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Resumen

El DNA es un blanco frecuente del estrés oxidante, la remocion del dafio generado
sobre esta macromolécula es un proceso crucial para prevenir el desarrollo de
enfermedades degenerativas. La reparacion del DNA es un sistema esencial que asegura la
integridad de la secuencia gendmica. Todas las células cuentan con distintos mecanismos
de reparacion y su actividad dependera del tipo de lesidn, la etapa en el ciclo celular en el
gue se encuentren y del estado de diferenciacion. Entre los principales mecanismos de
reparacion de lesiones oxidativas se encuentran la reparacidn por escisiéon de bases (BER)
y la de nucledtidos (NER). La BER es el empleado para remover lesiones oxidativas;
mientras que la NER se encarga de reparar una variedad de lesiones que comprometen la
tridimensionalidad del DNA, como aquellas que son consecuencia de la exposicion a
radiacion UVC. Estudios recientes han propuesto la participacién de la NER en la remocién
de lesiones oxidativas. Se conoce poco acerca del papel de las proteinas que funcionan
como sensores de dafio y los factores participantes de la reparacion en células
terminalmente diferenciadas como las neuronas, las cuales son vulnerables al constante
ataque de las especies reactivas de oxigeno.

En este trabajo se utilizé el modelo de neuroblastoma humano para determinar la
capacidad de las neuronas terminalmente diferenciadas para reparar lesiones que
distorsionan la doble hélice del DNA, tales como los anillos de ciclobutano, uno de los
principales dafnos ocasionados por la UV, asi como lesiones oxidantes como la guanina
oxidada 7,8-dihidro-8-oxoguanina (80xoG). Los resultados muestran que la reparacion del
DNA depende de la lesién producida y del estado de diferenciacién. Las neuronas
terminalmente diferenciadas, comparadas con las indiferenciadas muestran mayor
sensibilidad a UV y una disminucién en el dafio al DNA. Por otro lado las células
indiferenciadas exhibieron un incremento en el dafio al DNA debido al reto oxidante y
muestran una tendencia a acumular el dafio en forma de guanina oxidada (8 oxoG). Las
proteinas de la reparacion global del genoma, de la reparacion acoplada a la transcripcién
y la reparacion por escision de bases se encontraron relacionadas con la remocion de las

lesiones evaluadas en este trabajo.



Abstract

DNA is a frequent target of oxidative damage, and DNA damage removal is therefore a
crucial process in prevention of degenerative diseases. DNA repair is an essential system
for maintaining the inherited nucleotide sequence of genomic DNA. Cells engage in
efficient DNA repair mechanisms, the activity of which can vary depending on the type of
lesion and the developmental stage. Base Excision Repair (BER) and Nucleotide Excision
Repair (NER) are the major repair pathways addressed in this study. BER is the principal
mechanism for repair of DNA oxidative lesions, while NER is the mechanism for repair of a
variety of helix-distorting lesions such as those caused by UVC radiation. Recent studies
suggest that NER plays a cooperative role in the removal of oxidative lesions. Little is
known about the roles of DNA damage sensors and repair factors in terminally
differentiated, non-proliferating cells such as neurons, which are vulnerable to oxidative
damage from reactive oxygen species generated by endogenous or exogenous agents.

We used the human neuroblastoma MSN cell model to investigate whether terminally
differentiated neuronal cells respond to lesions caused in the DNA helix, such as UVC-
induced cyclopirimidine dimers (CPD) and the major DNA oxidative lesion7,8-dihidro-8-
oxoguanine (8oxoG), and thereby clarify NER repair capacity. We observed differences in
DNA damage removal depending on the challenge used and the differentiation state.
Differentiated MSN cells, compared with undifferentiated cells, showed greater sensitivity
to UVC and decreased DNA damage over time. In contrast, undifferentiated cells displayed
genotoxicity induced by oxidative insult and tended to accumulate DNA damage and
80x0G lesions over time. Our findings suggest the participation of GGR, TCR and BER
proteins in the removal of 8 oxoG and CPDs indicating a dynamic role in overall response

to damage.



Organizacion de la Tesis

Esta tesis estd organizada en: introduccién, planteamiento del problema, hipétesis,
objetivo general, objetivos particulares, disefio experimental, resultados, discusion y
conclusiones. En la seccion del disefo experimental se incluye Unicamente un diagrama de
flujo con la metodologia empleada, ya que esta se explica a detalle en los articulos que se
encuentran en la seccién de resultados.

En la seccidn de resultados se incluyen dos articulos:

Ramos-Espinosa P., Rojas E., Valverde M. 2007. DNA damage and repair in neural
cells, publicado como parte del libro: The neurochemistry of Neuronal Death, editado por
Massieu L., Arias C., y Moran J. Ed. Research Singpost, Kerala, India pp. 121-137. El
contenido de este trabajo comprende una revisién de los mecanismos de reparacién del
DNA vy la relacién de estos con las enfermedades neurodegenerativas. En la parte final se
muestran resultados experimentales en los que se determina la expresion génica de
participantes clave de las vias de la reparacidn por escisidén de nucleétidos en un modelo
de diferenciacién neuronal retado con estimulos oxidantes inducidos por la exposicidon a
perdxido de hidrégeno 10 uM.

Ramos-Espinosa P., Rojas E., Valverde M. 2012. Differential DNA damage response
to UV and hydrogen peroxide depending of differentiation stage in a neuroblastoma
model. J Neurotox. En este trabajo se incluyen los hallazgos experimentales que
conforman la parte medular del proyecto, la capacidad reparativa del mecanismo de
escision de nucledtidos que entabla un neuroblastoma humano en diferentes estados de
diferenciacién ante retos oxidantes inducidos por peréxido de hidrégeno y lesiones que
comprometen la tridimensionalidad del DNA, inducidos por UVC.

También se incluyen como parte de los resultados, los experimentos realizados en
el cultivo celular murino 3T3, dado que se empled como modelo de referencia en el cual la
capacidad de reparacion por escision de nucledtidos estad parcialmente atenuada. Estos

resultados se presentan en formato de articulo de investigacion.



Finalmente en la seccion de discusidn se abordan de forma integral todos los resultados

aqui presentados y su relevancia.
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Introduccion

Respuesta al Dafio en el DNA
La exposicién celular a agentes enddgenos, propios del metabolismo y ambientales,

genera una amplia variedad de lesiones sobre el material genético: el acido
desoxiribonucleico 6 DNA por sus siglas en inglés, las cuales son removidas por una red de
reparacion que involucra alrededor de 130 genes (Decordier et al. 2010). El
reconocimiento y senalizacion inducidos por el establecimiento de la respuesta al dafio en
el DNA es un requisito indispensable para el mantenimiento de la integridad génica. La
integridad génica esta coordinada por un conjunto de procesos como son: el ciclo celular,
la activacion de puntos de revision (“checkpoints”) del DNA dafiado, la induccién de
programas transcripcionales, la activacion de vias de reparacidon, modificaciones vy
remodelamiento de cromatina (Hoeijmakers 2001); la activacién de estos procesos
aseguran la eliminacion de errores en el material genético para evitar que se transmitan a
la progenie (Houtgraaf et al. 2006). Sin embargo, cuando la reparacion del DNA no es
suficiente para remover los dafos se inicia la muerte celular a través de diversas rutas.
Debido a lo anterior, es de vital importancia el funcionamiento adecuado de los procesos
de reparacion, ya que la acumulacién de dafio podria acarrear repercusiones sobre la

integridad génica, que sea detonante en la génesis de enfermedades.

Mecanismos de Reparacion

Existe una gran variedad de dafios que se generan en el DNA por causa de agentes
ambientales o por productos del metabolismo celular. Se ha reportado que se generan
50,000 lesiones por célula al dia en mamiferos, de las cuales, al menos 100 son
modificaciones de tipo oxidativas (Hoeijmakers 2001, Friedberg, 1995). Para contrarrestar
las alteraciones generadas en el DNA, la célula cuenta con mecanismos de reparacién
encargados de reconocer y remover las lesiones. Se han identificado diversos mecanismos
de reparacién, cada uno se enfoca en la remocion de lesiones muy particulares y se
distinguen entre ellos por la manera en que el dafio es reconocido. Los mecanismos de

reparacion tienen como finalidad restaurar al mal apareamiento de bases (MMR, por sus



siglas en inglés), la reparacion por recombinacién (HR, por sus siglas en inglés), la
reparacion de rompimientos de cadena doble (DSBR por sus siglas en inglés), la reparaciéon
por escision de bases (BER, por sus siglas en inglés) y la reparacién por escisién de
nucledtidos (NER, por sus siglas en inglés), entre otros (Figura 1). Este trabajo se enfocd a
los mecanismos de escision, BER y NER, dado que son estos los involucrados en la
remocion de lesiones oxidativas y aquellas que comprometen la tridimensionalidad del

DNA, respectivamente.

Rompimiento ~ Rompimiento Mal aparcamiento
de de Distorsiones  de bases, inserciones  Alguilacién
cadenasencilla cadenadoble en la cadena y deleciones de bases

BER HR NHEJ NER MMR

Figura 1. Resumen de los mecanismos de reparacion. En el DNA se generan una gran variedad de
lesiones las cuales son reparadas basicamente por 4 mecanismos de reparacién: BER, DSBR, NER y
MMR. Este trabajo se centra en los 2 mecanismos de escision: NER y BER. Las proteinas que
participan en estas vias son distintas y sus respectivas subvias son particulares.

Reparacion por Escision de Bases (Base Excision Repair, BER)

La reparacién por escision de bases es el principal mecanismo involucrado en la remocién
de lesiones inducidas por especies reactivas, metilaciones, deaminaciones e
hidroxilaciones. Estas reacciones son generadas por el propio metabolismo celular,
agentes xenobidticos o errores en la replicacidon del DNA. El primer paso de la BER es la
remocion de las bases dafiadas o modificadas mediante las DNA glicosilasas. En mamiferos

se han reportado al menos 11 glicosilasas activas que reconocen un dafio especifico e
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hidrolizan el enlace glicosidico, liberando la base dafiada. Las glicosilasas estan divididas
en tipo | y IlI; las de tipo | remueven la base y producen un sitio abasico; mientras que las
del tipo Il no solo remueven la base si no que también cortan mediante la accién
endonucleasa de sitios apurinicos (APE1, por sus siglas en inglés) en el extremo 3’ de la
lesién, dejando al DNA en cadena sencilla (Christmann et al 2003). El resultado de estas
reacciones es la ausencia de una base con una desoxirribosa fosfato (dRP) en el extremo 5’
y un radical hidroxilo (OH) en la regién 3’. Una vez que la base dafada es removida y
dependiendo de la extensidn del sitio abasico se inicia la sefalizacidon hacia alguna de las
vias de BER.

En la via corta de BER, la DNA polimerasa 3 (DNA pol ) actia como un polimerizador de
los nucledtidos faltantes, removiendo el residuo de azlcar que carece de base a través de
su actividad de liasa. Finalmente el fragmento recién polimerizado es sellado mediante el
complejo XRCCl-ligasa 3. Mientras que la reparacidn por la via larga involucra la
participacion de la DNA pol B, pol 3, pol € y el antigeno nuclear de proliferaciéon celular
(PCNA) para la sintesis del fragmento reparado. Finalmente, la endonucleasa FEN1
remueve el DNA sobrante y la DNA ligasa 1 une los extremos reparados a la hebra de DNA
(Krokan 2000, Hoeijmakers 2001). Para ilustrar la BER ver la Figura 2 de Ramos-Espinosa

et al 2007, que se encuentra en la pagina 44.

BER y la lesién 80HdG

La presencia de especies reactivas de oxigeno en el metabolismo celular es la razén por la
que el dano oxidativo al DNA ocurre con alta frecuencia, evento que amenaza la
integridad del genoma constantemente. Se han descrito mas de 20 tipos de bases
oxidadas en el DNA, dentro de estas se encuentra la 8 oxoG (Grollman y Moriya 1993,
Pravitel et al 2006), (Figura 2). Esta base modificada es la mas estudiada ya que es
altamente mutagénica. En la Figura 2 se muestra su estructura y cdmo se genera por la
accion del radical hidroxilo, por el superéxido o por el peroxinitrito (Figura 2A) (Barnes y
Lindahl 2004, Cadet 2010). La guanina oxidada puede encontrarse como 8-hidroxiG
[Figura 2C) u como 8oxoG (Figura 2D). Se ha reportado que se generan 1,000 8oxoG por

célula al dia y 10,0000 en una célula cancerosa (Bregeon 2011).

11
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radical hidroxilo ('OH) [B] después de una reaccién de oxidacidén produce la lesion 8-hidroxiguanina
[C] 4 8-oxo guanina [D]. Modificado de Alam (1997), Cooke (2005) y Wells (2008).

La importancia de esta lesion, radica en que al no bloquear la actividad de la RNA
polimerasa Il (RNAPII), no hay reconocimiento por parte de los mecanismos de reparacién
y se favorece su permanencia en el DNA. Esto provoca que durante la replicacion, las
polimerasas incorporen una adenina por una 8 oxoG, ocasionando transversiones (G:C a
T:A) (Kino 2000). Por otro lado, también impide la metilacién de la citosina adyacente,
afectando el sefialamiento epigenético ya que altera la unidn de factores de transcripcion
(Zawia et al 2009). Los eventos descritos pueden contribuir al desarrollo de enfermedades
degenerativas y al envejecimiento (Ames 1989, Cooke et al 2005).

Se ha descrito a BER como el mecanismo predominante que remueve a la 8oxoG. Esta
actividad recae sobre la 8-oxoguanina glicosilasa | (OGG1) (Barnes y Lindahl 2004), sin
embargo, no se debe descartar la posibilidad de que otras enzimas de BER como la NTH1

endonucleasa Il (NTH1) (Duo et al 2003) o la glicosilasa MYH involucradas en otros

12



mecanismos de reparacién puedan intervenir en la eliminacidn de esta lesién (Russo et al

2004 y 2006, Hazra et al 2003).

Reparacion por Escision de Nucledtidos (Nucleotide Excision Repair, NER)

La NER es un mecanismo de reparacion capaz de remover una amplia variedad de
lesiones en el DNA. El reconocimiento esta basado Unicamente en la distorsidon provocada
en la doble hélice de DNA (Lans et al 2010, Niedernhofer 2008), caracteristica que hace a
este mecanismo sumamente versatil ya que no requiere de enzimas especificas para cada
lesion (Nouspikel 2009). NER es un mecanismo altamente conservado que consiste en una
serie de pasos en los que estan involucradas mds de 25 proteinas (Lans et al 2010).

La reparacién se inicia por dos vias de reconocimiento diferentes: reparacién global del
genoma (GGR) y acoplada a la transcripcion (TCR), sin embargo la manera en que se
elimina el dafio se hace por una via comun. Ambas vias consisten en el reconocimiento del
dafio, incisidn y escision del oligonucledtido que contiene la lesidn, polimerizacion de un
fragmento nuevo utilizando como templado la hebra complementaria y la ligacidon de éste

a la hebra preexistente (Araujo y Woods 1999).

Reparacidn Global del Genoma (Global Genome Repair, GGR)

La GGR repara lesiones a lo largo del DNA pero su reparacion varia dependiendo del
estado de la cromatina (Fousteri 2006). El complejo que se encarga de reconocer censar la
distorsidn consiste de tres subunidades: la proteina del grupo C de complementacién de
Xeroderma pigmentoso (XPC), la proteina de reparacién por escision Rad23b (HR23 y la
proteina centrina 2. Este complejo es indispensable en el reconocimiento y se recluta
debido a que advierte el cambio estructural de la doble hélice, provocando que XPC y
HR23B cambien su distribucion en el DNA, migrando al sitio donde se encuentra la lesién
(Costa 2003). XPC, HR23b y centrina 2 son proteinas de union a DNA con una fuerte
preferencia por el DNA dafado, la cual es esencial para la iniciacién de GGR y para que se

recluten otros factores de NER. Cuando el DNA no estd danado, las tres proteinas se
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encuentran en el citoplasma (van der Spek et al 1996, Araki et al 2001, Hoogstraten et al
2008)

La mayoria de los genomas de mamiferos contienen dos ortélogos de las proteinas Rad23,
HR23A y HR23B, ambos interaccionan con XPC e incrementa la actividad de NER. La mayor
parte de la proteina XPC se encuentra en el complejo con HR23B, mientras que otra
porcion co-purifica con la proteina redundante HR23A, ambas proteinas son capaces de
estabilizar y activar la funciéon de XPC (Okuda et al 2004). Aunque HR23B no es esencial
para NER in vitro, in vivo las células que no cuentan con HR23B tienen una reparacién
deficiente, lo que indica que HR23B es esencial para el correcto funcionamiento de NER
(Lans 2010). Aunada al complejo de XPC-HR23B se encuentra la proteina centrina-2, la
cual se ha sugerido que estabiliza al complejo, sin embargo su presencia parece no ser

estrictamente necesaria para NER (Shuck et al 2008).

Reparacidn Acoplada a la Transcripcion (Transcription-coupled Repair, TCR)

La reparacion en los genes transcripcionalmente activos se lleva a cabo por la via acoplada
a la transcripcion de la NER. Este tipo de reparacion se activa por el impedimento fisico
que ocasiona la lesion al paso de la RNA polimerasa Il (RNAPII) a través del DNA. Este
blogueo es senal suficiente para que se recluten factores especificos como las proteinas
remodeladoras de la cromatina: las proteina del grupo A y B del sindrome de Cockayne,
CSA y CSB respectivamente (Lans et al 2010, Fousteri 2008). Debido a los rearreglos que
sufre la cromatina por estas enzimas, se puede inferir que la via TCR es bastante rapida, ya
que permite que el DNA se encuentre accesible a la maquinaria de reparacién. CSB es una
ATPasa dependiente de DNA que comparte homologia con la familia de SWI/SNF (Pazin y
Kadonaga 1997, Citterio et al., 2000; Beerens et al., 2005, Newman et al 2006, Yuan
2007). En lo que se refiere a su papel en la transcripciéon, CSB, ha mostrado interaccionar
con el complejo DNA, RNAPII y RNA y se localiza en los sitios de transcripcién, es parte del
complejo proteico que contiene a Pol | y al factor de transcripcién Il H (TFIIH, por sus siglas
en inglés) y es un prerrequisito para ensamblar a las proteinas de NER (Bradsher et al

2002, Yuan 2007).
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Una vez que la RNAPII es bloqueada por la distorsidon que ocasiona la lesion, la proteina
CSB la desplaza del sitio de dafio para permitir el acceso a otras proteinas relacionadas
con la reparacion. Posteriormente la RNAPII retrocede unos nucleétidos localizados antes
del dafo y favorece que la proteina CSA se mueva a la matriz nuclear (Balajee y Bohr
2000). Durante este evento, las caracteristicas de la lesién cobran gran relevancia, debido
a que el blogueo de la RNAPII dependera de la distorsién que provoque el dafio, si no es
suficiente puede permanecer en el DNA, amenazando su integridad. El destino de la
RNAPII una vez desplazada se encuentra en debate, ya que se ha propuesto que ésta se
ubiquitina para ser degradada, lo cual explicaria la disminucién en la actividad de la RNAPII
después de la induccidn del dafio. Otra hipdtesis sostiene la participacién de fosfatasas
(FCP1) para el reciclaje de la polimerasa (Laine y Egly 2006); sin embargo, recientemente
se ha sugerido que el destino de esta ultima es regresar al sitio donde se originé la lesidn,
ya que si se tuviera que prescindir de una RNAPII por cada dafio, llevaria mas tiempo

transcribir un gen (Hanawalt y Spivak 2008).

La via comun
Después de la deteccion de la lesién ya sea via GGR o TCR, el siguiente paso es ensamblar

el TFIIH el cual es esencial en la NER. Dos principales componentes de TFIIH: las proteinas
de complementacion del sindrome de Xeroderma pigmentoso B (XPB) y D (XPD), ejercen
su actividad de helicasa de forma dependiente de ATP, abriendo la doble hélice en
sentidos opuestos, permitiendo el acceso a otros factores de reparacién. En este paso se
libera a la RNAPII que se detuvo (Mellon et al 2005) y de forma paralela tres subunidades
de TFIIH: la proteina reguladora del ciclo celular H (ciclina H), cinasa dependiente de
ciclina 7 (cdk7) y factor de ensamblaje activador de CDK (MAT1) forman el complejo CAK
que fosforila la subunidad larga de la RNAPII permitiendo que cambie a la forma de
elongacion (Santagatti et al 2001). XPB y XPD junto con otras 5 subunidades, p62, p52,
p44, p34 y TTD-A forman una estructura de anillo que se ancla a CAK, la funcién de estas
subunidades es dar estabilidad al complejo (Costa et al 2003). Las proteinas XPA en
conjunto con RPA son reclutadas para estabilizar el complejo y verificar la presencia el

dafio (De Laat et al 1999). XPA, es una proteina de unién al DNA, cuyo papel no estd
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claramente definido, aunque se le ha relacionado en el reconocimiento de la lesién junto
con XPC. Datos recientes indican que la funcién de XPA es desplazar a XPC e identificar la
hebra que lleva la lesidon (Hey et al 2002). Este ultimo paso es de suma importancia para
asegurar que la hebra correcta sea cortada; es posible que esta tarea también sea llevada
a cabo por TFIIH. Por otro lado, RPA, es una proteina que se sitla en la apertura generada

por las helicasas para evitar nuevamente el enrollamiento.

