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Abreviatura

2D-TLC
5caC
S5cadC
5fC

5fdC
5fdU
5hmC
5gmdC
5hmdC
5hmdCTP
ShmU
5SmC
SmdC
SmdCMP
A

ADN
ADP
ARN
ATP
BER

BODIPY FL EDA

BS-Seq
BSTFA
cDNA
CE
CID

dA
DAD

dAMP
dC
dCMP
dG
dGMP
DNMT
dNTP’s
dT
dTMP
dU
EDTA

LISTA DE ABREVIATURAS

Significado

Cromatografia en capa fina de dos dimensiones
5-carboxicitosina
5-carboxi-2’-desoxicitosina
5-formilcitosina
5-formil-2’-desoxicitosina
5-formil-2’-desoxiuracilo
5-hidroximetilcitosina
5-glucosilmetoxi-2’-desoxicitosina
5-hidroximetil-2’-desoxicitidina
5-hidroximetil-2’-desoxicitosina trifosfato
5-hidroximetiluracilo

5-metilcitidina

5-metil-2’-desoxicitidina
5-metil-2’-desoxicitosina monofosfato
Adenosina

Acido desoxirribonucleico

Adenosina difosfato

Acido ribonucleico

Adenosina trifosfato

Reparacion por escision de bases

4.,4-difluoro-5,7-dimetil-4-bora-3a,4a-diaza-s-indaceno-3-

propionil etilendiamine

Secuenciacion de ADN previamente tratado con bisulfito

N,O-Bis(trimetilsilil)trifluoroacetamida
ADN de cadena complementaria
Electroforesis capilar
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RESUMEN

El término epigenética se refiere al area de estudio enfocada a los fendmenos
transcripcionales que dependen de la estructura de la cromatina, de tal manera que la
conformacidn relajada de la cromatina permite la actividad transcripcional mientras que la
disposicion condensada conduce su represion. Uno de los mecanismos moleculares mejor
caracterizados que potencialmente influye en la estructura de la cromatina, consiste en la
adicion del grupo metilo al carbono 5 del anillo de la pirimidina contenida en la citosina del
ADN, denominado metilacion del ADN. El estudio de los cambios en los niveles de
metilacion en el ADN se ha convertido en la clave para entender los eventos epigenéticos.
El grado de metilaciéon del ADN es evaluado en secuencias gendmicas especificas o de
manera global. La metilacién en secuencias de ADN permite averiguar los mecanismos
epigenéticos involucrados en los procesos celulares. Los patrones de metilacion global
permiten estudiar los eventos epigenéticos a gran escala para evaluar la respuesta de los
organismos a condiciones ambientales y/o patolégicas. En el andlisis de metilacién global
del ADN se emplean técnicas bioldgicas y de andlisis instrumental. Los procedimientos
analiticos ofrecen mds ventajas en comparacién con los procedimientos biolégicos en
términos de sensibilidad, selectividad y reproducibilidad. Debido a esto, existe una alta
demanda de procedimientos analiticos adecuados para su uso en laboratorios de
investigacion y clinicos, ya sea para conocer la respuesta de los organismos a diversos
factores medio ambientales y/o con fines de diagndstico y/o prondstico de diferentes
patologias. Por otro lado, en ARN se ha descrito la presencia de 5-metilcitosina, y aunque
se cree que esta modificacion estd implicada en eventos epigenéticos, su estudio se ha visto
limitado debido a la carencia de procedimientos analiticos adecuados. La intencién de este
trabajo es contribuir con el desarrollo de procedimientos analiticos para la determinacién
del porcentaje de metilacion global en el ADN y el ARN, asegurando alta sensibilidad y
selectividad, buena precision, alta confiabilidad de los resultados y rapidez del andlisis. Por
ello, el presente trabajo se enfoco al, pre-tratamiento y digestion de muestras de dcidos
nucleicos, el estudio del marcaje molecular y/o derivatizacién de productos de hidrdlisis de

acidos nucleicos, su separacion cromatografica y su deteccion/cuantificacion.
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El capitulo I es la introduccién general al proyecto, donde se explica el concepto de
epigenética, la importancia de la determinacion de la metilacion en el ADN para entender
los eventos epigenéticos y las ventajas de los procedimientos analiticos para medir este
parametro. En el capitulo II se plantea el objetivo general del proyecto asi como los
objetivos especificos. El capitulo III describe la instrumentacidn, reactivos, estandares, las
muestras y programas utilizados para llevar a cabo este trabajo. El capitulo IV estd
compuesto por seis secciones que corresponden a los objetivos especificos del capitulo II.
En cada seccién se incluye una pequefia introduccion especifica al tema en cuestion, el
objetivo particular, los resultados y las conclusiones parciales. En los resultados de cada
seccion se describen detalladamente los procedimientos analiticos haciendo énfasis en su
carcter cuantitativo, la exactitud y reproducibilidad de éstos, asi como la discusiéon e
interpretacion de los resultados. En la primera seccién de resultados de este trabajo, se
modifico el procedimiento basado en la separacion de nucledsidos por cromatografia de
liquidos de alta resoluciéon con detector espectrofotométrico de arreglo de diodos (HPLC-
DAD) desarrollado previamente en el laboratorio, con la intencién de su exitosa aplicacion
en el anélisis de metilacién global de ADN de muestras con matriz quimicamente compleja.
Para esto se utilizaron extractos de acidos nucleicos obtenidos de lombrices de tierra,
plantulas de agaves y diferentes estadios de embriones de Coffea canephora. Cabe senalar
que el procedimiento HPLC-DAD previamente establecido fue destinado al andlisis de
extractos del ADN de lineas celulares, pero en la aplicacién a muestra mas complejas la
separacion de nucledsidos no fue satisfactoria, por lo que en este trabajo se llevo a cabo la
modificacion de las condiciones cromatograficas. En particular se utiliz6 mayor fuerza
i6nica, una columna cromatogréafica més larga y un gradiente de modificador orgénico mas
lento. Con estas modificaciones se logrd separar los analitos de interés (dC y 5SmdC) para
determinar el porcentaje de metilaciéon en ADN en extractos de plantas, fluidos biol6gicos y
tejidos animales. En la segunda seccion de resultados, se describe el desarrollo de un nuevo
procedimiento analitico confiable para el anélisis de metilacion global del ADN, basado en
cromatografia de liquidos de alta resolucién con deteccidon espectrofluorimétrica (HPLC-
FLD). En este caso la determinacién del grado de metilaciéon en ADN se llevé a cabo
empleando la 2-bromoacetofenona para el marcaje molecular especifico de entidades

citosinicas presenten en nucledsidos (C, dC, SmC y SmdC), su separacion y deteccion por
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HPLC-FLD. Las condiciones de reaccién, el uso de una columna monolitica para lograr la
separacion de los cuatro compuestos hasta linea base y la deteccidon espectrofluorimétrica
permitieron obtener limites de deteccion para los cuatro compuestos de 14.4 a 22.7
femtomoles, los cuales son equiparables con aquellos limites de deteccion obtenidos
reportados con el uso de detectores de espectrometria de masas. En la aplicaciéon del
procedimiento HPLC-FLD para micromuestras de acidos nucleicos, los resultados fueron
consistentes con aquellos obtenidos mediante el procedimiento HPLC-DAD que utiliza
mayor cantidad de ADN. Aprovechando que en el procedimiento HPLC-FLD permite la
separacion y cuantificacion de los cuatro compuestos C, dC, SmC y 5mdC, en la tercera
seccion de los resultados se demostré que con este procedimiento se puede determinar
simultdneamente la metilacion global en ADN y ARN total en una sola corrida
cromatografica. Ademads, se demostré que el ARN co-extraido en purificaciones de ADN es
representativo del ARN total de la muestra. Hay que resaltar que éste fue el trabajo pionero
donde se llevo a cabo la determinacion de metilacion global en ARN total por primera vez,
mostrando que este pardmetro puede proveer informacion bioldgica relevante. Con base a
los resultados obtenidos se concluyé que la SmC podria estar implicada en la modulacién
de los eventos epigenéticos ya que se observo una correlacion negativa entre la metilacién
global de ADN y ARN en extractos obtenidos de plantas de L. sativum expuestas a
diferentes condiciones de estrés abidtico. En la cuarta seccion de los resultados se demostrd
que las especies reactivas de oxigeno generadas por la reacciéon Fenton a partir de
Cu(Il)/peréxido de hidrégeno/acido ascérbico pueden oxidar la SmdC para dar lugar a la
ShmdC (considerada la sexta base del ADN y que probablemente estd asociada en los
mecanismos de desmetilacién del ADN). La quinta secciéon de los resultados describe el
desarrollo de un procedimiento de hidrélisis quimica del ADN asistida por microondas. El
procedimiento requiere de menor tiempo de digestion y es mas sencillo que la hidrdlisis
enzimatica. Ademas, el procedimiento es tan robusto que variaciones en las condiciones de
hidrdlisis (18.3 a 23.5 M é&cido férmico, 180 — 190 °C, 10 — 15 min) permite obtener el
mismo resultado en cuestion de rendimiento y grado de metilacion evaluado. También se
demostré que los rendimientos de digestion obtenidos con este procedimiento y mediante la
hidrdlisis enzimética son comparables y que no hay diferencias significativas entre los

resultados de metilacion global de ADN entre los dos pre-tratamientos de muestra. En la
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sexta y ultima seccién de resultados se implementd un procedimiento que permite la
determinacion de metilacion de ADN mediante cromatografia de gases acoplada a
espectrometro de masas con triple cuadrupolo (GC-QqQ-MS/MS). Para esto el ADN fue
hidrolizado hasta nucleobases y derivatizado para obtener productos voléatiles termoestables
de trimetilsilano. El estudio sistemdtico de las condiciones cromatograficas permitié
separar los analitos en menos de 8 minutos, y la deteccion en modo monitoreo de
reacciones multiples permitié obtener limites de detecciéon de 0.46 y 0.41 femtomol para
citosina y 5-metilcitosina, respectivamente. La aplicaciéon de este procedimiento en
muestras reales podria permitir evaluar el grado de metilacion en ADN de pequeiias
cantidades de extractos o en sistemas bioldgicos con muy bajos porcentajes de metilacion.
En general, este trabajo de tesis permitié generar una serie de conclusiones que se describen
en el capitulo V. El capitulo VI incluye las referencias bibliograficas citadas en este escrito.
Por ultimo, el capitulo VII presenta la evidencia de que los resultados de este proyecto de
investigaciéon se publicaron en articulos de revistas internaciones indizadas que estan

incluidas en Thompson Reuter Journal Citation Reports.
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CAPITULO IV. INTRODUCCION GENERAL AL PROYECTO
IV.1. Acidos nucleicos

El término “4cidos nucleicos” se refiere al 4cido desoxirribonucleico (ADN) y al
acido ribonucleico (ARN), ambos son polimeros lineales formados por bases nitrogenadas
unidas a un esqueleto de pentosa — fosfato (figura 1). En concreto, las unidades bésicas para
el ADN son la adenina, la guanina, la citosina, la timina, mientras que para el ARN estas
son la adenina, la guanina, la citosina y el uracilo. Las bases nitrogenadas estdn unidas
mediante el enlace glicosidico con la desoxirribosa en el ADN o con la ribosa en el ARN,
formando desoxirribonucledsidos y ribonucledsidos respectivamente. Finalmente, al
formarse la unién de tipo fosfodiéster entre la desoxirribosa o la ribosa y el fosfato, se
obtienen mondémeros de los dos dcidos nucleicos, denominados desoxirribonucleétidos y
ribonucledtidos respectivamente. Como ejemplo, en la figura 2 se presenta la estructura de
los mondémeros presentes en el ADN y el ARN [1-5].
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Figura 1. Estructura del ADN y ARN.
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Figura 2. Estructura de los monémeros presentes en el ADN y el ARN.

El nimero de las unidades monoméricas en los dcidos nucleicos puede alcanzar
hasta mas de diez billones; las macromoléculas formadas se caracterizan por la secuencia
unica de nucledtidos, lo que decide sobre la informacién guardada. La principal funcién
bioldgica de los dcidos nucleicos es almacenar, expresar, regular y transferir la informacion
genética. En el caso del ADN, su molécula porta la informacidn necesaria para el desarrollo
de las caracteristicas bioldgicas de un individuo y contiene los mensajes e instrucciones
para que las células realicen sus funciones. Por su parte, una de las funciones principales
del ARN es expresar la informacién contenida en el ADN, pasando de una secuencia lineal
de nucledtidos (genes), a una secuencia lineal de aminodcidos en una proteina.
Dependiendo de la etapa de expresion de genes en la que actia la molécula de ARN, se
distinguen varios grupos de estos compuestos, es decir ARN mensajero, de transferencia,
ribosémico y no codificante (pequefio ARN de interferencia, micro ARN entre otros).
Actualmente se conoce que la regulacion de la expresion génica depende de dos factores:

uno de cardcter genético y otro de caracter epigenético [6-9].
IV.2. Mecanismos de regulacion de expresion de genes
IV.2.1. Factores genéticos
El componente genético estd relacionado con la secuencia de ADN, misma que

influye sobre la estabilidad de los ARN mensajero y de transferencia [8, 9]. Los cambios en

la secuencia de los desoxinucledtidos en el ADN (mutaciones) pueden conducir a los



cambios estructurales en las proteinas sintetizadas. Las mutaciones pueden afectar las

células somaticas del mismo individuo y se heredan en la linea germinal.

1V.2.2. Eventos epigenéticos

Los eventos epigenéticos consisten en cambios estructurales de la cromatina (figura
3) sin alteracién de la secuencia nucleotidica, en donde la conformacién condensada
potencialmente causa el silenciamiento de genes mientras que la conformacién relajada
promueve su actividad [9-11]. Los mecanismos moleculares responsables por la
conformacién actual de cromatina incluyen la metilacion de ADN, modificaciones
covalentes de histonas y la reorganizacién del nucleosoma [12]. Los cambios epigenéticos
son potencialmente reversibles, relativamente estables durante varios ciclos de la divisiéon

de las células y no afectan la secuencia de nucle6tidos en el ADN del organismo [13, 14].
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Figura 3. A) Modificaciones covalentes en ADN e histonas. B) Conformacién de la
cromatina.



1V.2.2.1. Modificaciones covalentes en histonas

La cromatina es el complejo nucleoproteico en el que se encuentra empacado el
ADN dentro de la célula. El nucleosoma es la unidad fundamental de la cromatina y esta
compuesto de un octdmero de histonas (H2A, H2B, H3 y H4) que estd envuelto por 147
pares de bases de ADN. El nicleo de histonas es predominantemente globular excepto por
las secuencias N-terminales, las cuales sobresalen y tienen una conformaciéon no
estructurada capaz de interactuar con otros nucleosomas contiguos. Una caracteristica
predominante y particular de estas secuencias N-terminales, es que pueden ser modificadas
post-traduccionalmente [15]. Las modificaciones covalentes en histonas que son capaces de
afectar la estructura de la cromatina, destacan la acetilacidn, la fosforilacion, la metilacion,

la desiminacion, la ADP ribosilacién, la ubiquitilacién y la sumoilacion.

La modificacion mejor comprendida en histonas es la acetilacion. La acetilacion se
lleva a cabo preferentemente en la lisina, es altamente dindmica y regulada por dos familias
de enzimas, las histona acetiltransferasas y las histona desacetilasas [16, 17]. Las histona
acetiltransferasas utilizan la acetil-coenzima A como co-factor y catalizan la transferencia
de grupos acetilo al grupo e-amino de la lisina. Esta modificacion neutraliza la carga
positiva promoviendo la debilitacién de la interaccién entre histonas y grupos fosfato en el
ADN, lo cual potencializa la relajacién de la estructura de la cromatina permitiendo la
expresion génica. Las histona desacetilasas utilizan como co-factor la nicotinamida adenina
dinucleétido (NAD") y tienen el efecto opuesto a las histona acetiltransferasas, esta accion
restaura la carga positiva de lisina que potencialmente modifica la estructura local de la

cromatina conduciendo a la represion transcripcional [18-20].

La fosforilacion de histonas es altamente dindmica y se lleva a cabo principalmente
(pero no exclusivamente) en serinas, treoninas y tirosinas de las secuencias N-terminales de
las histonas [21]. Esta modificacién es controlada por cinasas y fosfatasas que afiaden o
remueven el grupo fosfato, respectivamente. Las cinasas transfieren el grupo fosfato del
ATP al grupo hidroxilo del aminoécido. La hiperfosforilacion de histonas se ha descrito en
la mitosis y meiosis de una gran variedad de organismos, pero su papel epigenético no ha

sido bien establecido [22, 23].



La metilacion de las histonas se lleva cabo primordialmente en los grupos g-amino y
o-guanidino de la lisinas y de las argininas, respectivamente. A diferencia de la acetilacion
y la fosforilacion, esta modificacién no altera la carga en la histona. La metilacion de las
histonas es llevada a cabo por metiltransferasas que utilizan la s-adenosil metionina (SAM)
como co-factor. Las lisinas pueden ser mono- di- o trimetiladas, mientras que las argininas
son mono- y dimetiladas [24-26]. La eliminacién del(os) grupo(s) metilo es llevada a cabo
por desmetilasas que utilizan como co-factor FAD 6 hierro (Il)/a-cetoglutarato [27, 28]. La
metilacién de las histonas tienen multiples efectos en la estructura de la cromatina
resultando en diferentes eventos epigenéticos [29-31]. La metilacién de la histona H3 en la
lisina 9 6 27 se ha sugerido estar involucrada en la represion transcripcional [32-34]. Sin
embargo la metilacion de la histona H3 en la lisina 4, 36 y/o 79 esté relacionada con la

actividad transcripcional [35-37].

La desiminacion en histonas involucra la conversiéon de la monometil-arginina a
citrulina. En mamiferos, esta reaccion es catalizada por la peptidil desiminasa. Uno de los
efectos de esta conversion, es la eliminacién de carga positiva de la arginina debido a que la

citrulina es neutral [38, 39].

La mono- y poli-ADP ribosilaciéon toma lugar en los sitios del acido glutdmico y de
la arginina. Esta modificaciéon regulada por ADP-ribosil transferasas y ADP-ribosa-
glicohidrolasas que afiaden o eliminan la ADP-ribosa, respectivamente. Poco se sabe del
efecto epigenético de esta modificacion, pero su incremento estd ligeramente asociado a la

relajacion de la estructura de la cromatina y en el dafio al ADN [40].

La ubiquitilacién de histonas es una modificacién covalente mucho mds grande que
las modificaciones mencionadas anteriormente. Esta consiste en la(s) adicidén(es) de
polipéptido(s) de 76 aminodcidos (ubiquitina) a las lisinas presentes en las histonas. Esta
adicion se lleva de manera secuencial por tres enzimas: El-activado, E2-conjugado y E3-
ligado [41]. Aunque la ubiquitilacién es una modificaciéon significativamente grande es
también altamente dindmica [42]. La ubiquitina es eliminada de las histonas por medio de

isopeptidasas. Al igual que la metilacion de histonas, el efecto epigenético de la



ubiquitilacién depende de su ubicacion. La ubiquitilacion en la histona en la lisina 119 de la
histona H2A conduce al silenciamiento génico [42, 43], mientras que la misma
modificacién en la lisina 123 de la histona H2B juega un importante papel en la activacion
génica [44, 45]. La sumoilacion de histonas reside en la adicién de un polipéptido pequeiio
derivado de la ubiquitina [46]. Esta adicién se ha registrado en las lisinas prominentes de
las cuatro histonas y utiliza la misma maquinaria enzimatica que la ubiquitilacién. La
funcion epigenética de la sumoilacion consiste en la represion génica mediante el
antagonismo a la acetilacién y ubiquitilaciéon de histonas, ya que se lleva a cabo en el

mismo sitio [47].

1v.2.2.2. Metilacion de ADN

La metilaciéon de ADN ocurre en el carbono 5 del anillo de la pirimidina contenido
en la citosina para formar la 5-metilcitosina (SmC), y es probablemente la modificacion
epigenética mejor caracterizada [48]. La metilacion del ADN se ha descrito tanto en
eucariotes y procariotes. En bacterias, la metilaciéon de su ADN permite diferenciar del
ADN invasor debido a que el ADN extraiio puede ser degradado por las enzimas de
restriccién del hospedero [49]. En eucariotes, la metilacion de ADN se ha descrito en
plantas, animales y algunos hongos [50]. En plantas, la metilaciéon de ADN ocurre en varios
contextos de secuencias tales como dCpdG, dCpHpdG y dCpHpH (H=dA, dC 6 dT). En
mamiferos la metilaciéon de ADN est4 restringida a los dinucleétidos dCpdG, excepto para
células embridnicas pluripotenciales [51, 52]. Tanto en mamiferos como en plantas, se ha
reportado que las regiones centroméricas y pericentroméricas estdn altamente metiladas,
mientras que en algunos genes la metilacién ocurre principalmente en la regién promotora

[53, 54].

Para llevar a cabo la metilaciéon de ADN, la S-adenosilmetionina participa como
donador del grupo metil y la reacciéon es catalizada por enzimas del grupo ADN
metiltransferasas (DNMT’s, por sus siglas en inglés) [53]. En mamiferos y en plantas se

han descrito dos tipos de DNMT’s: las que mantienen la metilaciéon del ADN a partir de



sitios hemi-metilados resultantes de la replicacién de ADN durante la division celular; y las

que llevan a cabo la metilacién de novo en sitios no metilados [55].

La metilacion de ADN es un proceso reversible, pero los mecanismos de
desmetilacion permanecen en controversia. Se ha propuesto que la desmetilacion de ADN
se puede llevar a cabo por dos vias: la pasiva y la activa. La desmetilacion pasiva consiste
en la pérdida de la metilacion después varios ciclos de replicaciéon en donde las
hemimetilasas no llevan a cabo la metilacién [56]. La desmetilacidon activa se refiere a la
eliminacion directa de la SmC o de sus productos de oxidaciéon y/o aminacion [57, 58]. El
mecanismo de desmetilacion del ADN por la via activa propuesto recientemente en la
literatura [59, 60] (figura 4) consiste en la conversion de 5SmC a 5-hidroximetilcitosina
(5hmC) mediado por las enzimas TET (dioxigenasas dependientes de 2-oxoglutarato y
Fe(Il)). La SmC y la ShmC son desaminadas por enzimas APOBEC y convertidas en T y 5-
hidroximetiluracilo (ShmU), respectivamente. Por otro lado, la ShmC puede ser oxidada
subsecuentemente por las enzimas TET hasta formar 5-formilcitosina (5fC) y/o 5-
carboxicitosina (5caC). Los apareamientos erréneos entre G:Y (Y=T, ShmU, 5fc, 5caC) son
reconocidos por la timina ADN glicosilasa (TDG, por sus siglas en inglés). Finalmente, las
bases mal apareadas (Y) son eliminadas y sustituidas por C mediante el sistema de

reparacion por escision de bases (BER, por sus siglas en inglés).

Por lo general, la metilacion de ADN contribuye potencialmente a la condensacién
de la cromatina promoviendo la represion de genes, mientras que la desmetilacion de ADN
promueve la actividad transcripcional [6, 61]. La metilaciéon de ADN puede ser evaluada de
manera global o en secuencias de genes. Obviamente, la informacién sobre el patrén de
metilacién en secuencias gendmicas es de suma importancia, debido a que permite conocer
los genes especificos que participan o estan involucrados en los mecanismos de procesos
celulares y de patologias [62-66]. Por su parte, los niveles de metilacion global en el ADN
son de gran utilidad porque permiten estudiar los efectos epigenéticos a gran escala, ya sea
en el diagndstico y/o prondstico de enfermedades asi como para evaluar la respuesta de los
organismos a ciertas condiciones ambientales [67-74]. El grado de metilacion global es

actualmente reconocido como un bioindicador de cambios epigenéticos que ocurren en



organismos Vvivos, bajo diferentes condiciones fisioldgicas [75-79]. Algunas patologias
oncogénicas han sido relacionadas con patrones erréneos de metilacion en ADN, en donde
los tejidos neopldsicos presentan hipometilacién global de ADN e hipermetilaciéon de

promotores de genes involucrados en la supresién tumoral [67, 80-83].

