, were obtained from the table published by Haas and  that of the juvenile limbs, only 172 genes were differentially
Whited [5]. Among these genes, KAZALDI stands out as  expressed, with most being downregulated compared to the
a well-studied gene involved in anatomical developmentand  control (Figure 3(a)). After a GO enrichment analysis, the
bone regeneration in axolotls [23]. Furthermore, bone  only significant GO term associated with the DEG in aged
morphogenetic protein 2 (BMP2) and fibroblast growth  limbs was collagen fibril organization.

factor 9 (FGF9), which are associated with skeletal and To investigate relationships among the aged DEGs, we
cartilage development, were upregulated. These proteins are ~ performed de novo pathway enrichment using Key-
particularly relevant because a previous study demonstrated =~ PathwayMineR [38]. As input, we used the DEGs in aged
their ability to induce blastema formation in axolotls [21]. In limbs and a PPI network constructed with STRING using
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FIGURE 2: Gene ontology terms and genes associated with axolotl regeneration. Gene ontology terms enriched for the DEG in the three
blastema datasets analyzed. Node color corresponds to the log2 (fold change) for the blastema vs. control dataset. GO terms are depicted in
white, each with a distinct border color. Edges are colored according to the originating GO term. Squared nodes represent the genes that
have been previously reported in the literature to be associated with the axolotl regenerative process. Created with BioRender.

the proteome from the AmexT_v47 annotation file. The
interaction network shows mainly the downregulation of
type I (COLIAI, COLIA2), 11 (COL2A1), V (COL5A1), and
XI (COL11A1I) collagens. Some of these proteins appeared
more than once because they were assigned the same name
in the transcriptome annotation file, so they were marked
with a numerical suffix. Additionally, several ribosomal
components, such as ribosomal proteins RPS2 and RPS5, as
well as signal recognition particle 9 (SRP9) and SEC6IG,
which are part of the complex required for protein trans-
lation at the endoplasmic reticulum, were observed
(Figure 3(b)).

In an effort to identify key genes involved in the tissue
regeneration process, we focused on the DEGs that showed
contrasting patterns in the blastema vs. control and aged vs.
control comparisons. Our goal was to identify genes that
were upregulated in blastemas but downregulated in old
axolotls, and vice versa, as these could provide valuable
insights into the impaired tissue regeneration observed in

aging axolotls. Through DEG overlap analysis, we identified
26 genes that consistently exhibited significant differential
expression across all four datasets evaluated (Figure 3(c)).
Among these, seven genes showed consistent differential
expression specifically in blastemas compared to aged limbs.
Notably, CTHRCI.1, ADAMTS17, GPX7, FSTLI, and
LOC112547415.222 were upregulated in blastemas but
downregulated in aged axolotls. Conversely, NNMT.19 and
NNMT.20 exhibited the opposite pattern, being upregulated
in aged axolotls but downregulated in blastemas
(Figure 3(d)). In order to experimentally validate one of the
key genes involved in tissue regeneration, we analyzed the
expression of the ADAMTS17 gene using limb samples from
five 8-month-old juvenile axolotls and their blastema gen-
erated 10 days after amputation, as well as samples from 8-
year-old aged axolotls. Overexpression of ADAMTS17 was
observed in the blastema of the 8-month-old juvenile ax-
olotls compared to their limb. Interestingly, the expression
of this gene significantly decreases in the limbs of 8-year-old
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FiGure 3: Differential expressed genes in aged axolotls. (a) Volcano plot of the differentially expressed genes (DEGs) obtained for the
comparison between aged limbs vs. control limbs (juvenile axolotls). Red dots represent the upregulated genes (p value < 0.05 and log2 [fold
change] > 1). Blue dots represent the downregulated genes (p value < 0.05 and log2 (fold change) < - 1). (b) Protein—protein interaction
network for the DEGs in aged limbs. Node color represents the log2 (fold change) of aged limbs vs. control. Genes associated with the term
“collagen fibril organization” are highlighted in green, while genes that are part of the ribosome are highlighted in pink. Edges represent the
predicted interactions between the proteins encoded by the genes. (c) Venn diagram for the DEGs in all four datasets evaluated. The
blastema DEGs correspond to the comparisons made previously in this study. (d) Heat map displaying the fold change of all DEGs in the
intersection shown in (c) (26 genes). DEGs that show contrasting patterns between the blastema and aged datasets are highlighted with
a black box. (e) Experimental validation of ADAMTS17 was conducted using qRT-PCR. For this purpose, RNA was extracted from five
samples of juvenile axolotl limbs and their respective blastemas, as well as from two aged axolotls. Statistical analyses were performed using
a t-test. Created with BioRender.
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aged axolotls compared to those from juvenile axolotls
(Figure 3(e)). These genes are of particular interest because
their high expression in blastemas, coupled with their
downregulation in aged axolotls that have lost their re-
generative capacity, suggests that they may play a critical role
in the regeneration process. Therefore, we will refer to this
set of genes as regeneration-related genes. Table 2 sum-
marizes the annotation and putative function of these
regeneration-related genes.