Una vez que ha quedado estable el sitio, la endonucleasa XPF en complejo con las
proteinas de reparacién de DNA por escisiéon (ERCC1) y proteinas de complementacion del
sindrome de Xeroderma pigmentoso G (XPG) escinden la hebra dafiada en los extremos 3’
y 5’ respectivamente (Mellon et al 2005). XPG estabiliza al TFIIH y su ausencia lleva a la
disociacion del complejo CAK de la subunidad XPD. Mientras que el papel de ERCC1 es
promover la estabilizacion reciproca entre ella y XPF. Por otro lado, ERCC1 contiene un
dominio de unién a DNA lo que la vuelve responsable de llevar a XPF a su posicidon en el
umbral de la burbuja de desnaturalizacién. Después de que el oligonucledtido que
contiene la lesion ha sido removido, la proteina PCNA se recluta en el DNA en compafiia
de RFC. El resultado final es un espacio de 30 nucledtidos de cadena sencilla que es
llenado por las DNA polimerasas delta y épsilon asociadas a PCNA con base en la
secuencia de la hebra no dafiada y ligado por la DNA ligasa | (Lans et al 2010). Algunos
estudios han sugerido la participacion de otras ligasas, tal es el caso de la DNA ligasa k y
XRCC1-ligasa Ill (Fousteri 2008, Nouspikel 2009). Para ilustrar el mecanismo de NER, ver

figura 3 de Ramos-Espinosa et al 2007 en la pdagina 46.

Las lesiones: 6-4 fotoproductos y los anillos de ciclobutano y la NER
La luz ultravioleta (UV) representa el 45% total del espectro solar, éste se encuentra

dividido en 3segmentos de acuerdo a sus longitudes de onda: UVA (320-400nm), UVB
(295-320nm) y UVC (100-295nm) (Batista 2009). A pesar de que la radiacién UVC no tiene
importancia ambiental, el hecho de que los picos maximos de absorcion del DNA se
encuentren en 260 nm, lo vuelve una molécula susceptible a este tipo de radiacién (Cadet
et al 1997). El primer paso en la generacion de dafio por la UV es la absorciéon de la

energia de los fotones por el DNA, que actia como un croméforo celular (Pattison et al
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2006). La absorcidon de los fotones de UV cambia la distribucion de los electrones de la
molécula fotosensible, lo que lleva a reacciones fotoinductoras entre dos purinas
adyacentes, como se muestra en la Figura 3A, lo que genera lesiones conocidas como
fotoproductos. Los mas comunes son los anillos de ciclo butano (CPD por sus siglas en
inglés) (Figura 3B) y los 6-4 fotoproductos (6-4PP, por sus siglas en inglés) (Figura 3C); un
tercer fotoproducto poco conocido es el isomero de Dewar (DewPPs) que se origina por la

fotoisomerizacion de los 6-4PPs (Douki et al 2003, Perdiz et al 2000).

El principal dafio inducido en el DNA por la luz UVC son los CPDs que resultan de la unién
covalente entre pirimidinas adyacentes a través del C5 y C6 (Friedberg et al 2006,
Hanawalt y Spivak 2008) y el C4 y X4 de otra pirimidina, para dar origen a un anillo
estable de cuatro miembros, cuando X es un oxigeno o nitrégeno e inestable cuando se
trata de azufre (Taylor JS et al 2006): mientras que los 6-4PPs son producto de la apertura
del anillo de un fotoproducto. Diversos estudios han mostrado que la formacién de CPD y
6-4PP se genera en una relacién de 3:1 (Mitchell 1988, Prioetti et al 2001) esto obedece a
la secuencia de DNA y no es una consecuencia aleatoria. La distribucién de timina y timina
(T-T) y de timina-citosina (T-C) han mostrado ser mas foto reactivas a la luz UV que la
distribucién citosina-timina (C-T) y citosina-citosina (C-C) por esta razén es que los anillos

de ciclobutano se forman en una relacién mayor que los 6-4PP (Douki et al 2001).

También es importante mencionar que un efecto secundario de la exposicién a UV es la
transferencia de energia a la molécula de oxigeno, lo que produce especies reactivas de

oxigeno (EROs) que actuan sobre lipidos, proteinas y DNA (Ravanat et al 2001).
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Figura 3. Estructura de las lesiones producidas por la radiacién UVC. Los fotones de la radiaciéon
UVC estimulan los electrones de dos purinas adyacentes [A], produciendo dos lesiones sobre el

DNA: los CPD [B] y los 6,4-fotoproductos [C]. Modificado de Maverakis (2010).

La NER caracterizo por remover fotolesiones 6-4PPs y los CPD (Vrouwe 2010, Christmann

M., et al 2003, Fousteri 2008). Los 6-4 fotoproductos causan una fuerte distorsion en el
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DNA y por eso constituyen un buen sustrato para NER, contrario a lo que sucede con los
CPDs que aunque son fuertes bloqueadores de la RNAPII, solo generan una distorsion
modesta (Bregeon 2011). El reconocimiento de la NER como resultado del efecto de los
fotoproductos se inicia por el complejo proteico de unién a DNA dafiado (DDB), el cual es
un heterodimero constituido por la proteina de unién a DNA dafiado 1 (DDB1, por sus
siglas en inglés) y el complejo formado entre la proteina de unidon a DNA dafado 2 vy la
proteina del grupo de complementacién E del sindrome Xeroderma pigmentoso
(DDB2/XPE, por sus siglas en inglés). El heterodimero DDB alta afinidad por los 6-4
fotoproductos y los CPDs (Wittschieben B et al 2005). Se ha propuesto que la unidn a la
lesiéon por DDB induce una distorsidon en el DNA que genera el reclutamiento de XPC y por
ende a toda la maquinaria de NER (van Hoffen et al 2003). Este mecanismo no es tan
relevante para el caso de los 6-4 fotoproductos que son reconocidos por el complejo XPC

por si solo, pero es critico para la reparacion eficiente de los CPDs.

Una peculiaridad de DDB2 es que puede interaccionar con la ubiquitin ligasa E3, que
ubiquitina a la proteina XPC y la propia DDB2. La ubiquitinacién en XPC incrementa la
afinidad de esta proteina por el DNA dafiado, mientras que DDB2 se degrada, permitiendo

que XPC tenga el control sobre el reconocimiento del DNA dafiado (Nouspikel 2009).
La relacién entre NER y BER

Existe evidencia de que en las células de mamifero la 8 oxoG, sustrato de la OGG1 que
participa en BER, también puede ser removida por la proteinas de NER. En ratones se ha
observado que al mutar la glicosilasa OGG1, hay un aumento en la presencia de 8 oxoG.
Osterod y cols (2002), compararon la capacidad de remover 8oxoG en ratones oggl-/-,
csb -/- y csb-/-0ogg1-/-; encontrando que existia acumulacidn de la guanina oxidada tanto
en ratones con el genotipo oggl-/- como en los ratones csb-/- y de forma aditiva en los
doble knockout (csb-/-0gg1-/-) indicando que la proteina CSB estaba relacionada con la
remocion de 8oxoG, como un mecanismo alterno. De la misma forma Trapp y cols. (2007)
han reportado que la proteina CSB truncada en conjunto con la ausencia de 0OGG1

ocasiona la acumulacién de 8 oxoG en hepatocitos de ratones Big Blue. Otro ejemplo de la
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estrecha relacion que hay entre CSB y la remocién de 8oxoG lo reportd el grupo de
Davinov (2002), el cual no solo evidencié que en los extractos nucleares de pacientes con
sindrome de Cockayne (CS, por sus siglas en inglés) habia una reduccién en la incisién de
80x0G, si no que la transcripcién de la OGG1 disminuia a consecuanecia de la mutacién en
CSB. Tomando este antecedente, Tuo y col (2002) mostré en fibroblastos de pacientes con
sindrome de Cockayne (CS) la colocalizacién nuclear entre CSB y OGG1. Mientas que el
grupo de Stevsner (2008) y el de Pastoriza (2003), demostraron que en extractos
mitocondriales CSB estimula la transcripcion de OGG1. Por otro lado se ha sugerido que
CSA tiene un papel similar al de CSB en la reparacion de dafios debido a estrés oxidante,
sin embargo también hay resultados que indican lo contrario (de Waard et al 2008). Los
gueratinocitos y fibroblastos de pacientes con CSA mutada, expuestos a bromato de
potasio (KBrOs), un agente oxidante, mostraron ser altamente sensibles a este compuesto
lo que sugiere que CSA esta implicada en la reparacidon de danos oxidantes (D’Errico et al
2007). Otros autores han propuesto que las proteina XPC (D’Errico et al 2006, Langie et al
2007), XPG (Langie et al 2007, Klungland et al 1999) y XPA (Dusinka et al 2006) de la GGR
también estan relacionadas en la remocion de 80xoG, sugiriendo que ambas vias de NER
pueden participar en la reparacion de bases oxidadas. Otras evidencias que hay que tomar
en cuenta son las que sugieren que diversos genes que codifican para proteinas de NER
tienen secuencias de unidn en sus regiones promotoras reconocidas por factores de
transcripcion sensibles a d6xido-reduccién. Tal es el caso de la proteina ERCC1 que
funciona como endonucleasa en el extremo 5 en la escisién de nucledtidos y su
expresidon puede ser mediada por el factor de transcripcion AP-1 (Langie et al 2007, Li et

al., 1998, 1999).
La Reparacion de DNA en células en estado post-mitético

La reparacién juega un papel importante en las células que no se dividen, ya que debido a
su baja tasa de replicacion los puntos de revisidn no se encuentran tan activos como
ocurre en una célula en divisién durante el ciclo celular. Esto ocasiona una acumulacién de
mutaciones que podrian provocar procesos apoptoéticos lo que resultaria en la

descompensacion del organismo entero.
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Existen diferentes tipos de células terminalmente diferenciadas, ejemplos de ellos son los
miotubos, los adipocitos, macrdéfagos, queratinocitos, hepatocitos y las neuronas
(Nouspikel y Hanawalt 2002). La mayor parte de las células diferenciadas cuentan con el
respaldo de sus precursoras que pueden reemplazarlas en caso de que sufran un dafio
irreparable. En el caso de las neuronas el respaldo es minimo, ya que al momento de
nacer contamos con un numero determinado de éstas que deberan permanecer a lo largo
de la vida y que a pesar de que existe neurogénesis en ciertas regiones del cerebro adulto,
éste proceso no parece ser relevante en la respuesta al dafio al DNA (Nouspikel y

Hanawalt 2002, Ming y Song 2005).

En lo que se refiere a la reparacién de DNA en neuronas algunos grupos han sugerido que
el proceso de diferenciacidon neuronal y envejecimiento se encuentra relacionado con la
disminucién de la reparacion. Desde 1972 el grupo de Sanes y Okun demostraron que las
neuronas primarias de pollo tenian niveles bajos de reparacion replicativa después de
exposicion a luz UV o a metil mentano sulfonato (MMS) en relacion a los fibroblastos
(Tabla 1). De la misma manera Karran y colaboradores (1977) en un modelo de neuronas
de retina de pollo expuestas a acetoxi acetil aminofluoreno (AAAF) o a metil-metano
sulfonato (MMS), evidenciaron una disminucion de la eliminaciéon de la lesiéon que
producian estos agentes. Otros grupos han utilizado modelos murinos para explorar la
capacidad de reparacién del DNA en neuronas a través de la diferenciacién, por ejemplo
exponiendo neuronas primarias de rata a luz UV, rayos X, N-metilpurinas 6 menadiona y
han obtenido resultados similares a lo reportado en el modelo de pollo. Las neuronas
terminalmente diferenciadas mostraron ser mas sensibles a estos agentes en relacién a
los cultivos primarios de fibroblastos de pollo y rata, asi como a los astrocitos de rata
(Subrahmanyam y Rao 1991, Wang y Wheeler 1978, Gobbel et al 1998, Hollensworth et
al 2000, LeDoux et al 1998, Yamamoto et al 2007). En lo que se refiere a cultivos
celulares, los neuroblastomas han sido el modelo ideal in vitro debido a su capacidad para
diferenciarse a neuronas a través de la incorporacion de factores troficos en los cultivos
(Abemayor y Sidell 1985, Reynolds, 1986). Diversos grupos han utilizado modelos

murinos de cultivos cancerosos (neuroblastoma, teratocarcinoma, embriocarcinoma vy
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neuroteratoma) para evaluar la reparacion ante estimulos producidos como rayos X, luz
UV y agentes alquilantes, y han observado una reduccién en la remocion de las lesiones
producidas por estos agentes, sugiriendo que los mecanismos de reparacién se vuelven

menos activos a lo largo del proceso de diferenciacion neuronal.

Por todo lo anterior las neuronas, constituyen un sistema interesante en el cual estudiar
estos mecanismos de reparacion del DNA ya que la muerte neuronal y la respuesta al
dano se pueden encontrar asociados al desarrollo de enfermedades degenerativas vy al

envejecimiento (Fischel 2007).

22



Tabla 1. Respuesta de la Reparacion del DNA en Modelos Neuronales.

Modelo y Tipo Celular Agente Daiios Reparacion Respuesta Referencia
Generados Evaluada
Pollo, cultivos primarios UVy MMS | Agentes alquilantes del NER Disminucion de la NER en relaciéna | Sanesy Okun
embrionarios de neuronas. DNA. Agente no los fibroblastos de pollo 1972
Ganglios de la raiz dorsal ionizante, distorsiona al
DNA.
Pollo, retina neural de AAAF o MMS | Agente radiomimético y NER Disminucion de NER a través de la Karran et al 1977
embrién alquilante. diferenciacién
Rata, cultivos primarios de uv Agente no ionizante. NER Disminucion de NER a lo largo de la Subrahmanyamy
neuronas. Corteza cerebral Distorsiona la estructura vida Rao 1951
del DNA
Rata, cultivos primarios de Rayos X Agente ionizante. Rompe DSBR Neuronas tienen menor reparaciéon Wang y Wheeler
neuronas cerebelares la doble cadena de DNA gue células tumorales o astrocitos 1978, Gobbel et al
. . 1998
primarias
Rata, cultivos primarios de Menadiona | Agente oxidante BER Los oligodendrocitos fueron mas Hollensworth et
células gliales: astrocitos, susceptibles a la menadiona que los al 2000
oligodendrocitos y astrocitos y microglia.
microglia.
Rata, cultivos primarios de MNU Agente alquilante BER Oligodendrocitos remueven menos LeDoux et al 1998
células gliales: dafio que el resto de los tipos
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oligodendrocitos,

astrocitos y microglia.

celulares

Rata, cultivos primarios uv Agente no ionizante NER Dismunucién en la remocion de 6- Yamamoto et al
embrionarios de neuronas 4PPs en neuronas y astrocitos en 2007
y astrocitos. relacion a fibroblastos
Ratdn, neuroblastoma uv uv NER Disminucion de la reparacion en el McCombe et al
modelo diferenciado en relacion al 1976
indiferenciado
Ratén, neuroblastoma Rayos X Agente lonizante DSBR Aumento en la sensibilidad a los Byfield et al 1975
rayos X
Ratdn, teratocarcinoma uv Agente no ionizante, NER Disminucion en la reparacién en la Czibula et al 1997
distorsiona la estructura diferenciacion
del DNA
Raton, teratocarcinoma Agente alquilante Reparacidn Disminucién en la actividad de la 0° | Czibula et al 1997
O°-metilguanina directa alquiltransfersa
Ratén, embrio-carcinoma uv Agente no lonizante NER Disminucion en la reparacion de las Rasko et al 1993
lesiones generadas por UV
Humano, neuroteratoma uv Agente no lonizante NER Disminucion en la reparacion de la Nouspikel y
lesiones producidas por UV Hanawalt 2000
Humano, células troncales UV, H,0,, UV: agente no ionizante. BER y NER Disminucion en la reparacién a lo Maynard et al
vs cuerpos embrionarios psoraleno + | H,0,: agente oxidante. largo del proceso de diferenciacion 2008
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UVA, Radiacidn y: agente

radiacidny | ionizante.

MMS: metil metano sulfonato, AAAF: acetoxi acetilaminofluoreno, MNU: metilnitrosourea, NER: reparacién por escisién de nucledtidos, BER:

reparacion por escision de bases y DSBR: reparacidon de rompimientos de cadena doble.
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Defectos en la NER y su posible relacion en la etiologia de la neurodegeneracion

Algunas de las caracteristicas neuropatoldgicas y bioquimicas de la pérdida neuronal en
varias enfermedades neurodegenerativas, se pueden explicar de tres maneras en relacién
al DNA: 1) la acumulacién anormal de DNA daifiado, 2) la reduccion en el flujo de
informacién genética requerida para las funciones fisioldgicas celulares y 3) el incremento
en el numero de errores transcripcionales que pueden causar muerte prematura de una
poblacién de neuronas. La propuesta de la acumulacién de DNA no reparado debida a la
disfuncion de los mecanismos de reparacion de DNA, fue detallada originalmente por
Robins (1974) y esta basada en observaciones que indican que algunas enfermedades
como la esclerosis lateral amiotrdéfica, el sindrome de Xeroderma pigmentoso, el sindrome
de Cockayne, la ataxia telangectasia, la ataxia espinocereblar con neuropatia axonal,
entre otras, estan relacionadas con la deficiencia en la reparacion de DNA (Robbins et al.
1974, 1983, 1985; Moshell et al. 1980; Scudiero et al. 1981; Bradley y Krasin 1982a,b; Li
and Kaminskas 1985, Mazzarello et al 1992). Hay al menos tres hipdtesis que vinculan al
dano persistente en el DNA con la neurodegeneracion, la primera es que la disminucidn de
reparacion del DNA y el dafo persistente alteran la transcripcién de genes neuronales
fundamentales; la segunda es que el dafio al DNA que no es reparado puede llevar a la
muerte neuronal masiva. La tercera hipdtesis es que el dafio persistente resulta en
defectos en la neurogénesis, esta se ha reportado en ratones deficientes de BER,

observandose menos proliferaciéon en cerebelo durante el desarrollo (Laposa et al 2001).

Hay al menos 16 enfermedades hereditarias relacionadas con la reparacion de DNA, en las
cuales las anormalidades neuroldgicas son el principal o incluso el Unico sintoma clinico
(Brooks et al 2008). Sin embargo, llama la atencién los sindromes donde se encuentran
mutadas algunas enzimas de reparacién que incluyen sintomas neurolégicos tales como
Xeroderma pigmentoso (XP), el sindrome de Cockayne (CS) y la Tricotiodistrofia (TTD)

(Rolig et al 2000).

El sindrome de Xerderma pigmentoso (XP) es un desorden hereditario, autosémico

recesivo caracterizado por hipersensibilidad de la piel a luz UV, resultando en un
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incremento de 1000 veces en la incidencia de cdncer de piel, por exposicion solar o
radiacion UV y en la frecuencia de neoplasias en otros tejidos (Rolig et al 2000, Mazzarello
et al 1992, Fishel et al 2006). En pacientes diagnosticados con este sindrome se ha
observado degeneracién neurolégica, ademas de anormalidades genéticas que incluyen
microcefalea, sordera y retraso mental (Kraemer et al 2007). El XP fue el primer desorden
asociado a defectos en la reparacion del DNA. En general la severidad de la enfermedad se
correlaciona con la alteracion en NER. Para explicar la neurodegeneracion de XP, se ha
propuesto que los genes neuronales que son transcritos son daflados continuamente por
metabolitos producidos por la célula que mimetizan el efecto de la luz UV. Debido a los
defectos en NER estas lesiones no son reparadas, por lo que el dafio se acumula,
repercutiendo en la transcripcion y sintesis de proteinas necesarias para la funcionalidad y
sobrevivencia de las neuronas, lo que resulta en la degeneracién y muerte prematura de

estas células (Mazzarello et al 1992, Fishel et al 2006).

Por otro lado, el sindrome de Cockayne (CS) se caracteriza por defectos en TCR debido a la
mutacion en las proteinas CSA y CSB. Los individuos con CS exhiben sensibilidad moderada
a la luz UV y defectos en el crecimiento, con degeneracidon neurolédgica progresiva en
todos los casos. La neuropatologias observadas en este sindrome son las alteraciones
oculares (desprendimiento de la retina, ojos hundidos y atrofia dptica), la desmielinizacidn
primaria y periférica, sordera, enanismos, microcefalia, degeneracién en la espasticidad,
hipertensidn, osteoporosis, demencia y calcificaciones intracranealies; mientras que no se

observan anormalidades en la piel (Pastoriza et al 2003, Mazzarello et al 1992).