¥3g

TET BER
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Figura 4. Mecanismo hipotético (via activa) de desmetilacién del ADN

IV.3. Revision bibliografica de procedimientos de analisis de metilacion de

ADN

Los eventos epigenéticos contribuyen al proceso normal de diferenciacion y
desarrollo celular, sin embargo, las perturbaciones en los patrones de metilaciéon del ADN
estan involucrados en una diversidad de patologias en las que destacan oncogénesis,
desordenes neurodegenerativos e inmunes [9, 62, 84-89]. De ahi la importancia y la
demanda de herramientas capaces de identificar y cuantificar la metilacién en el ADN. A
continuaciéon se hace mencién a diversos procedimientos para determinar el grado de

metilacién global o en secuencias de ADN.



IV.3.1. Determinacion del grado de metilacion por procedimientos biolégicos

IV.3.1.1. Metilacion en secuencias especificas de promotores de genes

Inicialmente el estudio de los patrones de metilacion de ADN en secuencias
individuales y especificas se basd en el uso de enzimas de restriccion capaces € incapaces
de cortar en los sitios que presentan metilacion en la citosina [90], en donde la principal
limitante consiste en la digestion incompleta del ADN. Los fragmentos de ADN obtenidos
con cada una de las enzimas de restriccion pueden ser analizados por una técnica
denominada southern blot. Esta consiste en separar los fragmentos de ADN por
electroforesis en gel de agarosa para posteriormente ser transferidos a una membrana de
nylon. Estos fragmentos de ADN pueden ser hibridados con una sonda especifica
correspondiente a una secuencia de un gen de interés. La metilacién de ADN puede ser
identificada mediante la diferencia en los patrones de fragmentacion obtenidas con cada
una de las enzimas. [91]. En general, estos ensayos tienen como desventaja que se
requieren relativas altas cantidades de ADN. Para evitar esta limitante, el ADN digerido
puede ser analizado por la reaccién en cadena de la polimerasa (PCR) utilizando iniciadores
especificos [92] en donde los sitios desmetilados son fragmentados y sé6lo las secuencias
con sitios metilados se encuentran integras y serdn amplificadas por la PCR. Esta estrategia
es mas sensible, pero puede dar resultados falsos positivos debido a la digestion incompleta

y a la sensibilidad de la PCR.

Otro procedimiento para identificar la metilaciéon en secuencias ADN denominado
amplificacién de los dinucleétidos dCpdG metilados (MCA, por sus siglas en inglés)[93],
se basa en la digestion de ADN con la enzima Smal (dCpdCpdCpdGpdGpdG), que corta
los sitios no metilados dejando extremos romos; seguido de la restriccion con la enzima
Xmal, que corta los sitios metilados dejando extremos cohesivos los cuales son ligados a un
adaptador especifico. Por ultimo, el fragmento puede ser secuenciado con oligonucle6tidos
que alinean con la secuencia Xmal del adaptador. Un procedimiento derivado de la MCA
llamado amplificacién de sitios intermetilados (AIMS, por sus siglas en inglés) [94]

consiste en la amplificacion de las secuencias ligadas utilizando oligonucledtidos que se



extienden en la direcciéon 3°. Los productos de la PCR son separados en gel de poli-
acrilamida en condiciones desnaturalizantes dando lugar a bandas multiples que representan

el metiloma.

Por otro lado, el descubrimiento de la reaccion de conversiéon del ADN con bisulfito
de sodio condujo a una gran revolucion en el estudio de la metilaciéon del ADN. En esta
reacciéon ocurre la desaminacion de las citosinas no metiladas hasta obtener uracilos,
mientras que las citosinas metiladas y el resto de la bases permanecen intactas [95, 96].
Esta reaccion sélo se lleva a cabo en ADN de cadena sencilla por lo que el ADN necesita
ser previamente desnaturalizado [97]. Este procedimiento tiene como desventaja la
obtencion de artefactos durante el andlisis debido a la desnaturalizacién parcial o a la
degradacion del ADN [98]. Las bases de esta reaccion para diferenciacion entre los sitios
metilados y no metilados, y su combinaciéon con otros procedimientos permite definir el
grado de metilacién en secuencias particulares. Las estrategias relacionadas con la
conversion del ADN mediante bisulfitos requieren el disefio de cebadores especificos y la
amplificaciéon del ADN mediante la PCR (que incorpora timina en lugar de uracilo). Por
ejemplo, en las primeras aplicaciones de este procedimiento, en la amplificacion del ADN
se utilizaron cebadores que no contenian el sitio dCpdG para evitar cualquier
discriminacion entre diferentes templados metilados. Uno de los procedimientos mds
ampliamente utilizados para demostrar la metilacién en los dinucleétidos dCpdG después
de modificar el ADN con bisulfitos es llamado en inglés methyl-specific PCR (MSP) [99],
que es simple y relativamente sensible. Esta se basa en la PCR que utiliza cebadores
especificos que contienen dinucledtidos dCpdG que alinean especificamente con la
secuencia metilada. Después de llevar a cabo la PCR, sus productos de reaccién son
separados y teflidos en un gel de agarosa. El andlisis de la intensidad de sus fragmentos se
lleva a cabo por densitometria por lo que se considera que es un procedimiento semi-
cuantitativo. Mds tarde se desarrollaron las versiones cuantitativas y mas sensibles de la
MSP que utiliza la PCR en tiempo real basada en fluorescencia. Este procedimiento emplea
el disefio de oligonucledtidos que tienden a formar horquillas y que tienen en el extremo 3’
el marcaje fluorescente y en el otro extremo un inhibidor de fluorescencia, de tal modo que

al alinearse el oligonucleétido se separa el inhibidor del fluor6foro que posteriormente
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emite la fluorescencia [100]. Otro procedimiento basado en la PCR es el andlisis
fluorescente de la curva de fusién que provee un promedio de los niveles de metilacién de
un amplicon especifico (perfil de fusion de la PCR en tiempo real) [101]. Este ensayo
permite discriminar las secuencias de ADN metiladas de las no metiladas gracias a la

elevacion de la temperatura de fusion debido a la presencia de citosinas en lugar de timinas.

Actualmente se emplea con mayor frecuencia la pirosecuenciacion. Este
procedimiento se basa en la secuenciaciéon del ADN mediante la PCR, donde se afiade
secuencialmente cada uno de los nucleétidos que al introducirse en la cadena polimerica
revela su identidad al generar una sefial de luminiscencia. Para generar la sefial de
luminiscencia, el pirofosfato liberado del nucleétido introducido en la cadena polimérica es
transformado a ATP mediante la participacion de la sulfurilasa; después el ATP obtenido es
utilizado por la luciferasa para dar lugar a un producto luminiscente. Este procedimiento
provee informacion de la ubicacion de los sitios metilados al comparar el resultado de las
secuencias de ADN con aquellas obtenidas del pretratamiento del ADN con bisulfitos [102-

104].

IV.3.1.2. Metilacion global en ADN

Una de las técnicas bioldgicas utilizadas en un inicio para el andlisis de metilacién
global de ADN fue la exploraciéon gendémica por marcaje y restricciéon [105], en donde el
ADN es digerido por una enzima de restriccion y los fragmentos son marcados con un
is6topo radiactivo y separados por tamafio molecular. Después el ADN fraccionado es
digerido con otra enzima de restriccion y los fragmentos son separados en segunda
dimension. Este procedimiento da como resultado un perfil de miles de fragmentos
separados en doble dimension. El perfil de diferentes muestras puede ser comparado para

hallar las diferencias en metilacion global de ADN.

Un procedimiento distinto consiste en aislar regiones ricas en dinucledtidos
5SmdCpdG emplea cromatografia de afinidad (que utiliza el dominio de unién de la proteina

MeCP2) en donde al ADN es digerido con enzimas de restriccion incapaces de cortar en los
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sitios metilados y los fragmentos obtenidos son fraccionados de acuerdo a su grado de
metilacion en la columna cromatografica que posteriormente pueden ser recuperados para

clonar en un vector y secuenciarse [106].

También se han descrito una gran variedad de procedimientos que involucran el uso
de microarreglos. El disefio de la sondas de los microarreglos pueden tener mds de mil
secuencias con islas dGpdC que pueden ser hibridadas con fragmentos de ADN obtenidos
después del pre-tratamiento con enzimas de restriccion incapaces de cortar sitios metilados
tales como BstUI (dCpdGpdCpdG) y Hpall (dCdpCdpGdpG) [106-108] en donde la
digestion incompleta del ADN puede llevar a falsos positivos. Mas tarde se desarrollaron
las técnicas de microarreglos que inclufan el pre-tratamiento del ADN con bisulfitos
seguidos de su amplificacién por la PCR utilizando iniciadores que no contenian las islas
dCpdG para que las regiones metiladas y no metiladas se amplificaran por igual. Las
secuencias amplificadas pueden ser inmovilizadas en los pozos de los microarreglos que
contienen sondas dirigidas a regiones metiladas o desmetiladas. El grado de metilacién en
ADN es estimado por la relacion de lo hibridos que se obtenian con los oligonucledtidos
disefiados para captar secuencias metiladas en comparacion con aquellos perfilados a

secuencias no metiladas [109].

Otros procedimientos incluyen la inmumoprecipitaciéon del ADN metilado ya sea
con anticuerpos que reconocen el dinucleétido dGp5mdC o el nucleétido SmdCMP. El
grado de metilacién es evaluado por la PCR en combinacién con microarreglos que

contienen secuencias con islas dCpdG [110, 111].

1V.3.2. Determinacion del grado de metilacion en ADN por procedimientos

analiticos

1V.3.2.1. Metilacién global en ADN

Los procedimientos analiticos reportados en la literatura para la determinacion de

metilacion global en ADN incluyen dos etapas: (1) pre-tratamiento de la muestra
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(extraccion e hidrodlisis de los dcidos nucleicos, y en algunos casos la derivatizacién de los

productos de hidrélisis) y (2) separaciéon de los compuestos obtenidos ya sea por

electroforesis capilar (CE), por cromatografia de liquidos (HPLC) o de gases (GC) (tabla 1)

[112-116].

Tabla 1. Procedimientos analiticos utilizados en el

metilacion global en ADN.

andlisis del porcentaje de

Masa d
A]S)N ¢ Pre-tratamiento de las muestra Procedimiento de separacion Deteccion Referencia
10 pg I-hdrohs§ el.qznn?zrttlca (nucle(.)tldos) Electroforesis capilar Espectrofluorometria Comelius,
Derivatizacién con bodipy 2005
Eliminacién de ARN Cromatografia de liquidos en ~ Espectrofotometria
10 Sandhu, 2009
He Hidrolisis enzimatica (nucledsidos) fase inversa uv andhd,
10 e Hidrolisis enzimética (nucledsidos) Cromatografia de liquidos en = Espectrofotometria Alcazar, 2008
fase reversa uv
Espectrometria de
masas atémica con
Cromatografia de liquidos en
10pg  Hidrolisis enzimdtica (nucledtidos) = o oot GCAQUICOS E1L - i en plasma  Wrobel, 2010
fase inversa
acoplado
inductivamente
Espectrometria de
10 g Desrl.amr.ahzg,clon de APN Crom.z,ttograﬁa dce~ liquidos de  masas con ionizacién Wrobel 2010
Derivatizacién con osmio exclusion de tamafio molecular = en plasma acoplado
inductivamente
Eliminacién de ARN B
. Espectrometria de
2.5 ug Hidrolisis 4cida (nucleobases) Cromatografia de Gases rasas Rossella, 2009
Derivatizacién con
lpe  Hidrolisis enzimatica (nucledsidos) ~rOmografia de Liguidos de - Espectrofotometria - p 1 0¢
intercambio catidnico uv
1 g » Ehrmna(non de ARN/ . Cromatograﬁia de liquidos en ~ Espectrometria de Wang, 2011
Hidrdlisis enzimatica (nucledsidos) fase inversa masas/masas (MRM)
Eliminacién de ARN Cromatografia de liquidos en ~ Espectrometria de
1pg e 4 . Zhang, 2011
Hidrdlisis 4cida (nucleobases) fase inversa masas/masas (MRM)
Espectrometria de
s o L. Cromatografia de liquidos en friasas con lonizacion
1 pg Hidrélisis enzimatica (nucleésidos) . por Yang, 2011
fase inversa L,
electronebulizacién y
tranpa ionica
Eliminacién de ARN . . Espectrofotometria .
0.5 Electrofc ilar d Sotgia, 2008
He Hidr6lisis 4cida (nucleobases) cctroloresis caprar de zona uv olg,
Espectrometria de
Cromatografia de liquidos en =~ masas/masas co
4ng  Hidrolisis enzimdtica (nucleGsidos) oo de IquIdos ASASTITESAS €O S ong, 2005
fase inversa ionizacion por
electronebulizacién
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En principio, la CE ofrece las ventajas de simplicidad, alta resolucién vy,
separaciones relativamente en corto tiempo, pero los tiempos de retencion son altamente
perturbados por compuestos presentes en la matriz de la muestra [117, 118]. En las
aplicaciones de esta técnica, el ADN es hidrolizado a nucleétidos, nucledsidos o
nucleobases utilizando deteccidon por espectrofotometria UV o espectrometria de masas
[117-121]. También se ha explorado el marcaje del grupo fosfato presente en nucledtidos
con  4,4-difluoro-5,7-dimetil-4-bora-3a,4a-diaza-s-indaceno-3-propionil  etilendiamine
(BODIPY FL EDA), lo que permiti6 la deteccion de la sefial de fluorescencia inducida por
laser [122-124]. En estas técnicas, se ha reportado que el requerimiento de la cantidad de

ADN debe ser entre 0.5 a 10 pg.

Por otra parte, los procedimientos en HPLC y GC involucran mayor tiempo de
separaciéon con respecto a CE, pero éstos son utilizados preferentemente debido a su
excelente reproducibilidad [113, 114, 125]. Los procedimientos de andlisis de metilacion
global en ADN mediante GC involucran la hidrélisis con acido férmico hasta obtener
nucleobases, que posteriormente son derivatizadas para obtener productos volatiles de tipo
alquil-silano. En los reportes de estos procedimientos se utilizan 2.5 pg de ADN y la
separacion de las nucleobases derivatizadas requiere de hasta 25 minutos. Por lo general la

deteccion en estos procedimientos se lleva a cabo por espectrometria de masas [115, 116].

Los procedimientos tipicos de determinacion de metilacion global en ADN que
emplean cromatografia de liquidos consisten en llevar a cabo la hidrélisis enzimatica del
ADN hasta obtener nucledsidos y separarlos mediante cromatografia en fase inversa o por
intercambio i6nico [113, 114, 126-128]. En algunos estudios, la separacion de nucledsidos
se ha logrado en tiempos de 4.5 a 25 minutos [89, 113, 129]. Existen pocos reportes donde
el ADN se hidroliza hasta nucleétidos y son separados por HPLC, y esto es debido a que la
alta polaridad conferida por el grupo fosfato no permite obtener una separacién adecuada
en fase inversa [129-131]. Otros procedimientos consisten en emplear dcido férmico para
hidrolizar el ADN (libre de ARN) hasta nucleobases y separarlas por cromatografia de
liquidos de interaccién hidrofilica (HILIC) [132]. Utilizando la deteccién por

espectrofotometria UV se ha logrado analizar los componentes del ADN y para determinar
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el grado de metilacién se requieren cantidades entre 1 a 10 pug [128, 129]. La deteccién por
espectrometria de masas ha sido extensamente utilizada en el andlisis de metilacion de
ADN debido a que ofrece una alta selectividad y sensibilidad [114, 125, 132]. En estudios
recientes, el uso de columnas cortas ha permitido lograr separaciones cromatograficas en
cortos tiempos (1 — 7 minutos) y el uso de espectrometria de masas en modo de monitoreo
de reacciones multiples y ha permitido obtener patrones de metilacién de ADN a partir de
cantidades inferiores a 0.1 pg [125, 127]. Desafortunadamente para estos sistemas, se
requiere una limpieza exhaustiva de la muestra para eliminar a los componentes de la
matriz asi como utilizar el estdndar interno adecuado para compensar los posibles cambios

en la eficiencia de ionizacion.

La demanda de procedimientos enfocados a la determinacién de metilacion global
de ADN exige desarrollar nuevos procedimientos analiticos mds sencillos y sensibles, con
relativos bajos costos de operacion que permitan su aplicacion en laboratorios clinicos y de

investigacion.

Para continuar con el desarrollo de procedimientos analiticos adecuados para la
determinacion global de ADN, este trabajo se enfoc6 en estudiar la hidrélisis del ADN,
derivatizacion de los productos de hidrdlisis (en algunos procedimientos), separacion de los

productos de hidrdlisis o de sus derivados y deteccion/cuantificacion de los analitos.

1V.3.2.2. Metilacion en promotores de genes

Los procedimientos analiticos desarrollados para estudiar la metilaciéon en
promotores incluyen la etapa del pretratamiento del ADN con bisulfitos y la amplificacién
de fragmentos de interés por medio la PCR. Uno de estos procedimientos incluye
transcripcion in vitro para obtener un transcrito de cadena sencilla seguido de la digestion
con endoribonucleasas para su posterior andlisis por MALDI-TOF-MS, en donde se puede
determinar la diferencia en masa molecular de los productos de digestion [133-135]. Otro
procedimiento consiste en la hidrélisis enzimética de los productos de amplificacién con y

sin tratamiento previo de bisulfitos en donde se puede calcular el grado de metilacién de
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manera cuantitativa comparando el grado de conversion de citosinas mediante LC-MS

[136].

IV.4. Modificaciones covalentes en ARN

En las transformaciones que sufre el ARN se ha descrito la participacién de una
variedad de enzimas que logran introducir modificaciones covalentes. Dichas alteraciones
ocurren ya sea en la base nitrogenada, en la posicién 2’ de la ribosa o en ambas y pueden
dar a lugar a mas de 100 modificaciones diferentes (figura 5) [137]. La localizacion,
abundancia y distribucién de varios tipos de modificacion varian enormemente entre los
diferentes tipos de ARN, organismos y organelos. Las condiciones fisioldgicas y
ambientales de la célula afectan el grado y los patrones de modificaciones en el ARN [138].
La mayoria de las modificaciones en ribonucledsidos estdn presentes en los ARN ribosomal
y de transferencia, y recientemente se ha descrito que también ocurren en ARN pequefio no
codificador [139, 140]. La presencia de bases modificadas en ARN mensajero y su
potencial papel en la regulacién de genes han sido ultimamente estudiados [141-143].
Recientemente se han encontrado nuevos tipos de modificaciones [144, 145], y se han
propuesto diferentes papeles bioldgicos para algunas modificaciones ya conocidas en

ribunucledsidos.
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Figura 5. Diversidad de modificaciones en ribonucledsidos
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IV.4.1. Metilacion en el C5 de la citosina en ARN

La metilacién de la citosina en el carbono 5 del ARN (5mC) se ha identificado en
varios tipos ARN tanto de procariotes como de eucariotes [146, 147]. Se ha propuesto que
esta modificacién provee estabilidad metabdlica al ARN [148, 149]. Su presencia en el
ARN mensajero sugiere que la modificacion juega un papel en la fidelidad de la traduccion
asi como el reconocimiento del ARN de transferencia [150]. Al igual que en la metilacion
del ADN, la metilacién en ARN es llevada a cabo por metiltransferasas que utilizan como

co-factor la SAM [151] mientras que el mecanismo de desmetilacién permanece en duda.

IV.4.1.1. Determinacion del grado de metilacion global en ARN

Existen pocos procedimientos para la determinaciéon de modificaciones en
ribonucledsidos o ribonucledtidos. Cabe sefialar que estos procedimientos han sido
aplicados a la determinacion de metilacion en un tipo de ARN especifico o en fluidos
bioldgicos. Estos recurren a la separacién de los analitos por HPLC y cromatografia en
capa fina de dos dimensiones (2D TLC). La 2D TLC requiere principalmente del marcaje
radioactivo con *°P de nucledtidos que previamente fueron obtenidos de la digestion
enzimdtica del ARN de transferencia y permite determinar alrededor de 70 bases
modificadas (entre las cuales estd incluida la SmCMP) con limites de deteccidn del orden
femtomolar [152]. Los procedimientos de determinacién de ribonucledsidos recurren a su
separacion y detecciéon por LC-MS [153]. Obviamente, se anticipa el uso preferencial de
LC-MS debido a la alta reproducibilidad de los tiempos de retenciéon de LC vy, la
especificidad y sensibilidad que ofrece la deteccién por espectrometria de masas en modo
de monitoreo de reacciones multiples. Aunque no se ha reportado en la literatura estudios
de metilacién global en ARN total, al igual que el porcentaje de metilacion global en ADN,
el grado de metilacion en ARN puede ser calculado como la relacion molar de la 5SmC entre

las citosinas presentes.

La carencia de reportes enfocados a la metilacién global del ARN total no ha

permitido evaluar la implicacion de este pardmetro en procesos biolégicos. Por otro lado, la
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metilacién de ARN se ha convertido en un tema de interés porque puede desempeiar un
papel importante en la modulaciéon de la informacién genética como sucede con la
metilacion del ADN [146, 154]. Es por ello que parte de este trabajo se enfoc6 a desarrollar
un procedimiento analitico selectivo y sensible que permita determinar el porcentaje de

metilacién global en ARN.

Para intentar comprender el pardmetro de grado de metilacion global del ARN y
su posible conexidén con eventos epigenéticos, se evalud la respuesta bioldgica de L.
sativum expuesta a cadmio y selenio, particularmente en la determinacién de metilacién

global del ADN y ARN total.

IV.4.1.2. Presencia de SmC en secuencias especificas de ARN

El desarrollo de procedimientos para elucidar el grado de metilacion en secuencias
especificas de ADN utilizando el tratamiento tipico con bisulfitos seguido de su
secuenciacion, y su adaptacion al tratamiento en distintos tipos de ARN ha permitido
explorar los patrones de 5SmC en dichas secuencias [155]. Para estos procedimeintos,
después de tratar el ARN con bisulfitos se lleva a cabo la transcripcion inversa para obtener
un polimero estable de ADN complementario (cDNA) que posteriormente es amplificado

por la PCR y clonado en un plasmido para su subsiguiente secuenciacion (figura 6) [146].
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bisuffitos

D O e OS OSE
Alineamiento con l 3 <

oligonucleétidos
de DNA

L e (& e O O
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Transcripeion l

e e  —— O e )

Eliminacion de la secuencia
de ARN y amplificacion por la
PCR del cDNA

prm—

G
Producto de doble cadena
para clonar y/o secuenciar

Figura 6. Principio de identificacién de SmC en secuencias especificas
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CAPITULO V. OBJETIVOS

V.1. Objetivo general

El objetivo general de este proyecto ha sido desarrollar nuevos procedimientos
analiticos basados en la selectividad del pre-tratamiento de la muestra, separaciones
cromatogréificas y el uso de diferentes sistemas de detecciéon para su aplicacién en el
andlisis de ADN y ARN provenientes de diversos tipos de organismos, obteniendo
informacién de relevancia bioldgica sobre la estructura y posibles modificaciones de estos

compuestos.

V.2. Objetivos especificos

Adaptar el procedimiento desarrollado previamente, basado en la digestion
enzimatica de ADN hasta nucledsidos y su separacion por cromatografia de liquidos en fase
inversa con detecciéon espectrofotométrica (HPLC-DAD) para su aplicaciéon en la
determinacion del grado de metilacién global en el ADN en muestras biol6gicas con

matrices quimicamente complejas.