3.1.2. Coexpression Network Analysis Reveals Gene Modules
Associated With Tissue Regeneration in A. mexicanum. As
an additional approach, we used coexpression network
analysis to examine sets of genes that might be involved in
regeneration and show similar transcriptional responses to
our set of regeneration-related genes. This analysis in-
corporated muscle, cartilage, and bone samples from the
study by Bryant [23], as well as two leg samples from
Caballero-Pérez [24]. The inclusion of these datasets allowed
for a more comprehensive and robust understanding of the
genes that are coregulated and, thus, similarly responsive, in
A. mexicanum. The resulting network comprised 35 gene
modules, of which 18 modules showed significant associa-
tions (p value < 0.05 and absolute Pearson correlation co-
efficient > 0.5) with the evaluated conditions (Supporting
Figure 1, Supporting Table 3). Four of the significant
modules showed a strong correlation with the blastema
condition (yellow, magenta, dark orange, and black). The
yellow and magenta modules were also significantly asso-
ciated with muscle samples. Genes involved in metabolic
processes and muscle structure development are enriched in
the yellow module, while the magenta module showed
enrichment in genes associated with the cell cycle, DNA
replication, and RNA splicing. The black module is exclu-
sively associated with blastema and was enriched in genes
associated with developmental processes and multicellular
organism development. Notably, the dark orange module
did not show any significant GO term association but is also
associated with limb samples (Figure 4(a), Supporting
Figure 2).

Although none of the modules showed a strong asso-
ciation with the aged samples, we identified a set of 19 genes
that had a significant association (absolute module-trait
correlation > 0.7 and p value < 0.05) with the trait (Sup-
porting Table 4). Among these genes, the two with the
strongest correlation were AMEX60DD027179, a non-
annotated gene encoding a 127 amino acid protein of un-
known function, and PAFAH2, a gene encoding platelet-
activating factor acetylhydrolase isoform 2. Both genes were
negatively associated with aged axolotls and belonged to the
turquoise module, which exhibited enrichment in genes
associated with the regulation of metabolic processes, or-
ganelle organization, and chromatin organization.

To gain further insight into the biological processes
associated with each module, we used KeyPathwayMiner to
construct PPI networks. Figure 4(b) displays the modules
that were significant for blastema and those that contain one
or more of the previously identified regeneration-related