Los defectos en la transcripcidn se encuentran asociados también a Tricotiodistrofia (TTD),
esta es una enfermedad caracterizada por cabello quebradizo deficiente en sulfuro, y
fenotipicamente similar a XP y CS. La sensibilidad a luz UV se observa en 50% de los
individuos. Las anormalidades neuroldgicas encontradas son microcefalea, retardo
mental, sordera y ataxia. A diferencia de XP, la neuropatologia TTD y CS se asocia también

con desmielinizacion (Rolig et al 2000).
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En individuos sanos el dafio al DNA enddgeno se produce constantemente pero se repara
de la misma manera, lo que resulta en niveles constantes de dafio, que son compatibles
con la funcién celular (Brooks et al 2008). Sin embargo en personas con ausencia o
deficiencia de alguna de las proteinas involucradas en la reparacion del DNA, se puede
producir la acumulacion de lesiones a lo largo del genoma. En células post-mitéticas del
cerebro que no son capaces de replicarse o que lo hacen raramente, se acumulan lesiones

con el tiempo, incluyendo en los genes que se transcriben constantemente.

En la ausencia de TCR, como ocurre en CS, se incrementa la posibilidad de que la RNA pol
Il se detenga al detectar lesiones, generando alteraciones en la transcripcion o traduccién
y llevando finalmente a la muerte neuronal. Sin embargo, también puede ocurrir que las
lesiones no sean reconocidas por la RNA pol Il, lo que puede generar alteracién del RNA
mensajero producido. Este mensajero generard proteinas mutadas o no funcionales, las
cuales contribuirdn a la disfuncién o muerte celular (Pastoriza et al 2003, Brooks et al

2008).

De esta manera, los defectos en la via de NER pueden conducir a la disfuncion neuronal y
a la neurodegeneracion debido a que las alteraciones que pueden presentar las enzimas
de esta reparacidn contribuyen a la acumulacién de errores sobre el DNA que lleve a la

muerte celular y con ello a una disfuncion neuronal (Fishel et al 2006).
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Planteamiento del Problema
Debido a que la reparacion del DNA es un proceso fundamental para la estabilidad
gendmica, la pérdida, insuficiencia o ineficiencia de los principales mecanismos de
reparacion se encuentran relacionadas con el desarrollo de diversas patologias. Este
trabajo, esta enfocado en la reparaciéon de lesiones oxidativas en el DNA de neuronas
terminalmente diferenciadas, dado que este tipo celular es altamente vulnerable por el
ambiente oxidativo del érgano en que se aloja. Se decidié estudiar la capacidad de las
neuronas terminalmente diferenciadas en la remocion de lesiones oxidativas en el DNA
tanto por la via de reparacion por escision de bases, la cual es la que candnicamente
remueve estas lesiones, y por la via de escision de nucledtidos, dado que lesiones
oxidativas en el DNA pueden comprometer la tridimensionalidad de la molécula.
Asimismo, es de interés caracterizar las lesiones oxidativas como guaninas oxidadas, ya
que su acumulacion en el genoma es considerada una lesién premutagéncia que conduce
a alteraciones tales como la muerte celular, proceso que compromete el funcionamiento

optimo del sistema nervioso, manifestandose en el desarrollo de patologias.
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Moléculas blanco del estrés oxidante

Proteinas

(1] f Estrioxidante

DNA danado

a  SINONENNS
|
0 | ! 1

NER BER MMR

l

Acumulacion de lesiones -Establecimiento de mutaciones

-Alteracion en la transcripcion
[4] Y2 NS WQ(\ 74 < de proteinas

-Muerte celular

A\

Lipidos

Fig. 4 Planteamiento del problema. Bajo un ambiente oxidante [1], el DNA es susceptible a ser

oxidado [2]. La guanina es el blanco principal el cual puede ser removido por los mecanismos de

reparacion [3]. Cuando esto no ocurre por la deficiencia o alteracion de los mecanismos de

reparacion, las lesiones se acumulan [4], lo que lleva al establecimiento de mutaciones,

alteraciones en la transcripcion de proteina y por ende en sus funciones, lo cual compromete la

funcién neuronal. NER: Reparacién por escision de nucleétidos, BER: Reparacion por escision de

bases y MMR: Reparacién de bases mal apareadas.

31



Hipoatesis
Las neuronas terminalmente diferenciadas acumulan mas guaninas oxidadas en el DNA en
comparacion con neuronas indiferenciadas, lo cual se manifestard como una menor

capacidad reparativa de dichas lesiones.

Objetivo
Evaluar la capacidad reparativa de los mecanismos de escisién en células indiferenciadas y

neuronas diferenciadas ante los retos con perdxido de hidrogeno y UVC.

Objetivos Particulares

e Evaluar la capacidad reparativa por escision de bases en las células de
neuroblastoma humano MSN, en estado indiferenciado y diferenciado ante un
inductor de este mecanismo de reparacion (H,0,).

e Evaluar la capacidad reparativa por escision de nucledtidos en las células del
neuroblastoma humano MSN en estado indiferenciado y diferenciado por la
exposicidon a un inductor de este mecanismo de reparacion (luz UVC)

e Determinar las lesiones que se producen ante la exposicién a H,0, o UVC en el
estado indiferenciado y diferenciado.

e Determinar la participacion de las enzimas de reconocimiento de BER y NER ante

ambos estimulos (H,0, y UVC) en el estado indiferenciado y diferenciado.
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Figura 5. Diagrama del disefio experimental. A) Disefio experimental del modelo de neuroblastoma
MSN el cual consiste en la comparacion del estado indiferenciado en relacion al diferenciado. El
cultivo celular se expuso al factor de crecimiento neuronal (NGF, por sus siglas inglés) a una
concentracion de 10uM y acido retindico (RA, por sus siglas en inglés) a 50ng/ml por 6 dias para
diferenciarlos. Ambos se expusieron a dos distintos estimulos de manera independiente: luz UVC,

como inductor de NER y perdxido de hidrégeno (H,0,), como inductor de BER. Los tratamientos
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con H,0, tuvieron una duracién de 24 h continuas con el agente oxidante, al cabo del cual se
elimind el estimulo del medio de cultivo, mediante lavados, Posterior a este proceso se evaluaron
las células 1h y 24h después, post-tratamiento (PT). La concentracion de H,0, utilizada en el
primer trabajo fue de 10uM, mientras que en el segundo fue de 50uM. La dosis de exposicion a
UVC empleadas fue de 3.6 J/cm?. Todos los tratamientos contaron con un cultivo indiferenciado y
diferenciado que no fue expuesto a los estimulos (H,0, y UVC) .B) Metodologias empleadas para
determinar, viabilidad, estrés oxidante y capacidad reparativa del DNA, en el modelo de

neuroblastoma humano en ambos estados de diferenciacion.
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Resultados

Diferenciacion Neuronal y el Modelo del Neuroblastoma Humano: MSN

Contar con el modelo ideal para el estudio de neuronas que nos permita estudiar el
desarrollo de enfermedades asi como las estrategias terapéuticas para combatirlas, ha
sido una limitacion. La primera fuente de neuronas son los cultivos primarios de células
humanas; esta opcion representa dificultades técnicas entre las que estan la obtencion,
manipulacidon, y mantenimiento; ademas las cuestiones éticas la vuelven dificil de
obtener. Una alternativason las células de neuroblastoma que como ya se menciond antes
son comunmente utilizadas en estudios de diferenciacién neuronal (Rubestein et al 1985,
Prasad et al 1973, Perez-Polo et al 1979, Sidell et al 1983, Reynolds et al 1981, Sonnefeld
y Ishii1983). Estos cultivos neuronales provenientes de tumores proveen grandes ventajas
como son una cantidad ilimitada de células de origen humano con caracteristicas
bioquimicas y morfoldgicas semejantes a las neuronas humanas (Machin et al 1982). Otra
caracteristica es la versatilidad con la que éstas se diferencian ante una gran variedad de
estimulos como el uso de esteres de forbol (TPA), acido retindico, neurotrofinas vy
estaurosporina (Xie et al 2010). Sin embargo es importante considerar que el cultivo se
encuentra en proliferacion en su estado indiferenciado y que al iniciar el proceso de

diferenciacion el cultivo no se encuentra sincronizado.

En este trabajo se echd mano del modelo de diferenciacién del neuroblastoma humano
(MSN), el cual fue descrito por el grupo de Reynolds en 1986, estas células se originan de
neuroblastos de la cresta neural. Se ha reportado que las células MSN son capaces de
adquirir una morfologia semejante a una neurona mediante la adicion de NGF y AR
(Quiroz-Baez et al 2009). En el laboratorio se determind el tiempo de diferenciacion con
base en dos marcadores proteicos, el antigeno neuronal nuclear (NeuN por sus siglas en
inglés) y la proteina asociada a microtubulos 2 (MAP2, por sus siglas en inglés) que
indicarian cuando las células se encontraban terminalmente diferenciadas a un tipo

neuronal. Como primer acercamiento se siguié el crecimiento en cultivo del
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neuroblastoma en estado indiferenciado por diez dias (Figura 6 linea negra) y se compard
con el cultivo en diferenciacion (Figura 6 linea roja). Como se puede observar las células
indiferenciadas se contindan replicando a lo largo del tiempo; sin embargo, en el cultivo
diferenciado, las células muestran una reduccion en la proliferacion celular, indicando que
los factores empleados para la diferenciacién impiden a las células seguir entrando al ciclo

celular tal como ocurriria en las neuronas terminalmente diferenciadas.
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Figura 6. Curva de crecimiento del cultivo celular del neuroblastoma humano, MSN. Las células
fueron contadas en un hemocitémetro mediante la tincién por exclusién con azul tripano con el fin
de evaluar el nimero total de células indiferenciadas (linea negra) y en proceso de diferenciacion
(linea roja) en cultivos de diferente nimero de dias. Los resultados son el promedio de tres

experimentos independientes + la desviacién estandar.

En la figura 7 se muestra por inmunocitoquimica, la presencia de los marcadores proteicos
de neurona madura: la proteina asociada a microtubulos (MAP2, por sus siglas en inglés)
en ambos estados de diferenciacion (Figura 7A), se puede apreciar que la morfologia del

cultivo diferenciado muestra crecimiento de neuritas similar al de las neuronas humanas,
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y que si bien, la presencia de los marcadores se presenta desde el estado indiferenciado,

ésta se acentla mas después de la diferenciacién.
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Figura 7. Marcadores de
diferenciacién: el antigeno
neuronal nuclear (NeuN) y
la proteina asociada a
microtubulos 2 (MAP2). A)
Se realizaron
inmunocitoquimicas de uno
de los marcadores de
neurona madura (MAP2) en

ambos estados de

diferenciacion, utilizando una contra tinciéon con hematoxilina y diaminobencidina para evidenciar

la marca positiva en la célula. B) La grafica muestra la cuantificacidon proteica de NEUN y MAP2 en

el dia de inicio de la diferenciacion y seis dias después.

Con base en estos resultados se concluyd que el cultivo en diferenciacidon era estable y

mostraba caracteristicas similares a las de un tipo neuronal (morfologia y marcadores).
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Debido a que el cultivo mostraba caracteristicas de neurona madura al dia seis, se decidio

utilizar estas condiciones para el trabajo de esta tesis.
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Articulo 1:

“DNA damage and repair in neural cells”
The Neurochemestry of Neuronal Death

Research Signpost

En el siguiente trabajo se hace una revisidn de los mecanismos de reparacion del DNA y su
relacidn con el desarrollo de enfermedades neurodegenerativas. También se incluyen los
datos obtenidos del modelo del neuroblastoma humano (MSN) en estado indiferenciado y
diferenciado expuesto a concentraciones de peréxido de hidréogeno equivalentes a las
producidas por la agregacion de la proteina -amiloide (Huang et al 1999) con el fin de
evaluar la capacidad reparativa en respuesta a un dano oxidante. A continuacién el

resumen de este trabajo:

El cerebro se encuentra en riesgo por el dafio oxidativo inherente a su fisiologia. Para
preservar la integridad del DNA, la célula utiliza varios mecanismos de reparacion, dentro
de estos se encuentra la NER, el cual remueve diferentes lesiones distorsionantes del DNA.
La NER esta constituida por dos sub vias: GGR y TCR. La primera remueve las lesiones a lo
largo del genoma, mientras que la segunda actla Unicamente en sitios en transcripcion.
Las células post mitdticas como las neuronas, por principio, podrian llevar a cabo la
reparacion de solo la porcién del genoma encargado de sus funciones especializadas en
lugar de detectar todo el DNA, lo cual favoreceria la acumulacién de dafio en el DNA a lo
largo de varios afios en los genes no transcritos o durmientes durante su estado post
mitdtico. En este contexto las neuronas constituyen un sistema interesante para el estudio
de la reparacién del DNA, especialmente en relacion a la transcripcion. El objetivo de este
estudio fue determinar el papel de la diferenciacién neuronal en las vias de NER: TCR y
GGR, utilizando al neuroblastoma humano MSN, como modelo de diferenciacion ante un

reto con perdxido de hidrégeno en las células indiferenciadas y diferenciadas MSN.

La estrategia con la que se abordd la parte experimental de este trabajo se resume en el

siguiente diagrama:
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una vez transcurridas 24 horas se evalud la citotoxicidad, genotoxicidad, los niveles de 8oxoG y la
expresion génica de las enzimas de reparacién de NER. Posterior a este punto de muestreo, se
cambié el medio con H,0, por medio fresco y se realizaron las mismas determinaciones 1y 24
horas posteriores al primer estimulo oxidante. Se realizé la misma estrategia para las células
diferenciadas, se tomd como dia de inicio 6 dias después de haber sido inducida la diferenciacién

neuronal con la adicion NGF y RA, tal y como se describié anteriormente.
La metodologia empleada se describe brevemente a continuacién:

Citotoxicidad: Para evaluar la toxicidad por los tratamientos se realizé un conteo de
células vivas contra el nimero de células muertas. La determinacién realizada fue por la
tincion de exclusién del colorante azul tripano, donde las células vivas que no tienen
comprometida la integridad de la membrana, no permiten que el colorante las penetre,

observandose incoloras; mientras que las muertas se tefiran de color azul.

Genotoxicidad: Esta prueba permite evidenciar el DNA fragmentado mediante una
electroforesis de células individuales en condiciones alcalinas, donde los fragmentos
migran hacia el anodo evidencidndose bajo el microscopio de fluorescencia, al ser tefiidos
con un cromoforo como el bromuro de etidio, lo que resulta en imagenes semejantes a un
cometa cuya cola es proporcional al grado de dafio. Se evaluaron 100 células por

condicion por experimento independiente midiendo el tamano de la cola. Se estimaron las
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frecuencias de los valores para cada muestra para tener una grafica de histograma que

representara el comportamiento por poblaciéon en cada punto de muestreo.

Niveles de 8oxoG: Para determinar los niveles de 8oxoG, se realizd una
inmunocitoquimica, donde se empled un anticuerpo que reconoce de manera especifica
esta lesidn y posteriormente se realizé una cuantificaciénde las células positivas a esta
lesiéon. Expresion génica: Para determinar la expresidn génica de las enzimas Rad23 ¢
HR23b, CSA, CSB y XPD, se recurrio a la transcripcidn reversa de la cadena de la polimerasa

(RT-PCR). Las secuencias utilizadas para cada gen son los siguientes:

RAD23b-F AGAGCCAGTTTCAACAACCC
RAD23b-R GAAGCAAGGAAGGATTCTGC
CSA-F TGATGGACTTCACCTCCTCA
CSA-R CTCTCATCACTGCTGCTCCA
CSB-F CAGAAGAAGAGACCCTGGAG
CSB-R GTACATAATCTGGGCTGGCT
XPD-F AACTTCTCTGTGCAGCATTCC

XPD-R TCGGAAGACACAAGACTGTG

Los resultados obtenidos en este trabajo fueron los siguientes:

- El reto oxidante no fue citotéxico para las células indiferenciadas, no asi para el estado

diferenciado.

- En cuanto a lo que al dafo genotoxico se refiere, los resultados muestran que el dafio
basal oxidante es mayor en las células diferenciadas, sin embargo en ambos estados de

diferenciacion se restaura el dafio sobre el DNA.

- Para confirmar el dafio oxidativo se evalud la presencia de 8oxoG, cuyos niveles no se
modificaron con el estado de diferenciacién, pero si cambiaron en respuesta al estimulo

oxidante y la desaparicion de los rompimientos sobre el DNA.
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- Finalmente, la expresién de los genes de NER en las células indiferenciadas sugieren la
actividad de ambas vias en respuesta al estimulo oxidante, por otro lado las células
diferenciadas carecieron de la expresion de CSA, sobre expresando Unicamente los genes

Rad23b y XPC, lo que podria sugerir una reparacion dependiente de TCR.
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Abstract

Brain is at risk for oxidative damage due to its
physiology. To preserve DNA integrity, cells utilize
many repair mechanisms; one of these is the
Nucleotide Excision Repair (NER), which removes
different DNA-distorting lesions. Two main pathways
are involved in NER: Global Genome Repair (GGR)
and Transcription Coupled Repair (TCR). GGR
removes lesions along the genome in non-transcribed
sites, while TCR acts in the transcribed strand and
requires the transcription machinery. Neurons and
other post-mitotic cells could thus, in principle, afford
to repair only the portion of their genome that is really
needed for their specialized functions, as transcribed
genes, promoting the DNA-damage accumulation in their
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dormant genes during their post-mitotic stage over many years. In this context,
neurons constitute a particularly interesting system for the study of DNA-
repair, especially in conjunction with transcription. The aim of our
investigation is to determine the role of both NER pathways in neuronal
differentiation, using the neuroblastoma cell line, MSN, as a differentiation
model. We evaluated the basal oxidative DNA-damage and the efficiency of
their repair mechanisms after H,O, challenge, in the undifferentiated and
differentiated MSN cells. In addition, to confirm the oxidative damage we
evaluated the presence of 8-oxoguanine (80xoG). Our results showed a higher
cytotoxicity and basal DNA damage in differentiated than undifferentiated
MSN cells. The NER's gene expression: Rad23 (GGR), CSA (TCR), and XPD
(GGR and TCR), in undifferentiated MSN cells suggests the activity of both
GGR and TCR mechanisms in response to the oxidative insult. However, in
differentiated MSN cells, the lack of expression of CSA, cursing with the
expression of Rad23 and XPD could suggest a TCR-independent DNA repair.

Introduction

DNA is constantly under the attack of endogenous and environmental
agents. Endogenously formed reactive oxygen species (ROS) are reported as
responsible for the elevated oxidative DNA damage detected in brains of
subjects with stroke or chronic neurodegenerative disease [1]. In addition,
exposure to environmental agents can potentially damage brain tissue DNA.
Preservation of genomic stability is an essential biological function. Cells
engage very efficiently mechanisms involving DNA surveillance/repair
proteins that act to maintain inherited nucleotide sequence of genomic DNA
over time. After DNA damage, which can arise both physiologically and
pathologically during duplication, or after genotoxic stimuli, cells activate
intracellular pathways, which are able to recognize damage, arrest cell cycle,
recruit DNA repair factors, and repair damage or induce apoptosis. This
definitely relevant process is finalized to prevent the generation and the
persistence of impaired cells; which may ultimately be detrimental to the
organisms. Very little is known about the role of DNA damage sensors and
repair factors in terminally differentiated, not proliferating cells, such as
neurons. It is well recognized that mutation of genes related to DNA damage
repair is associated with specific cancer-prone syndromes. Many human
pathological conditions with genetic defects in DNA damage response are also
characterized by neurological deficits. These neurological deficits can manifest
themselves during many stages of development, suggesting an important role
for DNA repair system during the development maintenance of the brain.
Relatively few studies have examined the expression of DNA repair proteins in
the different brain cell types, including astrocytes, oligodendrocytes and
microglia [2].
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Neuronal oxidative damage

The aerobic organisms are susceptible to oxidative stress simply because
semireduced oxygen species, superoxide and hydrogen peroxide, are produced
by mitochondria during respiration [3]. Brain is considered abnormally
sensitive to oxidative damage and in fact early studies demonstrating the
propensity to peroxidation of brain membranes supported this notion [4,5]. The
intrinsic brain physiology imply the generation of oxidative stress because: a)
brain requires very high amounts of oxygen per unit weight (about 20% of the
total amount used in humans); b) brain has a high content of Fe in certain
regions and in general has high levels of ascorbate, both powerful lipid
peroxidation generators; it has also a high content of easily peroxidizable
unsaturated fatty acids; c) brain is not highly enriched in antioxidant protective
defenses and this then adds to its otherwise readily poised potential for
oxidative damage [6,7].