Desarrollar un nuevo procedimiento especifico y sensible basado en marcaje
molecular de compuestos citosinicos, su separacion por cromatografia de liquidos en fase
inversa y deteccion fluorimétrica (HPLC-FLD) que permita determinar el grado de

metilacién global en micro-muestras de ADN.
Demostrar que el procedimiento HPLC-FLD desarrollado anteriormente permite la
determinacion simultdnea de los porcentajes de citosinas metiladas en ADN y ARN totales

en un solo extracto de muestra bioldgica.

Identificar 5-hidroximetil-2’-desoxicitidina como producto de oxidacién de la 5-

metil-2’-desoxicitidina mediado por reacciones tipo Fenton.
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Estudiar las condiciones de la hidrélisis dcida del ADN asistida por microondas para
establecer un pre-tratamiento de muestra rdpido, robusto, sencillo y barato para la

determinacion del grado de metilacion global.

Desarrollar un nuevo procedimiento analitico basado en la obtencién de derivados
voldtiles de nucleobases, su separacién por cromatografia de gases acoplado a
espectrometria de masas con triple cuadrupolo, logrando la cuantificacion mediante

monitoreo de reacciones multiples (GC-QqQ-MS/MS).
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CAPITULO VI. PARTE EXPERIMENTAL

VI.1. Equipo de laboratorio

VI.1.1. Instrumentacion analitica

¢ (Cromatégrafo de liquidos Agilent serie 1200 equipado con bomba cuaternaria,
automuestreador, horno para columna, detector de arreglo de diodos, detector
espectrofluorimétrico. Las columnas cromatogréficas de fase inversa utilizadas (con
pre-columna C18 de Phenomenex) fueron: Luna C18(2) (250 x 4.6 mm, 5 um,
Phenomenex), Ascentis Express C18 (150 x 3 mm, 2.7 pm, Supelco) y Kinetex C18
(150 x 3 mm, 2.7 um, Phenomenex).

¢ (Cromatdgrafo de gases BRUKER 456-GC equipado con automuestreador y detector
de masas de triple cuadropolo BRUKER SCION TQ. La columna utilizada fue BR-

5 (15 m x 0.25 mm, con espesor de fase estacionaria de 0.25 wm, Bruker).

e Espectrofotometo UV/Vis modelo Spectronic 3000 Milton Roy con detector de

arreglo de diodos.

VI.1.2. Equipo utilizado para procesamiento de muestras y/o preparacion de

reactivos

e Destilador de agua Mares Flex/Cole Parmer Instrument Co. modelo 60648.
e Desionizador de agua Labconco modelo WATER PRO PS.

e Potenciometro Corning 240 (pH/temperatura).

e (Centrifuga de vacio Eppendorf modelo Vacufuge Plus.

¢ (Centrifuga Hermle modelo Z326.

e Baio de agua Fanem LTDA modelo 102/1.

® Bloque térmico Thermo scientific modelo 2050.

e Vortex Fisher Scientific modelo Genie 2.
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¢ Homogenizador (politron) IKA, modelo Ultra Turrax T18 basic.

¢ Balanza analitica Kern modelo 870.

e Liofilizador Labconco modelo 10-269.

¢ Sistema de digestion de muestras por microondas CEM, modelo Discover SP-D

equipado con automuestreador Explorer.

VI.2. Reactivos y estandares

VI.2.1. Reactivos para extraccion de acidos nucleicos

El cloruro de sodio (NaCl), el tris(hidroximetil)aminometano (Tris), el acido
clorhidrico (HCI), el acido etilendiaminotetra-acético (EDTA), el dodecilsulfato de sodio
(SDS), la proteinasa K, el isopropanol y el etanol fueron obtenidos de Sigma. El reactivo

TRIzol fue obtenido de Life Technologies.

VI.2.2. Reactivos para hidrélisis de ADN hasta nucledsidos

El 4cido acético (HAc), la glicina, el cloruro de magnesio hexahidratado, el acetato
de zinc dihidratado, el cloruro de calcio, el hidréxido de sodio, la DNAsa 1, el glicerol, la

nucleasa P1 y la fosfatasa alcalina fueron obtenidos de Sigma.

VI1.2.3. Reactivos y estandares para la determinacion de metilacion global en
ADN y ARN por HPLC

Los estandares de desoxirribonucledsidos 2’-desoxicitidina (dC), 5-metil-2’-
desoxicitidina (SmdC), 2’-desoxiguanosina (dG), 2’-desoxiadenosina (dA) y timidina (T);
de ribonucleésidos citidina (C), 5-metil-citidina (SmC), guanosina (G), adenosina (A) y
uridina (U) fueron obtenidos de Sigma. El reactivo derivatizante 2-bromoacetofenona
(BAF) asi como el ADN estandar de salmén fueron obtenidos de Sigma. El HAc, acido
fosférico, acido trifluoroacético (TFA), el EDTA, el acetato de amonio, el fosfato de

amonio dibdsico, la dimetilformamida y el sulfato de sodio anhidro fueron obtenidos de
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Sigma. El reactivo TRIzol fue obtenido de Life technologies. Los solventes grado HPLC

metanol y acetonitrilo fueron obtenidos de Karal.

VI1.2.4. Reactivos y estindares para la determinacion de metilacion global en

ADN por GC-MS/MS

El 4cido férmico grado reactivo utilizado para hidrolizar el ADN hasta nucleobases
fue obtenido de Sigma. Los estdndares de nucleobases citosina y 5-metilcitosina fueron
obtenidos de Sigma. El reactivo derivatizante BSTFA:TMCS 99:1 asi como el ADN
estandar de salmon fueron obtenidos de Sigma. El acetonitrilo grado cromatogréfico fue

obtenido de J.T. Baker. La piridina grado reactivo fue obtenida de Fluka.

VI1.3. Software

e ChemStation para manipular el cromatografo de liquidos Agilent 1200, asi como el
andlisis cromatogréfico.

e GRAMS/AL, version 8 para la edicion de cromatogramas y espectros.

e ACD/ChemSketch Version 12.0 para el disefio molecular.

e Statistica (Statsoft) para el andlisis estadistico.

e Software Milton Roy Inst. Co. para adquisicidén, almacenamiento y tratamiento de
datos espectrales.

e CEM Synergy D para operar el digestor de microondas CEM Discover SP-D asi
como el automuestreador CEM Explorer.

e MS Workstation versiéon 8 para manejar el cromatégrafo de gases BRUKER 456

GC SCION TQ asi como el anélisis cromatografico y espectral.

VI1.4. Muestras

Las muestras analizadas fueron:
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1)

2)

3)
4)

5)

Biomasa de berros (Lepidium sativum) crecidos hidropénicamente durante 5
dias. Después de su germinaciéon las plantas fueron expuestas a diferentes
concentraciones de cadmio (II) y selenio (IV) [156];

Lombrices de tierra recolectados en la ciudad de Guanajuato, Gto., (rio
Guanajuato cerca del Hotel Real de Minas, Ex-hacienda San Gabriel de Barrera,
Mina de cata), de Lagos de Moreno, Jal., (jardin de casa) y Mezcala, Gro.,
(mina)[74]

Sangre humana heparinizada de una persona voluntaria sana.

Biomasa de plantulas de tres clonas de Agave fourcroydes (P21, P21 y P159) y
una clona de Agave angustifolia (BM26) crecidas hidropénicamente durante 16
semanas. Después cada una de las clonas fue crecida en dos condiciones in
vitro: una en medio liquido y otra en medio semisélido durante 5 semanas.
También cada una de las clonas con el tratamiento anterior fue crecida en tierra
durante 8 semanas.

Biomasa de diferentes estadios embrionarios de Coffea canephora crecidas

hidropénicamente durante 3 meses.
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CAPITULO VII. RESULTADOS Y DISCUSIONES

VII.1. Adaptacion y aplicacion del procedimiento HPLC-DAD para determinar

el grado de metilacion global en el ADN de muestras biolégicas complejas

VIIL.1.1. Introduccion

En estudios previos de nuestro grupo se ha desarrollado el procedimiento analitico
que fue utilizado en el andlisis del grado de metilaciéon en ADN en lineas celulares de
macréfagos que tienen una matriz quimica relativamente simple. Dicho procedimiento
consiste en la hidrélisis de 4cidos nucleicos hasta nucledsidos, su separacion en fase inversa
y deteccion DAD [113]. Utilizando una columna con reducido didmetro y de tamafio de
particula (Agilent C18, 50 x 3 mm, 1.8 um), el andlisis es relativamente rdpido con
separaciones de los analitos en menos de 5 minutos, sin embargo, hay muestras que no s6lo
tienen una matriz quimicamente compleja que puede persistir a pesar del aislamiento de los
acidos nucleicos, sino también poseen una gran variedad de ribonucledsidos modificados y
artefactos que se pueden co-eluir con la SmdC. Debido a lo anterior en la primera etapa de
trabajo se decidié adaptar el procedimiento HPLC-DAD para su aplicacion en el andlisis de
muestras con matrices complejas provenientes de lombrices de tierra, biomasa de plantulas
de agave y de diferentes estadios de embriones de café; asi como estudiar el protocolo
tipico de digestion de acidos nucleicos hasta nucledsidos con la intencién de afinar el

procedimiento utilizado previamente y aplicarlo en el tratamiento de dichas muestras.
VII.1.2. Objetivo especifico
Afinar las condiciones de digestion enzimdtica del ADN hasta nucledsidos para su
aplicacion a micromuestras asi como adaptar del procedimiento HPLC-DAD desarrollado

previamente para el andlisis del grado de metilacion en muestras con matrices

quimicamente complejas.

25



VII.1.3. Resultados y discusiéon

VII1.1.3.1. Estudio de las condiciones de hidrolisis enzimatica

Para examinar el efecto de la cantidad de enzimas y del tiempo de reaccién de
digestion del ADN se llevaron a cabo una serie de experimentos, en los que 10 pug del
estindar del ADN purificado de salmén fueron tratados con diferentes cantidades de
enzimas y diferentes tiempos de digestion. Posteriormente, las mezclas de reaccion fueron
introducidas al sistema HPLC-DAD vy los cromatogramas obtenidos fueron comparados
con el cromatograma de la mezcla de estindares de ribonucledsidos 'y
desoxirribonucledsidos en términos de los tiempos de retencién de estos compuestos y
pureza de los picos cromatograficos. En estos experimentos se observd que el aumento de
las cantidades de enzimas respecto a las condiciones reportadas (1 U de nucleasa P1, 20 U
de DNAsa I) [128] no presentaba ningin beneficio, mientras que al disminuir las cantidades
de estas enzimas se observo diferente perfil de elucién respecto al cromatograma de los
estindares de ribonucledsidos y desoxirribonucledsidos, indicando la presencia de
polimeros nucleicos, o sea hidrdlisis incompleta. Con estos resultados se confirmé que para
cantidades relativamente altas de ADN, las cantidades de enzimas utilizadas previamente,

son adecuadas [128].

A continuacién, se examind el efecto del tiempo de digestion para obtener
nucledtidos. Con tiempos de incubacién mayores a 14 horas se obtuvo la digestion
completa, pero después de desfosforilar se observé el aumento de ruido y presencia de
sefnales no nucleosidicas probablemente generadas por el desarrollo bacteriano. Para limitar
la presencia de microorganismos se tomd la precauciéon de no exceder el tiempo de
digestion a mas 14 horas asi como someter la muestra a un choque térmico (- 20 °C - 100
°C) después de la obtencion de nucledtidos. De acuerdo con el procedimiento anterior, en la
etapa para eliminar el grupo fosfato de los nucleétidos, se utilizé 5 pL de hidréxido de
sodio 100 mM y 2 uL de fosfatasa alcalina 1 U/uL; asi que s6lo fue necesario evaluar el
tiempo de digestion y se observo que con 2 horas de incubacién se logré la desfosforilacion

completa. Como el objetivo de este trabajo ha sido establecer un procedimiento que permita
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el andlisis de micro-muestras, se llevé a cabo un escalamiento del proceso de digestion. En
dicho estudio se concluyé que la mayor sefial analitica de nucledsidos para obtener la
hidrélisis completa 100 ng de ADN de salmén, se obtuvo bajo las condiciones antes
mencionadas, pero disminuyendo la cantidad de enzimas (0.2, 2.0, 0.2 U de Nucleasa P1,
DNasa I, fosfatasa alcalina, respectivamente) y el tiempo de digestiéon (6, 0.5 horas, para
obtener nucledtidos y nucledsidos, respectivamente). Las condiciones establecidas para la
etapa de tratamiento de la muestra dependiendo de su cantidad, se describen
detalladamente a continuacion. Los extractos se diluyeron apropiadamente para obtener de
25 ng a 1 ug de mezcla de acidos nucleicos (ADN/ARN) en 45 uL de agua y se agregaron
5 uL del amortiguador de digestion (dcido acético 200 mM, glicina 200 mM, cloruro de
magnesio 50 mM, cloruro de zinc 5 mM, cloruro de calcio 2 mM pH 5.3). A la mezcla
anterior se le adicioné 0.2 uLL de DNAsa I 10 U/uL y 0.2 uL de nucleasa P1 1 U/uL. La
muestra se incub6 en un bafo de agua a 37 °C durante 6 horas, y més tarde, fue congelada a
— 20 °C seguida de incubacién en bano de agua hirviendo por 5 minutos para evitar la
posible contaminacién por microorganismos. Cada muestra fue alcalinizada adicionando 5
pL de hidréxido de sodio 100 mM y 0.2 uL de fosfatasa alcalina 1 U/uL. La muestra se
incub6 durante media hora a 37 °C en bafio de agua y se conservé a — 20 °C hasta su

analisis.

En resumen, ademds de favorecer el proceso de digestion, las modificaciones
propuestas han permitido disminuir la cantidad de las enzimas y acortar el tiempo de la
digestion obteniendo hidrolizados de alta pureza y adecuados para su andlisis por

cromatografia de liquidos en fase inversa.

VII.1.3.2. Modificacion de las condiciones de separacion cromatografica

(procedimiento HPL.C-DAD).

Una vez establecidas las condiciones de la hidrdlisis de 4cidos nucleicos hasta
obtener nucledsidos, se examind de nuevo el procedimiento de separacién cromatografica
propuesto en el trabajo anterior (HPLC-DAD [113]). Cabe mencionar que en el trabajo

citado, el ADN provenia de lineas celulares, mientras que el interés de este estudio ha sido
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establecer un procedimiento mads versatil, util en el andlisis de diferentes muestras
bioldgicas de composicién quimica compleja. Como ejemplo de una matriz compleja, se
trabaj6 con el ADN extraido de tejido de lombriz de tierra. Para llevar a cabo la extraccion
de 4cidos nucleicos se utilizaron 100 mg de biomasa de acuerdo al protocolo reportado
anteriormente [157]. En breve, se homogenizaron las muestras con 400 uLL de amortiguador
de homogenizacién (cloruro de sodio 0.4 M, 4cido etilendiaminotetraacético 2 mM, tris
(hidroximetil) aminometano-dcido clorhidrico 10 mM pH 8). El homogenado se mezcl6
con 40 puL de dodecil sulfato de sodio al 20% (m/v) y 8 uL de proteinasa K 20 mg/mL, y
fue incubado a 60 °C por 1 hora. Después, se mezcl6 con 300 uL de cloruro de sodio 6 M y
se centrifugd a 10000 g por 30 minutos. El sobrenadante se recuperd y se le adicioné 500
puL de isopropanol y se incub6 a — 20 °C por 1 hora. Las muestras fueron centrifugadas a
10000 g por 20 minutos a 4 °C. Se elimind el sobrenadante y la pastilla fue lavada con 500
puL de etanol al 70%, secada y disuelta en 50 uLL de agua. Para cada extracto, se adquiri6 el
espectro de absorcién en UV en el intervalo de longitudes de onda de 200 — 350 nm y se
adopté como el criterio de la pureza de los 4cidos nucleicos que las relaciones de
absorbancia 260/280 nm fueran de 1.7 a 1.9. La concentracién aproximada fue determinada
midiendo la absorbancia a 260 nm. Los extractos se conservaron a — 20 °C hasta su andlisis.
Después de llevar a cabo la hidrélisis enzimatica de 4cido nucleicos hasta nucledsidos con
el protocolo ajustado recientemente, se inyectaron las muestras en el sistema
cromatografico con las condiciones previamente desarrolladas [113]. De manera general, se
observo peor pureza de los picos cromatograficos de los compuestos de interés (dC y
5SmdC) y también la presencia de picos cromatogrificos adicionales, posiblemente bases
nucleosidicas modificadas y compuestos extraidos junto con los &dcidos nucleicos de la
muestra, en comparacion con las obtenidas anteriormente a partir de ADN de macréfagos
[113]). Para asegurar la resolucion a linea base de las sefiales analiticas de los compuestos
de interés, se modificaron las condiciones cromatograficas, disminuyendo el gradiente de
concentracion de metanol en la fase mévil y extendiendo el tiempo de andlisis (hasta 16
minutos). Con estas condiciones modificadas se logré mejorar la separacion de los picos
cromatograficos de nucledsidos. Las condiciones finales del procedimiento HPLC-DAD se
presentan detalladamente a continuacién. Las muestras o estindares (50 ng/uL de

ribonucledsidos: C, 5SmC, U, G y A; y desoxirribonucledsidos: dC, 5SmdC, dG, dA y dT)
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fueron apropiadamente diluidas (agua:fase movil C, 2:1) e introducidas al sistema
cromatogrifico con un volumen de inyeccién de 20 a 60 uL. La separacion se llevé a cabo
a 40 °C, con el flujo total de 1 mL/min, utilizando la columna Luna C18 (250 x 4.6 mm, 5
um) y pre-columna C18 de Phenomenex. Para llevar a cabo la elucion de los analitos
fueron utilizadas cuatro fases méviles A (agua), B (acetonitrilo), C (solucién amortiguadora
de fosfato y acetato de amonio 30 y 15 mM, respectivamente, pH 4.1) y D (metanol);
utilizando el siguiente gradiente: 0 min 80% A, 20% B; 0 a 4 min 78% A, 20% B, 2% C; 4
all min77% A, 20 %B, 3 %C; 11 a 16 min 35% A, 20% B, 20% C, 25% D; 16 a 16.8 min
30% A, 25% B, 20% C, 25% D; 16.8 a 17 min 80% A, 20% C. La deteccion se llevo a cabo
a la longitud de onda 286 nm.

Para las muestras reales y en particular en los extractos de dcidos nucleicos de
lombrices de tierra (tabla 2 y figura 7) [74], este procedimiento permitié cuantificar el
porcentaje de metilacion del ADN relacionando las concentraciones molares (c) de 5SmdC y
citosinas totales presentes en el ADN (Csmac/[Cac+Csmacl(%)) de acuerdo con el
procedimiento anteriormente descrito [113]. En particular, los resultados presentados en la
tabla 2 demuestran que el procedimiento permite detectar diferencia entre el grado de
metilacion del ADN en organismos expuestos a diferentes condiciones ambientales. Cabe
sefalar que en este andlisis también se demostré que existe una posible relaciéon inversa
entre el grado de metilaciéon de global del ADN y la concentracién de elementos que
pueden ser biometilados como mercurio, arsénico y selenio. Por otro lado, también se
concluydo que como se ve afectado el grado de metilacion en el ADN de lombrices
expuestas a estos elementos, este parimetro puede ser usado como bioindicador de riesgos
epigenéticos relacionados con la presencia de dichos elementos en diferentes condiciones

ambientales.

El procedimiento HPLC-DAD establecido para evaluar el grado de metilaciéon
global en ADN de muestras con matriz quimicamente compleja, fue aplicado en una gran
diversidad de muestras en varios estudios bioldgicos. En uno de estos estudios se evalu6 el
grado de metilaciéon en ADN de biomasa de plantulas de agave en diferentes medios de

propagacion. En la figura 8 se muestra un cromatograma tipico obtenido de muestras de
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este sistema bioldgico. En el cromatograma se aprecia la separacion de los analitos de
interés (dC y SmdC). Por otro lado, con este procedimiento HPLC-DAD se analizaron las
muestras provenientes de biomasa de diferentes estadios embrionarios de Coffea
canephora. Como se muestra en la figura 9, este procedimiento permitié separar la dC y
5mdC para determinar el grado de metilacion es estas muestras bioldgicas. La aplicacion
del procedimiento HPLC-DAD permiti6 detectar diferencias en el porcentaje de metilacion
del ADN de las diferentes condiciones planteadas en estos dos sistemas bioldgicos y sus

resultados fueron publicados en revistas internacionales indizadas [158, 159].

Tabla 2. Andlisis de metilacién global de ADN por HPLC-DAD en muestras de

gusanos de tierra.

1 Mina de Cata, Guanajuato, Gto. 2.80
2 Mina Mezcala, Guerrero 1.92
3 Jardin de casa Lagos de Moreno, Jal. 3.37
4 Ex-hacienda San Gabriel de Barrera, Guanajuato, Gto. 2.15
5 Rio Guanajuato (Hotel Real de Minas), Guanajuato, Gto. 2.71
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Figura 7. Cromatograma tipico de nucleésidos obtenidos de hidrolizados ADN de

gusano de tierra obtenido del sitio 5.
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Figura 9. Cromatograma tipico de nucledsidos obtenidos de hidrolizados ADN de

embriones de Coffea canephora.
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VII.1.4. Conclusiones

En esta seccion de resultados se adaptaron las condiciones de digestion de 4cidos
nucleicos hasta nucledsidos y el procedimiento de separacion cromatografica previamente
reportado para su aplicacién en el andlisis de muestras reales de matriz compleja. Con
respecto a la hidrélisis enzimatica de los 4cidos nucleicos, se logré llevar a cabo la
digestion hasta nucleétidos en un solo paso (la desfosforilacion no se modificd); también se
consiguié escalar la reaccion a micromuestras de acidos nucleicos y se redujeron la
cantidad de enzimas asi como el tiempo de incubacién. En el caso del procedimiento
cromatogrifico de separacion de nucledsidos, se logrd separar desoxirribonucledsidos y
ribonucledsidos obtenidos de muestras con matriz quimicamente compleja. Esto se
consiguié al modificar el procedimiento previamente establecido en el laboratorio. Las
modificaciones consistieron en utilizar una columna maés larga, aumentar la fuerza i6nica de
la fase movil y disminuir el gradiente de modificador organico. Estas modificaciones
permitieron la resoluciéon de los analitos de interés, eliminando interferencias de otros
componentes de la muestra. Se ha demostrado que el procedimiento es ttil en estudios
ecotoxicoldgicos, bioldgicos y biotecnolégicos donde es necesario hallar pequefios cambios
en la metilacién del ADN entre diferentes tipos de organismos, cultivos, condiciones de

exposicion, etc.
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VIL.2. Determinacion del grado de metilacion en ADN por HPLC-FLD

VII1.2.1. Introduccion

Como se ha comentado, el grado de metilacién global en ADN es considerado un
biomarcador util de los eventos epigenéticos que ocurren a gran escala. Existe por lo tanto
alta demanda de procedimientos analiticos adecuados para su uso en laboratorios de
investigacion, pero también en laboratorios de rutina, con fines de diagndstico y prondstico
de diferentes enfermedades, asi como para conocer la respuesta de los organismos a
diversos factores medio ambientales [67-73]. Con el afan de contribuir en el avance de los
procedimientos analiticos para la evaluacion de la metilacion global en el ADN, en
términos de alta sensibilidad y selectividad, buena precisioén y alta confiabilidad de los
resultados por un lado y por otro lado, relativamente bajos requerimientos instrumentales,
sencillez de operacion y rapidez del andlisis, esta parte del trabajo se enfocé en el estudio
de la factibilidad del marcaje fluorescente de los nucledsidos para su determinacién por

cromatografia en fase inversa con deteccidn fluorimétrica.