genes. Network nodes are color-coded based on their
gene-trait correlation for blastema, while the edges repre-
sent the predicted interactions between the proteins encoded
by the genes. The colored shapes indicate the GO terms
associated with the module nodes. CTHRCI, one of the
regeneration-related genes, was found in the midnight blue
module, which exhibited significance in muscle samples but
had no enriched GO terms. The network revealed proteins
associated with multicellular development and collagen
trimer. The blue module contained three of the seven
regeneration-related genes identified through differential
expression analysis (ADAMTS17, GPX7, and FSTLI). This
module displayed a strong correlation between cartilage
samples and enrichment in genes associated with the reg-
ulation of developmental processes. The PPI network for this
module showed enrichment of genes related to cartilage
development (e.g., BMP1 and CHSTII) and cell differenti-
ation (e.g., SOX8, SDC2, and DAB2). Furthermore, the dark
orange module, which negatively correlated with blastema,
showed enrichment in immune response-related proteins,
with some members associated with STAT3. The magenta
module included genes related to the cell cycle, particularly
belonging to the kinesins family (KIF). Notably, genes re-
lated to histone modification were also observed, including
the polycomb group members EED and EZH2, as well as
SUV39H1, a histone lysine methyltransferase. Genes in-
volved in the regulation of gene expression, including
HDAC2 (histone deacetylase)) DNMT3A (DNA methyl-
transferase), and transcription factors such as SOX4, MYCN,
and SALLI, were found in the PPI network for the black
module, one of the modules closely associated with the
blastema and containing the regeneration-related gene
LOC112547415. Finally, the two nicotinamide N-methyl-
transferase (NNMT) genes were found in the yellow module,
which was enriched with several proteins associated with the
organization of the actin cytoskeleton, as well as various
components of the cytoskeleton, such as troponin genes
(TNT), actin (ACTN), myotilin (MYOT), and myosin
(MYL). Interaction between SGCE, another protein from the
cytoskeleton, and FSTLI was also observed in this module.

In summary, we identified gene modules associated with
regeneration and genes with similar transcriptional responses
to our set of regeneration-related genes. Notably, these
identified modules included our proposed regeneration-
related genes, as well as other genes potentially involved in
regeneration. These results highlight the potential interplay
between the regeneration-related genes we identified and
other factors involved in axolotl limb regeneration, offering
insights into the potential biological significance of the
identified genes.

3.1.3. The Regeneration-Related Genes Are Conserved in
Vertebrates. Through transcriptomic analysis, we identified
a group of genes relevant to regeneration in A. mexicanum.
To assess the functionality and presence of the proteins
encoded by these genes in other organisms, we performed
a homology search against the UniProtKB + Swiss-Prot
database [44] using a selection of animals based on
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TaBLE 2: Annotation and putative function of the regeneration-related genes identified.

Location

Gene ID Gene Name Homolog Ch Start End
romosome a n

ADAMTS17
A disintegrin and metalloproteinase with
AMEX60DD003517 ADAMTS17 thrombospondin motifs 17 Terrapene carolina chrllp 81488489 82602596
triunguis
NCBI Reference Sequence: XP_026504145.1
GPX7
PREDICTED: glutathione peroxidase 7
Latimeria chalumnae
NCBI Reference Sequence: XP_006006032.1
CTHRCI collagen triple helix
AMEX60DD040253 CTHRC1.1 repeat-containing protein 1 Xenopus laevis chr5q 899669621 899687475
NCBI Reference Sequence: XP_018123683.1
FSTLI follistatin-like 1
AMEX60DD046943 FSTLI Rhinatrema bivittatum chr7p 70865121 71016956
NCBI Reference Sequence: XP_026504145.1
uncharacterized protein LOC112547415
Pelodiscus sinensis

AMEX60DDU001030024 LOCI112547415.222 C0173161 1 8438
NCBI reference sequence:

XP_025045344.1

NNMT
Indolethylamine N-methyltransferase-like

AMEX60DD019607 GPX7 chrlq 1276741180 1277033638

AMEX60DD053665 NNMT.19 . . . chr9p 79243911 79434013
Microcaecilia unicolor
NCBI Reference Sequence: XP_030077372.1
NNMT
AMEX60DD053666 NNMT.20 Nicotinamide N-methyltransferase-like chrop 79380383 79403217