In detail, brain sensitivity to oxidative damage is due to nine principal
features. One reason is its high demand for oxygen due to the high ATP
consumption of neurons, for the maintenance of membrane potentials and the
release and storage of neurotransmitters. This in turn means that neurons rely
heavily on efficient mitochondrial function. In many neurodegenerative
diseases both mitochondrial defects and oxidative damage co-exist [8]. A
second potential problem for the brain is its extensive use of glutamate as a
neurotransmitter. Impaired energy metabolism in the brain can lead to excess
extracellular glutamate levels, whose receptor binding leads to a rising of
intracellular Ca®" to pathological levels. This overactivates phospholipase A,
calpain and neuronal (n) NOS activities, leading to elevated NO™ production,
release of free fatty acids and excessive proteolysis. Thirdly, many
neurotransmitters are autoxidable molecules. Dopamine, its precursor levodopa
and noradrenaline react with O, to generate O,, H,O, and reactivate
quinones/semiquinones that can deplete GSH and bind to protein —SH groups
[9]. Fourthly, iron is found throughout the brain. Important iron-containing
proteins in brain include cytochromes, ferritin, aconitases, mitochondrial non-
haem iron proteins, cytochromes P450 and the tyrosine and tryptophan
hydroxylase enzymes, which catalyze the first step in the synthesis of
dopamine and serotonin, respectively. Several brain areas (e.g. subtantia nigra,
caudate nucleus, putamen, globus pallidus) have a high iron content. Most of
the total iron in healthy brain is apparently stored as ferritin, which should
limit its capacity to catalyse oxidative damage. However, damage to brain
tissue readily releases iron (and copper) ions in forms that are capable of
catalyzing such free radical reactions as OH formation from H,O,, lipid
peroxidation, and autoxidation of neurotransmitters. Fifthly, neuronal
membrane lipids contain highly polyunsaturated fatty-acid side-chains,
especially docosahexaenoic (Cy,.6) acid residues. These highly polyunsaturated
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fatty acids are extremely susceptible to lipid peroxidation, at least in vitro [9].
For example, in some brain samples from patients with Alzheimer’s disease,
elevated oxidation of docosahexanoic, but not of arachidonic, residues was
detected [10]. Hydroxynonenal (HNE), a cytotoxic end product of the
decomposition of lipid peroxides, seems especially cytotoxic to neuronal cells
[11], and elevated levels of HNE in brain tissues have been detected in many
neurodegenerative diseases [12]. Sixthly, brain metabolism generates H,O,. A
major source of H,O, is the oxidation of dopamine by monoamine oxidases
(MAO:s), flavoprotein enzymes located in the outer mitochondrial membrane.
Seventhly, antioxidant defences in the brain are modest. In particular, levels of
catalase are low in most brain regions. The catalase in brain appears to be
located in small peroxisomes and thus could probably not deal efficiently with
H,0, generated in other subcellular compartments (e.g. MnSOD or MAOs,
both located in mitochondria). In general, brain catalase in mammals is found
at higher levels in hypothalamus and substantia nigra than in cortex or
cerebellum [8]. Eightly, some of the glial cells found in the brain are microglia,
which are resident macrophage-type cells. Like other macrophages, microglia
can produce O, and H,0, upon activation and are capable of secreting
cytokines such as interleukin (IL)-1, IL-6 and tumor necrosis factor-a. Finally,
cytochromes P450 (CYPs) are present in certain brain regions. Reactive
species can ‘leak away’ from the catalytic intermediates in the P459 cycle,
generating 0," and H,0,. Several isoforms of CYP have been detected in
brain, for example, in rats CYP2EI is present in hippocampus, in substantia
nigra and in the blood-brain barrier [13]. Since CYP2E1 is more leaky than
other CYPs, it is capable of producing more reactive species; it is another
potential source of oxidative stress [8].

In addition, the fact that brain respiration almost exclusively utilizes
glucose as energy source, probably explains why it consumes very high
levels of oxygen per unit weight. Careful studies on isolated mitochondria
from brain and other organs show that 2-5% of the total oxygen consumed
in mitochondrial respiration yields reactive oxygen species (ROS), mostly as
H,O, [14,15]. Oxidative damage occurs as a result of processes
involving ROS and trace metals causing damage to biomolecules as
proteins, lipids, nucleic acids and metabolites. Unique oxidation products
are formed, for instance, such as 8-hydroxy-2’-deoxyguanosine (8-OHdG)
by the reaction of ROS with DNA [7]. At the time of oxidative damage
formation, other processes occur that are involved in the removal or repair
of these damage. Therefore, the total amount of oxidative damage products
present is due to the balance between the rates of these processes.
Oxidative damage to DNA produces strand breaks as well the oxidation of
many bases. Typically, strand breaks are repaired and oxidized bases are
removed by specific enzymes.
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DNA damage and neurodegeneration

One of the most historically well known connections between abnormalities
of the DNA damage response and neurodegeneration has been the human
syndrome of ataxia telangiectasia (AT). However, others as xeroderma
pigmentosum (XP), Nijmegan breakage syndrome (NBS), trichothiodystrophy
(TTD) and Cockayne syndrome, have been associated with a defective DNA
damage response and neurological disorders as a primary feature of their
phenotypes [16]. There are many repair-genes, some of them are responsible
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Figure 1. Dysfunction of DNA damage response and repair genes leads to
neurodegeneration and some specific neuropathologies. Recognition to DNA double
strand breaks sensed by response proteins as ATM and NBSI is affected in pathologies
as Ataxia Telangiectasia (ATM) and Nijmegan Breakage Syndrome (NBS). Defects on
individual members of the excision repair complex as XP, TTP and CS trigger
principally a progressive neurodegeneration and mental retardation, however in some
subgroups of Xeroderma Pigmentosum (XP), neuropathology has not been found. Other
pathologies as Fanconi Anemia (FA), Werner Syndrome, Bloom Syndrome and
Rothmund-Thomson Syndrome have dysfunctional genes (FA, WRN, BLM and
RECQL4) and proteins with helicase activity; however, all of these are more
characterized by cancer predisposition than neurodegeneration, although they show
neurological alterations.
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for the diseases, other encode components of DNA-repair complexes however,
repair deficiencies per se might not explain the pathology as we show in fig. 1.
Together, these human syndromes provide an important insight into the
fundamental processes that affect nervous system function and which probably
involve DNA damage.

These kind of syndromes have defective DNA-repair or response
machinery and varying degrees of neurological dysfunction. This suggests
that defects in the repair of, or response to, DNA damage impact
significantly on nervous system function. Although substantial in vitro data
have accumulated regarding the molecular deficits in these repair or response
deficiencies, few data are available that describe specific functions in the
nervous system. Potentially endogenous reactive oxygen species, produced
as by-products of cellular metabolism could act as genotoxic agents in the
nervous system of repair-compromised individuals [16]. Analysis of age-
dependent mutations in brain and liver showed a significantly lower level of
genome rearrangements in brain compared to liver [17]. The postmitotic
status of the brain might require efficient systems for avoiding mutations;
this would have implications for the syndromes considered previously,
particularly those with progressive neurodegeneration. DNA repair assays
using extracts isolated from different brain regions are providing insights
into this possibility. Another possibility to account for neurodegeneration,
derived from cancer studies, is the concept of caretakers [18]. Many of the
inherited mutations responsible for the syndromes discussed above lead to
genomic instability and are therefore mutations of caretaker genes. This
instability in the nervous system could promote mutations that ultimately
lead to cell death rather than proliferation. The cell type and particular
caretaker mutations might determine tissue and cellular selectivity associated
with the different neurological alterations. It is also possible that in the
nervous system many of the DNA repair- or response components might
have other non-repair-associated roles, and defects in these functions could
lead to neuropathology.

Oxidative DNA damage repair mechanisms

There have been many suggestions that ROS play an important role in, and
may even be causative of neurodegenerative diseases, in particular tardive
dyskinesia, Parkinson’s disease, Huntington’s disease, Alzheimer’s disease,
Friederich’s ataxia and Down’s syndrome [8]. ROS generate mainly oxidative
DNA damage as a principal target; challenging the repair mechanisms that
safeguard the genomic integrity. DNA repair is one of the most essential
systems for saving the inherited nucleotide sequence of genomic DNA over
time, for such, the cells engage very efficient mechanisms as Base Excision
Repair (BER) and Nucleotide Excision Repair (NER).
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Base-excision repair (BER)

The most general DNA repair mode observed in nature is one in which
damaged or inappropriate bases are excised from the genome and replaced by the
normal nucleotide sequence and chemistry, also known as base excision repair
[19]. Under normal circumstances DNA undergoes depurination at a measurable
rate such that some 10,000 abasic sites/mammalian cell/day are generated [20-22].
In addition, a variety of lesions in DNA arise by spontaneous deamination of
cytosine, from errors occurring during replication including insertion of damaged
bases or of uracil, from reactions with endogenous ROS [22-24] or from
exogenous exposure to toxic species in food and/or the environment. The lesions
include among others uracil, 3 methyladenine, 8 oxoguanine, and thymine glycol.

Nonbulky lesions are generally recognized by the DNA glycosylases that
remove the modified base and leave an abasic site (fig. 2). Higher eukaryotic
cells have two classes of DNA glycosylases, those that remove the base only
and those that remove the base and nick the DNA on the 3’ side of the
phosphodeoxyribose (dRP) residue.

Enzymes in the first category include uracil DNA glycosylase (UDG), G/T
glycosylase, thymine glycol-DNA glycosylase, thymine DNA glycosylase, and 3
methyl adenine-DNA glycosylase [25]. UDG is by far the most abundant and
active of these, because the presence of uracil in DNA occurs at high rates [26].
The second set of glycosylases includes 8-oxoguanine DNA glycosylase, hNth1,
N-methylpurine/DNA glycosylase, and adenine-specific DNA glycosylases [22,
27, and 28].

The core BER reaction is initiated by strand incision at the abasic site by
the APE1 endonuclease (fig. 2 reaction I). Poly(ADP-ribose) polymerase
(PARP), which binds to and is activated by DNA strand breaks, and the
recently identified polynucleotide kinase (PNK) [29], may be important when
BER is initiated from a single strand break (SSB) to protect and trim the ends
for repair synthesis (reaction II). In mammals, the so-called short-patch repair
1s the dominant mode for the remainder of the reaction. DNA pol B performs a
one-nucleotide gap-filling reaction (reaction III) and removes the 5’-terminal
baseless sugar residue via its lyase activity; this is then followed by sealing of
the remaining nick by the XRCCl1-ligase3 complex (reaction IV). The XRCClI
scaffold protein interacts with most of the above BER core components and
may therefore be instrumental in protein exchange. The long-patch repair
mode involves DNA pol B, pol 6 and proliferating cell nuclear antigen (PCNA)
for repair synthesis (2—10 bases) as well as the FEN1 endonuclease to remove
the displaced DNA flap and DNA ligase 1 for sealing (reaction V-VII). The
above BER reaction operates across the genome. However, some BER lesions
block transcription, in this case TCR pathway take place as described below,
including TFIIH, XPG (which also stimulates some of the glycosylases) and
probably the remainder core of NER apparatus [30].
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Figure 2. Base Excision Repair. The core BER reaction is initiated by strand incision at
the abasic site by APE1 endonuclease (reaction I). In the other hand Poly(ADP-ribose)
polymerase (PARP) is activated by DNA strand breaks and in junction with
polynucleotide kinase (PNK) protects and trim the ends for repair synthesis (reaction II).
In the Short patch pathway, DNA pol B performs a one nucleotide gap-filling reaction and
removes the 5’ terminal baseless sugar residue via its lyase activity (reaction III). The
sealing of the remaining nick is performed by the XRCC1-ligase3 complex (reaction 1V).
The long patch repair mode involves DNA pol ¢ and proliferating cell nuclear antigen
(PCNA) for repair synthesis, as well FEN1 endonuclease to remove the displaced DNA
flap and DNA ligase for sealing (reaction V-VII).
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Nucleotide-excision repair (NER)

NER is a particularly intriguing repair pathway because of its
extraordinarily wide substrate specificity; it has the ability to recognize and
repair a large number of structurally unrelated lesions, such as DNA damage
formed upon exposure to the UV radiation from sunlight, and numerous bulky
DNA adducts induced by mutagenic chemicals from the environment or by
cytotoxic drugs used in chemotherapy. NER operates through a “cut-and-
patch” mechanism by excising and removing a short stretch of DNA (24- to
32-nucleotides long) containing the damaged base; the original genetic
sequence is then restored using the non damaged strand of the DNA double
helix as a template for repair synthesis. Two distinct sub-pathways have been
discerned (Fig. 3): global genome NER (GGR), which surveys the entire
genome for distorting injury, and transcription coupled NER (TCR) that
focuses on damage that blocks elongating RNA polymerases [31, 32].

The basic steps of nucleotide excision repair are (a) damage recognition,
(b) dual incisions bracketing the lesion to form a 12-13-nt oligomer in
prokaryotes or a 24-32-nt oligomer in eukaryotes, (C) release of the excised
oligomer, (d) repair synthesis to fill in the resulting gap, and (e) ligation.

The GGR-specific complex XPC-hHR23B screens first on the basis of
disrupted base pairing [33], instead of lesions per se. This explains why mildly
distorting injury such as cyclobutane pyrimidine dimers are poorly repaired
[34]. In TCR, the ability of a lesion (whether of the NER- or BER-type) to
block RNA polymerase seems critical (Fig. 3 reaction I). The stalled
polymerase must be displaced to make the injury accessible for repair [35], and
this requires at least two TCR-specific factors: CSB and CSA. The subsequent
stages of GG-NER and TCR may be identical. The XPB and XPD helicases of
the multi-subunit transcription factor TFIIH open ~30 base pairs of DNA
around the damage (reaction II). XPA probably confirms the presence of
damage by probing for abnormal backbone structure [36], and when absent
aborts NER [33]. The single-stranded-binding protein RPA (replication protein
A) stabilizes the open intermediate by binding to the undamaged strand
(reaction III). The use of subsequent factors, each with limited capacity for
lesion detection in toto, still allows very high damage specificity [37]. The
endonuclease duo of the NER team, XPG and ERCCI1/XPF, respectively
cleave 3’ and 5’ of the borders of the opened stretch only in the damaged
strand, generating a 24-32-base oligonucleotides containing the injury
(reaction IV). The regular DNA replication machinery then completes the
repair by filling the gap (reaction V). In total, 25 or more proteins participate in
NER. In vivo studies indicate that the NER machinery is assembled in a step-
wise fashion from individual components at the site of a lesion. After a single
repair event (which takes several minutes) the entire complex is disassembled
again [38].
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Figure 3. Model for mechanism of NER pathways; global genome nucleotide-
excision repair and transcription-coupled repair. The GG-NER-specific complex
XPC-hHR23B screens first on the basis of disrupted base pairing (reaction I). In TCR
the ability of a lesion to block RNA polymerase seems critical, CSA and CSB helps to
displace stalled RNA polymerase (reaction II). The helicases of the transcription factor
TFIIH open ~30 base pairs of DNA around the damage (reaction III). The single-
stranded binding protein RPA stabilizes the open intermediate by binding to the
undamaged strand (reaction 1V). The endonuclease duo XPG and ERCCI1/XPF,
respectively cleaves 3’ and 5’ of the damaged strand (reaction V) and finally the regular

DNA replication machinery completes the repair by filling the gap (reaction VI).
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Differentiation Associated Repair (DAR)

If a cell were not to ever replicate its DNA, it could conceivably
accumulate numerous lesions in its genome, as long as it could maintain the
integrity of those genes needed for viable cell function. The specialized repair
pathway TCR can target several repair systems to transcribed genes [39, 40],
thus potentially relieving post-mitotic cells from the chore and energy expense
of repairing their entire genome.

Of course, this scenario assumes that these cells will not change their
phenotype in the future, as this would imply transcribing genes that are
currently silent and are potentially accumulating damage. Cells that do not
divide and do not change phenotype are known as terminally differentiated
cells and are very common in multicellular eukaryotes. It would therefore be of
interest to examine the DNA repair capacity of such terminally differentiated
cells [41].

Neurons are a perfect example of these kinds of cells; we are born with a
given stock of them that is supposed to be sufficient for the rest of our lives.
The status of the DNA repair machinery had been the focus of different groups
reporting that neurons has lost any ability to repair cyclobutane pyrimidine
dimmers, and markedly attenuated repair of benzo[a]pyrene diol-epoxide
adducts at the global genome level [42,43]. Thus, turning off repair at the
global genome level to concentrate on the repair of transcribed genes may be
the best strategy to deal with the continuous induction of damage in
postmitotic cells. Then, seems that the repair of the transcribed genes could be
done by TCR mechanism; however, strangely enough, strand-specific analysis
did not reveal the typical bias in favor of the transcribed strand, which is the
hallmark of TCR [44]. This phenomenon, which was tentatively termed by
Nouspikel and Hanawalt, [45] as differentiation-associated repair (DAR),
seems to be confined to transcribed genes. Such a situation was previously
encountered in two rodent model systems, rat myoblasts differentiating to
myocytes [42] and rat PC12 pheochromocytoma cells that display a neuron-
like phenotype upon differentiation [44].

The molecular mechanisms for DAR are currently not known, but several
hypotheses have been proposed such as over-expressing incision enzymes,
which may result in making better use of whatever trace of DNA repair
activity is left in terminally differentiated cells; the possible role of genes
involved in cell cycle checkpoints such ATM [46] and some others has been
able to exclude an effect of chromatin structure, a decrease in expression of a
key repair enzyme and an effect of p53 [41].

Indeed DAR might ensure that the non-transcribed strand will be equally
well repaired in terminally differentiated cells. It has often been suggested that
neuron aging and some forms of dementia could be due to the accumulation of
unrepaired DNA lesions, which would eventually interfere with neuronal
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function [20, 47]. DAR could be a way for normal neurons to delay, if not
preclude, such events.

Then, there is sufficient evidence that DNA repair could play an important
role in the establishment of some neurodegenerative diseases. In this respect in
our laboratory we are studying the role of these DNA repair mechanisms in
neuronal differentiation. In order to demonstrate whether neurons terminally
differentiated which have accumulated oxidative damage throughout their life,
cannot efficiently repair such injuries by TCR, because the GGR is inactive.
This could be the events triggering an imbalance in neurons inducing an
aberrant process, and leading it to the neuronal death. In other words, this
event could drive to neuronal loss and consequently to the lost of neuronal
functions such as cognitive functions implicated in some neurodegenerative
diseases such as Alzheimer dementia.

We worked on the MSN cell model, which are cells derived from a human
neuroblastoma, that are feasible to differentiate to neurons by the addition of
soluble factors like retinoic acid and neuronal growth factor (NGF) [48]. This
model allow us to explore if neuronal differentiation sensitize the cells to
respond to an oxidative challenge similar to p-amyloid involved in
neurodegeneration [49]. In addition, we evaluated NER gene expression
changes before and after differentiation occurred (see fig. 4).

Our results indicate that the H,0, challenge was not cytotoxic for
undifferentiated MSN cells, meanwhile 24 hours after oxidative treatment
differentiated MSN cells showed 45% of cytotoxicity as we show in figure 5.
We could interpret this positive effect as neuronal death in a subpopulation of

Fresh REMI Undifferentiated MSH cells

1 I ! | I | 1 I Days
1 2 3 4 5 & 7 8
w106 cells N t=oh
in EPMI+ NGF+ Fresh REMI+ _
Retincic acid (R4 Fresh EPMI+ NGF+RA : ; N
MGF+RA
\
3

FresH RPMI+
MGF+RA

Differentiated MEN cells

Figure 4. Experimental design to induce MSN cell differentiation and determine the
presence of oxidative DNA damage, repair capacity and expression of repair genes. The
upper panel represent the undifferentiated model meanwhile differentiated is show in
the bottom panel. t=0 represent the H,O, 10uM treatment, t=1h represent the first
recovery period as well as t=24h represent the largest recovery period.
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the culture. The absence of toxic effect allows us to determine weather DNA
damage turns on the DNA-repair machinery without any interference with the
cell death process. It is worth noting that MSN differentiation increased the
basal oxidative DNA-damage assessed by the comet assay. After oxidative
challenge we observed a weak increase in DNA damage, which can be
removed almost totally after 24 hours (fig. 6).

To confirm that we induced an oxidative damage by the treatment of 10 uM
H,0,, we evaluated by immunocytochemistry the presence of 8-oxoguanine
(figure 7). This particular oxidative damage is enough to induce the repair
mechanisms. Our results indicate that basal levels of 8-oxoguanine are not
affected by the differentiation process. However, it is evident that §-
oxoguanine lesions are differentially produced by both conditions:
undifferentiated MSN cells accumulated a high amount of 8-oxoguanine by the
treatment with 10 uM H,0,. In contrast, differentiated MSN cells showed a
delay in the response because the 8-oxoguanine lesions appear 1 hour after the
10 uM H,0O, challenge finished.

Analyzing the correlation between the evaluation of DNA-damage (fig. 6)
and 8-oxoguanine data (fig. 8) generated by 10 uM H,0O, we can suggest that
the oxidative DNA damage assessed by the comet assay in undifferentiated
MSN cells, involves the generation of 8-oxoguanine lesions; however this is
not the case for differentiated neurons. With this approach, we determined a
higher oxidative DNA-damage that present undifferentiated cells, which does
not correlate with the 8-oxoguanine formation, suggesting that the comet assay
damage detected involves oxidation processes different to 8-oxoguanine
generation, such as abasic sites or DNA single strand breaks. Another point
considered is that DNA-repair mechanisms different to NER, such as BER
could be challenged. In this respect we were able to observe that APEI1, a gene
associated with BER, decreases its expression after oxidative damage (data not
shown).