El marcaje fluorescente pre-columna es una estrategia utilizada frecuentemente en
cromatografia de liquidos. En muchos casos, se puede lograr una selectividad excepcional
y una alta sensibilidad para analitos de interés, mediante la elecciéon adecuada de los
marcadores y de las condiciones de la detecciéon fluorimétrica, de tal manera que se
alcanzan limites de deteccién similares a los obtenidos por espectrometria de masas.
Ademds, la magnitud de la sefal de fluorescencia no se ve afectada por la co-elucion de los
compuestos no-fluorescentes, lo que proporciona una ventaja adicional respecto a la

espectrometria de masas [160].

Como se comento, la estrategia de marcaje fluorescente fue explorada para marcar
el grupo fosfato en nucleétidos utilizando BODIPY FL EDA vy su separacion por CE, sin
embargo la detecciéon fluorimétrica no ha sido utilizada atin en aplicaciones de
cromatografia de liquidos para evaluacion del grado de metilacion global del ADN [122-

124].
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En el contexto de este estudio, es interesante el trabajo publicado por Eisenberg y
col., sobre aplicacion de 2-bromoacetofenona en la derivatizacion de entidades con residuos
citosinicos presentes en farmacos anti-virales [161], por lo que se decididé explorar la
factibilidad de este compuesto para obtener marcaje selectivo de citosinas y citosinas
metiladas en hidrolizados del ADN. La idea original en este apartado del trabajo de tesis ha
sido explorar sistematicamente las condiciones de reaccion y evaluar la selectividad de la 2-
bromoacetofenona para obtener derivados fluorescentes de entidades citidinicas
potencialmente presentes en hidrolizados de 4cidos nucleicos tales como citidina, 5-metil
citidina, 2’-desoxicitidina y 5-metil-2’desoxicitidina (figura 10) para establecer un nuevo
procedimiento basado en la cromatografia de liquidos con deteccion fluorimétrica (HPLC-
FLD) que permita determinar el porcentaje de metilacion global en micro-muestras de

ADN y que potencialmente se pueda aplicar para el andlisis de metilaciéon de ARN.

11¢
Br

Ol R

K,=H, OH
R,=1II. CII,

Figura 10. Esquema de reaccién de 2-bromoacetofenona dirigida a las entidades

con residuos citosinicos.

VIL.2.2. Objetivo especifico

Desarrollar un nuevo procedimiento especifico y sensible basado en marcaje
molecular de entidades citosinicas presentes en nucledsidos, su separacién por
cromatografia de liquidos y deteccién fluorimétrica (HPLC-FLD) que permita determinar el

grado de metilacién global en micro-muestras de ADN.

34



VIIL.2.3. Resultados y discusion

VIIL.2.3.1. Estudio de las condiciones de reaccion de ribonucleésidos y

desoxirribonucleésidos con 2-bromoacetofenona.

Inicialmente se estudiaron individualmente todos los nucledsidos mencionados
anteriormente, utilizando las condiciones de reaccioén propuestas por Eisenberg y col. [161].
En este caso, solamente se observo sefal de fluorescencia para C, dC, SmC, 5SmdC; pero no
para G, dG, A, dA, U, dT. Los maximos de los espectros de excitacion y emision de las
cuatro entidades citidinicas son similares y corresponden a 306 y 378 nm (figura 11),
respectivamente; y estas longitudes de onda fueron seleccionadas para obtener la sefial
analitica y desarrollar las condiciones de la reaccién de derivatizacion. Es importante
mencionar que los derivados fluorescentes obtenidos son fotosensibles, por lo que las
reacciones se llevaron a cabo en viales dmbar y fueron protegidas de la luz. Para proceder
con el estudio de las condiciones de reaccidn, se examinaron sistematicamente los efectos
de los solventes (como medio de reaccion), la concentraciéon de reactivos, la temperatura y
el tiempo de reaccién. Para cada uno de los casos, se utilizd como criterio de seleccion la
mas alta posible magnitud de la sefial analitica de los cuatro compuestos de interés (sefial
de fluorescencia relativa de C, SmC, dC, 5mdC, derivatizadas). Los solventes que se
consideraron como medio de reacciéon fueron acetonitrilo, metanol, 1-4 dioxano,
dimetilsulféxido y dimetilformamida; este tltimo fue seleccionado para continuar con el
estudio de las condiciones de reaccion debido a que con éste se observé la mayor sefial
analitica para los cuatro compuestos de interés. Como las soluciones estdndar fueron
preparadas en agua desionizada, este solvente también fue considerado para participar en el
medio de reaccidn y se encontré que la eliminacién del agua es esencial para la estabilidad
de la senal analitica; por lo que en futuros experimentos, se elimind el agua de los
estindares y de las muestras nucleosidicas mediante centrifugacion en vacio, la
dimetilformamida fue deshidratada con carburo de calcio y se afiadié un pequeiia cantidad
de sulfato de sodio anhidro al medio de reaccidon para secuestrar el agua originada durante
la derivatizacion. En la figura 12A y 12B, se presentan los efectos de la concentracion del

acido acético y de la 2-bromoacetofenona sobre la sefial analitica de SmdC (derivatizada),
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mientras que la figura 12C muestra la influencia de la temperatura y el tiempo de reaccion;
cabe sefalar que los resultados obtenidos para dC, C, SmC y SmdC, no se detallan debido a

que fueron practicamente los mismos.
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Figura 11. Espectros de excitacién A) y emision B) de 5-metil-2’-desoxicitidina

derivatizada con 2-bromoacetofenona.
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Figura 12. Efecto de: A) la concentracién de dcido acético; B) de la concentracion
de 2-bromoacetofenona; y C) temperatura y tiempo de reaccion (-@- 60 °C; -H- 80 °C; vy -
A -) sobre la magnitud de la sefial analitica de SmdC derivatizada (645 ng/mL).
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En conclusién, de acuerdo con la mayor magnitud de la sefial analitica obtenida
(drea de pico cromatografico), se seleccionaron las siguientes condiciones de reaccion:
acido acético 0.56 M, 2-bromoacetofenona 65 mM, 80 °C y 90 min de temperatura y
tiempo de reaccion, respectivamente. Por otro lado, es importante destacar que las sefiales
analiticas fueron estables por mds de 72 horas a temperatura ambiente (viales protegidos de
la luz), por lo que es posible analizar una gran serie de muestras de alrededor de 100

muestras utilizando automuestreador.

El protocolo final para llevar a cabo la derivatizacion de los compuestos citosinicos
se describe como sigue. La reaccion se llevd a cabo directamente en viales dmbar del
automuestreador. Especificamente, una alicuota de solucién estdndar o de dcidos nucleicos
hidrolizados de concentracién apropiada en un volumen menor a 50 puL, fue evaporada por
centrifugacion en vacio (2000 rpm, 60 °C, 20 minutos). El residuo fue reconstituido en 130
puL de dimetilformamida anhidra (DMFA) con adicion de 5 uL de 4cido acético glacial, 20
uL de BAF (0.5 M en DMFA) y sulfato de sodio anhidro, fue incubada a 80 °C por 90
minutos y protegido de la luz. Los viales conteniendo las muestras derivatizadas, fueron
colocados en el compartimiento del automuestreador y se dejaron alcanzar la temperatura

ambiente antes de sus analisis.

VIIL.2.3.2. Seleccion de las condiciones de separacion de C, dC, 5SmC y

SmdC derivatizadas, mediante HPLC-FLD.

Para seleccionar las condiciones de separacidn, se utilizé una mezcla de estdndares
conteniendo los nucledsidos potencialmente presentes en extractos de dcidos nucleicos (dC,
5mdC, dG, dA, dT, C, G, SmC, A, U; 64.5 ng/mL de inyeccion de cada uno). Aunque G,
dG, A, dA, U, dT, no son susceptibles al marcaje molecular bajo las condiciones de
reaccion desarrolladas para entidades con residuos citosinicos y tampoco son detectadas a
las longitudes de onda de excitacion/emision de 306/378 nm, estos compuestos fueron
incluidos para simular la composiciéon de muestras reales de 4cidos nucleicos. Se evalud la
separaciéon de los compuestos derivatizados explorando sistemdticamente diferentes

temperaturas de separacion, columnas de fase inversa y las fases moéviles. De acuerdo con
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reportes previos, se emplearon diferentes proporciones de 4cido trifluoroacético, agua,
acetonitrilo y metanol como fases modviles. Para lograr la resoluciéon de las sefiales
analiticas hasta la linea base asi como obtener tiempos de retencion razonablemente cortos,
se utilizé la columna monolitica Ascentis Express C18. Las condiciones finales son las
siguientes. Antes introducir las muestras derivatizadas al sistema cromatografico, éstas
fueron diluidas 1:1 con TFA al 0.4% vy el volumen de inyeccion se ajust de 1 a20 uL. La
separacion se llevé a cabo a 30 °C, con un flujo total de 0.35 mL/min, utilizando la
columna Ascentis Express C18 de Supelco (150x3 mm, 2.7 um) y pre-columna C18 de
Phenomenex; utilizando cuatro fases moéviles A (agua), B (acetonitrilo), C (4cido
trifluoroacético al 0.4%) y D (metanol); con el siguiente gradiente: 0 a 2 min 62% A, 5% B,
13% C, 20% D ;2 a9 min 49% A, 10% B, 13% C, 28% D; 9 a 13 min 47% A, 12% B,
13% C, 28% D; 13 a 16 min 12% A, 15% B, 13% C, 60% D. La deteccidn se llevo a cabo

utilizando las longitudes de onda de excitacién/emision de 306/378 nm, respectivamente.

En la figura 13 se muestran seis cromatogramas sobrepuestos que corresponden a
cada uno de los niveles de concentracién para C, dC, 5mC y 5mdC. En dicho
cromatograma, se puede apreciar la separacién hasta la linea base de los cuatros
compuestos fluorescentes dentro de un tiempo de 18 minutos con el orden de elucién C,

dC, SmC y 5SmdC (como productos derivados de la reaccién con 2-bromoacetofenona).

Para los cuatro derivados se obtuvieron factores de retencién de 5.2, 6.1, 6.4 y 7.3,
respectivamente y la pureza del pico cromatografico obtenida para cada uno ellos fue
mayor a 0.9997 (Aexe = 306 nm, Aep 320 — 450 nm). También, se hace notar en el
cromatograma, que no se detectaron otros picos cromatograficos dependientes de la
concentraciéon confirmando la selectividad del procedimiento de marcaje y deteccion

dirigidos hacia los compuestos con residuos citosinicos.
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Figura 13. Cromatogramas obtenidos con el procedimiento HPLC-FLD propuesto
en este trabajo: soluciones de calibracion conteniendo C, dC, SmC y SmdC derivatizadas,
asi como los nucledsidos no derivatizados U, G, dG, dT, A, dA; cada uno de ellos en seis

niveles de concentracion 0, 1.61, 3.22, 16.1, 64.5 y 161 ng/mL.

VII.2.3.3. Procedimiento de calibracion de C, dC, SmC y 5SmdC

derivatizadas y evaluacion de sus parametros.

Para evaluar los parametros de calibracion, para cada compuesto el intervalo de
concentracion fue de 1.61 a 645 ng/mL (inyectado en la columna, figura 14) y las funciones
de regresion linear fueron obtenidas en base al drea de pico cromatogrifico. Como se puede
apreciar en la tabla 3, se obtuvieron tiempos de retenciéon con una reproducibilidad
aceptable para los cuatro compuestos, con desviaciones estandar relativas que no exceden
el 0.25%. De acuerdo con las pendientes de las funciones de regresion lineal, se observaron
pequenas diferencias indicando un cambio sutil en la sensibilidad para los cuatro derivados,
en donde dicha pendiente es ligeramente menor para SmC, SmdC. Lo anterior puede ser

efecto del cambio de composicion de la fase mévil en la elucion de cada compuesto, o la
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presencia o no del grupo metilo. Para el intervalo de calibracién de 1.61 a 645 ng/mL (de
inyeccion) de C, dC, SmC y SmdC derivatizadas, la linealidad de las funciones de regresién

fue excelente (R2>0.9999).

Stock standard solution, Img/mL

100pL - 1 mL 100pL - 1 mL 10pL —» 1 mL
0.1 ng/pL 1.0 ng/uL 10 ng/pL
S5uL 10pL SuL 20puL 5uL 10pL 20pL
{ { { { { { {
155uL 155uL 155uL 155uL 155uL 155pL 155uL
{ { { { { { {
3.23ng/mL 6.45ng/mL 32.3ng/mL 129 ng/mL 323 ng/mL 645 ng/mL 1.29 pg/mL
| 1:1 dilution prior to the injection to HPLC system (10 pL + 10 pL) |
| 1.61 ng/mL | | 3.23ng/mL | | 16.1ng/mL | | 64.5 ng/mL | | 161ng/mL | | 323 ng/mL | | 645 ng/mL |
I Il Il I Il I Il
6.62nM C 13.3nM C 66.2nM C 265nM C 662nM C 1.33uMC 2.65uMC
7.09nMdC 14.2nM dC 70.9nM dC 284nM dC 709nM dC 1.42pMdC 2.84uMdC
6.26nM 5mC 12.6 nM 5mC 62.6nM 5mC 251 nM 5mC 626 nM 5mC 1.26 pM 5mC 2.51uyM 5mC
6.67nM 5mdC 13.4nM 5mdC 66.7nM 5mdC 267 nM 5mdC 667 nM 5mdC 1.34pM5mdC 2.67 uyM 5mdC

Figura 14. Esquema de preparaciéon de las soluciones de calibracién y la

concentracion final de cada compuesto.

Cabe sefialar que se puede extender el intervalo de calibracion, ya que para
concentraciones mds altas (>645 ng/mL de inyeccidén) se puede programar de manera
apropiada la ganancia del fotomultiplicador. Los limites de deteccion logrados se
encuentran dentro del intervalo de 14.4 a 22.7 femtomoles inyectados en columna y los

coeficientes de variacion obtenidos para cinco inyecciones de las soluciones de mezcla de
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estandares de C, dC, 5SmC, 5SmdC derivatizadas fueron de 2.99 a 3.36% para 1.61 ng/mL de
inyeccion, y 0.81 a 0.89% para 323 ng/mL de inyeccién. Estos resultados indican que el
procedimiento desarrollado en este trabajo permite la determinacién selectiva y sensible de
compuestos con residuos citosinicos presentes en hidrolizados de 4cidos nucleicos para
determinar el grado de metilaciéon global en ADN, asi como su viable aplicacién para

determinar C y SmC.

Tabla 3. Pardmetros analiticos evaluados en el proceso de calibraciéon de C, dC,
SmC y 5mdC derivatizadas con 2-bromoacetofenona en el procedimiento de HPLC-FLD

propuesto.

T,DE, min® 11.78£0.03 13.55£0.02 14.18+0.02 16.03£0.02
K 52 6.1 6.4 73
Funcién de calibracion”  A=332.7c40.5  A=325.7c+0.6  A=3128c+0.7  A=3013c+0.1
E;g;’e‘:tfndar dela 1.74 1.99 2.09 1.89
E}‘;Zﬁzee;:j“dar del 2.7 3.1 33 2.9

R’ 0.99997 0.99993 0.99995 0.99994
Funcion de calibracion”  A=1.368C+0.002 A=1.433C+0.003 A=1.216C+0.003 A=1.249C+0.001
LD, ng/mL 0.24 0.25 0.29 0.38

LD, femtomol 14.40 1530 16.60 2270
CV, % (1.61 ng/mL) 3.30 3.25 3.36 2.99
CV, % (323 ng/mL) 0.82 0.89 0.82 0.81

“T,xDE: tiempo de retencién con su respectiva desviacion estdndar (n=5); K=factor de retencién; funcién de
calibracién: regresion lineal que relaciona la concentracion de la solucidn inyectada con la correspondiente
drea de pico (A); LD: limite de deteccién basada en S/N=3, expresada como ng/mL de inyeccién o femtomol

inyectados en la columna; CV: coeficiente de variacién para n=5. “c: ng/mL. ‘C:nM.

En estudios recientes, en que se utiliza HPLC acoplado a detector de espectrometria
de masas en modo de monitoreo de reacciones multiples, se reporté que con 4 ng de ADN
es suficiente para detectar 0.16% de metilacién (basado en la relacién sefial/ruido=3). Si
concebimos una estimacién similar, de acuerdo con el limite de deteccion logrado en este
trabajo para SmdC (0.38 ng/mL de inyeccién o 1.58 nM) y la concentracién mayor de dC

utilizada en el proceso de calibracion (645 ng/mL de inyeccién o 2.84 uM), el porcentaje
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mads bajo que se puede lograr con el procedimiento propuesto puede ser de 0.06% a partir
de 80 ng de ADN. De acuerdo con lo anterior, la deteccion de 0.15% de metilacién en el
ADN se puede obtener a partir de 27 ng de muestra. Esto indica la factibilidad de este

procedimiento para determinar el grado de metilacion global en nano-muestras de ADN.

En principio, el grado de metilacion en ADN debe evaluarse con base a la
cuantificaciéon de SmdC y dC (funciones de regresion linear presentadas en la tabla 3)
utilizando la relacion molar SmdC/(5mdC + dC)*100%. Por otro lado, si el sistema de
detecciéon provee la misma sensibilidad independientemente de la identidad de cada
compuesto, no se requiere calibracién externa y por lo tanto el porcentaje de metilacion de
ADN podria ser obtenido directamente de la relaciones del drea del pico cromatogrifico
Asmdc/(Asmac+Aqc)*100, como ha sido demostrado en la separacion de desoxinucledtidos
monofosfato por HPLC y monitoreando el isotopo *'P mediante su ionizacién por plasma
acoplado inductivamente con deteccion de espectrometria de masas atomica [131]. Otra
manera de estimar el nivel de metilacion global en el ADN, consiste en graficar la sefial
analitica de 5SmdC/dG contra su porcentaje de relacion molar (se utiliza dG por ser el
desoxinucledsido complementario de los que contienen la entidad de citosina). Como la
sensibilidad de deteccién del procedimiento propuesto no es idéntica para SmdC y dC (en la
tabla 3 se muestra que las pendientes de las funciones de regresion lineal en proceso de
calibracién son ligeramente diferentes para ambos compuestos) y dG no se derivatiza con
2-bromoacetofenona y no se detecta por espectrofluorometria, se disefié otra manera de
calibracion para determinar el grado de metilacion global en ADN. Para determinar el
grado de metilaciéon en ADN con el procedimiento desarrollado en este trabajo, se prepar6
una serie de soluciones con conocida relacion molar dC/5mdC (Ry,) y su relacién de areas
de pico cromatografico fue utilizada como modo de sefial analitica (S=Agc/Asmac). Para
cada punto de calibracion, se utilizaron dos soluciones con diferente concentracioén de dC y
SmdC pero con relacion molar idéntica y se analizaron por triplicado. El promedio de los
valores de la S obtenidos en las seis determinaciones no excedié el 1% de desviacion
estandar relativa. Para dicho proceso de calibracién se obtuvo la funcién de regresion lineal
S=1.0729R+0.1721 (figura 15) con un factor de correlacién lineal R*=0.9999 y el
porcentaje global de metilacion de ADN fue calculado como [1/(1+R;;)]*100%. El
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intervalo de calibracién (R, 210 a 4.26) correspondié a los valores de citosinas metiladas

de 0.47 a 19% (tabla 4).

250+
y=1.0729x + 0.1721
R2=0.9999
% 200
=
w150
Q
=
§ 100-
<«
507

0 50 100 150 200 250
Relacién molar dC/5mdC
Figura 15. Funcién de regresion lineal que relaciona las areas de pico dC/5mdC

con su relacién molar dC/5SmdC obtenida en el proceso de calibracion.

Tabla 4. Soluciones de calibracion utilizadas para el andlisis del porcentaje de

metilacién en ADN por HPLC-FLD.

dC, nM S5mdC, nM dC/5mdC % de metilacion
2840 13.50 210.37 0.47
1420 6.67 212.89 0.47
709 6.67 106.30 0.93
1420 13.50 105.19 0.94
709 13.50 52.52 1.87
2840 66.70 42.58 2.29
284 6.67 42.58 2.29
1420 66.70 21.29 4.49
284 13.50 21.04 4.54
2840 133.40 21.29 4.49
70.9 6.67 10.63 8.60
709 66.70 10.63 8.60
1420 267.00 5.32 15.83
709 133.40 5.31 15.84
70.9 13.50 5.25 16.00
2840 667.00 4.26 19.02
284 66.70 4.26 19.02
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VIIL.2.3.4. Analisis de muestras reales por HPLC-FLD

El procedimiento propuesto en este trabajo primero se utiliz6 para evaluar su
capacidad de determinar el porcentaje de citosinas metiladas en muestras de 25 a 200 ng de
ADN estandar de salmén. En la figura 16A se presentan los cromatogramas obtenidos para
tres cantidades diferentes de ADN, y en la figura 16B se muestra la respectiva drea de pico
cromatografico para 5SmdC asi como el porcentaje de metilacion para cada cantidad de
ADN. De acuerdo con tres réplicas independientes de cada muestra, el porcentaje de
metilacion para 25, 50, 100 y 200 ng de ADN fue de 6.942+0.188, 6.984+0.016,
6.942+0.001 y 6.957+0.006, respectivamente, confirmando el potencial de este novedoso

procedimiento para el anélisis de metilacion en nano-muestras de ADN.
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Figura 16. Andlisis de ADN de salmoén hidrolizado hasta nucledsidos mediante el

procedimiento HPLC-FLD: A) cromatogramas de obtenidos a partir de 25 (---), 50 (—) y
100 (—— —) ng de ADN (el cromatograma del blanco se muestra en linea punteada); B)
areas pico calculadas de 5SmdC y el porcentaje de metilaciéon global de ADN (con sus
respectivas desviaciones estandar de tres determinaciones independientes) obtenidas de 25,

50y 100 ng de ADN.
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Es procedimiento se aplico en hidrolizados de extractos de acidos nucleicos de
berros (L. sativum), de gusano de tierra y de sangre humana obtenidos con el protocolo de
extraccion y digestion de dcidos nucleicos que se describe en la primera seccién de
resultados. Como se establecid que la reacciéon de derivatizacion es selectiva para
compuestos que contienen citosinas, asi como es posible obtener la separacion satisfactoria
de los derivados fluorescentes de C, dC, SmC y 5SmdC, no fue necesario eliminar el ARN

que comunmente se encuentra presente en extractos de dcidos nucleicos de muestras reales.

En la figura 17 se muestra el cromatograma de los nucledsidos obtenidos a partir de
la digestion enzimatica de dcidos nucleicos de planta (aproximadamente 25 ng de ADN), en
donde se observa claramente la elucién de C, dC, 5SmC y 5mdC (como entidades
derivatizadas). Como se puede observar, el ARN no fue eliminado durante el tratamiento de
las muestras, pero la resolucién hasta linea base de los cuatro compuestos permitid
claramente evaluar el grado de metilacion en ADN evitando posibles interferencias del
ARN. En la misma figura se muestra el cromatograma del mismo extracto de la planta
después de la adicion de estdndar (64,5, 16.1, 1.61, 1.61 ng/mL de inyeccién de C, dC,
SmC y 5mdC, respectivamente) y de la evaluacién del porcentaje de recuperacidon se
obtuvieron los siguientes resultados: 99.5, 97.4, 97.0 y 95.6% para C, dC, 5SmC y 5mdC,
respectivamente. En la tabla 5, se resumen los resultados del porcentaje metilacion en ADN
de las muestras analizadas. Como se puede observar, los dos procedimientos de calibracién
descritos anteriormente (1: dos funciones de calibracion para dC y SmdC y 2: una funcién
de calibracién relacionando el darea de pico cromatografico dC/5SmdC contra su relacion
molar) proporcionaron practicamente los mismos resultados, confirmando la confiabilidad
del nuevo, simplificado proceso de calibracion. Para fines comparativos, las muestras
fueron analizadas por el procedimiento HPLC-DAD anteriormente descrito [113]. En este
caso, son separados y detectados los nucledsidos presentes en hidrolizados obtenidos a
partir de altas cantidades de acidos nucleicos (> 10 pg), lo anterior debido a la relativa baja
sensibilidad del detector de arreglo de diodos respecto al detector FLD. En la comparacion
de los resultados obtenidos mediante el procedimiento recientemente mencionado y el
propuesto en este trabajo, no se encontraron diferencias estadisticamente significativas

(ANOVA, p<0.05).
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Figura 17. Cromatogramas obtenidos por el procedimiento propuesto de HPLC-
FLD correspondiente a hidrolizados de 4cidos nucleicos obtenidos de L. sativum (sin

exponer a cadmio) sin (—) y con (---) adicién de estdndares de C, dC, SmC, SmdC (64.5,
16.1, 1.61 y 1.61 ng/mL, respectivamente).