Rhinatrema bivittatum
NCBI Reference Sequence: XP_029428629.1

Note: The gene IDs correspond to the AmexT_v47 transcriptome. The homolog sequence listed is based on the closest match found in the NCBI reference
database.
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FiGUre 4: Continued.
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FIGURE 4: Gene coexpression analysis of axolotl samples. (a) Module-trait correlation for the 18 significant coexpression modules identified.
Tile color represents the module-trait Pearson correlation coefficient. Significant modules (p value < 0.05) are enclosed in a black box The
green panel indicates the module size. (b) Overview of the coexpressed genes within the black, midnight blue, yellow, blue, dark orange, and

magenta modules. Node color corresponds to the Pearson correlation

coefficient for the blastema samples. Edges represent the putative

protein-protein interactions predicted by STRING. Gene ontology terms associated with some nodes are highlighted with colored shapes.
Exception nodes (genes not belonging to the module) are marked with a hexagon. Created with BioRender.

S. Hedges” comprehensive review of model organisms [45].
Figure 5 illustrates the identity between the proteins encoded
by the regeneration-related genes and their closest homologs
in each selected organism. The UniProt IDs for each se-
quence and the full set of results are given in Supporting
Table 5.

It is noteworthy that all of the regeneration-related
proteins in A. mexicanum show homology in vertebrates,
although their presence in invertebrates is variable. Among

the regeneration-related proteins, CTHRCI has the highest
percentage of identity in vertebrates, while the NNMT
proteins have lower conservation and a lower percentage of
positives, indicating that only a fraction of the target protein
matches the query sequences. However, FSTL1 and
ADAMTSI17 also demonstrate conservation in vertebrates
but not in invertebrates. GPX7 is the only protein from the
regeneration-related genes that is found in all of the or-
ganisms evaluated, albeit with a noticeably lower percentage
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FIGURE 5: Conservation of regeneration-related proteins in A. mexicanum. The plot shows the percentage identity of each regeneration-
related A. mexicanum protein (query) vs. its closest homolog in other selected animals (target). Bubble color indicates the percentage
identity between the query and target protein, while the bubble size is proportional to the percentage of positives. Positives refer to amino
acids in the subject sequence that are either identical to or have similar chemical properties as those in the query sequence. Missing values
indicate that no similar proteins were found in the subject organism. Created with BioRender.

of identity in invertebrates compared to vertebrates. No-
tably, the gene LOC112547415 does not appear in the graph
as it lacks an associated open reading frame, leading us to
hypothesize its potential as a noncoding RNA.

Subsequently, the 3D structure of the proteins encoded by
each regeneration-related gene in A. mexicanum was modeled
using AlphaFold2 [46], while sequence conservation was
assessed using the Consurf [47] server and the UniRef90 da-
tabase. The complete predictions and confidence scores can be
found in Supporting Figure 3. In addition, the CDD [48] was
used to identify conserved domains within the proteins, with the
details summarized in Table 3. Regarding the NNMT proteins,
they share 97% identity with each other (Supporting Figure 4),
and both have an S-adenosylmethionine-dependent methyl-
transferases domain (Figure 6(a)). NNMT.19 also possesses an
extra N-terminal domain that does not appear to be conserved,
as indicated by the “insufficient data” label from ConSurf
(Figure 6(b)). However, upon comparing NNMT.19 with
a previously published crystallographic structure of human
NNMT [50] it became evident that both axolotl proteins possess
an incomplete catalytic domain, suggesting that only half of the
protein is present in axolotls (Figure 6(c)), consistent with the
low percentage of positive amino acids found previously.

ADAMTSI17 from A. mexicanum has several conserved
domains, including a catalytic domain [51] with the zinc-
binding HExxHxxGxxH consensus motif, characteristic of
the catalytic site of the ADAMTS family of metalloproteases
[52-54]. It also contains a propeptide from the reprolysin
family, two cysteine-rich regions, and several TSP-1 motifs.
A comparison with the crystallographic structure of human
ADAMTSS5 [55], an enzyme of the same family, shows that
the catalytic residues of the axolot’'s ADAMTS17 are present
and that the sequence around them is conserved, suggesting
that this protein could be catalytically active (Figure 7(a)).