In order to explore the DNA repair mechanisms underlying this
response we evaluated changes in the expression of different genes
involved in DNA repair pathways. Considering Nouspikel and Hanawalt
[45] proposal, about turning off the global genome repair in terminally
differentiated cells, we began exploring Rad23B gene expression (GGR
gene) before and after MSN differentiation at a time where we evaluated
TCR genes such as CSA, CSB and XPD. XPD are involved in both
subpathways of NER, GGR and TCR. The expression rates with respect to
the controls are shown in fig. 8. They indicate that undifferentiated cells
have mRNA expression of genes involved in both NER subpathways (GGR
and TCR). On the other hand, differentiated neurons only showed mRNA
expression for GGR, Rad23B gene. In addition it is worth noting that CSA
gene (TCR) is not expressed.
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Figure 5. Cytotoxicity of MSN cells before and after differentiation. Basal cytotoxicity
is show in control bars. 10uM H,0, treatment and lhour after recovery period did not
show cytotoxic effect (t= Oh, and t=1h respectively), however at 24 hours after recovery
we detected a cytotoxic effect only in differentiated cells.
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Figure 6. DNA damage of MSN cells before and after differentiation evaluated by
comet assay, which represent the frequency of single-strand breaks. The first four
histograms represents basal damage, damage induced by 10uM H,0O, (0Oh), damage 1
hour after recovery (1h), and damage 24 hours after recovery (24h) in undifferentiated
cell model respectively. The last four histograms represent the same conditions for
differentiated cells.
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Figure 7. 8-Oxoguanine levels in MSN cell model before and after differentiation.
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Figure 8. mRNA expression of NER repair genes in MSN undifferentiated and
differentiated cells, during 10uM H,0O, challenge (Oh), after 1 and 24 hours recovery
periods (1h and 24h, respectively). CSA was not express in differentiated cells, and
XPD expression of differentiated MSN was not determined.

Altogether, these results suggest that the removal of the oxidative damage
in differentiated cells is independent of the TCR pathway, meanwhile both
NER mechanisms in undifferentiated cells apparently function correctly.
However, these studies are focused only in the mRNA expression. We are now
working on the protein expression levels of these genes to establish a full
picture of the process. If protein expression levels are in agreement with
mRNA data, then our data will be in disagreement with the proposal of
Nouspikel and Hanawalt [45] suggesting that the DNA repair mechanism that
works after differentiation its nor related to TCR.
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Articulo 2

"Differential DNA damage to UV and hydrogen peroxide depending of

differentiatin stage in neuroblastoma model”

Journal of NeuroToxicology

En este articulo se presentan los resultados obtenidos en el modelo del neuroblastoma
humano en el que se evalud la capacidad reparativa de lesiones oxidativas como 8oxoG y
a lesiones provocadas por la exposicion a luz UVC en dos estados de diferenciacién. Se
determiné la induccién de dano al DNA por dos agentes, la UVC como inductor candnico
del mecanismo NER y el peréxido de hidrégeno como inductor de BER y NER, no candnico.
Asimismo, se evalud la capacidad reparativa de lesiones tridimensionales del DNA como
los anillos de ciclobutano (CPDs) y la oxidacion de guaninas, (80HdG), comparando las

respuestas entre neuronas indiferenciadas y diferenciadas.
Resumen de resultados:

-Se observaron diferencias en la remocién de dafio del DNA de manera dependiente del

reto inducido y del estado de diferenciacion.

-Las células diferenciadas, comparadas con las indiferenciadas, mostraron una gran

sensibilidad a la UVC, sin embargo el dafio a lo largo del tiempo fue menor.

-Por el contrario, las células indiferenciadas mostraron una clara induccién de
genotoxicidad en respuesta al dafio oxidante, sin embargo la tendencia mostré una

acumulacién de 80OHdG a lo largo del tiempo.

-Este trabajo sugiere la participacion de las dos sub vias de NER asi como las de BER en la
remocion de CPDs y de 80HdG, indicando que la respuesta al DNA es dindamica y no solo

depende un mecanismo de reparacion.
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The cell is a target for memy types of endogenons and exogenons
damage, raging from ibe metaboliom of the cell itsel, in lesions

DA Darnagse b DINA hars an it Teading: 10 grenomic instabilivy;
therefire, DNA damage repair i 2 orocial process in the prevention
of disease development. Different types of cells respond 0
oxifdative mage depemting oo their distinetive  properties:
antiozidant capacity, age, cell cycle state, anscription, differenti-
ation status and DNA repair mechanisms. More importantly,
several DINA repalr systems can vary in their response to cellular
differentiaion {Mousplied, 2006} nefficient injury repair has been
associated with the developoent of cauey anl degrasvaive
diseaues_ [n this oontext, DNA repair & an essential systemn for

* Correxpossfig mhor. Tel - +52 55 M@229177; foc +52 55 SE29182.
E-mesl onbioosa ooslcrali®

twer time. For this purpose, cells engape in efficdent DMA repair
processes such as hase excision repair (BER] and muclentide
excision repair (NER}{ Christmamn et al | 2009 ; Hoejjmalers, 2001}
HER is the principal pathway for repair of DNA axidative lesions
{Secherz et al, 1945} sch as fiagmented pyrimidines, N
alkylzied porines (7-methylpuanine, 3-methyladendne, 3-methyl-
poanine], thymine ghyeol and  §-oom-7 B-diftwdroguanine (8-
DHAGC). OxicEzed bases are recognized by specific DNA glyconylases
and are then deaved, giving rise 1o an apurinicfapyrimidic site
{AP). Ahasic sites are split by an exdewslease, APEL, which
short- and long-patch repair. In short-patch repair, DNA polp £ills
the gap and the XRCC1-Mgase3 complez seals de remaining nick
Lomg-paich repalr iovalves the ONA palf, polf, and proliferating
el puckear antigen [PONA] for repair symiieeis (2-10 bases}, as
weell as the FEN1 endonueferse to remove the disploced DNA fap
and DNA Bigase 1 for sealing {Cooke et al, 2005). In contrast to BER,
NER removes a wide varicly of DNA [esions, such as Uy-indheced
lesions (64 phoioprodocs and cpdoboiane pyvimidine dineers
{CPDe)) and chemieal addurts that are muagenic and may result in
el death. NER reyuires 2 waiely of proteins that Gonction i the
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recognition of damage {XPC-HR2IH, DDB complex, RNA POL T, CSA
and CSB), local opening of DNA helix {TFIH, XPA and RPA}, duoal
imcision on both sides of the lesion {XPG, XPF-ERCC1}, repair of the
oligonucieotide containing the damage. gap filling by DMA
synthesis (RFC, FCNA and DNA FOL 3/} and finalfy ligadon of
the new fragment o the previons DNA stamd {(DNA LIG [I)
{Kjslhede et al, 2011: Nouspikel, 2009). These mechanisms are
divided into two subpathways: giobal genome repair (GG-NER}
and ixanseripiian coupled repair (TC-NER] The subpatinways differ
n terms of their recopniiion proieins GG-MER: XPC and HR23R; TC-
NER: RNA pol I, CSA and CSB {facifitator proteins} and their
EENOmE excision activity; GG-NER ocours over the entire genome
and in non-franscribing sirmds of active genes, while TC-NER
oocurs in iransaipiionally aciive geoes (Cosia et al., 2003; Shock
et al. 2008; Van Hoffen et al, 2003}

The BOHJG lesion is the most common and important DNA-
base lesion for two reasons: 1 is highly muiagenic, and it has been
considered as a case of mamy diseases indluding cancer amd
neumdegeneration (Candoan-Pelaez et al, 2000; Davydov et al,
2003) This lesion can be remaved through either BER or NER In
BER, the glyoosylase considered in have the primary responsiblily
for 8-owG removal is the 8-0H guanine ghycosmylase (OGG1). There
is inreasing evidence for a cooperative role of NER in the removal
of DMA oxidative lesions {Dianov et al., 1999; D'Errico et al., 2007)
For example, Trapp et al {2007) showed that mire without the CSB
enzyme (TC-NER] accumulated 80HAG in the genome and bad
elevated spontaneous mutation rates. De Waard (2004) demon-
sirated the acoommulation of oxidarive lesions in moise embryonic
fibroblasix defident in C5B or (SA enzymes. D'Errica et al. (2006)
observed a low rate of BOHAG repair in XPC primary keratinocytes
and fibroblasts.

The process of NER was shown to be reduced by differentiation
n several cell types, inchoding newrons {Nouspikel and Hanawalt,
2000). Neuroblastomsss are therefore a useful made] because twey
can be induced to differentiate into neurons i vitre and they allow
the study of twn cell lines with an identical genetic hackgound,
differing only in the fact that ope has attained terminal

differentiaian (Nonendbel and Honownb W13 I i imoasrany
CEOCITIREAG0N vRISTARLS 4G SidllATrdil, aomesj JU L3 SOMAGILAIL

o emphasize that the neuroblasioma cells represent an early siage
n newronal development where cells are pluripotent, and retain
the capahbilities fior expressing mupltple newral aest-derived
phenotypes; toms the newroblastoms model inlo 3 new vista in
the analyxiz of nomar growth and differentiation {Ahemayor and
Sidell, 1989).

We studied human pewroblastoma MSN cells o determine
whether DNA damage repair in reurenal cells varies as a function
of differentiation state rather than the type of lesion We treated
undifferentiated and differentisted nevrons with UVC rays that
cause DNA distortian soch as (PDs or with prolonged oxidative
challenge with hydrogen peraxide (Hz0») We observed differ-
ences in DNA damage repair processes that depended on both the
challenge insult and the differentistion state. The differentated
cells, in comparison with the nndifferentiated cells, showed a low
survival © UVC and as well as decreased rates of repair of DNA
damage ower time. The undifferentiated cells showed the effects of
genotaxicity induced by the oxidative insult and tended o
acommilate DNA damage and 80HAG over ime. Our Godings
supgest that NEFR prateins parridpare in the remowal of B-OHG In
conjunction with BER ax a backup system to repair CPDs.

2. Materials and methods
21, CeR afdture

Adherent human neuroblastoma MSN cells {Reynolds ec al,
1986; Quiroz-Baez et al., 2005) were culiured in enriched RPMI

F. Somos-Espinesa of ol fNesreTexioology wer (X2} smr-xomt

1540 medivm (Sigma Chemical Ca., St. Louis, MO, [ISA) conbaining
1% antibiptics, 1% pon-essential amimo arfds, 1% QSN solution
{serine, asparagine and ghitamime} ard 10% fetal bovine senum
{Gibeo, Life Technologies Corporation. Grand ksland, NY, USA} in
tissue culture dishes in an atmosphere of 5% CO; and 95% Qs at
37 °[. Cells were plated at a dewsity of 1 x 10° cells per dish, and
harvesied by gentfy pipetting. For differentiated neurons, the cells
were seeded al a density of 1 x 10° per dish and differentiated by
adding 10 pM retinoik acd {RA] and 50 ng/ml NGF {Ioviirogen, Life
Technalogies Corpanation, USA) for 6 days The differentiated
neurons were immunocytochemically stained for MAP2 and NeuN
{a peuron specific marker].

22 Treatments

UVC Dight and hydrogen peroxide (Hz03) reatment and cell
viablfity assay_ Ta establish an appropriaie UVC dose, undifferen-
tiated MSN cells were washed with PBS buffer, plaoed in open
dishes with PES and irradiated with various dases of UV {0, 1.8,
22, 36 and 5.1 Jjo?, wavelength 254 nm at room temperature}
from a germicidal [amp (Biclogical Safety Cahinet TUY 15 GITS)
The culiures were monitored for 24 h afier exposure. The cells
were then harvested in physiokogical saline selution, and 10 pl of
0AX wypan blue dye soluton was added to 10 pl of cells for each
experimenial condition. The cells that excluded trypan bloe were
considered viable and were counted vsing a hemocytometer. To
establish an appropriate HyO; concentration. cells were washed
with PBS buffer and then supplemented during 24 b with fresh
medivm containing Hz0; o achieve final concenirations of 0, 10,
25, 50 and 100 uM Hz0;. The coltures were monitored for 24 b 1o
simulate an oxidative erwironment The medium was then
removed, cells were harvested, and oell viability was assayed as
described abowe.

2.3. Reoctive oxygen species (ROS) measurement

Reactive axygen species {ROS) were determined by a modified
fhrwnmstrie azoaw T a0 or 2l HET2Y jcine Alhardnerhedsmine 171
IRIMAVINALLA. SIMAF LiAA AL Gl SVAPF S SAMILS ARLILYAAIWE LIVASRLILAN, &ded

{DHR}{Sigma} ax the probe. DHR s mddized by HoOy; and produces
a Avoresceni compound, rhodamine 123, which can be measured
spectrophotometrically at a wavelength of 505 nun (Ferrera et al,
2008}, After varivus treatment periods, cells were scraped off and
eentrifiugad ar 1200 rpm for 5 min. A toal of 180 pl of 2 hoffer
containing 10 mM Natl, 5 mM X0, 0.8 mM MgSC,, 1.8 mM Ca(T;,
5 mM glucese, 15 mM HEPES and 20 pl of 1 pM DHR were added
o the pellet ad incubated at 37 °C for 2 min The floorescent

prodoct was then measured speciraphoipmetrically, and the ROS
level was estimated using a standard curve for rhodamine 123.

24, Lipid peroxidation

The thivharbituric acid method was employed to measmre
malondialdelyde (MDA) levels. An aliquot of 100,000 cells was
added to 100 ul michloreacetic acid (10%. wiv} and cenrifuged at
300 xg for 10min The supernatant was added to 1ml
thiobarbituric acid reagent {0.375%) and was beaied at 92 °C fox
45 min. The absorbance of thipbarbituric add-MDA complex was
then measured ar 532 nm using an FLISA specirophotometer. The
MDA [evel was estimated using a standard concentration amrve of
1,13 Hetracthaxypropane ranging fnom 1 to 10 nm.

25 Comet assqy
For each experimental condition, at Jeast 10,000 cells were

mixed with 75 pl of 0.5% low melting point {LMP] agarose. The
cells were [paded onto microscope slides pre-layered with 200 pul
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of 0.5% normal mehing point agarose. The comet assay was
performed as described by Vega e1.al (2000). Briefly, after lysis of
cells at 4 °C for at [east 1 h in a medhvm consisting of 2.5 M NaCl
100 M EDTA, 10 mM Tris, pH 10, supplemenbed with 10T DMSO)
and 1% Triton X-100, shides, including a positive control (y-
imadiated ymphocyies), were placed in a horizontal dedomopho-
resis chambey with runming boffer soluton {300 mM NaOH, 1 mM
Na,EDTA, pH > 13). The slides remained in the elecirophoresis
niffer for 10 min 16 Sllow he DRA 1 iivwind. ElaiTopharssis was
performed for 10 min at 300 mA and 25V, ~0.8 Viem All steps
were performed in the dark to avold direct light. After electropho-
resiy, the slides were grnily removed and rinsed with neviraliva-
tion buffer {0.4 M Tris, pH 7.5) at room temperature for 15 min,
detpyndrated with absolute ethanol (15 min) and air-dried. Ethi-
dium bromide (20 pl of 20 pg/mi solution) was added to each slide
amd a coverslip was placed on the gel Individual cells were
visualized at 20x oagnificiion voder an Olympus BX-60
microscope with Duerescence attachments (515-560 nm excita-
ton filter, 590 nm bamder fler}, and the DNA damope was
determined using Komet 5.0 saftware (Kinetic Imaging) Ta
evahuate DNA migration, 100 cells were scored for sach experi-
menial conditton. The data were categorized in Bve categories
according o the Olive tail mament score as described by Collins
{2008). The total number of cells in each catepory was counted amd
multiplied by an assigned value 0-4 acconding o the damage class.
The sum af all the categnries was calonlated and considered as the
damage index. The overall score was expecied io vary beiween D
and 400 arbilrary units.

26. T4 endo ¥ end G endomsiclente Comet assays

Based on the resulis of the comet assay, we evaluated the UVC
formation of cyclopyrimidine dimer (CPD) through T4 endo V-
sensitive sites and of B-inydroo-2-decxypuanosine  (B-OHAG)
through FPGsensitive sites in omntml cells and in cells ineated
with N and Hy00,. After iveatment, the cells were Layered on
microscope slides and immersed in lysis buffer for at Jeast 1 b at
4 °C. The slides were then rinsed with buffer solution {50 mb Tris-
base, 10 mM EDTA, pH 7.6) for 5 min. For CPD detection, the slides
were pverlaid with 20 pl T4 endo V {New England BioLabs, MA,
USA}, which curs DNA at CPD shes {fiang er al, 2000). For 8-

-Jeoxyguanosine detecdon, the same procedure was

using FPG (Trevigen, CA, USA) enzyme instead of T4
endo V [Hang et al, 2009]. Coverslips were placed on the shdes, and
the slides were incubated for 3 min at 37°C in a humidified
atmosphere. A set of shides with irradiated cells in offer (withou
enzyme) was included to confirm that the DNA strand breaks were
rinsed with sehuon bulfer (50 mb Tris-base, 200 mM EDTA, pH
7.6) and subjeried to electrophoresis (8 Viem) for 10 min
withour unwinding inubardon Comet viswalization was per-
formed at 20 magnification using an Ofympus BX-60 microscope
with foorescence attachments (515-560 0m excitation filier,
590 om barrier flier] The images were dightized and anahyzed
nsing Komet 5.0 sofiware. Ta evalvaie DNA migraiion, 100 cells
werte somed for each experimental conckition. The damape index
was determined as described in the preceding section,

2.7. immunocylechemisity

MSHN cells were plated on coverslips ooated with (L1% gelatin
and incubated overnight to allow the cells o adhere. After
treatment with HaO5 or UV Jigrht, the mediom was removed amd the
cells were fhoed with 95X ethanol, 5% acetic add and HxO for
30 min at mom remnperature, followed by hydration of the sample
in thix order: 85X ethanol for 5 oin, 50% ethanal for 5 min and B0

for 5 min. The coverslips were then embedded in PBS-1% HzOs. The
primary anidbodies employed were rabbit pobrlonal anai-CSA
{1:50; Sanfa Cruz Bickechnology, CA, USA), rabbit polycional anti-
3B (1:50; Santa Cruz}, rabhit polydonal anti-XPC (1:50; Santa
Crur), goat ant-HR23E [1:100, Abam, CA, USA}, rebbit polydonal
anti-0GG1 {1:50; Sanfa Cruz), rabbit polycknal APE1 {1:50; Santa
Cruz), mouse ascites anb-B-oxopuanine (1:50; Becton, NJ, USA},
mouse anti CPD (1:100; MBL, MA, USA} and anti-Tamin AfC (1:100;
Sanii ohiiz], dissaived n FBS-1% HyOp and incubaied af 37 °C for
40 min. For each experiment, the coverslip was washed three times
with PBS-1% H»0, for 5 min. The secondary amdbodies, goat anti-
mouse HRP conjugate {1:350; Zymed, CA, USA) and goat anti-
rabbit HRP conjugate (1:250; Zymed) were added for 40 min at
37 °C, and coverslips were washed Omee times for 5 min The cells
were stained with 3.3-diamincbenzidine (DAB) uslng a DAB kit
{Vekior, CA, USA)] Dehydralion was performed in the following
order: 50% ethanol for 5 min, 75% ethanol for 5min, albsolute
cttmol, xylene. The coverslips were embedded in resin, set on
slides and examined wsing an (Hympus EX-60 micmsnope at 40
magnification. Images were digitized and anafyzed using NIH
Image | software. Values in Fig. 4 are expressed as aptical density
{arbitrary unhs) average per condition. Meanwhile data in Table 3
are expressed as peroeniage compared to vnexposed cells.

28 Swiistical analysis

Datafnroel]mblhty RDSpmducmm.llpldpﬂ'mdalmn and

Thetween experimental and control values were assesced by one-
way Analyzic of Variance (ANOVA; Sigma Stat v 3.5), with p <005
considered to be significant. DNA fragmentation as determined by
Comet assays was represented as the mean + SEM. of damage
indtices from 3 independent experiments. The differenees between
valoes forvarious differentiaiion staies were assessed by Sindent s “t™
1est {(Kigma Star v 35)

3. Rrsulis
3.1, Cell viability and vidative status

To determine the doses of damaging environmental 2gents that
pose a challenge to cell viability, undifferentiated MSN cell cultures
were exposed vartous UVC Hght doses (0, 1.8, 22, 3.6, 5.1 Jfon®)
aml Hy0s concenirations during 24 h Cells were manitored for a
subsequent 24 h because cell viability is not affected immediately
by UVC exposure; as Batista (2009) suggested, biological effecis
sudusnelldaathslmldheumh:edlnratlenst&hﬁ:ﬂuwmg

treaiment {Batista et al., 2008). The resulis shown in
Table 1 indicate a dose-dependent redoction in cell viability in
culmires thar exduded trypan bloe after 1h post-imadiation
treatment. UVC indoced a significant decrease in cell survival at
krwer doses (eg., 1.8 [/om®). However, the major effect on cell
wiahility, reflecied as a S0¥ reduction in survival, was observed 2 a
36)jon’® dose in indiferentizied cells. MSN cells were also
treated with intreasing Hz0p; concentratkms {0, 10, 25, 50,
100 pM) over 24 h 1o smolste a permanent axidative enviom-
ment. Viability of undifferentiated celis was evaluated by the
rypan blue exclusion method. Beczuse Hi0; does not persist for
long periods of iime in ocoliure, bot iggers an ROS cascade, Hx 0z
realment was maintained far 24 b The dam on concenivatian-
dependent reduction in cefl viability are shown in Table 1. AnH0,
conceniration of 50 pM during 24 h caused a 508 reduction in cell
viahility, similar to the effect of a UVC dose of 3.6 [/em”.