Es importante mencionar que los porcentajes de metilacion global encontrados en el
ADN estdndar de salmén en este trabajo (por deteccion espectrofotométrica de nucledsidos
y deteccion espectrofluorimétrica de C, dC, 5SmC, SmdC derivatizadas) concuerdan con los
resultados obtenidos de la separacion por cromatografia de liquidos y deteccién de
nucleétidos monofosfato monitoreando °'P por espectrometria de masas atémica [131]. El
valor de porcentaje de metilacion en ADN obtenidos con el procedimiento propuesto a
partir de sangre periférica humana de un voluntario sano fue de 3.74%, el cual estd dentro

del intervalo de 2 a 7% que tipicamente se ha reportado para mamiferos [127].
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Tabla 5. Porcentaje de metilaciéon del ADN evaluado en diferentes tipos de
muestras bioldgicas utilizando el procedimiento propuesto de HPLC-FLD y por el
procedimiento establecido HPLC-DAD[113].

Metilacion global de ADN % SD, % (n =3)

Muestras HPLC-FLD

HPLC-DAD
1 2b

ADN purificado del Salmén  6.98 + 0.02 6.94 +0.01 7.01 £0.04

L. sativum control 14.60+0.02  14.62 +0.02 14.59 + 0.03

L. sativum expuesto a Cd(II)  12.23+0.02  12.22 +£0.02 12.21 £ 0.03

Sangre humana 3.75+£0.03 3.73£0.02 3.74 £0.03

Lombrices de tierra 3.36 +£0.05 3.35+0.04 3.37 £0.06

“Calculado utilizando las funciones de calibracién de los dos compuestos (relacién molar 5SmdC/[5mdC+dC])
(tabla 3). b Calculado utilizando la funcién de calibracién simplificada (relacion entre las dreas de pico de

dC/5mdC contra su relaciéon molar) (figura 15).

Por otro lado, estd bien establecido que los patrones de citosinas metiladas en el
ADN de plantas estdn en el intervalo del 6 al 30%, el cual concuerda con los resultados
obtenidos en este trabajo para L. sativum (14.6%) [55, 162]. Como se ha reportado que la
exposicion de plantas a cadmio estd asociada con la hipometilacion del ADN, también se
utilizé este novedoso procedimiento para evaluar el grado de metilacién del ADN de L.
sativum desarrolladas en ausencia y presencia de cadmio (0.5 mg/L de Cd(II) obtenido a
partir de cloruro de cadmio) [163]. Como se puede observar en la tabla 5, se encontré la
disminucion significativa del porcentaje de metilacion en el ADN de berros expuestos a
cadmio con respecto a los berros control (12.2 y 14.6%, respectivamente). Esto confirma la
factibilidad del procedimiento propuesto para evaluar la metilacién global en el ADN de

organismos expuestos a diversas condiciones ambientales.

Los resultados obtenidos en el analisis de hidrolizados de acidos nucleicos (de
diferentes organismos) mediante el procedimiento HPLC-FLD, demostré que este

pardmetro se puede determinar a partir de micromuestras de ADN, ademads, no se necesita
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eliminar el ARN gracias a la separacion de los compuestos hasta linea base. Por otro lado,
el procedimiento también permite obtener la relacion molar entre SmC y C, lo que sugiere
que en una sola corrida de la muestra, se podria determinar el grado de metilacién global en
el ARN y el ADN. Para obtener informacién de relevancia bioldgica en dcidos
ribonucleicos, es necesario utilizar protocolos enfocados a la extraccion especifica de

distintos tipos de ARN.

VII1.2.3.5. Conclusiones

En este proyecto se desarrolld un nuevo procedimiento confiable, selectivo y
sensible para la determinacion del grado de metilacion global en ADN en micromuestras,
basado en la derivatizacion selectiva de entidades citosinicas con 2-bromoacetofenona, su
separacién por cromatografia en fase inversa y deteccion espectrofluorimétrica. El estudio
de las condiciones de derivatizacion, de deteccion y de las condiciones cromatogréficas;
permiti6 obtener limites de detecciéon en columna para citidina, 2’-desoxicitidina, 5-
metilcitidina, y 5-metil-2’-desoxicitidina en el intervalo de 14.4 22.7 femtomoles. La
reaccion de derivatizacion se lleva a cabo directamente en los viales del automuestreador,
dado que la sefial analitica de los compuestos derivatizados fue estable por al menos tres
dias y la separacion cromatogrifica se logré en 18 minutos, alrededor de 100 muestras
pueden correrse en paralelo haciendo este procedimiento atractivo para largas series de
muestras. Se estimé que el minimo porcentaje de metilacién detectado por el procedimiento
es 0.06% utilizando 80 ng de ADN. La cuantificaciéon fue llevada a cabo mediante una
funcién de regresion linear que relaciona las dreas pico de Agc/Asmac con la relacién molar
(Rm) presente en las soluciones de calibracion. El porcentaje de metilacion fue calculado
como [1/(1 + Rm)]*100%. Los resultados obtenidos con este procedimiento HPLC-FLD a
partir de micromuestras, coincidieron con aquellos reportados previamente con el
procedimiento menos sensible y menos selectivo hacia entidades citosinicas, HPLC-DAD,
que utiliza de 1 a 10 ug de ADN. Ademds, los resultados obtenidos del ADN de muestras
bioldgicas indican la utilidad de este nuevo procedimiento en estudios enfocados en el
potencial efecto de factores ambientales sobre los patrones de metilacion en ADN de

diferentes organismos. Finalmente, este procedimiento podria ser aplicado en la evaluacién
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de la metilacién de ARN, después de la su extraccion selectiva para obtener informacién

especifica para cada tipo de ARN.
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VIIL.3. Avances metodoldgicos en el analisis de metilacion en el C5 de la citosina

de ARN

VIIL.3.1. Introduccion

En las bases que conforman el ARN se han encontrado alrededor 100
modificaciones covalentes, siendo una de ellas la adicion del grupo metilo en el C5 de la
citosina [137, 164]. Esta modificacion relativamente abundante ha sido caracterizada en
diferentes tipos de ARN entre los que se incluye el de transferencia, el mensajero, el
ribosomal y pequefios no codificadores y, aunque se han planteado posibles papeles
bioldgicos para esta modificacion, su funcion celular no ha quedado clara [146]. Estudios
llevados a cabo en diferentes sistemas bioldgicos han demostrado que las metiltransferasas
de ADN y ARN participan en la formacién de la SmC [165]. Por otro lado, la metilacién de
ADN dirigida por ARN ha sido ampliamente estudiada y estd particularmente asociada a la
repuesta de los organismos al estrés abidtico [166-168]. Algunos autores especulan que la
SmC juega un papel importante en la regulacion epigenética [154]; también se ha
observado la variacién de los patrones de 5SmC en ARN de transferencia en hongos
sometidos a diferentes ambientes nutricionales [169]. En resumen, los avances en el campo
de la epigenética revelan la importancia de distintos tipos de ARN en la metilacién de
ADN, y en particular, se sugiere que la metilacion de ARN tiene una influencia en la

modulacion de la informacién genética [146].

Estos hallazgos y las hipétesis han despertado el interés en la determinacion tanto
especifica como global de la 5SmC en ARN [147, 155]. Sin embargo, para evaluar una
posible conexién entre la metilacion de ADN y ARN es necesario llevar a cabo un andlisis
simultineo de ambas modificaciones. En este sentido, con el establecimiento del
procedimiento cromatografico del apartado anterior, en que la 2-bromoacetofenona es
utilizada para el marcaje molecular pre-precolumna de entidades citosinicas (dC, SmdC, C
y 5SmC) presentes en hidrolizados de acidos nucleicos, su separacién por cromatografia en
fase inversa y deteccion fluorimétrica; es posible obtener el grado de metilacion global de

ADN y ARN en una sola corrida cromatogréfica. Por ello, este apartado esta dedicado a
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explorar y demostrar que el procedimiento HPLC-FLD arroja informacién de relevancia
biologica. Como se sabe que el estrés abidtico afecta a la metilacion del ADN y ademads
existen reportes en que el estrés ambiental afecta el perfil de modificaciones covalentes en
ARN (incluyendo la 5SmC) [138], se utilizaron cultivos hidropdnicos de L. sativum los
cuales después de crecer durante 5 dias, fueron expuestos durante una semana a diferentes

concentraciones de iones Cd(Il) y Se(IV).

VIL.3.2. Objetivo especifico

Demostrar que el procedimiento HPLC-FLD desarrollado en el apartado anterior
permite cuantificar el grado de metilacion global tanto en ADN como ARN en una sola

corrida de muestra y que este andlisis proporciona informacién bioldgica relevante.

VIL.3.3. Resultados y discusion

El procedimiento de extraccion de ADN (descrito en el primer apartado de
resultados y denominado Método 1 en esta seccion) propuesto por Aljanabi y Martinez
[157] provee también una cantidad importante de ARN. Es por ello que en esta seccion
utilizamos dicho protocolo para demostrar que la determinacién simultdnea de metilacién
global en ADN y ARN en un solo extracto de muestra utilizando el procedimiento HPLC-
FLD desarrollado, provee resultados de importancia biolégica. Para demostrar esto, es
necesario examinar si el ARN co-extraido con el ADN, es representativo del ARN total
presente en la muestra bioldgica. Para esto se utilizé el reactivo comercial TRIzol que es
selectivo para la purificacion de ARN total (Método 2). El protocolo de extracciéon con
TRIzol consiste en homogenizar de 50 a 100 mg de tejido fresco en nitrégeno liquido,
después la muestra es transferida a un tubo de 1.5 mL conteniendo 1 mL de reactivo
TRIzol, se homogeniza por pipeteo y se deja reposar 5 minutos a temperatura ambiente. Al
homogenado anterior se le agregan 200 uL de cloroformo, se homogeniza por pipeteo, se
incuba 3 minutos a temperatura ambiente y se centrifuga (12000 xg, 15 minutos, 4 °C). El
sobrenadante (aproximadamente 500 puL) es recuperado en un tubo de 1.5 mL, se le

adiciona 1 volumen de isopropanol, se incuba a temperatura ambiente durante 10 minutos y
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se centrifuga (12000 xg, 10 minutos, 4 °C). El sobrenadante se elimina y la pastilla es
lavada con etanol al 70% v/v, secada y reconstituida en 50 uL. de agua desionizada. Para
cada muestra se obtuvo el espectro de adsorcién de ultravioleta en un intervalo de 220 a
400 nm y se evaluaron que las relaciones de absorbancia Azs0/Azsp fueran igual o superiores

a 1.9. Los extractos obtenidos se almacenan a — 20 °C hasta su analisis [170].

VIL.3.3.1. Analisis de metilacion total en ARN.

Los pardmetros analiticos obtenidos para citidina y 5-metilcitidina en el intervalo de
concentracion de 1.6 a 645 ng/mL de cada compuesto (6.62 nM — 2.65 uM para C y 6.25
nM — 2.51 uM para 5mC) estan reportados en el apartado anterior (tabla 3). El porcentaje
de 5SmC puede ser calculado utilizando la formula Cs,,c/(Cs;uc+Ce) X 100%, en donde Cs,,¢
y Cc¢ corresponden a la concentraciones molares de los compuestos inyectados. Para evitar
la tediosa cuantificacion de C y SmC, se llevé a cabo una simplificada calibracion (figura
18) de manera similar como se describi6é previamente para el porcentaje de SmdC [171].
Como en estudios preliminares del grupo de trabajo se observaba que el porcentaje de SmC
esta por debajo de 1%, las soluciones de calibracién se prepararon para cubrir un porcentaje
de SmC de 0.47% a 2.37%. Especificamente, se obtuvieron los cromatogramas de las
soluciones conteniendo diferentes relaciones molares de C con respecto a SmC (Valores de
Rgrna desde 210.5 a 41.25), y la relacion entre las respectivas dreas de pico fue utilizada
como el modo de sefial analitica (Sgkna = Ac/Asmc). Para cada punto de calibracion, se
prepararon dos soluciones con diferente concentraciéon de C y 5mC pero con idéntica
relacion molar y cada uno fue analizado por triplicado (figura 18). El valor promedio de
Rrna obtenido de seis corridas cromatograficas fue tomado como sefal analitica, y la
desviacion estandar relativa no excedié el 1.5%. Se obtuvo la funcién de regresion linear
Srna= 1.068 Rrna + 2.252 un R? =0.9999 (figura 19) y el porcentaje de SmC fue calculado
como [1/(1+Rgrna)] X 100%. En la figura 20 se presentan los tipicos cromatogramas
correspondientes a tres soluciones de calibracion conteniendo 0.95, 1.42 y 1.89% de 5SmC,
los cuales estdn graficamente normalizados con respecto a C para visualizar la variacién de

5mC.
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SmC C

1mg/mL Img/mL
3.89 mM 4.11 mM
5.0 pnLL + 995.0 uLL
Dilution 1:100 10.0 uL + 990.0 L. | Dilution 1:1000
15.0 uLL + 985.0 uLL
20.0 uLL + 980.0 nLL
25.0 uLL + 975.0 nLL
SmC C SmC C
0.19 pM 40.9 pM 19.4 nM 4.09 nM
0.39 nM 40.7uM 38.9 nM 4.07uM
L >] 0.58 uM 40.5 pM 58.3 nM 4.05 uM |«
0.78 M 40.3 pM 77.7 nM 4.03 nM
0.97 uM 40.1 pM 97.2nM 4.01 uM

Figura 18. Preparacién de soluciones de calibracion para determinar el porcentaje de SmC

en ARN total.
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Figura 19. Funcién de regresion linear para determinar el porcentaje de SmC.
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Figura 20. Cromatogramas HPLC-FLD normalizados con respecto a C,
correspondientes a soluciones de calibracién de 0.95 (---), 1.42 (—) y 1.89% (——) de
SmC.
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Se utilizaron los métodos de extraccién 1 y 2 para obtener dos muestras de cada una
de las nueve condiciones de exposicién (0.2, 0.5, 1 y 2 mg/L de Se(IV); 0.5, 1,2 y 5 mg/L
de Cd(I) y el control) de L. sativum. La diferencia de selectividad de los métodos de
extraccion de dcido nucleicos se pueden observar en las figuras 21 y 22, donde se presentan
los cromatogramas obtenidos para el control y berros expuestos a 1 mg/L de Se(IV). En la
figura 21, que corresponde a los extractos de ARN total con TRIzol (método 2), se observa
la elucién de los nucledsidos derivatizados C y SmC, mientras que dC y 5SmdC no son
detectados (<LD). Por otro lado, en la figura 22 se muestran los cromatogramas obtenidos
de extractos obtenidos con el método 1; en estos cromatogramas se observa la elucion de
los derivados de C, dC, SmC y SmdC, confirmando la co-extraccién de ADN y ARN. En la
tabla 6 se muestran los porcentajes de SmC obtenidos para las nueve condiciones de cultivo
de los berros, como se puede observar, no se encontraron diferencias estadisticamente
significativas entre los resultados obtenidos entre ambos métodos de extraccidon (test t,
p<0.05). Estos resultados indican que el ARN co-extraido junto con el ADN (método 1) es

representativo del ARN total presente originalmente en la muestra (método 2).
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Figura 21. Cromatograma HPLC-FLD correspondiente a extractos de ARN total de

plantas obtenidos con TRIzol: control (—) y expuestos a 1 mg/L de Se(IV) (---).
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Figura 22. Cromatogramas HPLC-FLD de muestras de planta control (—) vy
expuesta a 1 mg/L de Se(IV) (---), extraidas con el método 1 (ADN + ARN): a)

normalizados con respectos a C para visualizar metilaciéon de ARN; b) normalizados con

respecto a dC para visualizar la metilacién de ADN.
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Tabla 6. Porcentajes de SmC evaluados en plantas utilizando los dos métodos de

extraccion y el procedimiento HPLC-FLD (tres replicas independientes).

Muestra Método 1 Método 2 Prueba ¢
% 5mC % 5mC p
promedio SD promedio SD
Control 0.878 0.030 0.904 0.024 0.31
0.2 mg/L Se 0.782 0.022 0.799 0.028 0.45
0.5 mg/L Se 0.745 0.016 0.752 0.018 0.64
1.0 mg/L Se 0.693 0.018 0.727 0.016 0.07
2.0 mg/L Se 0.647 0.017 0.674 0.024 0.19
0.5 mg/L Cd 0.748 0.033 0.775 0.033 0.37
1.0 mg/L Cd 0.744 0.210 0.767 0.018 0.22
2.0 mg/L Cd 0.728 0.023 0.764 0.017 0.09
5.0 mg/L Cd 0.779 0.019 0.773 0.014 0.68

Es importante resaltar que en ningin momento se intenté lograr la extracciéon
cuantitativa de los dcido nucleicos a partir de la muestra, de hecho se obtuvieron distintas
cantidades entre cada replica y cada muestra. En la tabla 7 se presentan las cantidades
estimadas de ADN y ARN obtenidas en cada extracto. La cantidad total de 4dcidos nucleicos
(ADN + ARN) se cuantificé a partir de los valores de absorbancia de los extractos a 260
nm. La contribucién relativa del ADN y ARN fue estimada de las relaciones de los picos
cromatogrificos (C+5mC)/(dC+5mdC) obtenidas en el andlisis en cada extracto. Como se
observa en la tabla 7, para el método de extraccién 1 se obtuvieron de 70 a 600 ng de acidos
nucleicos por mg de biomasa, mientras que para el método 2 se extrajo de 130 a 600 ng de
ARN total. La consistencia de los resultados de metilacién en ARN presentados en la tabla
6 sefiala que no se requiere de un procedimiento riguroso en términos de extracciéon de
acidos nucleicos. En otras palabras, cada porcion extraida es representativa para el ARN
total en la muestra, puesto que los porcentajes de metilacion no dependen del rendimiento

de extraccion.
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Tabla 7. Cantidades de ADN y ARN estimadas en cada extracto.

Método de extraccion
Muestra Método de extraccion 1 2
ARN, ug/50 uLL ADN, pg/50 uLL ARN total, ug/50 uLL
Control 38 13 19
0.2 mg/L Se 36 7.2 17
0.5 mg/L Se 47 16 13
1.0 mg/L Se 23 16 19
2.0 mg/L Se 20 12 19
0.5 mg/L. Cd 14 15 19
1.0 mg/L Cd 24 18 20
2.0 mg/L Cd 9.2 9.5 27
5.0 mg/L. Cd 1.5 6.1 20

VIL.3.3.2. Analisis de metilacion global en ADN y ARN total.

Una vez demostrado que el ARN co-extraido con el ADN es representativo del

ARN total en las muestras de berros, el método 1 se utiliz6 para los anélisis subsecuentes.

Se suplement6 el medio de cultivo para exponer a los berros a las concentraciones de Cd(II)

(0.5-5.0 mg/L de cadmio como cloruro de cadmio) y Se(IV) (0.2-2.0 mg/L de selenio como

selenito de sodio) con la intencién de estimular el estrés abidtico sin destruir los procesos

vitales activos del sistema bioldgico [156, 172, 173]. La metilacién global en ADN y en

ARN total fue evaluada mediante el procedimiento HPLC-FLD con la calibracién

simplificada, de acuerdo con las soluciones de calibracion que contenian los cuatro

estdndares C, dC, SmC y 5SmdC simulando los porcentajes de metilacién de 0.47-2.37 para

ARN y 047 a 19.05 para ADN. En la figura 23 se muestran los cromatogramas

representativos de estas soluciones de calibracion.
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Figura 23. Cromatogramas HPLC-FLD para las soluciones de calibracién utilizadas
para la evaluacién simultdnea de metilacion global en ADN y ARN total: a) cromatogramas
normalizados con respecto a C para visualizar la metilaciéon en ARN (0.95, 1.42 y 1.89% de
5mC); b) cromatogramas normalizados con respecto a dC para visualizar la metilacién en

ADN (9.47, 14.25 y 19.05% de 5mdC).
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Los resultados obtenidos con este procedimiento HPLC-FLD, indican la factibilidad
de este procedimiento para evaluar simultineamente la metilacion global en ADN y ARN

total a partir de una muestra en una sola corrida cromatografica.