On the other hand, two domains were identified for
FSTLI: a Kazal-type serine protease inhibitor and an EF-
hand domain. The ConSurf analysis shows that FSTL1 from
A. mexicanum is highly conserved. Notably, a set of disulfide
bonds with high conservation, together with the Kasal do-
main, corresponds to the follistatin-like 1 (Fstl1-FK) domain
described by Li et al. [56] (Figure 7(b)).

GPX7 has only one thioredoxin-like domain; however,
structural analyses revealed that the catalytic site and resi-
dues of the protein are conserved in A. mexicanum. A
comparison between the catalytic site of H. sapiens GPX7
[51] and the predicted structure for A. mexicanum GPX7
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FIGURE 6: Sequence and conservation of A. mexicanum NNMT proteins. (a). Domain overview of A. mexicanum NNMT.19 and NNMT.20
proteins. The figures represent the sequence alignment of the proteins, with the scale corresponding to the number of amino acids in each
protein. The predicted conserved domains are annotated with a green box. The per-residue confidence (pLDDT) for the AlphaFold models is
represented by a bar. The complete structures can be found in Supporting Figure 3. (b) AlphaFold2 structure prediction for both NNMT
proteins. The predictions were obtained using the monomer preset for AlphaFold, with templates. The structures are colored according to
their sequence conservation as calculated by the ConSurf server. (c) Structural alignment between A. mexicanum NNMT.19 and an x-ray
crystallography structure for human nicotinamide N-methyltransferase (NNMT) deposited in PDB (ID: 3ROD). Created with BioRender.
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FIGURE 7: Conservation of ADAMTS17, FSTL1, and GPX7 proteins in A. mexicanum. Structures were predicted with AlphaFold2, and the
conservation analysis was performed using the ConSurf server. (a) Domain overview and predicted structure of the catalytic domain of
A. mexicanum ADAMTS17. Residues are colored according to their degree of conservation. The inset shows the structural alignment of the
catalytic sites of A.mexicanum ADAMTS17 and H. sapiens ADAMTS5 (PDB: 2RJQ, green). The per-residue confidence (pLDDT) for the
AlphaFold models is represented with a bar. The complete structures can be found in Supporting Figure 3. (b) Predicted domains and
structure of A. mexicanum FSTL1. Residues are colored according to their degree of conservation. The inset shows the conservation of the
cysteine bonds required for FSTL1 folding. The colored bar represents the per-residue confidence (pLDDT) for the AlphaFold model. (c)
Domain overview and predicted structure of the catalytic domain of A. mexicanum GPX7. Residues are colored according to their degree of
conservation. The inset shows the structural alignment of the catalytic sites of A. mexicanum GPX7 and H. sapiens GPX7 (PDB: 2P31, green).
The colored bar represents the per-residue confidence (pLDDT) for the AlphaFold model. Created with BioRender.
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Ficure 8: CTHRCI conservation in A. mexicanum. (a). Complete predicted structure for A. mexicanum CTHRCI. The 3D structure was
predicted using AlphaFold2, with residues colored according to their degree of conservation as calculated by the ConSurf server. (b)
Heterotrimer 3D model prediction for CTHRCI. The prediction was obtained with AlphaFold2 multimer, with the residues colored
according to the per-residue confidence score. The right panel shows the predicted aligned error for the trimer. Low values indicate the
higher confidence in the residue-residue interaction. Created with BioRender.
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FIGURE 9: Graphical summary. The diagram displays key genes associated with blastema development during axolotl limb regeneration,
along with the biological processes they are linked to. Genes considered vital for regeneration, highlighted in red, were identified by their
absence in aged limbs that are incapable of regeneration. Created with BioRender.

shows that the residues W164, C79, and Q114, which are
required for GPX7 activity, are also present in our prediction
(Figure 7(c)).