After establishing the UVC dose (3.6 Jfom?®} and Hz05 concen-
‘ratiom {50 pddj24 h] that induced the desired effect in ondiifier-
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Table 1

Cedl wiahiitiy ssway for varicos TAC aed B0, doses.
UV eaposure (Jhom®) X Cell viahility  HpOp () % Cell viability
0 100+52 0 98521
18 731+33 10 725151
22 G088 -] 608217
28 450 08" ] 518178
51 44677 100 61.3+1T

Cell viability was cvaluated by irypan biue exclosion ssay i undiifferentiated RSN
rells 24h post treatmend with UVC and after 24 b of HxO0, treatmeent. All data ace
expressed as pereentagy amd sepresend the meant 8D of 3 indepeodent
experiments. Anabpsis of variance was performed by ooe-way ANOVA (Sigma Stat v
35)

S;gmﬁamufdlfermﬁ'mn:ﬂnmlw]uzp<ﬂ.tﬁ.

Slgnlﬁcameu'dlll'uemﬁ'ommmmlm[ue p<0.D05.

= Simnificance of different from control valee: p<0.001.

entiated cells, we determined the oxidative status of cells based on
ROS levels and lipid peroxidation as percentages of values for
coniyol cells (Table 2) These determinations were performed for
both differentiation stages immediately after treatment. We
measuied ROS produciion after both the UVC and H,0, insults.
Although ROS are produced mainly by Ionger UV wavelengths,
there is evidence that UVC irradiation [eads to production of 10, as
an indirect event (Zhang et al, 1997} UVC treatment did not
increase intracellular ROS levels or lipid peroxidation in either
undifferentiated or differentiated cells {Table 2} Undifferentiated
cells ireated with Hy0; (50 jLM/24 h) shawed ROS levels increased
three times compared with control cells but did not show changes
in lipid peroxidation Algo it is known that dividing cells
{undifferentiated} accomulaie r-focophern]l during  replication
suggesting the decreased peraxidizahility as showmn in Table 2. In
conirast, differentiated cells treated with Ho0, showed a signifi-
cant decease in ROS [evels and a theee-fold increase im Lipid
peraxidation. This response could be atinibubed to tophic fackors
employed throngh differendiation (RA and NGF). NGF deavases a-
tocaferal levels faciliting axidative environment {Halliwell and
Cutteridge, 1935) Parallel it has been reporied that RA increases
TBARS levels explaining lipid peroxidation increment. On the other
hand RA increases antioxidant activity thenefore decreasing ROS
production {Conte da Froia ef al, 2006}

After evaluaiing the effect of the intracellular axidative
envirnnment, we focused on the induction of DNA damage and
its repair aver fime. 1Rilising the comet assay, ooe of the mast
sensitive genolmdcity tesis fw siramd break detection amd
oxidation-induced DNA damage (Speit et al, 2004; Tice et al,
2000}, we determined DNA breaks in undifereptiaied and
differeniiated MSN ceils immediaiely UVC and H.0, treatments
{Fig. 1A} The UVC challenge induced a shight incoease in DNA
damage in undifferentiated cefls, and induced increase (293X} in
DINA strand hreaks in differentiated cells campared with ontneated
differentiated cells. Dther approach to determine the damage lewel
induced by UVC hetween undifferentiated and differentiated cells
was by C(PD immune siaining immediaiely after radiation (Fg. 1B).
We found differences between differentiation stages however the

P Resnas-Fepinosn of of /WearoToodooogy xox (207121 xmin-so0

change was pot so evidentty marked as determined by comet
assay. We alsp compared the damage index of undiferentated and
differeniiaied cells following UVC teaiment Reganding the
midaiive challenge with H;0,, we observed a statistically
significant increase in the damoge imdex anly in ondifferentiated
cells; however, we did find differences between undifferentiated
and differentialed cells. Nntahly, there was a differential response
depending on the inducer and on the differentiation state. Because
the most common use of damage 1o terminally dilffereniiated
nenrons s exposure o oxidation (Fischel et al, 2007], it is moe
impartant to consider the DNA damage induced by H,0, than that
induced by UVC. However, low-level DNA damage in differentiated
cells could also result from continuous stimulation by differentia-
tion factors (RA and NGF) that promote expression of survival
genes [(Ahlemeyer et al., 2001; Sofroniew et al., 2001; Conte da
Frota et al., 2006).

A useful approach for assessing repair capacity is to evaluate the
ability of cells to remove experimentally induced DNA damage,
using the simple comet assay (Decodier et al., 2010). We performed a
comet assay at various points during the 24h following the
weatment of cells, to evaluate the removal or persistence of DNA
damage. Undifferentiated cells exposed to UVC showed a slight
induction of DNA damage immediately after treatmentand also1h
and 24 h after treatment (Fig. 2A). However, an analysis of damage
distribution {inset A)showed an increase in the percentage of cells in
categories 2 and 3 over time. Differentiated cells showed a dramatic
induction of DNA damage and an apparent recovery of DNA strand
breaks 24 h after irradiation, but not enough to reach control levels
(Fig. 2C) Undifferentiated cells showed significant indution of
Eenoiaxicity (160X} compared with onbeated cells fnllowing B,
treatment and shower] elimination of DNA damage over time in
terms of the damage index {Fixz 2B) The damage disivibobion
analysis {inset B} showed muore oelks in the low-damage calegooies
1h after iveaiment but more cells in the high-damage categories
Hhahmmmtmmﬂmmmhhmdnﬂﬁdm
Differentiated cells did not show a difference in the
damage index after Hz0; treatment (Fig. 20} bt did show a 308
increase compared with coniral colls. [n coniTast to the resulis for
undifferentiared cells, the damage disiribution analysis far differ-
entiated cells {inset D) did not show an inaeased mamber of cells
the high-damagr clegmries. Overall, the resulis supgest that
differentiatinn siatus plays an important rale in induction of TINA
damage depending on the genotoxic challenge; undifferentiated
MSN cells were more susrepiible in Ho{); ireatmeni whereas
differentiated cells were more susceptible to UVT ireatment
Regardless of the treatment, wndifferentiated cells temded to
aroormate DNA damage (insets A and B) while differentiated cells
tended to show partial removal of DNA damage (inset C) ar mainfain
the DNA-damage induced across time [(inset )

Ta finther investigate the DNA lesians produced by LIVE
reaiment in indifferentiated and diffeventiaied cells immediately
afier exposure and 1h amd 24 h afier reaiment, we empkyed
lesion-specific glycosylases n the comel assay. T4 endo V was used
torecognize CPDs, and DNA Jormamidopyrimidine-DNA glycosylase

Table 2
Comparative caidative status afver UVC of B0, treatmen: reactive oRygen speches (RO5) pmdaection and liphd peratidation o oodiferentisted snd differentiaies MsN cells.

ROS (X of cetynd) Liplid permddation {E af control)

Uneltierentiated Diffventiated MSN Vnhiffecentiated MSN Differeniiaied MSN
Comtrol M0L168 100183 100128 10043
w 1NEL 00 1113 L1RE 149175 8570
HaD IESI+ED o+123" Y129 JEA+ 624

mummuhmdmm(mimmammmaﬁum’ Hyy: SUpI24 b

wu’mmmhmmn.nm
= Significance of differemoe from control by cne-way ANOVA: p< 0001,
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Big. L. Undiffesenatatrs) and differeotiatrsd MSN cells damage badex: sspnsed 10 UVC (3.6 Jora®) or Hu, (50 N24 ). (4) Ocliswere
Sed‘lmzm“umi—ﬂﬁ‘ k k i i il by Diae waty ANTVA, 5

Dty i

D antibody {MBL)
] solkvwere. Dewsthivmetry
dilferest be comre] "p < 085 UV 368 Fead.

i ififerent

(FPG) was used to recognire S0HIG. Recognition of DNA [esions as
CPL} ar BOHAG by these enzymes leads to the generation of a single
sirand break that can be revealed by the comet assay. An increase in
DNA strand breaks after enzyme digestion in comparison with
omtrol cells directly yeveals the presence of lesions. [n order to
guaraniee T4 endo ¥V linearicy by comet assay, undiferentiated cells
were irradiated with different UVC doses;, these data are summarize
in Fig. 3, were we show the linearity beivweeen UVC doses and two
comet assay parameters calegarized DNA damage, damage index

Iumuur."p<mwcs.sw MOy 50 024 b (5] Celk P
ing undifferoatizterd @nd diffewnti dhigitioed
-iﬂ."imnm-eda eptic dewsity (abitary mits] of 3 independen: exporiments (mean + S0, HRiadent was

liﬂud'bulm:l ‘pqll.!ﬁ. p < DG
by

P

and analyzed using NIH kmge
perfoomed, sipoifcmtly

{DL} and Ofive tail moment {OTM} In both we observed similar
itendency, no enzyme saturation was shown at the employed dose
{3.6 Jjon®), axguing that T4 enda V activity reflected i o data is
proportional to the amount of CPD removal rather oo saturatdon.
Additionally we considered important 1o plot both parameters
becaose showed same behavior, which justifies damage index.
UNVC light exposure carses two prindpal types of lesions, CPD
and 6-4 photoproducts, which can cause severe DNA distortion
{vreeswiik et al, 2008} We focused an CPD hecanse it represenis
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65-80% of both types of lesions {Proieiti et al, 2002} Coanparative
CPD detection thnough T4 endo V digestion is ilostrated in Fig, 48
Both undifferentisted and differentiated refls showed CPD
generation immediately after UVC (3.6 )fom?} exposure. However,
the lesion persisied 24 h after treatment in undifferentiated cells,
whereas it was removed 1 h afier treatment in differentiated cells.
These resulis sugpest that only mndifferentisted cefls lack the DNA
repair capacity (o emove (PDs when are detected by T4 endo V.
The detectdon of BOHAIG 3y FPG-sensiiive sites generated afier

o am
S

. a =

) *=* - €

T it 3

; » 1 w

- Y it £

5 . - . =

=z - =

= -~ & -E

§ L r

1 = g

Es £

&

i 2 1

UV Doses (Jem?)

Fig 3. Dose—response standand ourve of T4 ende ¥ sensithve sties. Undiferentiatied
cells were bradiabed wiih varioos doses of UV, nudeoids digesied with T8 endo ¥
and eaheatesd by comet 2seay. Costinoed Fine nepresents Otive Tall Momend (DT}
data, meanwhile dolied line shows danage Index {DI) resolis. Ooe-way ANDVA
“significantly different with respect o contred p - L0S: “p « 0005; “p < LO0L.

H0; beatmnent differed depending on the differentiation stape
{Fig. 4B}, Undifferentiated cells displayed this type of DNA Jesion at
a high lewel only 24 h after rextment, suggesting a deficiency of
DMA repair capacity as a comsequence to the scoumulation of other
axidative lesions besides S0HAG, such as AP-site, 5,6-dilwdrothya-
mine, and 2,6-diamino-4-hydracy-5-N-methylformamidopyrinmi-
dine that has been reporied to he detected also by E. coli-FPG
enzyme [[iang et al., 2003)

In conirast, differentizied cells presented FPG-sensitive sites
immediaiely and 1 h after H20: ueatment but not 24h afier
ireatment, indicating that these cells have the capadiy ta remowve
axidative lesions.

The results of the comet assay in both UVC- and HzOx-treated
undifferentiated cells revealed the accumulaton of DNA damage

el e e, A Tontmwes ssduind secold s down e vt
an persistence of DNA Teslons, whilch could be due o inelicient

DMNA repair systems. To elucidate the participation of repair
mmmmcmmmmm
protein Jevels in undifferentiated and differentiated cells by
mmunocylochemmisiry (Fig. 51 We found that protein levels
dexreased as follows when differentiation was induced: XPC 28%
{GG-NER], CSA47% (TC-NER) OGG1 43% and APE] 41% (BER). This
result suggests an attenuadon of repair systems as differentiation

Protein [evels pormalized with respect to conirol conditions
were compared between differentiation states and between 1 h
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and 24b afler treatmenmts with UVC and HO; (Table 3).
Undifferentiared cells exposed to UVEC shawed an increase in
HEZIB and OGG T proteins immediately after imadiation; however,
increases in XPC, HR23B, CSB, CSA, 0GG1 and APE] proieins wene
observed 24 h after ireatment, when we were siill detecting CPDs
{Fg. 3A}. Differentiated vefls showed an elevation of XPC, 0GG1
and APEL proteins immediately after UVC iradiation, bul also
showed imoeases of XPC, (S8, OGG) amd APE] 24h affer
freatment, when we did not detect CPDs as T4 endo V sensitive
sites (Fig. 3A) These findings suggest the panticiparion of BER
proteins in responses to UVC tresament, probably because of the
oxidation, cytosine photohydration and adduct formation (Cadet
et al, 2005} H:0y treatment of oodifferentiated cells induced
decreased levels of XPC and increased Jevels of C5B and APE1 both
1 hand 24 h after ireaiment, when we still found DNA damage and
FPG-sensitive sites. In contrast, Hy0; treatment of differentiated
cells caused increased XPC levels at all tmes tested, but increased
C5A and APFI lewels only immediately after treatment. AFE1 level
remained high even 24 b after treatment, although FPG-sensitive
sites were not detected,

DHNA repair systems can vary in their responses, depending on
the state of cellular differenfiation {Nouspikel, 2006; Nospikel
ared Hanawalt, 2000}, Inefficient injury repair has been associaved
with the development of cancer and depenerative diseases. The
aim of the present sindy was o determine, in a human
neurchlastoma (MSN) model, whether DNA damage repair in
neuromal cells varies as a function of the differentiation state rather
than the type of lesion. For this purpose, we exposed undifferenti-
ated and differentiated MSH cells tn UVE rradiation {which causes
DNA dishartion ) and to pralonged axidative challenge with Hls, ta
provide evidence regarding the effeds of NER capaciiy. We
observed differences in DHA damage repair, depending on ihe
challenge imsolt and on the differentiation state. Differentiaved
cells, compared with undifferentiated cells, sbowed preater
sensitivity o UVC and decreased DNA damage and DNA distortion
repair over time. Studies of human NT2 cells and prenaial homan
neurons gave similar findings reganding UV sensitvity (Nouspikel
and Hanawalt, 2000). These authors reported a striking decrease in
pudentide exdsion repair in difereniiated cells by mRNA down-
regulsiion. However, we observed loss of CPDs in differentisied
cells even when we found low NER protein levels,

UV imradiation induoes the formaiion of DNA photoprodiucis,
primarily {PD and 64 PPs (25). NER is the principal pathway
capable of removing these [esions in mammals (Vrouwe et al,
2010). For this reason, UVC challenpe has been applied
frequently o assesx this excidaon repair mechanism (Van der
Wees et al, 2007). GC-NER is the preferred and mast efficient
DNA repair pathway for removing 64 PPs, which are totally
eliminared from the overall gepome 4h after irradiation. In
contrast, removal of CPD lesions by this pathway is more
difficult; less than 50X are removed in 4 h (Rioo et al, 1999;
Custaetal..m].[tlstbemﬁreeasymasmbeﬂncrn

— erra At et § abmed sl o T o
scumulation ohsarved (o ondifferentisted oells o Jow CG-NER

achivity. CPD renwwal by TC-NFR has been reporied to be mwe
efficient in transcribed stramds (Nouspikel and Hanawalt, 20400),
which may explain ouor finding of decreased levels of CPD lesions
in differentiated cefls exposed to UVC radiation. Even though
TCR is difficult to measure by comet assay, our results for MSN
neuronal cells suggest low NER capadty through differentiation
at the global geoome Jevel; ie, terminally diferentiated cells do
ot replicate their genomic DNA. and can therefore dispense
with the need o remove damage in non wanscribed DNA from
their gemome (Nowspikel and Hanawali, 2003}

There is increasing evidence for a cooperative role of NER in the
removal of DNA oxddarive lesions {Dianew ef al, 199%; DPFrro
et al, 2HI7) In the present study, we challenged undifferentiated
and differentiaird peuronal cells with UVC radiation and with
prokmged Hz02 reatment to induce BOHAG lestons, to compare
the NER capacity for removal of variows types of DNA damage. The
Hz0: treatment simulated an endogenows oxidative environment
like those found in hinlogical systemns {rvinkines, srowth factors,
immune sysiem, vascular rearrangement, exc.} (Chol et al., 2005;
Veal et al, 2007) and in pathological disorders such as
neurcdegeneradve diseases and cancer. The results from the
oxidative insulis ndicated that undifferentiaied cells pariially
removed the indooed DNA damage but stifl had 804G lesions
24 b after treatment. Differentiated cells required a loog time to
remnove the DNA damage but did oot present BOHAG [esions 24 h
afier treatment. At this paint it is imporiant emphasize the St
that even to emplkory the M5N nenoblastoma, were genetic
instability should be related with DNA-oxidative lesions as BOHAG,
we did nor detert differencoes between basal BOHAG levels doe ta
differentiation stage {Fig. 4), allow vs consider the inductions as
consequences of HyOy incaiments rather to tumoral source.
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Table 3

Comparison between repair recognition proteins levels in ondifferentiated and differentianed MSN cells afier expasure 1o UWC or HyO,. Data were normalized to it own
differentiated statis control and are represented as percentage value + S.D. Results are the mezn of 3 independent experinnenis.

Protein Control uy 18 PT 24hL PT HzD2 1hPFT 24h PT

Undifferentiated MSN cells

CCR XPC 10029 1W724+287 890459 136.7+173 69.04+51 6574128 79588
HR23R 100105 172257 1179198 17514 1023147 109.1£25 83982

TCR CSB 100132 114513 1187481 142267 158525 1213+13 1206=59
CSh 100125 87412 1002413 13384189 1001115 9484108 89879

BER 0GG1 10012 1247185 10364125 1912418 1047 £121 1084171 107 =5
APE1 100+8.1 908+ 5 126.74+18 216.1 +49™ 1457 +9° 165.3+15" 1192 +-64

Differentiated MSN cells

GGR XPC 10094 171.7:102 955411 176624 181035 13484199 137012
HRZ3B 100+157 1314+ 14 63+118 129.5+-269 1029+ 106 1286415 130=47

TR CSB 100159 1223+ 189 77811785 150158 7381234 55.7+15 F2E84
CSA 100£16.7 1216+ 58 843117 1167+11 129145 121.7£65 B3.9:114

BER OGG1 10089 161.11 529 8731187 19351376 1287+ 153 11061247 9551129
APEL 100148 1444+15 105.1+183 14741057 160115 10453 155733

" Sipnificavce of difference by coe-way ANOVA: p<Q05.
:mdmw“mum
Signiiicance of difference by one-way ANUVA: g = 0001

Thus, the MSN cells were more effident in recognising
axidative lesions than UWC heledistorting damage, probahly
because oxidative Jesions are the more common type of DNA
damage. 8OH4G lesions, the main type of cxddarive lesian, were
removed without DNA sivand preference (Thorslund et al. 2002).
suggesting that the accumulatian observed in the undifTerent-
ated cells resulied from the defident repair actvity. The first
defence againet the most comman base axtdative maddificadon is
the BER pathway (Christmann er al. 2003: Seeberg et al. 1995
80HAG lesions have been reported to be eliminared not only by
the BER paihway but alsa by the cooperation of other repair
mechanisms such as NER (Dianov ei al, 1999) The oxidative
damage removal chserved in cells may not result
exdusively from BER, bui also indicates indirectly a GG-NER
activity (Table 3} SOHIG is the most frequent IMmagenic lesion
cnsed by mddaiive siress. Althoogh cells ose a spedfic DNA
glycosylase, OGG1, in excise 80HAG from DNA, recent sindies
suggest the existence of aliernative pathways for removal af
80HAG, imduding CSB-dependent transcription coupled repair
(TCR} (Larsen et al, 2004). CSB may play a role In the removal of
8-oxoG from the overall genome independently from 0GG1-
mediated base excision repair and regular wanscription. The
repair of endogenous oxidative DNA damage in the absence of
CSB and 0GG1 was found to accumulate with age, leading to
several-fnld higher levels of axidative purine (Dsrerod er al,
2002; Trapp et al, 2007} The acceleration of the rate of repair aof
CSB and CSA is doe to the regulation of chromatin siructure by
ubiguitination andfor acetylation of histones, which inoeases
accessibility to the DNA repair machinery (Citiero et al, 2000;
Newman et al, 2006} Dianov et al. {1999) and Tuo et al {2002)
proposed that the CSB protein may affect the transcriptional
regulation of several penes, mduding some involwed in DNA
repair, e.g, the 0GG1 gene (Dianav et al, 1999; Two of al, 2002).
The absence of XPC has been shown to reduce the repair rate of
80HdG, suggesting that the XPC-HR23B complex acts a5 a
cofactor in the base excision repair of thizs lesion and stimulates
the activity of its specific DNA glyoosylase OGG1 (D'Errico et al.,
2006

These findings, taken together, are relevant to reparis of the
attenpalion of repair mechanisms as differentiatian prceeds
(Yamamolo o al, HM7) The present shidy showed a dear
reduction in levels of almost all repair enzymes (XPC, CSA, OGG1,
APE1) in differentisted cells compared with vndifferentiaied cells,
indicating a high vuinerability o enwiroomental insulis.