Los resultados obtenidos para L. sativum expuesta a diferentes concentraciones de
Se(IV) y Cd(II) se muestran en la figura 24. En las plantas control, se encontr6 un
porcentaje de metilacion global en ADN de 14.424+0.15%, como se reportd anteriormente
[171]. Como se muestra en la figura 24 a) y c), se encontré que la metilaciéon global de
ADN en berros expuestos a estrés abidtico, se incrementd con respecto al control,
especificamente en los intervalos de concentracién de 0.2-1.0 mg/L para Se(IV) y 0.5-2.0
mg/L. para Cd(Il); sin embargo, para concentraciones mas elevadas (2.0 mg/L y 5.0 mg/L
para selenio y cadmio, respectivamente) este biomarcador epigenético decrecid. Los
resultados obtenidos parecen sustentar estudios previos donde las divergencias en la
metilacion global en diferentes especies de plantas dependen especificamente del estimulo
ambiental [174, 175]. Para cadmio, se report6 hipometilacién de ADN en plantulas crecidas
hidropénicamente en presencia de Cd(II) (por debajo de 40 mg/L) durante dos semanas,
mientras que en el presente estudio, se observé una tendencia de decremento en la
metilacion de ADN incluso en presencia de mds bajas concentraciones del ion estresante 5
mg/L. de Cd(II). Por otro lado, utilizando concentraciones similares de cadmio, comparables
con las de este trabajo (< 5 mg/L) y relativos cortos tiempos de exposicion (< 4 dias), se
reportd un incremento de la metilacion de ADN en Posidonia ocednica con respecto al
cultivo control [174]. Por otro lado, el Se(IV) utilizado en este estudio, es considerado
benéfico para el crecimiento de las plantas y puede actuar como antagonista de metales
pesados, pero también se han reportado sus efectos fitotoxicos [172]. De acuerdo con otros
autores [175] y en base a nuestros propios resultados presentados en la figura 24, el
incremento de la metilaciéon en el ADN de los berros sucede a exposiciones de bajas
concentraciones de selenio y cadmio sugiriendo la activacion de mecanismos de defensa,
mientras que a concentraciones mas elevadas de estos elementos (2.0 mg/L de Se(IV) y 5.0
mg/L de Cd(Il)), los efectos fitotdxicos se manifiestan por la pérdida de la metilacién en el

ADN.
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Los resultados obtenidos de metilaciéon global para ARN total se presentan en la
figura 24 b) y d). En las plantas control se encontr6 un valor de 0.88+0.03%, mientras que
los berros expuestos a Se(IV) o Cd(II) presentan un decremento de metilacion dependiente
de la concentracion de estos elementos (excepto para 5 mg/L de Cd(Il)). Los eventos de
metilacién/desmetilacién en el carbono cinco de la citosina en secuencias han sido
detectados en varios tipos de ARN [146, 174], sin embargo, no se encontraron en la
literatura reportes de valores de porcentaje de metilacion en ARN total. En otro anélisis que
utiliza el método de secuenciacion basado en bisulfitos, la desmetilacion en ARN de
transferencia se observé en el tratamiento de células cancerigenas con azacitidina [176]. La
azacitidina es un andlogo de la citosina, inhibidor de la metilacién de ADN y un farmaco
candidato para terapias anti-neopldsicas; basado en los resultados obtenidos, existe la
hipétesis de que la hipometilacion de ARN de transferencia puede ser una respuesta de
organismos tratados con azacitidna, por lo que existe la necesidad de evaluar la metilacién
en ARN como una potencial herramienta molecular en el monitoreo de la respuesta clinica
[176]. En este sentido, nuestros resultados parecen indicar que la estimulacion inducida por
el ambiente, en particular la exposicion a Cd(Il) y Se(IV), es capaz de alterar los patrones
de metilacion en ARN total en L. sativum. Como los resultados obtenidos parecian indicar
que los berros expuestos a Cd(II) o Se(IV) presentan aparentes tendencias de cambios
opuestas entre el grado de metilacion del ADN y del ARN total (figura 24), se hizo un
andlisis estadistico. En los resultados del anélisis estadistico se encontré que existe una
correlacidn inversa significativa (r = -0.6788, p = 0.031) entre estos dos parametros en las
muestras analizadas (figura 25). Los resultados obtenidos parecen concordar con la
sugerencia de estudios anteriores de que puede haber una relacion entre la metilacion de
ADN y ARN en el contexto de la regulacién epigenética inducida por factores ambientales

[146, 147, 154, 155].
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VII1.3.3.3. Conclusiones

En esta seccion se demostré la factibilidad del procedimiento HPLC-FLD,
desarrollado en el apartado anterior de este proyecto, para evaluar simultineamente la
metilacion global en ADN y ARN total en un solo extracto de acidos nucleicos y una sola
corrida cromatogréfica. Por otro lado, los resultados analiticos obtenidos de plantas de L.
sativum expuestas a diferentes concentraciones de Cd(I) y Se(IV), indican que este
procedimiento provee informacion bioldgica relevante. En particular, la determinacién
global de SmC en ARN total fue evaluada por primera vez, y se observo el decremento de
este parametro en plantas tratadas (con respecto al control) sugiriendo que este pardmetro
puede ser considerado como un potencial y complementario marcador bioldgico de
organismos expuestos a estrés abidtico. Ademds, se encontré una correlacién inversa
estadisticamente significativa entre los resultados de metilacion global en ADN y ARN
total en plantas expuestas a diferentes condiciones que indica una posible conexién entre
estatus de la metilacion en ADN y ARN y sugiere la posible participacién de la metilacién

de ARN en la respuesta epigenética al estimulo ambiental en plantas.
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VIIL.4. Estudio analitico de otras modificaciones en el C5 de la citosina de ADN

VI1.4.1. Introduccion

La forma hidroxilada de la 5mdC denominada 5-hidroximetil-2’-desoxicitidina
(5hmdC), actualmente ha sido designada como la sexta base del ADN [177]. Esta citosina
modificada en el carbono 5 fue descrita inicialmente en ADN de bacteri6fagos [178]. En
mamiferos, la ShmdC fue reportada por primera vez en los afios 70’s en extractos de ADN
del sistema nervioso central de roedores [179]. Durante mdas de treinta afios, esta
modificacién no fue un tema de interés y su estudio fue muy limitado. En 2009 Kriaucionis
y Heintz identificaron y cuantificaron 0.6% de 5ShmdC (con respecto a los nucledtidos
totales presentes en la muestra) en ADN de células de Purkinje mediante LC-MS [180] y el
estudio de esta citosina modificada se empezé a intensificar debido a su potencial papel

bioldgico en eventos epigenéticos.

Al igual que la metilacion de ADN, la hidroximetilacién de su citosina ha sido
evaluada de manera global [180-185] y en secuencias especificas [186-188]. Como es de
esperarse, la deteccion de S5hmdC en secuencias especificas puede proporcionar
informacién para elucidar su participacion en eventos epigenéticos. Para la identificacion
de la ShmdC en los promotores de los genes se han descrito un conjunto de métodos de
comparacion de secuencias previamente tratadas con bisulfitos (BS-Seq) [52],
secuenciacion de ADN previamente tratados con enzimas seguidos de su desaminacién con
bisulfitos [188] (TAB-Seq) y secuenciacion de ADN previamente oxidados y tratados con
bisulfitos (0xBS-Seq) [186, 187], los cuales se resumen en la figura 26. Hoy en dia se sabe
que la BS-Seq se basa en la desaminacion selectiva de la dC para dar lugar a la dU, pero no
es capaz de distinguir entre la SmdC y la ShmdC [52, 189, 190]. La TAB-Seq consiste en
dos modificaciones enzimdticas; la primera consiste en la proteccién de la ShmdC mediante
la B-glucosil transferasa para obtener 5-glucosilmetoxi-2’-desoxicitosina (5gmdC); la
segunda consiste en la oxidaciéon de la SmdC hasta ScadC utilizando exceso de enzimas
TET; por tultimo el tratamiento con bisulfitos conduce a la desaminacién selectiva de la dC

y la 5-carboximetil-2’-desoxicitosina (ScadC) para obtener dU en ambos casos [188]. La
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0xBS-Seq consiste en la oxidaciéon quimica selectiva de la ShmdC con perrutenato de
potasio hasta obtener la 5-formil-2’-desoxicitosina (5fdC), la cual al ser tratada con
bisulfitos se obtiene dU [186, 187]. Cabe senalar que para estas técnicas después de la
reaccion con bisulfitos, se lleva a cabo la amplificacion de las secuencias mediante la PCR

y en lugar de identificar dU en la secuencia, se detecta T.

a) 0xBS-Seq b) BS-seq ¢) TAB-Seq
Muestra de ADN -
- KRuO ) T '
¥ TET

lBisulfitos l Bisulfitos -@
“ ¢

voe 9% eee

¢, PCR

000000000
comparacion comparacion

Figura 26. Comparacion de los métodos de secuenciacion a) oxBS-Seq, b) BS-

Seq y ¢) TAB-Seq.

En el analisis cuantitativo de ShmdC en ADN total, destacan las técnicas de
radiomarcaje glicosidico enzimadtico especifico de la 5hmdC [182], radiomarcaje de
nucleétidos monofosfato (P*2) seguido por su separacion cromatografica en capa delgada
(TLC, por sus siglas en inglés) [191], separacion y deteccion de nucledsidos por HPLC-
DAD [180, 192] y deteccion por espectrometria de masas LC-MS [180], LC-MS/MS [193],
de nucleobases mediante LC-MS/MS [194] o HILIC-MS [195]. La 5ShmdC se ha reportado
en una gran variedad de tejidos de mamiferos, entre los cuales destacan con altos niveles
(0.3 a 0.7%) las células del sistema nervioso central; con niveles intermedios (0.15 a
0.17%) musculo, pulmon, rifién, corazén y; con niveles bajos (0.03 a 0.06%) higado, bazo

y glandulas enddcrinas [196].

Algunos estudios sugieren que los componentes responsables de metilacion en el
ADN actdan diferente en presencia de SmdC y ShmdC. En primer lugar, la ShmdC inhibe

la metilacién de citosinas mediada por la DNMT-1[197], que posteriormente puede
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interferir en el mantenimiento de la metilacién durante la division celular y esto puede
conducir a la desmetilacion pasiva dependiente de la replicacion. En segundo lugar, las
metiltransferasas que actian en la metilacion de novo, DNMT-3A y DNMT-3B funcionan
como deshidroximetilasas de la 5hmdC [198]. Por dltimo, las proteinas de unién
involucradas en la metilacién de la citosina en contexto de islas dCpdG (MBD-1, MBD-2,
MBD-4, MeCP-2) reducen su afinidad en presencia de ShmdC [56, 190], y esto puede

afectar la actividad transcripcional de genes con presencia de ShmdC en sus promotores.

Por otro lado, la identificacién en mamiferos de la timina ADN glicosilasa que es
capaz de reconocer los sitios de apareamiento erréneo G:X, donde X = ScadC, 5fdC
(productos de oxidacién de la SmdC) y 5-formil-2’-desoxiuracilo (5fdU) (producto de
oxidacién y desaminacién de la 5mdC) participa en la desmetilacién activa del ADN

mediante la via de excision-reparacion de bases, [59, 191].

Para explicar la presencia de 5hmdC en el ADN de mamiferos, se planted que ésta
se genera mediante la oxidacién de la SmdC via enzimdtica o por especies reactivas de
oxigeno (ROS) generadas durante el estrés oxidativo. Tahiliani y colaboradores
identificaron las enzimas de la familia TET (ten eleven translocation, por sus siglas en
inglés) que catalizan la conversion de SmdC a ShmdC [191], las enzimas de esta familia
presentan las caracteristicas de las dioxigenasas dependientes de 2-oxoglutarato y Fe(II).
Aunque las ROS son generadas endégenamente de manera normal durante el metabolismo
aerdbico, su exceso debido a la inefectiva neutralizacién puede conducir al dafio oxidativo
en lipidos, proteinas y ADN. Una fuente importante de ROS son las reacciones Fenton, en
las cuales los iones de metales de transicion (Cu, Fe) catalizan la conversion del peréxido
de hidr6geno dando lugar a radicales oxhidrilo que pueden hidroxilar al grupo metilo de la
SmdC. Poco se ha explorado la formaciéon de ShmdC mediante especias reactivas de
oxigeno debido a que no se ha encontrado una correlacion entre este compuesto y otras

modificaciones en bases asociadas al estrés oxidativo [180].
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VIIL.4.2. Objetivo especifico

Identificar ShmdC como producto de oxidacién de SmdC mediado por la reaccién

Fenton.

VIIL.4.3. Resultados y discusion

VIL.4.3.1. Separacion y deteccion de ShmdC por HPLC-DAD

Como se ha venido comentando, el andlisis de modificaciones de bases de acidos
nucleicos por HPLC por lo general se lleva a cabo después de haber hidrolizado el ADN
hasta nucledsidos. En este trabajo, la ShmdC se obtuvo mediante la desfosforilacion de 5-
hidroximetil-2’-desoxicitidina-trifosfato (ShmdCTP) con fosfatasa alcalina siguiendo el
protocolo descrito en la primera seccion de resultados. Una vez obtenida la ShmdC se
mezcl6 con los estdndares de ribonucledsidos y desoxirribonucledsidos (C, U, SmC, G, A,
dC, dU, 5SmdC, dG, dT, dA) en 20% de fase movil C (descrita abajo) y 10 puL de la solucién
obtenida se introdujo al sistema HPLC-DAD descrito en la primera seccion de resultados.
En el perfil de elucién de los compuestos se observé que la mayoria de los nucledsidos se
separaron hasta linea base, excepto ShmdC y U. La aplicacién de variaciones en los
gradientes de elucién con metanol y acetonitrilo, asi como de variaciones en la fuerza
i6nica, no lograron llevar a cabo la separacion total hasta linea base de ShmdC y U. Otra
propuesta para resolver este problema fue utilizar una columna cromatografica con
tecnologia de ntcleo s6lido. La separacién se llevéd a cabo a 40 °C, con el flujo total de 0.3
mL/min, utilizando la columna Kinetex C18 (150 x 3 mm, 2.7 um) y pre-columna C18 de
Phenomenex. Para llevar a cabo la elucién de los analitos se utilizaron cuatro fases moviles
A (agua), B (acetonitrilo), C (solucién amortiguadora de fosfato y acetato de amonio 30 y
15 mM, respectivamente, pH 4.1) y D (metanol); utilizando el siguiente gradiente: 0 min
80% A, 20% B; 0 a4 min 78% A, 20% B, 2% C; 4 a 11 min 77% A, 20% B, 3% C; 11 a 16
min 35% A, 20% B, 20% C, 25% D; 16 a 16.8 min 30% A, 25% B, 20% C, 25% D; 16.8 a
17 min 80% A, 20% C. La deteccion DAD se llevé a cabo a la longitud de onda 277 nm.

En la figura 27 se muestra el cromatograma obtenido en estas condiciones de separacion,
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observandose la resolucién cromatogréafica de los 12 compuestos en un tiempo de 16
minutos. En la aplicacion al andlisis de muestras reales sin embargo, esta separacion no fue
prometedora para la evaluacién del porcentaje de ShmdC, ya que se esperan muy bajas
concentraciones de esta especie (<0.7 % de citosinas totales), de acuerdo con los reportes
encontrados en la literatura [196]; cabe también mencionar que, aunque en la solucién de
estdndares se logré la resolucién de U y ShmdC, debido a la compleja matriz quimica

presente en la muestras reales, dicha resolucién es insuficiente [180].
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Figura 27. Cromatograma de estindares de 12 nucledsidos, obtenido utilizando la

columna de nucleo sélido.
VIL.4.3.2. Analisis de ShmdC por HPLC-FLD

Con la intencién de obtener un procedimiento viable para el anélisis de ShmdC, se
exploré la posibilidad del marcaje fluorescente de la ShmdC con 2-bromoacetofenona; de
esta manera se podria eliminar la interferencia de U que no forma compuesto fluorescente

en estas condiciones y lograr una buena resolucién de la ShmdC. Como se esperaba, el
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marcaje molecular funcioné con la ShmdC bajo las mismas condiciones de reaccidon que se
establecieron para las otras citosinas (C, dC, 5mC y 5mdC). Sin embargo, al incluir las 5
citosinas derivatizadas en la corrida cromatogréfica, se observé la co-elucion de la ShmdC
y la 5SmC. Esto era predecible debido a que estos dos compuestos son isémeros con la
misma masa molecular y muy similares propiedades, entre las cuales la diferencia radica en
la posicién del grupo hidroxilo. Para evitar la interferencia de SmC en la elucion de la
ShmdC, se intent6 lograr la separacion tnicamente dC, ShmdC y SmdC, pero no se logré
separar la dC y 5hmdC. Desafortunadamente, para lograr la eluciéon de este tipo de
compuestos existen muy pocas opciones. Por lo general, sélo se utilizan fases méviles de
acido trifluoroacético (TFA) 6 4cido heptafluorobutirico (HFBA) con modificadores
organicos. A pesar de utilizar una columna monolitica, probar fases 4cidas con diferente
concentracion de TFA 6 HFBA (por debajo de 0.1% v/v), diferentes temperaturas y
distintos gradientes de modificadores organicos (metanol y/o acetonitrilo) no se logré
separar la dC de la ShmdC. Esto se puede deber a que el grupo hidroxilo en que se
encuentra en el metilo del C5 de la citosina, le provee mayor polaridad a la molécula que
cuando éste se encuentra en la posicion 2’ del azicar. Esta hipétesis puede ser soportada
porque se observé que la ShmdC se eluyé antes que la SmC (figura 27) en una columna de

fase inversa.

VII1.4.3.3. Identificacion de ShmdC como producto de oxidacion mediado

por reacciones Fenton

Con el fin de demonstrar que la ShmdC puede ser obtenida a partir de la 5SmdC en
reaccion Fenton, en esta parte se trabajé en primer lugar con el estindar de SmdC sin
incluir ningtn otro nucledsido. Para el proceso de identificacién de ShmdC como producto
de oxidacioén de 5SmdC, se utilizaron las condiciones de reaccion que reportaron Hong y
col., [199]. Se preparé una mezcla de reaccién que contenia 10 pg de SmdC, la solucién de
Cu(Il), peréxido de hidrégeno y dcido ascérbico (40 uM, 320 uM, 3.2 mM,
respectivamente) en amortiguador de fosfato/cloruro de sodio pH 7 (20 y 50 mM,
respectivamente) en un volumen final de 50 puL. La mezcla de reaccién después de ser

incubada durante 1 hora a 37 °C, asi como los estindares de SmdC y ShmdC (200 ng/uL)
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fueron diluidos (20 uL de mezcla de reacciéon 6 estindar + 130 uL de fase movil C) e
introducidos al sistema cromatografico (Agilent 1200) con un volumen de inyeccién de 30
pL. La separacién se llevoé a cabo en una columna Luna C18 (250 x 4.5 mm, Sum,
Phenomenex) a 35 °C, con el flujo total de 1 mL/min, utilizando tres fases moéviles A
(agua), B (metanol), C (amortiguador de fosfato y acetato de amonio 30 y 15 mM,
respectivamente, pH 4.1); con el siguiente gradiente: O min 14.5% A, 0.5% B, 85% C;0 a5
min 14% A, 1 %B, 85% C; 5 a 14 min 15% B, 85% C; 14 a 18 min 25% A, 25% B, 50% C.
La deteccion se llevd a cabo a la longitud de onda 277 nm. Como se muestra en la figura
28, en la mezcla de reaccion el pico con el tiempo de retencién 10.55 minutos correspondié
a ShmdC, ya que el estdndar de este compuesto present6 el mismo tiempo de retencién y el

mismo espectro de absorciéon en UV.
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Figura 28. Cromatogramas en fase inversa de estandar de ShmdC (---), SmdC (") y

producto de la reaccion Fenton con SmdC (—).

Como se muestra en el cromatograma de la figura 28, se obtuvo una sefal analitica
de baja intensidad para ShmdC, por lo que se planteé llevar a cabo la reaccion Fenton con
la misma cantidad de 5SmdC pero aumentando la concentraciéon Cu(Il), peréxido de
hidrégeno y acido ascérbico 5 y 10 veces esperando obtener un mejor rendimiento de la
reaccion. En los cromatogramas de la figura 29, se observa practicamente la misma sefial

analitica de 5ShmdC para los tres tratamientos. Cabe sefialar que la sefial analitica de SmdC
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decrece conforme aumenta la concentracién de los reactivos para llevar a cabo la reaccion
Fenton. También se puede observar el aumento de sefnal analitica de compuestos altamente
polares que se eluyen en volumen muerto (entre 2.5 y 3 mintos) conforme aumentan las
concentraciones de los sustratos de la reaccién Fenton, lo que sugiere que los radicales
hidroxilo afectan la estructura de 5SmdC, pero la ShmdC no es el tnico producto de la

oxidacion.
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Figura 29. Cromatograma en fase inversa correspondiente a SmdC y sus productos

de oxidacién inducidos por la reacciéon Fenton a diferentes concentraciones de Cu(Il),
peréxido de hidrégeno y 4cido ascérbico: (---) 40 uM, 320 uM, 3.2 mM; (—) 200 uM,
1600 uM, 16 mM; y (*)400 uM, 3200 uM, 32 mM, respectivamente.

VI1.4.4. Conclusiones

Los resultados obtenidos en esta seccién muestran que el tratamiento de SmdC con
la solucién de Cu(Il), per6xido de hidrégeno y 4cido ascérbico conduce a la formacion de
ShmdC, pero este compuesto no es el unico ni es el producto mayoritario de oxidacion. Se

han realizado solamente pruebas sencillas en las soluciones modelo, por lo que no se puede
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concluir si esta reaccion se lleva a cabo in vivo. Se propone que en un trabajo futuro se debe

explorar la conversion de 5SmdC a ShmdC en organismo vivos bajo estrés oxidativo.
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VIL.S. Estudio sistematico de la hidroélisis acida asistida por microondas para la

determinacion de metilacion global del ADN.

VIL.5.1. Introduccion

El tema de trabajo de tesis estd centrado en el estudio analitico de las
modificaciones de 4cidos nucleicos, en particular en la determinacién de la metilacion del
ADN. En etapas anteriores, se ha utilizado la hidrdlisis enzimdtica del ADN hasta
nucledsidos como pre-tratamiento de muestra para el andlisis cromatografico (HPLC-DAD)
[113, 158, 159, 171, 200]. También se ha demostrado la factibilidad del marcaje molecular
especifico con 2-bromoacetofenona dirigido a las entidades citosinicas presentes en
hidrolizados de 4cidos nucleicos para el andlisis del grado de metilacién del ADN y ARN
mediante HPLC-FLD [171, 201]. Aunque los resultados obtenidos en el andlisis de
muestras biolégicas complejas fueron satisfactorios, la hidrdlisis enzimdtica es un
tratamiento largo, requiere un analista con experiencia y tiene un costo elevado. Por otro
lado, se conoce que el andlisis de metilacion en ADN se puede llevar a cabo mediante
hidrdlisis 4cida para obtener nucleobases, en donde el ARN tiene que ser eliminado de la
matriz de la muestra para obtener ADN de alta pureza [116, 132]. En el procedimiento
clasico de hidrolisis dcida empleado en estos trabajos, se requieren altas concentraciones
del acido férmico, altas temperaturas y tiempos prolongados; sin embargo recientemente se
ha propuesto la hidrdlisis asistida por energia de microondas, donde se podrian esperar altos
rendimientos de hidrdlisis en condiciones menos drésticas, en un tiempo mds corto y sin

riesgo de contaminacion de muestra por adicion de enzimas [202].

VILS5.2. Objetivo especifico
El objetivo de esta seccion ha sido establecer las condiciones de la hidrélisis dcida

del ADN asistida por microondas, empleando 4cido clorhidrico o 4cido férmico mediante

un disefio experimental multivariante.
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VIL5.3. Resultados y discusiéon

VIL.5.3.1. Desarrollo de las condiciones de separacion de nucleobases por
HPLC-DAD

Para establecer las condiciones de hidrdlisis dcida de ADN asistida por energia de
microondas, fue necesario implementar un protocolo de separacién de nucleobases por
HPLC. En la separacién de nucleobases algunos autores sugieren utilizar HILIC [132, 202]
debido a la alta polaridad de estos compuestos. Como los protocolos desarrollados en este
laboratorio para separar productos de hidrdlisis de dcidos nucleicos utilizamos
cromatografia de liquidos en fase inversa, decidimos explorar esta opcién para separar
nucleobases. Para iniciar el estudio, se utilizaron 10 pug de ADN purificado de salmén
(Sigma) asi como 10 png de los estdndares individuales de dC, SmdC, dG, dT y dA. Los
estdndares y el ADN de salmén fueron hidrolizados con 88% de dcido férmico a 140 °C
durante 90 minutos en un volumen final de 1.5 mL (que se serd denominado en esta seccién
de resultados como método clésico) [132]. Los productos de hidrélisis fueron llevados a
sequedad incubando a 110°C en sistema abierto. La muestra se re-suspendié en 250 uL de
fase movil de fosfatos al 20%. Las nucleobases fueron introducidas al sistema
cromatografico con un volumen de inyecciéon de 10 pl. La separacion se llevé a cabo en
una columna Luna C18 (250 x 4.5 mm, 5um, Phenomenex) a 35 °C, con el flujo total de 1
mL/min, utilizando tres fases moviles A (agua), B (metanol), C (amortiguador de fosfato y
acetato de amonio 30 y 15 mM, respectivamente, pH 4.1); con el siguiente gradiente: O min
14.5% A, 0.5% B, 85% C; 0 a5 min 14% A, 1% B, 85% C; 5 a 14 min 15% B, 85% C; 14
a 18 min 25% A, 25% B, 50% C. La deteccion espectrofotométrica (DAD) se llevé a cabo
a la longitud de onda 277 y 286 nm. Con estas condiciones se obtuvo una separacion
satisfactoria de las 5 nucleobases pero involucraba largos tiempos de separacion (datos no
mostrados). Para disminuir el tiempo de andlisis, se procedi6é con la modificacion de cada
uno de los pardmetros. En breve, se inyectd 1 puL y la separacion se llevd a cabo en una
columna Kinetex C18 (150 x 3 mm, 2.7 um, Phenomenex) a 35 °C, con el flujo total de
0.35 mL/min. Se utilizaron las mismas fases mdviles con el siguiente gradiente: 0 min

69.5% A, 0.5% By 30% C; 0 a 0.1 min 50% A, 20% B y 30% C. En la figura 30 se
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muestra el cromatograma tipico de nucleobases obtenidas a partir del ADN de salmén por
el procedimiento de hidrélisis cldsica. Para llevar a cabo la identificacion de cada uno de
los compuestos se obtuvieron hidrolizados de los estandares dC, SmdC, dG, dT, dA y las
nucleobases obtenidas fueron introducidas a la columna de manera individual. Las sefales
analiticas de cada compuesto asi como el tiempo de retenciéon y espectro de ultravioleta

sirvieron para identificar cada compuesto en los hidrolizados de ADN.
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Figura 30. Cromatograma tipico de hidrolizados del ADN de salmén obtenido con
el procedimiento clésico.
Nota: en esta seccion de resultados en particular, las abreviaturas para nucleobases son C
(citosina), SmC (5-metilcitosina), G (guanosina), T (timina) y A (adenina) y no deben

confundirse las abreviaturas utilizadas para los ribonucledsidos de las secciones anteriores.