Finally, no conserved domain was identified for the
CTHRCI protein; however, structural prediction and con-
servation analysis suggest its preservation (Figure 8).
CTHRCI, also known as collagen triple helix repeat
containing-1, is a secreted protein involved in osteogenesis
and bone remodeling processes and typically exists as
a homotrimer [57]. Using the AlphaFold multimer model,
we obtained a high confidence structure for the axolotl
CTHRCI trimer. Taken together, our results suggest that the
regeneration-related genes highlighted in this study encode
proteins that are conserved in other vertebrates, allowing us
to infer their function based on their homologs.

4. Discussion

A. mexicanum, commonly known as axolotl, is a salamander
that captivates scientists due to its exceptional characteristics
[58]. Unlike other amphibians, axolotls exhibit neoteny,
retaining larval features while achieving sexual maturity [1].

However, their most remarkable attribute is their ability to
regenerate nearly all tissues and organs, setting them apart
from other vertebrates. Despite descriptive and histological
studies shedding light on tissue regeneration in
A. mexicanum, the underlying molecular mechanisms re-
main enigmatic [12, 14, 20]. Comprehensive studies of the
molecular mechanisms involved in axolotl regeneration are
of particular interest to the field of regenerative medicine,
with potential implications for human therapies [30, 59]. To
gain a broader understanding of the genetic basis of axolotl
tissue regeneration, we conducted a transcriptomic study on
a group of A. mexicanum from the CIBAC, a center dedi-
cated to preserving the native axolotl population in Lake
Xochimilco, Mexico City. Notably, these specimens were
bred under conditions closely resembling their natural en-
vironment, reducing confounding factors that may be en-
countered in laboratory-raised counterparts [60, 61].

We began by examining samples from amputated
limbs and the blastemas that form in response to injury.
Blastema formation is triggered by signals from sur-
rounding tissues that induce the dedifferentiation of
nearby cells into a proliferative and multipotent state. This
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organ is crucial for regeneration in axolotls, and, because
of that, is subject to complex transcriptomic regulation
[19, 62]. Employing next-generation RNA sequencing, we
conducted differential expression analysis between blas-
temas and juvenile limbs, comparing our results to
a previously published dataset to identify shared ex-
pression patterns. Additionally, we generated a predicted
interactome and performed GO annotation for the axolotl
proteome to further describe the putative functions of the
genes identified.

Taken together, our findings suggest a global down-
regulation of genes associated with muscular tissue and
anatomical development during limb regeneration, consis-
tent with the cellular dedifferentiation that takes place in the
blastema [63]. However, a few genes related to development,
such as TBX4 [64], BMP2 [65], and KAZALD]I [23], as well
as wound healing, such as SALL4 [66], were upregulated in
blastemas. Furthermore, genes associated with the regula-
tion of cell differentiation, such as WNT5A and WNT5B,
exhibited increased expression. WNT5A and WNT5B play
established roles in bone morphogenesis, hematopoiesis,
and cartilage homeostasis [67-69]. This suggests that, while
tissue-specific genes are silenced during regeneration, a se-
lect few guide the development of the new limb.

In support of the aforementioned hypothesis, our gene
coexpression network analysis revealed two modules posi-
tively associated with blastema samples. These modules
contained several proteins involved in histone modification
and DNA methylation, including DNMT3A, HDAC2,
SUV39H1, KDM3A, and the Polycomb group members EED
and EZH2. Epigenetic regulation has been shown to be
crucial for tissue regeneration in axolotls; the pharmaco-
logical inhibition of DNA methyltransferases causes im-
pairments in blastema formation [70], and histone
deacetylase inhibitors inhibit regeneration [71]. The Poly-
comb group is also known for its role in embryonic de-
velopment and tissue differentiation, suggesting its likely
importance in axolotl tissue regeneration due to its evolu-
tionary conservation [72].