Recognition enzymes, which are indispensahle for indfiation of
Protein quantification was performed 1o determine whether the
observed changes in levels of repair proteins during dferentiation
mighi be explained In terms of DNA damage removal Table 3
summarizes the resulis of the analyzes for proieins azsoclated with
the NER and BER mechanisms, normalized In relaiion to their
conirals depending on differentiatdon status. Inferestngly, the GG-
NER and BER proteins were induced by UV exposure regandless of
cell cycle status (proliferation or differemtiation), suggesting that
even if the differentiation process reprograms a selecied sobset of
genes {and pon iransaibed sirands of adive genes), the global
BEnDINE repair system remains alerl. Paralle] mddative ireaiments
caused induction of NER and BER, indicating a dynmamic role in
overall respanse to damage, perhaps explainable in ierms of XPC,
5B and CSA pariicipation in BOHdG remowal

5. Conclasions

In conclusion. we observed differential responses to diverse
genctoxic insults depending on the differentiation stage. Differen-
tiated MSN cells, compared with undifferentiated, showed greater
sensitivity 10 UVC and decreased DNA damage over dme. In
contrast undifferentiaved cells displayed slight genotoxicity
induced by oxidative insult and rended o acrumulare DNA
damapr and S0BAG lesions aver time. We suppest the particdpa-
tion of GG-NER, TC-NER and BER proteins in the rempval of 8OHAG
and CPDis indicating a dynamic role in overall response (o damape.
These findings are pointing out the impact DNA damage removal
response carried owt by terminally differentdiaied peurons io
contribute o the knowledge in the biplogy of some nemmo
pathologies.
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Articulo 3

" UVC response of fibroblast 3T3 versus undifferentiated and

differentiated neurons. Participation of excision repair proteins”

Este articulo surge como un ejercicio comparativo de la actividad de NER y BER ante un
reto con UVC entre un modelo murino (fibroblastos 3T3), donde se encuentra atenuada la
reparacion por escision de nucledtidos (NER) (Hanawalt 2001), y el modelo de

neuroblastoma humano MSN, en estado indiferenciado y diferenciado.
Los hallazgos encontrados en este trabajo se resumen a continuacién:

- Los fibroblastos murinos son mas sensibles a la luz UVC que las células
indiferenciadas y diferenciadas del modelo del neuroblastoma humano.

- Los niveles proteicos de las enzimas de reparacién de BER y NER varian a lo largo
de la cinética de reparacidn, sin embargo, a este nivel no se detectaron sub-
expresiones en los fibroblastos murinos, como para considerar una atenuacion en
la respuesta de las proteinas involucradas.

- Los tres tipos celulares responden al estimulo de la radiacion con UVC, sin
embargo, tanto los fibroblastos como las neuronas terminalmente diferenciadas
presentan mas rompimientos en el DNA que las células indiferenciadas.

- Contrario a lo que se esperaba, la principal lesion ocasionada por la radiacién con
UVC, anillos de ciclobutano (CPD), es reparada eficientemente por los dos tipos

celulares terminalmente diferenciados, que ademas fueron los mas sensibles.
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UVC response of fibroblasts 3T3 versus undifferentiated and differentiated neurons.

Participation of excision repair proteins.

1. INTRODUCTION
The NER mechanism is a multistep process able to recognize and remove helix-distorting
lesions caused by UV irradiation and chemical mutagens (Shuck et al 2008). The two major
classes of mutagenic DNA lesions induced by UV irradiation, and repaired primarily by
NER, are cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone
photoproducts (6—4PPs). This mechanism is a complex process consisting of the following
steps: (i) recognition of a DNA lesion; (ii) single strand incision at both sides of the lesion;
(iii) excision of the lesion-containing single stranded DNA fragment; (iv) DNA repair
synthesis to replace the excised nucleotides; (v) ligation of the remaining single stranded
nick (van Hoffen 2003). NER operates via two sub-pathways that differ in the mechanism
of lesion recognition: transcription-coupled (TCR), which specifically targets lesions that
block transcription of active genes, and global-genome (GGR), which repairs lesions

throughout the genome (Jackson and Bartek 2009, Palomera-Sanchez 2011).

Inherited defects in NER cause two human syndromes with striking differences in
symptoms and survival: Xeroderma pigmentosum (XP) and Cockayne syndrome (CS) both
characterized by extreme UV sensitivity and neurological alterations (Niedernhofer 2008).
In this matter little is known about the relationship between NER protein defects favoring
neuronal pathologies development. Since NER is the principal mechanism capable of
removing UV-induced DNA lesions in mammals (Nguyen 2010), it becomes interesting to
evaluate NER role in affected cells of neurological pathologies, such as neurons. Even
though UV radiation cannot penetrate the skull and thus reach the brain, UV damage
induction challenges neurons to repair through NER, and in this way elucidate DNA repair

capacity. Unfortunately, growth characteristics make neurons a very challenging
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experimental system, which is why many studies have been performed with tumor cell

lines that can be differentiated into neuron-like cells.

On the other hand, most mammalian cells carry out excision repair; however some reports
had shown that cells from different species responded to the same insult with vastly
different rates and extents of repair replication (Painter and Cleaver, 1969; Trosko et al
1965, Hanawalt 2001, Lohman et al 1976). Different rodent cells such as fibroblast have
shown poor UV lesions repair (Ben-Ishai and Peleg 1975, Ganesan et al 1973, van Zeeland
et al 1981 Vijg et al 1984). An interesting issue is 3T3 mouse cell line which through
cultivation showed almost no detectable excision repair (Pelag et al 1976) this

characteristic turn’s murine fibroblast a good NER attenuated model.

In this study, we were interested in evaluating DNA repair capacity in order to compare
damage removal between murine fibroblast cells and undifferentiated and differentiated
neurons. Taking advantage of 3T3 as attenuated excision repair model, our group was
interested in evaluating in a comparative way, DNA repair in the terminally differentiated
cells to find differences in lesion removal and damage accumulation favoring cell death

and thus neural disease development.

2. MATERIALS AND METHODS

2.1 Cell culture.

3T3 fibroblast cells were grown at 37°C and 5% CO2 in culture dishes in DMEM (Gibco)
supplemented with 10% fetal bovine serum (Gibco, Life Technologies Corporation, Grand
Island, NY, USA), 1%antibiotics and 1% non-essential amino acids. Human neuroblastoma
MSN cells (Reynolds et al. 1986, Ramos-Espinosa et al 2012) were cultured in enriched
RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO, USA) containing 1% antibiotics,
1% non-essential amino acids, 1% QSN solution (serine, asparagine and glutamine) and

10% fetal bovine serum (Gibco, Life Technologies Corporation, Grand Island, NY, USA) in
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tissue culture dishes in an atmosphere of 5% CO, and 95% O,, at 37°C, and were plated at
a density of 1 X 10° cells per dish. For differentiated neurons, the cells were seeded at a
density of 1 x 10° per dish and differentiated by adding 10mM retinoic acid and 50 ng/ml
NGF (Invitrogen, Life Technologies Corporation, USA) for 6 days.

2.2 UVCirradiation dose-response.
To establish an appropriate UVC dose, undifferentiated MSN cells were washed with PBS
buffer, placed in open dishes with PBS and irradiated with various doses of UVC (0, 1.8,
2.2,3.6 and 5.1 J/cm?, wavelength 254 nm at room temperature) from a germicidal lamp
(Biological Safety Cabinet TUV 15 GIT5). The cultures were monitored for 24 h after
exposure. The cells were then harvested in physiological saline solution, and 10 ul of 0.4%
trypan blue dye solution was added to 10 pl of cells for each experimental condition. The
cells that excluded trypan blue were considered viable and were counted using a

hemocytometer.

2.3 Immunocytochemistry.
MSN cells were plated on coverslips coated with 0.1% gelatin and incubated overnight to
allow the cells to adhere. After UVC irradiation, the medium was removed and the cells
were fixed with 95% ethanol, 5% acetic acid and H,0 for 30 min at room temperature,
followed by hydration of the sample in this order: 95% ethanol for 5 min, 50% ethanol for
5 min and H,O for 5 min. The coverslips were then embedded in PBS-1% H,0,. The
primary antibodies employed were rabbit polyclonal anti-CSA (1:50; Santa Cruz
Biotechnology, CA, USA), rabbit polyclonal anti-CSB (1:50; Santa Cruz), rabbit polyclonal
anti-XPC (1:50; Santa Cruz), goat anti-HR23B (1:100, Abcam, CA, USA), rabbit polyclonal
anti-OGG1 (1:50; Santa Cruz), rabbit polyclonal APE1 (1:50; Santa Cruz), dissolved in PBS-
1% H,0, and incubated at 37°C for 40 min. For each experiment, the coverslip was washed
three times with PBS-1% H,0, for 5 min. The secondary antibodies, goat anti-mouse HRP

conjugate (1:250; Zymed, CA, USA) and goat anti-rabbit HRP conjugate (1:250; Zymed)
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were added for 40 min at 37°C, and coverslips were washed three times for 5 min. The
cells were stained with 3,3-diaminobenzidine (DAB) using a DAB kit (Vektor, CA, USA).
Dehydration was performed in the following order: 50% ethanol for 5 min, 75% ethanol
for 5 min, absolute ethanol, xylene. The coverslips were embedded in resin, set on slides
and examined using an Olympus BX-60 microscope at 40x magnification. Images were
digitized and analyzed using NIH Image J software, values were expressed as optical

density (arbitrary units) average per condition.

2.4 Single strand breaks determination (Comet assay)

For each experimental condition, at least 10,000 cells were mixed with 75 ml of 0.5% low
melting point (LMP) agarose. The cells were loaded onto microscope slides pre-layered
with 200 pl of 0.5% normal melting point agarose. The comet assay was performed as
described by Ramos-Espinosa (2012). Briefly, after lysis of cells at 4°C for at least 1 h in a
medium consisting of 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, supplemented with
10% DMSO and 1% Triton X-100, slides, including a positive control (g-irradiated
lymphocytes), were placed in a horizontal electrophoresis chamber with running buffer
solution (300 mM NaOH, 1 mM Na;EDTA, pH >13). The slides remained in the
electrophoresis buffer for 10 min to allow the DNA to unwind. Electrophoresis was
performed for 10 min at 300 mA and 25 V, ~0.8 V/cm. All steps were performed in the
dark; after electrophoresis, the slides were gently removed and rinsed with neutralisation
buffer (0.4 M Tris, pH 7.5) at room temperature for 15 min, dehydrated with absolute
ethanol (15 min) and air-dried. Ethidium bromide (20 ml of 20 mg/ml solution) was added
to each slide and a coverslip was placed on the gel. Individual cells were visualized at 20x
magnification under an Olympus BX-60 microscope with fluorescence attachments (515—
560 nm excitation filter, 590 nm barrier filter), and the DNA damage was determined using
Komet 5.0 software (Kinetic Imaging). To evaluate DNA migration, 100 cells were scored
for each experimental condition. The data were categorized into five categories according

to the Olive tail moment score as described by Ramos-Espinosa et al (2012). The total
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number of cells in each category was counted and multiplied by an assigned value 0-4
according to the extent of damage. The sum of all the categories was calculated and
considered as the damage index. The overall score was expected to vary between 0-400

arbitrary units.

2.5T4 endo V sensitive sites (Enzymatic-Comet assay), cyclopyrimidine dimer
determination.

Based on the results of the comet assay, we evaluated the UVC-induced formation of
cyclopyrimidine dimer (CPD) through T4 endo V-sensitive sites in control and UVC
irradiated cells. After treatment, the cells were layered on microscope slides and
immersed in lysis buffer for at least 1 h at 4°C. The slides were then rinsed with buffer
solution (50 mM Tris-base, 10 mM EDTA, pH 7.6) for 5 min. For CPD detection, the slides
were overlaid with 20 mL T4 endo V (New England BiolLabs, MA, USA), which specifically
cuts DNA at CPD sites. Coverslips were placed on the slides, and the slides were incubated
for 30 min at 37°C in a humidified atmosphere. A set of slides with irradiated cells in buffer
(without enzyme) was included to confirm that the DNA strand breaks were enzyme-
specific. Following enzyme incubation, the slides were rinsed with solution buffer (50 mM
Tris-base, 200mM EDTA, pH 7.6) and subjected to electrophoresis (~ 0.8 V/cm) for 10 min
without unwinding incubation. Comet visualisation was performed at 20x magnification
using an Olympus BX-60 microscope with fluorescence attachments (515-560 nm
excitation filter, 590 nm barrier filter). The images were digitized and analyzed using
Komet 5.0 software. To evaluate DNA migration, 100 cells were scored for each
experimental condition. The damage index was determined as described in the preceding

section.

2.6 Statistical analysis.
Data for cell viability and levels of signal repair recognition proteins were calculated as the

mean % SD from 3 independent experiments. The differences between experimental and

76



control values were assessed by one-way Analysis of Variance (ANOVA; Sigma Stat v 3.5),
with p< 0.05 considered to be significant. DNA fragmentation as determined by Comet
assays was represented as the mean + SEM of damage indices from 3 independent
experiments. The differences between values for fibroblast 3T3 and neurons under

various differentiation states were assessed by Student's “t” test (Sigma Stat v 3.5).

3 RESULTS

3.1 UVC dose-response determination.

To determine the doses of damaging environmental agents that pose a challenge to cell
viability, 3T3 and MSN cell cultures were exposed various UVC light doses (0, 1.8, 2.2, 3.6,
5.1 J/cm?). Cells were monitored for a subsequent 24 h because cell viability is not
affected immediately by UVC exposure; as Batista (2009) suggested, biological effects
such as cell death should be monitored for at least 8 h following experimental treatment.
The results shown in Table 1 indicate a dose-dependent reduction in cell viability in
cultures that excluded trypan blue after irradiation treatment. UVC induced a significant
decrease in cell survival at lower doses (e.g., O.7J/cm2 for fibroblast 3T3, and 1.8 J/cm2 for
undifferentiated neurons). However, the major effect on cell viability, reflected as a 50%
reduction in survival, was observed at a 2.2 J/cm? in 3T3 fibroblast, meanwhile 3.6 J/cm?

dose in undifferentiated neurons.

Table 1. Cell viability measurement comparing 3T3 fibroblast and undifferentiated neurons

exposed to different UVC dose.

3T3, Murine Fibroblast MSN, undifferentiated neurons
UVC exposure % Cell viability UVC exposure % Cell viability
(J/em?) (J/cm?)

0 100+ 2.8 0 100+ 5.2

0.7 85 +3.4** 1.8 73.1 £ 3.3%%x

1.4 69.6 £ 5.1*** 2.2 70.6 £ 9.8***

1.8 72.9 +2.8*** 3.6 45.9 £ 0.8%**

2.2 50.6 £ 6.4*** 5.1 44.6 £ 7.7%**

2.8 59.4 £ 10.4***
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Cell viability was evaluated by trypan blue exclusion assay in murine 3T3 fibroblast and MSN
undifferentiated neurons 24 h post treatment with different doses of UVC irradiation. All data are expressed
as percentage and represent the mean + S.D. of 3 independent experiments. Analysis of variance was
performed by one-way ANOVA (Sigma Stat v 3.5). Different from control value: *p<0.05; **p<0.005;
**%*p<0.001.

3.2 NER and BER protein expression

As a first approach we tested DNA repair proteins prior to UV exposition in order to
determine changes in protein levels among cell lines. We performed
immunocytochemistry of recognition enzymes involved in NER and BER pathways
comparing murine 3T3 fibroblasts, that have been reported as NER attenuated cells (Pelag
et al 1976), with undifferentiated, and terminally differentiated neurons, MSN (Figure 1).
Most differences occurred between 3T3 fibroblast and terminally differentiated neurons,
were NER proteins as XPC, CSA, CSB, and both BER, OGG1 and APE-1 were sub-expressed
in differentiated neurons, suggesting MSN differentiation model as another NER

attenuated cell model.
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Figure 1. NER and BER recognition enzymes protein expression in (3T3) 3T3 murine fibroblast, (U)
undifferentiated neurons and (D) differentiated neurons. GGR: XPC and HR23b; TCR: CSA and CSB;
BER: OGG1 and APE1. Data are expressed as Mean % S.E. One Way ANOVA was performed (Sigma
Stat v 3.5). Significance of different from control value: *p<0.05; **p<0.005; ***p<0.001.

3.3 Response of NER and BER proteins against UVC irradiation challenge.

We evaluated repair protein levels of NER and BER mechanisms in 3T3 fibroblast and
undifferentiated and terminally differentiated neurons, before and after UV exposition in
order to determine repair response to the genotoxic challenge. Cells were challenge with
UVC dose that reflected 50% cell viability reduction (2.2 J/cmz, 3T3 and 3.6 J/cmz, neurons
MSN) and maintained under physiological conditions during 1h and 24h as post
treatments or recovery time. These results were summarized in Table 2.
Immunocytochemistry was performed and quantitatively evaluated to determine protein
in nucleus, in order to compare the response between fibroblasts and undifferentiated
and differentiated neurons. The kinetic response of XPC was as follow, basal XPC protein
level was decreased almost 30% in terminally differentiated neurons compared to
undifferentiated neurons and fibroblast. After UVC irradiation, neurons had a dramatic
increase (60%); meanwhile fibroblast and undifferentiated MSN had a slight induction (20-
36%). In all cell lines XPC levels decreased an hour after irradiation. With respect to
HR23b, this protein was induced only in MSN neurons and decreased 1h post treatment.
Surprisingly on the fibroblast and undifferentiated neurons, HR23b protein increments
were observed 1h post treatment. On the other hand, TCR protein, CSA, showed low basal
levels in differentiated neurons comparing with fibroblast and undifferentiated neurons.
After UV irradiation neurons showed CSA nuclear induction, while fibroblasts did not show
changes in levels of this protein. CSB protein showed same basal behavior as its partner,
CSA. Neurons showed increment of repair proteins after UVC challenge (46%),
undifferentiated had almost half of neurons elevation and fibroblast had no significant

changes compared to control. Even though, UVC stimuli, recruit in a particular way NER,
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BER proteins suggest an oxidative DNA damage as a consequence to irradiation
environment. BER protein expression in nucleus showed OGG1 and APE1 basal decrement
in differentiated neurons compared to undifferentiated neurons. After UVC irradiation,
undifferentiated and differentiated cells were able to recruit OGG1, but not APE1.

Interestingly the presumed attenuated model, 3T3 had less OGG1 levels in nucleus than

the NER proteins.

80



Table 2. Comparative levels of DNA repair enzymes after UVC challenge and 1h post treatment in

3T3 fibroblast, and undifferentiated and differentiated MSN neurons.

373

Murine fibroblast

MSN

Undifferentiated

MSN

Differentiated

neurons neurons

«  XPC Control  0.0345 + 0.0009 0.0334  0.0026° 0.0242 +0.0016°*°
% uv 0.0414 + 0.0019** 0.0456 + 0.0046* 0.0389 + 0.0010***
£ 1h PT 0.0316 + 0.0005* 0.0379 + 0.0009° 0.0219 + 0.0011°*°
i HR23B  Control  0.0357 + 0.00189 0.0300 + 0.0036 0.0304 + 0.0019
I uv 0.0283  0.0013*° 0.0195 +0.0013*°C  0.0413 + 0.0029**°*®
L% 1h PT 0.0334 + 0.0018™* 0.0461 + 0.0021**°°  0.0209 + 0.0017*"
c - CSA Control  0.0326 + 0.0029 0.0392 + 0.0021° 0.0215 + 0.0013°
é | uv 0.0356 + 0.0011 0.0375 + 0.0019° 0.0262 + 0.0006*"™
g 1hPT  0.0527+0.0022****  0.0410+0.0030°° 0.0181+0.0016™
S CSB Control  0.0396 + 0.0010 0.0351 + 0.0019 0.0293 + 0.0022°

uv 0.0389 + 0.0009 0.0439 + 0.0022* 0.0429 + 0.0047*

1h PT 0.0357 + 0.0013* 0.0455 + 0.0013**°  0.0247 + 0.0023"°*°
_ 0GG1  Control  0.0276 +0.0014° 0.0342 + 0.0025° 0.0199 # 0.0006°
g uv 0.0277 + 0.0008* 0.0472 £ 0.0023**  0.0320 + 0.0047**
g 1h PT 0.0313 % 0.0029° 0.04330.0031*°°  0.0193 + 0.0024°
:g APE1 Control  0.0380 + 0.0029° 0.0313 +0.0017° 0.0185 +0.0014°*°
; uv 0.0539 £0.0012***  0.0324 + 0.0006° 0.0270 +0.0021°*°
@ 1h PT 0.0479 +0.0033* 0.0414 + 0.0032**°  0.0183 + 0.0043"*°

3T3 fibroblasts were exposed to 2.2 J/cm? UVC. Undifferentiated and differentiated cells were
exposed to 3.6 J/cm? UVC. Images were digitized and analyzed using NIH Image J software.
Densitometry analysis values represent 3 independent experiments (Mean %S.E). One way ANOVA
was performed, statistical difference between control and exposed cells is represented by
*p<0.05; **p<0.005; ***p<0.001; meanwhile difference between 3T3 and undifferentiated MSN
cells are represented by °p<0.05; **p<0.005; ***p<0.001; difference between 3T3 and terminally
differentiated neurons are expressed as *°p<0.005; "**p<0.001, and statistical difference between

MSN differentiation states are represented as “p<0.05; “p<0.005; ““p<0.001.
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3.3 DNA strand breaks induction and kinetic of DNA repair after UVC challenge.