VIL.5.3.2. Aplicacion de un diseio experimental para establecer las

condiciones de hidrélisis de ADN asistida por microondas.

Con el fin de establecer las condiciones de la hidrélisis del ADN asistida por
microondas, se utilizé un disefio experimental de Box Behnken (tabla 8), variando cada una
de las tres variables en tres niveles: temperatura: 170, 180, 190 °C; tiempo: 5, 10, 15

minutos; concentracion del acido clorhidrico: 0.9, 1.2, 1.5 M 6 concentracion del acido
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formico: 18.3, 20.9 y 23.5 M, respectivamente. Los experimentos se realizaron con 10 ug
de ADN estdndar de salmén en un volumen final de 1.5 mL, utilizando un digestor de
microondas (Discover SP-D, CEM). Los hidrolizados obtenidos en la aplicacion del disefio
experimental de manera aleatoria fueron secados a 110 °C en sistema abierto,
resuspendidos en 250 puL de 20% de fase movil C e inyectados en el sistema HPLC-DAD.
De esta manera se adquirieron varios cromatogramas, correspondientes a diferentes
condiciones de la hidrdlisis. Para hallar las condiciones mas adecuadas de la hidrolisis, se
tomaron como criterios de evaluacién: la magnitud de la sefal analitica de cada una de las
bases (altura del pico cromatografico), el porcentaje de metilacion global evaluado con base
en las alturas de los picos de SmC y C, la presencia de otros picos que indicaba una

hidrélisis incompleta (oligonucleétidos, nucledtidos o nucledsidos).

Tabla 8. Disefio de Box Benhken aplicado al estudio de hidrélisis de ADN asistido

por microondas.

Temperatura (°C) Tiempo (min) [HCIIM [HCOOH] M
170 5 1.2 20.9
190 5 1.2 20.9
170 15 1.2 20.9
190 15 1.2 20.9
170 10 0.9 18.3
190 10 0.9 18.3
170 10 1.5 23.5
190 10 1.5 23.5
180 5 0.9 18.3
180 15 0.9 18.3
180 5 1.5 235
180 15 1.5 23.5
180 10 1.2 20.9

El rendimiento més alto con 4cido clorhidrico se obtuvo bajo la condicién 1.2 M a

170 °C durante 5 minutos. Sin embargo, se observd que las sefiales analiticas para C, SmC,
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G, T, y A después de la hidrdlisis con este dcido siempre fueron mds bajos que aquellas
obtenidas con 4cido férmico. Este resultado es contradictorio al reportado por Marrubini en
2012 [202], en donde hidrolizaron desoxinucledtidos trifosfato (ANTPs) en presencia de
ambos 4cidos y se reportaron mejores resultados con &cido clorhidrico. Aunque en el
trabajo citado se analizan las muestras del ADN humano, no se detectd la presencia de 5-
metilcitosina. La novedad del presente trabajo consiste en el uso del disefio experimental
para la seleccion de las condiciones de hidrélisis, monitoreando 5 compuestos
potencialmente presentes en extractos de muestras reales. Los resultados obtenidos del

estudio de la hidrdlisis con dcido férmico se presentan en la tabla 9.

Tabla 9. Alturas de los picos cromatograficos de las nucleobases (HPLC-DAD, 277

nm), obtenidas utilizando diferentes condiciones de hidrdlisis con acido férmico.

170 5 20.9 31.6 2.0 5.95 20.4 25.8 22.0
190 5 20.9 32.6 2.1 6.05 21.7 38.8 23.4
170 15 20.9 32.9 2.0 5.73 21.8 30.0 23.9
190 15 20.9 322 2.0 5.85 21.4 41.4 232
170 10 18.3 329 2.0 5.73 22.7 23.5 25.5
190 10 18.3 32.7 2.0 5.76 22.9 40.6 25.7
170 10 23.5 31.5 2.0 597 20.8 26.1 22.1
190 10 23.5 325 2.0 5.80 18.5 40.0 232
180 5 18.3 33.6 2.1 5.88 23.5 27.6 26.4
180 15 18.3 33.0 2.1 5.98 23.6 373 26.6
180 5 23.5 31.5 2.0 597 19.0 27.4 21.8
180 15 23.5 34.1 2.1 5.80 23.9 40.6 26.8
180 10 20.9 35.0 2.0 541 23.8 35.1 27.4

En esta tabla, para todas las condiciones empleadas, se presentan las alturas de los
picos cromatogréficos para cada una de las nucleobases, y el porcentaje de metilacién
evaluado. Como se puede apreciar no hay diferencia importantes entre los diversos
tratamientos sobre el rendimiento de liberacion de C, 5SmC, G y A, excepto para la primera
condicién (170 °C, 5 minutos, 20.9 M 4cido férmico) en donde se aprecian mds bajas

sefiales analiticas. En el caso de la timina, se encontré que sélo las hidrdlisis llevadas en
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170 °C y en menos de 5 minutos (excepto la condicion 2, 190 °C, 5 minutos, 20.9 M &cido
férmico) desfavorecieron su rendimiento. Estos resultados nos indican que se tiene un
amplio margen en la condiciones para llevar a cabo la hidrélisis asistida por microondas
(180 — 190 °C; 20.9 — 23.5 M 4cido férmico; 10 — 15 minutos) sin que el cambio de uno o
varios pardmetro dentro de estos intervalos afecte el rendimiento de la hidrdlisis. Esta es,

una importante ventaja en términos de cardcter robusto del procedimiento.

VIL.5.3.3. Andlisis comparativo de diferentes procedimientos de la

hidrolisis del ADN.

Una vez establecidas las condiciones de hidrélisis dcida de ADN asistida por
microondas, fue necesario comparar los resultados obtenidos en el andlisis de una muestra
(ADN de salmén) contra otros procedimientos de hidrdlisis, en primer lugar contra el
procedimiento quimico cldsico. Por otro lado, la comparacion directa de los rendimientos
de la hidrdlisis 4cida y enzimatica no es posible, debido a que los productos de estos dos
procedimientos son diferentes (nucleobases y nucleétidos o nucledsidos, respectivamente),
de hecho no se encontrd en la literatura un andlisis comparativo de este tipo. Unos de los
retos del presente trabajo ha sido lograr, mediante el andlisis cromatogréifico, la
comparacion de los rendimientos de la hidrélisis dcida con respecto a la enziméatica. Como
se comentd en la introduccion general de este trabajo, en el andlisis de productos del ADN
después de la hidrdlisis enzimdtica raras veces se ha llevado a cabo la separaciéon de
nucledtidos debido a su alta polaridad; esta alta polaridad sin embargo, puede resultar en
una retencion similar de los nucledtidos y de las nucleobases en separaciones llevadas a
cabo por cromatografia en fase inversa. En cuanto a la deteccidn, utilizando absorbancia en
277 nm se puede esperar una sensibilidad muy similar, debido a la presencia de las mismas
nucleobases en respectivos nucledtidos. Con base en estas consideraciones, se llevé a cabo
la hidrdlisis de 10 pug de ADN de salmén utilizando el procedimiento quimico clasico (140
°C, 90 min, 23.5 M é4cido férmico), utilizando la hidrélisis dcida asistida por microondas
(180 °C, 10 min, 20.9 M acido férmico) e hidrdlisis enzimatica hasta nucleétidos (1 U
nucleasa P1 y 20 U DNAasa I a 37 °C por 12 horas, las condiciones detalladas se describen

en la primera seccién de resultados). Una vez completada la hidrélisis, cada una de las
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mezclas de reaccion se llevaron a sequedad los productos de hidrélisis y se re-disolvid en
250 uL de fase movil C al 20% y se inyectd 1 uL en el sistema cromatografico con las
condiciones de separacion para nucleobases ya mencionadas. En la tabla 10, se muestran
los resultados reportando las sefales analiticas obtenidas (valores que corresponden a las
alturas de los picos cromatograficos). Como se observa en dicha tabla, en la hidrélisis
enzimatica se obtienen alturas de pico ligeramente mayores para citosina, Smetilcitosina y
guanina y claramente menores para adenina y timina, con respecto a la hidrdlisis 4cida. Por
otro lado, no hay diferencias significativas en las sefiales analiticas obtenidas para citosinas,
guanina y adenina entre los procedimiento que emplean dcidos. Sin embargo, el método
clasico libera la Smetilcitosina y la timina en cantidades relativamente menores con
respecto a los productos obtenidos mediante la hidrdlisis 4cida asistida por microondas.
Esta observacion es de particular importancia porque la meta de la aplicacién de la
hidrdlisis 4cida en microondas es para evaluar el grado de metilacion en ADN. En este
sentido, con el procedimiento quimico cldsico se obtuvo relacién de sefiales analitcas
(C/5SmC = 18.39) més alta a las obtenidas mediante hidrdlisis asistida por microondas y
enzimadtica, pero los valores de esta relacion para el procedimiento de hidrdlisis dcida
propuesto y de hidrélisis enzimdtica fueron pricticamente idénticos (C/5SmC = 16.14 y
16.22, respectivamente). En la figura 31 se muestra el perfil de elucion de compuestos
citosinicos en hidrolizados obtenidos mediante tres diferentes procedimientos en donde se

observan diferencias de rendimientos que se acaben de describir.

Tabla 10. Sefales analiticas (altura de picos cromatograficos) obtenidos para cinco
nucleobases en hidrolizados del ADN de salmén aplicando diferentes condiciones de

hidrélisis y llevando separacion por HPLC-DAD a 277 nm.

Método C SmC G T A C/5SmC
Asistida por microondas 33.9 2.1 23.8 38.1 264 16.1
Clasica 33.1 1.8 23.1 274 247 18.4
Enzimatica 37.3 2.3 265 303 10.9 16.2
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Figura 31. Cromatogramas (HPLC-DAD) de hidrolizados del ADN de salmén
obtenidos con los procedimientos: hidrdlisis enzimatica (---), hidrélisis quimica clasica ()

e hidr6lisis con dcido férmico asistida por microondas (—)

VII1.5.4. Conclusiones

En esta parte de trabajo, se establecieron las condiciones de hidrélisis dcida del
ADN asistida por microondas, encontrdndose que el 4cido férmico es mds adecuado
respecto al 4cido clorhidrico. En cuanto a las condiciones de la hidrdlisis, con base a los
experimentos se demostré que a 180 °C, 10 minutos y 20.9 M 4cido férmico, se logra la
liberaciéon de nucleobases con rendimiento similar respecto al procedimiento quimico
clasico y respecto a la liberacion de nucleétidos en la hidrdlisis enzimatica; ademds se
encontrd que las condiciones de hidrélisis no tienen que aplicarse de manera rigurosa para
asegurar el mismo grado de hidrdlisis. Asimismo, se ha establecido el procedimiento de
separacion de nucleobases por cromatografia de liquidos en fase inversa y deteccién UV.
En la comparacion del procedimiento desarrollado contra las condiciones de hidrolisis
acida cldsica se demostr6 un mejor rendimiento de liberaciéon de nucleobases en
condiciones propuestas en este trabajo. Por su parte, en la comparacién contra la hidrélisis
enzimatica, utilizada ampliamente en la mayoria de los estudios reportados, se obtuvieron

resultados de muy buena concordancia. Entre las ventajas del procedimiento de hidrdlisis
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propuesto hay que mencionar que éste arroja muy parecido rendimiento de hidrdlisis hasta
nucleobases respecto a la hidrélisis enziméatica donde se forman nucleétidos; ademas, es
rapido, sencillo y robusto. Las robustez se refiere a que cambios en cada uno de los
parametro de la hidrdlisis en intervalos de 180 a 190 °C; 18.3 a 23.5 M acido férmico; 10 a
15 minutos; no afecta de manera significante el resultado final. El protocolo no riguroso
asegura tolerancia a los errores aleatorios y ademads, se podria emplear este procedimiento
en diferentes tipos de sistemas de digestion asistida por microondas, diferentes tipos y
cantidades de muestras. Este estudio es la primera evidencia experimental en donde se
contrastan los procedimientos de hidrélisis quimica y enzimatica del ADN. Aunque los
resultados indican que la hidrélisis enzimética del ADN tiene un rendimiento ligeramente
mayor en la liberacion de compuestos citosinicos con respecto a la hidrélisis quimica del
ADN asistida por microondas, no hay diferencias significativas entre los valores de
metilacién obtenidos entre los dos procedimientos. En un trabajo futuro se propone
examinar la posible utilidad del procedimiento en el andlisis de muestras reales (leucocitos

de personas en diferentes condiciones clinicas).
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VIIL.6. Desarrollo y aplicacion de un procedimiento de cromatografia de gases
con monitoreo de reacciones multiples (GC-QqQ-MS/MS) para la evaluacion

de metilacion global del ADN.

VIL.6.1. Introduccion

En la determinacion de metilacion global del ADN se usan preferentemente técnicas
de separacion cromatografica debido a su alto caricter cuantitativo y excelente
reproducibilidad [114]. Por lo general los procedimientos estdn basados en la separacion de
nucleobases 6 nucledsidos obtenidos de la hidrdlisis quimica o enzimética, respectivamente
[89, 113, 129]. El andlisis de nucledésidos practicamente se lleva a cabo por cromatografia
de liquidos. En cambio el andlisis de nucleobases puede llevarse a cabo tanto por
cromatografia de liquidos como cromatografia de gases. En el caso de cromatografia de
liquidos, debido a la baja retencion de las bases nitrogenadas en columnas de fase inversa,
se recomienda utilizar HILIC [132]. En cambio en cromatografia de gases es necesario
llevar a cabo la derivatizacién de las nucleobases para obtener derivados voldtiles
termoestables, tipicamente de alquilsilano [115, 116]. El uso de columnas cromatograficas
capilares en estos andlisis permite una buena resolucion de los compuestos de tal manera
que se obtienen limites de deteccion del orden picomolar utilizando espectrometria de
masas con un solo cuadrupolo como filtro de masas. Aunque la aplicacién de GC-MS ha
sido limitada con respecto a cromatografia de liquidos, es importante sefialar que la
operacion instrumental en GC-MS es mads sencilla y barata, la manipulacién de la muestra
es menos exhaustiva y se requieren mas cortos tiempos de equilibrio entre inyecciones de
muestras. Por otro lado, no se ha reportado atin la cuantificacion de derivados termoestables
de nucleobases mediante monitoreo de reacciones multiples (MRM) utilizando detectores
de espectrometria de masas con triple cuadrupolo. En general, el MRM en este y otros
sistemas cromatograficos ha permitido obtener muy bajos limites de deteccién de los
analitos (orden sub-femtomolar) debido al incremento de la relacién sefial/ruido. Es

necesario hacer notar que la extraccién de un ion precursor y monitoreo de respectivos
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iones de su fragmentacion junto con la buena repetibilidad del tiempo de retencién

permiten lograr una excelente selectividad en el andlisis de multiples solutos.

VIL.6.2. Objetivo especifico

Desarrollar y aplicar un nuevo procedimiento basado en la obtencién de derivados
voldtiles de nucleobases para su determinacion por cromatografia de gases acoplada a

espectrometria de masas con triple cuadrupolo, mediante monitoreo de reacciones multiples

(GC-QqQ-MS/MS).

VIL.6.3. Resultados y discusion

VI1.6.3.1. Seleccion de las condiciones de derivatizacion de nucleobases

para su analisis por GC-MS

Para establecer las condiciones de derivatizaciéon de nucleobases se utilizaron
hidrolizados de 10 pg de ADN puro (de salmén) obtenidos mediante la hidrélisis acida
asistida por microondas (de acuerdo con la quinta secciéon de resultados). En un inicio se
estudio el efecto del solvente (diluciones de piridina en acetonitrilo, sin dilucién, 1:10 y
1:20), la temperatura (30, 40 y 50 °C) y tiempo de derivatizacion (30, 45 y 60 min). Para
esto se utilizaron 50 UL de reactivo derivatizante (BSTFA:TMCS 99:1, Supelco) y la
reacciones se llevaron a un volumen final de 150 puL. Para determinar las condiciones mas
adecuadas de derivatizacién, se inyectdé 1 pL de las mezclas de derivatizacion al
cromatografo de gases Bruker 456-GC SCION TQ con condiciones de separacion parecidas
a las descritas por Tang y colaboradores [115]. La temperatura del inyector se programo a
250 °C con Split 10. La separacién se llevé a cabo en una columna BR-5 (15 m x 0.25 mm,
con espesor de fase estacionaria de 0.25 um, Bruker) utilizando un flujo de helio de
ImL/min con el siguiente gradiente de temperatura: 120 °C durante 1 minuto, de 120 a 300
°C a 10 °C/min, 300 °C durante 1 minuto. En la ionizacién se utilizé impacto de electrones
(EI) a— 70 eV y la deteccion se llevo a cabo por conteo total de iones (TIC, por sus siglas

en inglés) monitoreando iones en el intervalo de m/z 200-400. Para la confirmacién de los
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cinco compuestos, se obtuvo el espectro de masas en los picos cromatograficos (figura 32)
y se consultd la base de datos de NIST (Instituto Nacional de Estdndares y Tecnologia, por
sus siglas en inglés) encontrandose un porcentaje de concordancia mayor al 99% para los
derivados de cinco compuestos (T, C, SmC, A y G). Se tomaron como criterios de
evaluacion de las condiciones de derivatizacion, los tiempos de retencién y la magnitud de
la sefial analitica de cada una de las bases monitoreando los iones de m/z 255, 240 y 254,
254,264, 352 (para T, C, SmC, A, G, respectivamente) de acuerdo con el estudio reportado
previamente [115]. En la figura 33 se muestra un cromatograma tipico GC-MS de
nucleobases derivatizadas en modo de monitoreo de ion selectivo (SIM, por sus siglas en
inglés). En la tabla 11 se presentan los resultados de este experimento, encontrandose que el
mds alto rendimiento de reacciéon en medio de reaccién piridina:acetonitrilo 1:10, en
acuerdo con estudios previos en donde se utiliza MTBSTFA:TMCS 99:1 para derivatizar
nucleobases [116]. Por otro lado, se encontré que la sefial analitica fue estable cuando la
reaccion se llevo a cabo por al menos una hora y fue independiente de las temperatura en el
intervalo 30-50 °C, por lo que se optd por trabajar a 30 °C incubando por al menos de una

hora.
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Figura 33. Cromatograma de GC-MS en modo SIM obtenido para los derivados de

nucleobases en hidrolizado del ADN de Salmon.

Tabla 11. Sefiales analiticas (4rea de pico) de nucleobases (hidrolizados de 10 pg de

ADN de Salmoén) derivatizadas obtenidas en cada medio de reacciéon a 30 °C durante 1

hora.
Compuesto m/z MeCN piridina:MeCN 1:10  piridina:MeCN 1:20
T 255 1.21E+08 1.42E+08 1.19E+08
C 240, 254 5.51E+07 7.52E+07 7.30E+07
5mC 254 3.16E+06 4.26E+06 3.78E+06
A 264 9.08E+07 1.01E+08 1.13E+08
G 352 4.07E+07 6.70E+07 4.98E+07

VIL.6.3.2. Desarrollo de las condiciones de separacion y deteccion de

derivados volatiles de nucleobases por GC-QqQ-MS/MS

En trabajos previos, la separacion de las 5 nucleobases derivatizadas se obtuvo en

tiempos relativamente largos (hasta 22 min) [115, 116]. Este es un inconveniente porque el
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medio de reaccion es volatil y en largas series de muestras se puede perder bastante
volumen que incluso puede ser insuficiente para ser manipulado por el automuestreador.
Debido a esto nos dimos a la tarea de lograr el mds corto tiempo posible de separacién
aplicando un gradiente de temperatura mas rapido. Como la diferencia entre C y SmC es
s6lo un grupo metilo, los derivados de estos dos compuestos se separaron isotérmicamente
para obtener una mejor resolucion. Para llevar a cabo la separacion de los 5 compuestos en
menos de 8 minutos (figura 34), se utiliz6 el siguiente gradiente de temperatura: 100 °C
durante 0.1 minuto, de 100 a 140 °C a 20 °C/min, 140 °C por 3 min, de 140 a 270 °C a 40
°C min, 270 °C 1.65 min.
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Figura 34. Cromatograma GC-MS en modo SIM obtenido para derivados de

nucleobases en hidrolizado de ADN de Salmén

Con las condiciones de separacion establecidas, se inici6 el estudio de las
condiciones para el monitoreo de reacciones multiples para C y SmC. De acuerdo con los
resultados previamente mostrados (figura 32), los iones mds abundantes obtenidos después

de la ionizacién por impacto de electrones para C correspondierona m/z 254 y 240, mientras
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que para SmC a m/z 254 (iones precursores). Se inyectaron al sistema cromatografico 100
femtomoles de cada analito y con ayuda de los tiempos de retenciéon de C y SmC (4.6 y 5.1
minutos, respectivamente), se aislaron en el primer cuadrupolo los iones precursores de
cada compuesto. Después, estos iones fueron disociados por colisiones (CID) en el segundo
cuadrupolo utililizando energias desde 10 hasta 20 eV. Los fragmentos mds abundantes
(productos) para los iones precursores de C con m/z 254 y 240 fueron los de m/z 238 y 170,
respectivamente. Por otro lado, los productos mds abundantes obtenidos del ion m/z 254 de
5SmC fueron los iones productos de m/z 238 y 184. Los productos mas abundantes de cada
precursor se utilizaron para evaluar la relacion sefial/ruido (S/R) en funcién de la energia
utilizada en el CID. En la figura 35 se observa que el mds alto valor de S/R para SmC se

obtiene cuando la energia del CID se programa a 15 eV. En el caso de la C, se observé el

mismo resultado.
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Figura 35. Efecto de la energia de colisiéon utilizada en la deteccion por
espectrometria de masas en modo de MRM (254> (238+184)) sobre la relacion sefal/ruido

obtenida para 100 femtomoles de SmC.

VI1.6.3.3. Procedimiento de calibracion de C y 5SmC mediante GC-QqQ-

MS/MS y evaluacion de sus parametros

Para evaluar los pardmetros de calibracion, se prepararon mezclas de estdndares de

C, 5SmC en las concentraciones 0; 0.05; 0.10; 1.0 y 10 uM de cada uno. Para el proceso de
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calibracion se utilizaron 15 pL de cada una de la mezclas de estdndares y se llevaron a
sequedad. Los estiandares fueron re-suspendidos en la soluciéon de derivatizacion
recientemente preparada para obtener derivados de nucleobases. De cada uno de los
estandares se introdujo 1 uL al sistema GC-QqQ-MS/MS de tal manera que se inyectaron
0, 5, 10, 100 y 1000 femtomoles de cada uno. Con fines ilustrativos, en la figura 36 se
muestran los cromatogramas obtenidos con 0, 5, 10 y 100 femtomoles. Como se muestra en
la tabla 12, se obtuvo una alta repetibilidad en los tiempos de retencion. También se
muestran los bajos limites de deteccién para los dos compuestos (0.46 y 0.41 femtomol

para C y 5SmC, respectivamente).