Intriguingly, we also observed upregulation of genes
associated with extracellular matrix organization in the
blastema compared to control tissue, while cell adhesion
factors were predominantly downregulated. This may be
linked to the extracellular matrix degradation (histolysis)
that occurs at the amputation site, facilitating cell migration,
differentiation, and blastema formation [73]. Among the
main players in this tissue remodeling process are metal-
loproteases, with several, such as MMP13, MMP19, ADAMS,
and ADAMTS17, found to be upregulated in the blastema
[74]. Furthermore, genes involved in angiogenesis and
wound healing, including tenascin (TNC), fibronectin
(FN1), and thrombospondin-2 (THBS2), are also upregu-
lated. Alongside the overall downregulation of myosin and
actin proteins, these findings indicate the extensive histolysis
and angiogenesis process occurring in the tissue sur-
rounding the blastema [75, 76].

The significance of the extracellular matrix becomes
evident in the analysis of samples collected from aged
axolotls that lacked regenerative capabilities. Notably, we
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detected the downregulation of several collagens and ri-
bosomal proteins in aged limbs, indicative of impaired
cell-cell interactions and extracellular matrix composition,
commonly associated with aging [77, 78]. Processes such as
osteogenesis, proliferation, and differentiation are influ-
enced by extracellular matrix stiffness [79-81], making the
reduced collagen expression in aged organisms particularly
intriguing. This leads us to hypothesize that extracellular
matrix organization plays a central role in axolotl re-
generation. Further investigation into the changes occur-
ring in the extracellular matrix during blastema formation
and limb regeneration in axolotls could provide valuable
insights into the regulatory networks involved in this
process.

A comparative analysis between aged limbs and blas-
temas in juvenile specimens postamputation led us to the
identification of a set of genes that may be required for
initiating the regeneration process. Among these, seven
genes were pinpointed, including one putative IncRNA
(LOCI112547415.222) and six coding genes. A blast search
against model animals demonstrated homologous coun-
terparts of the six coding proteins in vertebrates, indicating
their potential importance. In particular, four regeneration-
associated genes (FSTLI1, ADAMTS17, GPX7, and CTHRCI)
exhibited high expression levels in regenerating tissue but
were underexpressed in aged axolotls. Interestingly,
ADAMTS17 is underexpressed in 8-year-old axolotls com-
pared to juvenile axolotl limbs. This could suggest that the
molecular mechanisms required for its transcriptional ac-
tivity are impaired or that an epigenetic mechanism may be
involved in this process [82]. This might partially explain
why these organisms were unable to regenerate their limbs.
Structural and conservation analyses further highlighted that
these genes encode conserved proteins in vertebrates, which,
together with structural predictions, allows us to infer their
potential functions.

In this regard, ADAMTSI17 is an extracellular metal-
loprotease involved in collagen processing, extracellular
matrix degradation, cartilage cleavage, development, and
angiogenesis. This protein has a conserved catalytic domain
[52-54], suggesting it is catalytically active. Studies in
Adamts17 knockout mice showed that it is required for
proper skeletogenesis and skeletal muscle development [83].
Mutations in ADAMTS17 are also linked to the Weill-
Marchesani syndrome in humans, affecting connective tis-
sue and leading to impaired vision, short stature, and
musculoskeletal anomalies [84, 85]. Additionally,
ADAMTSI17 mutations have been implicated in short height
and glaucoma in dogs [86] and humans [87]. Nevertheless,
the precise function of this protein remains enigmatic.
Studies have observed that a catalytically inactive
ADAMTSI17 interferes with fibrillin-1 secretion, resulting in
elastic fiber abnormalities and intracellular collagen accu-
mulation in fibroblasts from patients with Weill-Marchesani
syndrome [88]. Another noteworthy protein involved in
cell-matrix interactions is FSTLI, a secreted glycoprotein
that participates in the regulation of the TGF-f, BMP, and
Wnt pathways [89, 90]. In axolotls, the identification of two
domains, a Kasal and an EF-hand domain, aligns with the
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architecture described in other organisms [56, 91]. FSTL1
has been found to be critical for tracheal and central nervous
system development in mice, with Fst/17~ mice exhibiting
cyanotic traits due to tracheal malformations [92, 93]. It is
also involved in vascularization and vascular epithelial
homeostasis maintenance [94, 95]. Overall, the observed
downregulation of ADAMTS17 and FSTLI in aged axolotls
compared to juvenile limbs further highlights the impor-
tance of the extracellular environment during limb
regeneration.