Most NER proteins were recruited to the nucleus after UVC irradiation in some cases
protein remained an hour later, suggesting that repair was not concluded. To support this
idea, we evaluated DNA fragmentation (comet assay), as a strand breaks that remain as
consequence of UVC challenge. Figure 2 show DNA strand breaks quantified as damage
index (Arbitrary units) of basal condition (C), UV induced and 1h post treatment;
comparing fibroblast with undifferentiated and differentiated MSN neurons. UVC
irradiation induced DNA strand breaks in all cell lines studied and DNA damage was
accumulated; probably as a consequence of poor DNA repair capacity. In addition, data
were analyzed as percentage of DNA damage induction and percentage of DNA repair
with respect to their own control (table 2). Fibroblast and undifferentiated cells showed
30% of DNA damage induction by UV challenge; meanwhile terminally differentiated
neurons were extremely damaged (350%) by the same challenge. An hour post irradiation,

differentiated neurons and fibroblast cell partially remove DNA damage and

undifferentiated neurons did not repair.
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Fig. 2. Repair kinetics comparison between cell lines. Cells were irradiated corresponding 50%
lethal UV dose and quantified by comet assay DNA as damage index (DI). DNA damage was
measured in the basal condition (C), after UV irradiation (UV) and 1h post irradiation (1h PT) for
repair kinetics. Analysis of variance was performed by one-way ANOVA (Sigma Stat v 3.5).

Significance of different from control value: *p<0.05; **p<0.005; ***p<0.001.

Table 2. Percentage of DNA Damage induction and repair after UVC challenge.

Cell type %Damage induction %Damage induction 1 h %Damage repair 1h
after UV after UV after UV

373 fibroblast 30.9 28.2 8.6

Undifferentiated 29.3 30.9 0

MSN neurons
Differentiated 353.8 293.8 17

MSN neurons

%Damage induction data are compared to control. %Damage induction an hour after UV-
irradiation was calculated: (basal damage- 1h PT damage)/ induction damage x 100%. %Damage

repair was calculated: 100%- 1h PT damage induction%.
3.4 T4 endo V sensitive sites to determine CPD lesions after UVC challenge.

The principal UV damage is known as CPD and is widely known to be a NER inducer, for
this reason we decided to measure CPD loose as repair function, comparing fibroblast
with undifferentiated and differentiated neurons. Enzymatic-Comet assay was performed
with T4 endo V, reporting sensitive sites, because this enzyme detects with high specificity
CPD, and cuts DNA in the lesion, which is turned into a strand break. Figure 3 shows T4
endo V sensitive sites detected in fibroblast, undifferentiated and differentiated neurons
trough kinetic repair. All DNA cell lines had CPD production after UVC irradiation, however
differentiated cells (fibroblast and neurons) were the only capable to remove this lesion.
Table 3 summarizes the same data, analyzing percentage of CPD production and

percentage of lesion remaining. CPD induction was evidently since UV irradiation; strand
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breaks incremented compared to control in all cell lines. Interestingly only

undifferentiated neurons had CPD remaining, indicating incapacity of DNA repair (94.9%).
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Fig. 3 Comparison of T4 endo V sensitive sites generation. Cells were irradiated with corresponding 50%

lethal UV dose. Modified comet assay was performed in unexposed and exposed cells. CPD production was

also measured an hour post irradiation for repair kinetics. Analysis of variance was performed by one-way

ANOVA (Sigma Stat v 3.5). Significance of different from control value: *p<0.05; **p<0.005; ***p<0.001.

Table 3. Percentage of CPD production after UV irradiation and percentage of lesion

remain.

Cell type %Damage induction %Damage induction 1 h %Damage repair 1h
after UV after UV after UV

373 fibroblast 209.2 68.2 32.6

Undifferentiated 344 326 94.9

MSN neurons
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Differentiated 775 0 5.7

MSN neurons

% CPD production with respect to control. % CPD production an hour after UV-irradiation was calculated:
(basal damage- 1h PT damage)/ induction damage x 100%. % CPD remaining lesion was calculated: 100%- 1h

PT damage induction%.

4.Discussion

Cells that proliferate to generate proliferating daughter cells are substantially different
from cells that proliferate toward the formation of post-mitotic, differentiated progenies
(Simonatto 2007). DNA repair systems can vary in their responses, depending on the state
of cellular differentiation (Nouspikel 2006, Nouspikel and Hanawalt 2000). In this sense
little is known about the role of DNA repair capacity of differentiated cells as neurons and
its relation to degenerative diseases, aging and cancer. Taking advantage of 3T3
attenuated excision repair model, our group was interested to evaluate this capacity in a
comparative way, DNA repair in the terminally differentiated cells in order to find
differences in lesion removal and damage accumulation that could favor cell death and
thus neural disease development. For this purpose, we exposed undifferentiated and
differentiated MSN neurons and 3T3 fibroblast cells to UVC irradiation (which causes DNA
distortion) to provide evidence regarding the effects of NER capacity. We observed
differences in cell viability after increasing UV doses, 3T3 fibroblast compared to
undifferentiated MSN neurons showed greater sensitivity to UVC. For this reason, we
decided to work with different UV doses for each cell culture, which produce the same
biological effect (50% of death). Prior to UV exposition, basal repair proteins were
detected showing that almost all proteins were significantly different from all cell cultures.
Interestingly 3T3 repair proteins were not drastically attenuated as we thought; in
contrast, neuroblastoma cells had lower repair protein levels. Based on this data,
neuroblastoma cells were expected to be more sensible to UVC damage, for this reason,
cells were exposed to UVC and DNA fragmentation was measured. All cells had DNA
damage induction after UVC exposition and remaining DNA-strand breaks. Similar

sensibility was reported by Maynard (2008) where undifferentiated cells had less DNA
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damage than differentiated cells after challenge. However in the same study, fibroblast
were able to restore damage through time, this was not observed in our cells, probably
because evaluation was performed only 1h post treatment. On the other hand, CPD
production was measured in all cell cultures, CPD production was expected to correlate to
DNA strand break as a consequence of UVC damage. Interestingly fibroblast and neurons
removed this lesion an hour after irradiation, indicating that genotoxicity observed
previously is not attributed to this lesion. In this matter, the assessment of repair of CPD
has been reported by others groups, however tendency was contrary to our results
showed. Ganesan (1973) found that mouse fibroblast had poorly CPD repair (10 to 30%) in
contrast to human fibroblast (50 to 80%), indicating that lack of repair was attributed to a

change on repair activity in mouse fibroblast.
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Discusion

El DNA se encuentra bajo constante amenaza de agentes exdgenos, enddégenos y
guimicos que producen varios tipos de lesiones a lo largo del genoma (Lindahl 1993). Para
mantener la integridad del DNA, la célula cuenta con varios mecanismos de reparacion, los
cuatro mas importantes son: la BER que repara modificaciones a la bases oxidadas
(80x0@G), asi como rompimientos de cadena sencilla del DNA; el cual a su vez tiene dos sub
vias, la corta y la larga. La NER que repara lesiones distorsionantes y que tiene las sub vias
GGR y TCR. La DSBR que remueve rompimientos de cadena doble del DNA con las sub vias
de recombinacién homodloga y no homodloga; y la MMR la cual remueve bases mal

apareadas, inserciones y deleciones (Brosh y Bohr 2007).

Los agentes enddgenos como las ROS y las especies reactivas de nitrogeno,
constituyen el primer frente de batalla para los mecanismos de reparacidn, puesto que es
el propio metabolismo celular quien los genera, y de forma importante en dérganos
altamente oxigenados como el cerebro (Floyd y Hensley 2002). Las repercusiones
genotdxicas de estas especies reactivas son de gran relevancia en el desarrollo de
enfermedades que van desde el cancer hasta las neurodegeneraciones (Salnikow y
Zhitkovich 2008; Atamna H et al 2000; Goode et al 2002; Martin LJ, et al 2002). Debido a
esto es que, la diversas lesiones sobre el genoma debe ser reparados para prevenir la
pérdida o transmisidn incorrecta de la informacién genética, lo cual dependera
principalmente de la eficiencia de los mecanismos de reparacién (Branzei y Foiani 2008).
Si bien todas las células que constituyen un organismo cuentan con todos los mecanismos
de reparacion, se ha propuesto que la actividad de estos dependeran del tipo celular, del
estado de desarrollo e incluso adoptar distintas respuestas en funcién del agente
genotoéxico (Simonatto et al 2007). Otro punto a considerar en la respuesta al dafio en el

DNA es el destino celular; las células que proliferan y que dan lugar a otras estirpes
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celulares son sustancialmente diferentes a las células de su progenie. Las células en estado
post-mitdtico, es decir, progenies diferenciadas interpretaran el dafio al DNA de manera
diferente puesto que no dependerdn de los puntos de revision del ciclo celular

(Polesskaya and Rudnicki 2002).

Por esta razén en el presente trabajo se decidid evaluar la capacidad reparativas de los
mecanismos de reparacion por escision: NER y BER ante un estimulo oxidante y uno que
genera distorsion en la tridimensionalidad del DNA en células post mitéticas como las
neuronas; para determinar la acumulacion o falta de remocién de lesiones como la

antesala para el desarrollo de patologias.

El primer trabajo (Ramos-Espinosa et al 2006) tuvo como objetivo evaluar la NER
ante un dafio oxidante equivalente a 10 @M de H,0, ocasionado por la acumulacién del
fragmento B-amiloide, determinado en personas con demencia tipo Alzheimer (Huang et
al 1999). En este trabajo se mostrd una alta sensibilidad al H,0, (102@M) en las neuronas
diferenciadas en relacidon a su contraparte indiferenciada, asi mismo se observd que la
expresion génica de las sub vias de NER (GGR y TCR) mostraba una dependencia al estado
de diferenciacién. Estos hallazgos encuentran semejanza con lo reportado por el grupo de
Nouspikel y Hanawalt (2000), donde en un modelo de neuroblastoma humano (NT2)
expuesto a luz UV (inductor de NER) mostraba mayor presencia de dafio en el estado
diferenciado que en el indiferenciado. Al evaluar la presencia de lesiones en el DNA en un
periodo posterior a la exposicién inicial encontraban que solo en el estado diferenciado
permanecian las lesiones, sugiriendo que la remocién no era exitosa. Por otro lado, la
determinacién génica de las enzimas de NER también encontraba dependencia del estado
de diferenciacién. Dicho trabajo y el nuestro, aunados a otras evidencias hace suponer
que el estado de diferenciacion ofrece mayor sensibilidad a ciertos agentes, esto debido a
un cambio en la actividad de los mecanismos de reparacién encargados de eliminar los
dafios sobre el DNA. Un ejemplo mas del fendmeno aqui observado es el envejecimiento
mismo; donde se ha observado que las células diferenciadas de un organismo poseen
menor actividad de enzimas de reparacion, esto tal vez por la acumulacién de lesiones a lo

largo de los afos. Estas evidencias nos llevan a confirmar la hipétesis planteada por
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Nouspikel y Hanawalt tres afios después de la publicaciéon de su trabajo con el
neuroblastoma (Nouspikel y Hanawalt 2003). Dicha hipdtesis propone que las células
diferenciadas tienen distinta capacidad de reparacion que sus precursoras. La NER en este
sentido tiene mayor relevancia sobre los otros mecanismos de reparacién, dado que una
de sus subvias de sefalizacidn, la acoplada a la transcripcion, utiliza 1a propia maquinaria
transcripcional para el reconocimiento de lesiones sobre el DNA a través de la RNAPII. La
propuesta de este trabajo es que las neuronas al ser células terminalmente diferenciadas
tendran la sub via, TCR, con mayor actividad, puesto que a la célula le confiere menor
gasto energético detectar el dafio solo de los genes en transcripcion que hacerlo sobre
todo el genoma a través de GGR. De ahi el que la sub via de la TCR sea de gran
importancia para las células terminalmente diferenciadas, como las neuronas, ya que la
ineficiencia o insuficiencia de esta sub via repercutiria en la acumulacion de lesiones del
DNA a lo largo de la vida, hasta representar una amenaza para la supervivencia neuronal.
Dado que las neuronas tienen una discreta tasa de proliferacion, la pérdida de ellas

representaria un riesgo para el funcionamiento del cerebro.

Por otro lado debido a que el cerebro se encuentra bajo un ambiente oxidante y este tiene
como blanco al DNA, fue de interés en el segundo trabajo, no solamente evaluar la
capacidad reparativa de NER y sus sub vias sino determinar la presencia o eliminacion de
una lesién oxidativa en particular: la 8oxoG. Esta base oxidada adquiere relevancia puesto
que esta presente en diversas enfermedades degenerativas y es un biomarcador de estrés
oxidante (Mecocci et al 1998, Lovell et al 2001). Para determinar si NER podia reparar
este dafio se decidid evaluar los niveles de las proteinas de este mecanismo ante este
estimulo oxidante, sin embargo dado que la respuesta al dafo es una red dindmica donde
se interrelacionan varios mecanismos de manera simultanea, se decidio medir a la NER

con un inductor especifico para esta via: la luz UVC.

En este trabajo fue interesante encontrar que habia una respuesta diferencial en
varios aspectos, el primero en la respuesta de los mecanismos de reparaciéon: NER y el que
tradicionalmente repara lesiones oxidativas, BER; en la reparacién segun el tipo de lesién

que se indujo; y finalmente al estado de diferenciacion. En este trabajo se observaron
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diferencias en la remocion de dafio al DNA de manera dependiente al reto inducido y al
estado de diferenciacién. Las células diferenciadas, comparadas con las indiferenciadas,
mostraron una gran sensibilidad a la UVC, sin embargo el dafio a lo largo del tiempo fue
menor. Por el contrario, las células indiferenciadas mostraron una clara induccién de
genotoxicidad en respuesta al dafio oxidante y la tendencia mostré una acumulacién de
80HdG a lo largo del tiempo. Este trabajo sugiere también la participacién de las dos sub
vias de NER asi como las de BER en la remocion de CPDs y de 80HdG, indicando que la

respuesta al DNA es dinamica y no solo depende un mecanismo de reparacién.

Como ejercicio adicional de este trabajo fue comparar al modelo de diferenciacién
neuronal con otro cultivo neuronal, con el objeto de determinar si la deficiencia en la
reparacion se debia a una propiedad inherente al modelo de diferenciacion o si habia una
tendencia de las células diferenciadas, en general, a comportarse de manera similar. Con
base en lo que algunos grupos habia observado en las células de murinos, decidimos
incorporar una linea celular como control de la reparacion de NER. Los fibroblastos
murinos 3T3 representan un modelo de estudio interesante, puesto que son células
diferenciadas y de acuerdo con algunos reportes, los murinos muestran una atenuacién de
la GGR en la mayoria de sus fibroblastos (Hanawalt 2001). Esta atenuacion si bien no ha
sido del todo documentada, si se sabe que se encuentra en el reconocimiento de lesiones
distorsionantes como las que ocasionan los fotoproductos producidos por la luz UVC. En el
ultimo trabajo de esta tesis se decidié incluir los resultados obtenidos en el modelo 3T3
comparando con el modelo de diferenciacién neuronal, todos expuestos a luz UVC. Como
primer resultado interesante es la alta sensibilidad que tienen los fibroblastos a la luz UVC,
esto evidenciado por la citotoxicidad que produce su exposiciéon. Debido a que la
respuesta a luz UVC fue distinta para los tres cultivos celulares, se decidié utilizar
diferentes dosis de UVC para los fibroblastos y el modelo de neuroblastoma, este hecho
por si mismo, ya evidenciaba sensibilidad de los fibroblastos en relacion al neuroblastoma.
Para determinar si habia alguna atenuacion proteica de las enzimas que se estaban
determinando, se realizo la evaluacidn de las enzimas de NER y BER en el estado basal de

los fibroblastos y del neuroblastoma, observdndose que los niveles basales de proteinas
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en los fibroblastos no son menores al estado diferenciado del modelo de diferenciacion
neuronal, lo que hace suponer que si bien los fibroblastos podrian tener una GGR
atenuada, las neuronas podrian presentar mas susceptibilidad al dafio al DNA por la
disminucién en sus condiciones basales. La actividad reparativa muestra que las células
diferenciadas son eficientes para reparar lesiones distorsionante, contrario a lo que se
pensaba. Se encontré al igual que en el segundo trabajo, una respuesta de las proteinas

de reparacion dinamica dependiente de la induccidn de dafo sobre el DNA.

Todos estos resultados en conjunto demuestran que la sensibilidad al dafio al DNA
esta intimamente ligada a la respuesta eficiente, deficiente o suficiente de los mecanismos
de reparacién y que estos estaran determinados por el estado celular. Si el dafio persiste
sobre el DNA como consecuencia de la reduccidon de la actividad de los mecanismos de
reparacion, podria acarrear consecuencias importantes que van desde la alteraciéon de la

transcripcién, mutaciones en el genoma o la muerte celular.

La acumulacion de las lesiones a lo largo de la vida, puede ser el parteaguas para el
desencadenamiento de la muerte neuronal con repercusiones sobre el organismo entero.
Por esta razon el estudio de la capacidad reparativa puede dar una pista para el desarrollo

de enfermedades como el cancer y las de tipo neurodegenerativo.
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Conclusiones

La remocion de dafio al DNA fue dependiente al reto inducido y al estado de
diferenciacion.

Las células diferenciadas (neuronas y fibroblastos), comparadas con las
indiferenciadas, mostraron una gran sensibilidad a los agentes utilizados (H,0,,
agente oxidante; ¢ la luz UVC).

La capacidad reparativa de lesiones tridimensionales del DNA como los anillos de
ciclobutano (CPDs) y la oxidacion de guaninas, (80HdG), mostré ser dependiente
del estado de diferenciacion.

Hay participaciéon de las dos sub vias de NER asi como las de BER en la remocion de
CPDs y de 80HdG, indicando que la respuesta al DNA es dindmica y no es exclusivo

a un mecanismo de reparacion.
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Perspectivas

Con base a los resultados anteriores, surgen preguntas interesantes a responder que

ampliarian el conocimiento de la respuesta al dafio en neuronas, estas son:

Determinar por otras estrategias experimentales la actividad de las enzimas de
reparacion de NER sobre las 8oxoG. Por ejemplo utilizando el ensayo del Faro
Molecular o Molecular Beacon, este ensayo estaria dirigido a detectar la
reparacion de una lesién especifica como la 8oxoG.

Evaluar la NER ante estimulos crénicos oxidativos. Debido a que en este trabajo se
empled una concentracion de peréxido elevada para retar al cultivo celular, resulta
interesante evaluar si esta misma respuesta al daifo se observa cuando el estimulo
oxidativo es constante, en una concentracién que no comprometa su viabilidad y
por tiempos prolongados, ya que el cerebro se encuentra expuesto a un estimulo
oxidativo constante a lo largo de la vida.

Determinar la actividad de la TCR en las células neuronales por dafios oxidativos.
Aunque los danos oxidativos en muchas ocasiones no son suficientemente grandes
para ser detectados por la TCR, es de vital importancia conocer si estos dafios son
los iniciadores de alteraciones en la transcripcidon. Para ello seria interesante
evaluar la reparacion ligada a la transcripcion de genes, es decir, tomar un gen que
se transcribe de forma Unica en una célula neuronal y evaluar la capacidad de
reparacion de este gen en particular. Se esperaria que la reparacion se llevara a
cabo, sin embargo seria interesante evaluara si esta reparacidén seria igual de
eficiente con un dafio oxidativo como las 8oxoG, donde la mayoria de las veces la
lesion es tan pequena que la TCR no es capaz de detectarla. Esto provocaria la
acumulacién de dafios e incluso mutaciones que en la neurona llevaria a la muerte.
Trabajo en cultivos primarios de neuronas humanas. Definitivamente el siguiente
paso es tener un model apegado a la realidad. Debido a la dificultad para obtener
neuronas humanas, en este trabajo se utilizé las células MSN, las cuales asemejan

un cultivo neuronal, sin embargo siempre se debe de ser precavido al interpretar
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estos resultados debido a que provienen de una linea tumoral, por lo que siempre

sera interesante determinar la capacidad reparativa en un modelo humano.
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