Furthermore, CTHRCI, involved in the TGF-f pathway,
functions as a mediator of osteoblast-osteoclast communi-
cation and plays a role in osteogenesis and bone remodeling
[96]. In axolotls, bone resorption mediated by osteoclast is
important for the adequate integration of regenerated bone
[97]. CTHRCI also promotes angiogenesis by inhibiting
collagen deposition and promoting cell migration [98].
Knockout mice for this gene showed reduced bone density
and arthritis [99, 100], further suggesting the importance of
this protein in bone and cartilage development.

GPX7, another protein with high expression in blastema
but reduced levels in aged limbs, is a peroxidase, and its
catalytic domain has been found to be conserved in axolotls.
GPX7 is vital for oxidative stress resistance [101, 102].
Studies have linked low GPX7 levels to increased adipo-
genesis and fat accumulation in mice [103]. Interestingly,
a recent study has observed that the bone marrow of aged
axolotls has a higher fat content than that of its younger
counterpart [30], which could be associated with the reduced
GPX7 expression in aged axolotl limbs. Moreover, tissue
regeneration in axolotls requires the production of reactive
oxygen species [104], suggesting that enzymes involved in
the regulation of oxidative stress are important for this
process.

Lastly, we also identified two NNMT proteins with
high expression in aged axolotls but with decreased ex-
pression in the blastema. While the sequences of both
proteins showed homology to other vertebrate NNMTs,
we noticed that only half of the catalytic domain of the
protein is present in our axolotl proteins. NNMT enzymes
belong to the group of SAM-dependent methyl-
transferases [105], and they have been implicated in
several epigenetic processes since SAM serves as the
methyl donor used by DNA and histone methyl-
transferases. Consequently, high levels of NNMT cause
a decrease in SAM availability, which leads to the in-
hibition of other methyltransferases [106, 107]. Although
the functional status of the axolotl NNMT proteins we
identified remains unclear, it is evident that these tran-
scripts play a central role in aged axolotls, and further
investigation is needed to unravel their mechanisms of
action. These two transcripts were identified in the yellow
coexpression module, displaying a strong negative cor-
relation with blastema and enrichment in genes associated
with metabolic processes, thereby accentuating their
central role in regeneration and aged limbs. A graphical
summary of our main findings is provided in Figure 9.
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5. Conclusions

Our research provides a comprehensive overview of the
changes in gene activity that occur during tissue re-
generation in axolotls. By studying older axolotls, we dis-
covered a group of genes that may be crucial for the
regenerative abilities of A. mexicanum. Through an analysis
of how these genes are preserved across different species, we
suggest that they play critical roles in development, bone
formation, and the organization of the extracellular matrix.
Our results also indicate that the proteins produced by these
genes exist in other vertebrates, suggesting that these genes
could serve as a starting point for studying regeneration in
other animals. Although our findings may not lead directly
to therapeutic applications in human regenerative medicine,
the insights gained from studying axolotl regeneration are
invaluable to the field. Research has shown that mammalian
transcription factors can trigger a regenerative response in
axolotls, implying that similar regenerative mechanisms may
exist in other organisms. Therefore, it is essential to identify
the genes and factors responsible for initiating this process.
Such knowledge has the potential to inspire innovative
therapeutic strategies in human regenerative medicine in the
future. In conclusion, our findings emphasize the impor-
tance of understanding the genes at work in A. mexicanum,
providing valuable insights into the molecular processes
behind tissue regeneration and the impact of aging on re-
generative abilities.
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