20 1 C 5mC

15 1

Intensidad, kCps
=

0 T L] L] L] L]
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Figura 36. Cromatogramas obtenidos con el procedimiento GC-QqQ-MS/MS en modo
MRM propuesto en este trabajo: soluciones de calibraciéon conteniendo C, 5mC
derivatizadas, cada uno de ellos en cuatro niveles de concentraciéon 0, 5, 10 y 100

femtomoles inyectados.
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Tabla 12. Parametros analiticos evaluados en el proceso de calibracion de C y 5SmC en el

procedimiento GC-QqQ-MS/MS propuesto.

Parametro Citosina 5-metilcitosina
4.60%0.01 5.10£0.01
4625.4 4991.9
0.46 0.41
2.89 2.80
2.83 2.71
1.51 1.49

DE: tiempo de retencién con su respectiva desviacion estdndar (n=5); funcién de calibracién: regresion lineal
que relaciona la cantidad inyectada con la correspondiente drea de pico (A) o altura (a) obtenido en el modo
MRM; LD: limite de deteccion basada en S/N=3, expresada en femtomol introducido al sistema; CV:

coeficiente de varianza (n=5).

VII1.6.4. Conclusiones

El mejor rendimiento de derivatizacién de nucleobases con BSTFA:TMCS 99:1
logrado en este trabajo, se obtuvo cuando se utiliz6 medio de reaccién de piridina en
acetonitrilo 1:10, incubado a temperatura ambiente durante 60 min. Se logré separar las
nucleobases en menos de 8 minutos, casi tres veces mds rdpido que en protocolos ya
descritos. Se desarrollé por primera vez un procedimiento de GC-QqQ-MS/MS con limites
de detecciéon de 0.46 y 0.41 femtomol para C y SmC. El procedimiento propuesto es
sensible y especifico y podria permitir determinar el grado de metilacién global en

micromuestras reales de ADN (del orden de nanogramos).
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CAPITULO VIII. CONCLUSIONES GENERALES

El presente trabajo es un estudio de procedimientos analiticos para evaluar las
modificaciones en 4cidos nucleicos, en particular para determinar el grado de metilacién
global en ADN y/o ARN total. El objetivo de este documento es progresar en el desarrollo
de procedimientos para llevar a cabo el pre-tratamiento de la muestra de dcidos nucleicos,
la separacion cromatografica de sus productos de hidrdlisis, y su detecciéon utilizando
diferentes tipos de espectrometrias para cuantificar el porcentaje de metilaciéon en ADN y/o
ARN. El pre-tratamiento de muestras de &4cidos nucleicos incluye la hidrdlisis hasta
diferentes tipos de mondmeros y en algunos casos la derivatizacion de los productos de
digestion. En la digestion de 4cidos nucleicos se utilizé la hidrélisis enzimdtica y la
hidrdlisis con el 4dcido férmico asistida por microondas. Para mejorar ¢ establecer las
condiciones de hidrélisis ya sea enzimdtica o quimica se utiliz6 ADN de salmén. La
hidrélisis enzimatica se utilizd para digerir los acidos nucleicos hasta nucledtidos 6
nucledsidos; mientras que el procedimiento quimico 4cido se usé para liberar bases
nitrogenadas. La derivatizacién de productos de hidrélisis de 4cidos nucleicos se aplicé a
nucledsidos y nucleobases. En el caso de los nucledsidos, se logré el marcaje selectivo de
entidades citosinicas presentes en la muestras para obtener derivados fluorescentes del tipo
fenil-eteno citidina. Por otro lado las nucleobases fueron derivatizadas para obtener
compuestos volatiles y termoestables, derivados de trimetilsilano. Las técnicas utilizadas en
este trabajo para determinar el grado de metilacién global en ADN y/o ARN total fueron:
HPLC-DAD, HPLC-FLD, GC-QqQ-MS/MS. Una vez desarrollados los procedimientos
con los estdndares apropiados y/o productos de digestion de ADN de salmén, se aplicaron a
diferentes extractos de &cidos nucleicos obtenidos de muestras reales, entre las que
incluyen: lombrices de tierra crénicamente expuestas a diferentes concentraciones de
metales/metaloides, plantas de L. sativum sometidas a estrés abidtico, sangre humana de
pacientes voluntarios sanos, diferentes estadios embrionarios de C. canephora y plantulas
de A. fourcroydes y A. angustifolia crecidos en condiciones in vitro y ex vitro. Los
resultados logrados con los procedimientos desarrollados en este trabajo coincidieron con
aquellos obtenidos mediante técnicas previamente validadas. Los procedimientos

establecidos en este proyecto asi como los resultados obtenidos de su aplicacién han sido
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publicados en cinco articulos de revistas internacionales indizadas (se describen en el

Capitulo VII), incluidas en el Thompson Reuter Journal Citation Reports:

1. Maria Maldonado Santoyo, Crescencio Rodriguez Flores, Adolfo Lopez Torres,
Kazimierz Wrobel, Katarzyna Wrobel. Global DNA methylation in earthworms:
a candidate biomarker of epigenetic risks related to the presence of
metals/metalloids in terrestrial environments. Environ Pollur 2011, 159, 2387-
2392.

2. Adolfo Lopez Torres, Eunice Yafez Barrientos, Katarzyna Wrobel, Kazimierz
Wrobel. Selective derivatization of cytosine and methylcytosine moieties with 2-
bromoacetophenone for submicrogram DNA methylation analysis by reversed
phase HPLC with spectrofluorimetric detection. Anal Chem 2011, 83 (20), 7999-
8005.

3. Clelia de la Pefia, Geovanny Nic Can, Gabriel Ojeda, Jose L Herrera Herrera,
Adolfo Lopez Torres, Kazimierz Wrobel, Manuel L Robert Diaz. KNOXI is
expressed and epigenetically regulated during in vitro conditions in Agave spp.
BMC Plant Biol 2012, 12, 203.

4. Eunice Yafiez Barrientos, Kazimierz Wrobel, Adolfo Lopez Torres, Felix
Gutierrez Corona. Application of reversed-phase high-performance liquid
chromatography with fluorimetric detection for simultaneous assessment of
global DNA and total RNA methylation in L. sativum: effect of plant exposure to
Cd(I) and Se(IV). Anal Bioanal Chem 2013, 405 (7), 2397-404.

5. Geovanny Nic Can, Adolfo Lopez Torres, Felipe Barredo Pool, Kazimierz
Wrobel, Victor M Loyola Vargas, Rafael Rojas Herrera, Clelia de la Pefia. New
insights into somatic embryogenesis: leafy cotyledonl, baby booml and
WUSCHEL-related homeobox4 are epigenetically regulated in Coffea
canephora. PLoS One 2013, 8 (8), €72160.

A continuacién de manera resumida se presentan las principales conclusiones y

contribucién novedosa de este trabajo:
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1. Se modificé el procedimiento HPLC-DAD previamente desarrollado en el
laboratorio de tal manera que permitié evaluar el grado de metilacion global del ADN en

extractos de muestras reales con matrices quimicamente complejas.

2. Las modificaciones en el procedimiento de digestion enzimdtica de dacido
nucleicos hasta nucledsidos permitié reducir el tiempo de digestion y la cantidad de

enzimas en la hidrélisis de micromuestras.

3. Se logré el marcaje selectivo de las entidades citosinicas C, dC, SmC y 5SmdC con
2-bromoacetofenona y su separacion por cromatografia de liquidos en fase inversa. La
deteccion espectrofluorimétrica de los cuatro compuestos, permitié obtener limites de
detecciéon en el intervalo de 14.4 a 22.7 femtomoles. La separacién de los cuatro
compuestos permite determinar sin interferencias el grado de metilacion en ADN de
muestras contaminadas con ARN. El procedimiento HPLC-FLD permite evaluar el grado
de metilacién global en micromuestras de ADN (0.06% de 5SmdC en 80 ng de ADN). La
simplicidad, la sensibilidad, la robustez y los bajos requerimientos instrumentales hacen del

procedimiento HPLC-FLD bastante accesible.

4. El procedimiento HPLC-FLD desarrollado permite determinar el grado de
metilacion en ADN y ARN total obtenido de un solo extracto en una sola corrida
cromatografica. Haciendo una buisqueda bibliografica se encontré que este procedimiento
es el primero en reportarse con la intencion de cuantificar el grado de metilacién global en
ARN total. La aplicacién de este procedimiento a extractos de plantas bajo estrés abidtico
permitié encontrar una correlacion inversa estadisticamente significativa entre los niveles
de metilacion global en ADN y ARN total, sugiriendo que el grado de metilacién global en

ARN total puede ser propuesto como un potencial biomarcador.

5. Se demostré la formacioén in vitro de ShmdC a partir de SmdC expuesta a

especies reactivas de oxigeno generadas por la reaccion Fenton.
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6. El establecimiento de las condiciones de hidrdlisis dcida del ADN asistida por
energia de microondas permitié obtener un procedimiento sencillo, barato, ripido y
confiable para obtener nucleobases de excelente calidad. La separacion de las nucleobases
por el procedimiento HPLC-DAD permitié determinar el grado de metilacién global en
ADN de salmén, el cual es similar al resultado obtenido a partir de nucleétidos. Los
rendimientos de hidroélisis no difieren de aquellos obtenidos con la hidrdlisis enzimatica o

de la hidroélisis quimica clasica.

7. El desarrollo del procedimiento de cromatografia de gases con deteccion de
espectrometria de masas en modo de monitoreo de reacciones multiple para la evaluacion
del grado de metilacion global en ADN, permiti6 lograr limites de deteccion de 0.46 y 0.41
femtomol para C y 5mC, respectivamente. El mejoramiento de las condiciones de
separacién permitié separar las 5 nucleobases derivatizadas en un tiempo menor a 8
minutos. Este procedimiento se puede probar en un futuro para determinar el grado de

metilacion en ADN de micromuestras.

En resumen, el estudio sistemdtico del pre-tratamiento de las muestras, las
condiciones de separacion y de deteccidon condujo al desarrollo de novedosos y atractivos
procedimientos analiticos que permiten cuantificar de manera confiable el grado de
metilacién en ADN en una gran variedad de muestras con diversas matrices. La aplicacion
del procedimiento HPLC-FLD sugiri6 que la metilaciéon en ARN total podria utilizarse
como un biomarcador util en organismos expuestos a estrés abidtico, ademds, el hallazgo
de la correlacion inversa entre metilacion de ADN y ARN parece indicar que existe una
conexion entre la presencia del ARN metilado y la modulacién de los eventos epigenéticos.
Cabe mencionar sin embargo, que se requieren mds estudios para sustentar la participacion
del ARN metilado en la modulacién génica haciendo el aislamiento de distintos tipos de
ARN seguidos del andlisis de metilacion. Por otro lado, la evidencia de la obtencion in vitro
de 5ShmdC como producto de oxidacién de la SmdC mediante reacciéon de Fenton no es
suficiente para sustentar que esto se puede llevar a cabo in vivo, por lo que es necesario
explorar la formacién de la ShmdC en sistemas biolégicos que tienen altos porcentajes de

metilaciéon en ADN.
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In this work, possible relationships between global DNA methylation and metal/metalloid concentrations
in earthworms have been explored. Direct correlation was observed between soil and tissue As, Se, Sb,
Zn, Cu, Mn, Ag, Co, Hg, Pb (p < 0.05). Speciation results obtained for As and Hg hint at the capability of
earthworms for conversion of inorganic element forms present in soil to methylated species. Inverse
correlation was observed between the percentage of methylated DNA cytosines and total tissue As,
As +Hg, As+Hg-+Se+Sb (Bp=-08456, p=0071; p=-0.9406, p=0.017; p=-0.9526, p=0.012
respectively), as well as inorganic As + Hg (P = —0.8807, p = 0.049). It was concluded that earthworms
would be particularly helpful as bioindicators of elements undergoing in vivo methylation and might also
be used to assess the related risk of epigenetic changes in DNA methylation.

DNA methylation

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Epigenetics is referred to heritable changes in gene activity and
expression that occur without alteration of DNA sequence; these
changes depend on actual conformation of chromatin in such a way
that its condensed form favors gene silencing, while in the relaxed
chromatin state genes become activated. One of the best charac-
terized molecular mechanisms underlying reversible arrangements
of chromatin is DNA methylation that occurs by attachment of
methyl group to carbon 5 position in cytosine in CpG islands
(Delcuve et al., 2009). Epigenetic events are involved in natural
processes of cell differentiation and phenotype development;
however, while misdirected they can contribute to different patho-
logical processes. In particular, global hypomethylation of genomic
DNA has been associated with carcinogenesis (Salnikow and
Zhitkovich, 2008). It is relevant that DNA methylation patterns can
be established and modified in response to the variety of environ-
mental factors, among them the exposure to heavy metals as nickel,
chromium, cadmium and metalloids as arsenic (Wrobel et al., 2009).
Inorganic arsenic is metabolized by a series of reduction and
methylation reactions aided by S-adenosylmethionine (SAM), the
universal methyl donor also used by a variety of methyltransferases
to modify DNA, RNA, histones and other proteins (Sutherland and

* Corresponding author
E-mail address: katarzyn@quijote.ugto.mx (K. Wrobel).

0269-7491/$ — see front matter @ 2011 Elsevier Ltd. All rights reserved.
doi:10.1016(j.envpol.2011.06.041

Costa, 2003; Ferguson et al., 2004). From the point of view of
epigenetic effects of As, dose-dependent depletion of methyl group
stores have been observed and associated with aberrant DNA
methylation (Salnikow and Zhitkovich, 2008; Vahter, 2008; Zhou
et al, 2008).

Earthworms have often been used as bioindicators of soil
contamination (Furst, 2002; Plytycz et al., 2007). In particular, direct
association between soil and tissue concentration levels was repor-
ted, mostly for Cd, Zn and Pb (Rahtkens and von der Trenck, 2007;
Hinton et al,, 2009; Nei et al, 2009; Tischer, 2009). The uptake of
elements, their possible bioaccumulation and feasibility of earth-
worms for soil remediation were investigated (Langdon et al., 2003b;
Burton et al, 2006; Veltman et al., 2007; Vijver et al., 2007; Ernst
et al, 2008; Suthar, 2008; Ma et al, 2009). For better under-
standing of the putative role of earthworms in element cycling,
speciation analyses were also performed (Langdon et al, 2003a;
Burton et al., 2006; Watts et al., 2008; Button et al., 2009). Several
types of biological responses in earthworms have been used in
ecotoxicological studies (Bierkens et al., 1998; Scott-Fordsmand and
Weeks, 2000; Vandecasteele et al., 2004; Plytycz et al., 2007; Tischer,
2009; Zheng and Li, 2009); the biomarkers measured encompass
lethality, reproductive failure (Zheng and Li, 2009), neurological
parameters (Bierkens et al., 1998), alteration of enzymatic activity,
induction of metal-binding proteins (Furst, 2002), energy reserve
responses, histopathological changes and DNA damage (Scott-
Fordsmand and Weeks, 2000; Fourie et al., 2007; Button et al.,
2010; Espinosa-Reyes et al, 2010). Heavy metal genotoxicity was
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demonstrated by comet assay (Reinecke and Reinecke, 2004; Fourie
etal, 2007; Li et al., 2009; Espinosa-Reyes et al., 2010), gene profiling
by microarray technology (Steinberg et al, 2008) and also by
measurements of DNA oxidative injury marker, 8-hydroxydeox-
yguanosine (Nakashima et al., 2008; Hirano and Tamae, 2010). The
above tools however; would not provide information on possible
epigenetic events, established as an important component of gene
regulation and activated by a wide variety of environmental
parameters (Mellor et al., 2008; Steinberg et al., 2008).

The purpose of this work was to explore possible relationships
among element concentrations and actual status of global DNA
methylation in earthworms in order to evaluate the feasibility of this
parameter as a candidate biomarker of epigenetic risks related to the
presence of metals and metalloids in terrestrial environments.

2. Material and methods

2.1. Instrumentation

A model 7500ce ICP-MS (Agilent Technologies, Tokyo, Japan) was used with
a Meinhard nebulizer for total element determinations, and with a MiraMist Teflon™
nebulizer for speciation analysis. A Peltier-cooled chamber was operated at 2 °C.
Liguid chromatography separations were carried out using an Agilent Series 1200
liguid chromatographic system equipped with a quaternary pump, a well plate
autosampler and a diode array detector, controlled by Chemstation (Agilent Tech-
nologies, Palo Alto, CA, USA). For element speciation analysis, the column effluent
was introduced to ICP-MS system via the short-length Teflon tubing. The chro-
matographic columns were: Luna C18 (250 x 46mm, 5pm), Gemini CI8
(150 x 3 mm, 5 pm) and SAX (250 = 4.6 mm, 5 pm) with C18 precolumn, all from
Phenomenex. The chromatographic and ICP-MS instrumental operating conditions
are given in Table 15 (Supplementary information).

2.2, Reagents and samples

All chemicals were of analytical reagent grade. Deionized water (18.2 MQcm,
Labconco, USA), HPLC-grade methanol, and analytical reagent-grade ethanol, chlo-
roform, isopropanol (Fisher Scientific, Pittsburgh, USA) were used throughout. The
full list of reagents and solutions is given in the Supplementary information.

Earthworms and the host soils were collected in September 2009 from the
following sites in Mexico: (1) close to the silver mine, Guanajuato (Guanajuato
state); (2) close to the gold mine, Mezcala (Guerrero state); (3) house garden in the
residential zone of San Luis Potosi (San Luis Potosi state); (4) house garden in the
residential zone of Lagos de Moreno (Jalisco state); (5) the site where silver ores
were processed in the past, Guanajuato (Guanajuato state); (6) house garden in
avillage close to Lagos de Moreno (Jalisco state); (7) at the Guanajuatoriver, close to
the mine tailing, Guanajuato (Guanajuato state). The sampling area did not exceed
4 m? (020 cm surface soil); earthworms of similar size (approximately 10 cm long)
and color were handpicked to obtain about 3040 g of biomass. The soil adjacent to
each worm was also taken and then pooled for each sampling site to obtain about
500 g. The earthworms from each site were thoroughly rinsed with deionized water
and placed in ventilated tubes with moist filter paper for depuration of gut contents
(24 h). Then, they were again rinsed and left for depuration for another 24 h. Finally,
the earthworms were rinsed and the excess of moisture was eliminated with filter
paper (Watts et al,, 2008). Each portion was divided in two; about 20 earthworms
were freezed at —20 “C for the analysis of Hg species and for global DNA methylaton
and the rest of biomass was cut into small pieces and freeze-dried for the deter-
mination of total element concentrations and arsenic speciation. The pooled soil
samples were dried at room temperature and sieved (250 pm).

2.3, Analytical procedures

For total element determination, the digestion procedures reported elsewhere
were adopted (Cabanero Ortiz et al., 2002; Landero Figueroa et al,, 2008; Watts et al.,
2008) and the digests were analyzed by ICP-MS. The detailed description is given in
the Supplementary information. The instrumental detection limit based on 6 = & of
the noise level, was 0.2 pgI~! for the two elements.

Mercury speciation was accomplished according to the procedure reported
previously (Maldonado Santoyo et al, 2009), for detils see Supplementary
information. For calibration, working standard solutions contained Hg®® and
CH3Hg™ at concentration levels 0, 5.0, 10, 25, 50 pgl" Hg each and IS (10 pg it Bi).
The results obtained are expressed as pg of Hg per g of dry mass (after correction for
moisture content). The instrumental detection limits for Hg*® and CH3Hg* were
0.7 pgl~! and 0.9 pg 1! Hg respectively. The results obtained are expressed as pg of
Hg per g dry mass.

For speciation analysis of arsenic, the extraction conditions reported earlier
were applied (Wrobel et al., 2005; Watts et al, 2008) and anion exchange

chromatographic separation with ICP-MS detection was used as described else-
where (Heitkemper et al, 2001; Day et al, 2002). The detailed experimental
conditions are provided in the Supplementary information. External calibration was
performed with a series of standard solutions containing As(lll} as arsenic trioxide,
As{V) as potassium arsenate monobasic, DMAs(V) as dimethylarsinic acid sodium
salt and MMAs(V) as sodium methylarsenate, at 0, 5.0, 10, 25, 50 ug 17! As each. The
instrumental detection limits for As(I1l), DMAs(V), MMAs(V), As(V) were 0.4 pg [=L
0.5pugl17, 0.5 ugl~', 0.6 pg 1= As, respectively. The results obtained are expressed as
ug of As per g dry mass.

For DNA analysis, the aliquot of thaw biomass (0.5-0.6 g) was precisely weighed
in 15 ml Falcon tubes, homogenized (polythron) and three sub-samples were taken
(about 100 mg). The extraction of DNA was carried out according to Aljanabi and
Martinez (1997). The digestion to deoxynucleosides in DNA extracts and oligonu-
cleotide mixtures followed by reversed phase HPLC—DAD were performed as
reported previously (Alcazar Magana et al., 2008), using slightly modified chro-
matographic conditions (details in the Supplementary information). The ratio
between peak area of 5-methyl-2"-deoxycytidine to 2'-deoxyguanosine (Asmac/Aac)
‘was used as analytical signal mode and oligonucleotide digests containing 1, 2, 4, 8%
of 5mdC were used for calibration (r2 =0.9998).

2.4, Statistical analysis

Descriptive statistics was performed to obtain means and standard deviations.
To evaluate possible relationships between parameters measured, analysis of
correlation was carried out. Significance level was established at p < 0.05. The
software used was Statistica for Windows (StatSoft Inc., Tulsa, OK).

3. Results and discussion

The original approach of this study was to evaluate DNA
methylation in earthworms naturally exposed to different
concentrations of metals and metalloids in soil. Seven sampling
sites were selected in central Mexico and total element concen-
tration was determined both, in the biomass and in soil collected at
each site. In further development, speciation analysis of arsenic and
mercury was carried out and global methylation of genomic DNA
was evaluated. The statistical analysis of correlation was then per-
formed in search of possible associations among the parameters
measured.

3.1. Total element concentrations

The concentration ranges found in soil samples collected at
seven sites were as follows: 11.8—-69.9 ngg™' V; 6.10-374 ngg
Cr; 142—-866 ug g ' Mn; 2.90 -20.5 ng g ' Co; 1.00-26.9 ug g ! Ni;
7.77-184 ugg ' Cu; 705-328 ugg ' Zn; 150-69.6ugg ! As;
0.40-551 ugg ' Se; 020-16.7 ugg ' Ag; 030-3.80ugg ' Cd;
0.10-3.81 ugg ' Sb; 1.80—-29.0 ugg ' Hg; 40.9-154 pgg ' Pb (all
results given in Table 2S in the Supplementary information). The
soil from site 6 contained the lowest concentrations of Cr, Co, As, Se,
Cd, Sb, Hg and relatively low concentrations of other metals. For V,
Cr, Co, Ni, Cu and Pb, the most elevated concentrations were found
at site 1, close to the silver mine; for Ag, Hg and Mn at silver mine
tailing (site 5), and for As at site 2 located close to the gold mine.
The determination of these same elements in pooled and freeze-
dried earthworms revealed the following concentration ranges:
0.60-14.2pgg ' V; 0.54-8.77 pgg ' Cr; 58.4-39%4ugg ! Mn;
1.57-206ugg ' Co ; 0.51-167 ugg ' Ni; 3.02-689ugg ' Cu;
63.2-224ngg ! Zn; 1.40-435ugg ' As; 026-544ugg ! Se;
0.42-700pgg ' Ag; 0.82-350ugg ! Cd; 0.06-3.45ugg ! Sh;
0.25-226ugg ' Hg, 547-859ugg ' Pb (Table 3S in the
Supplementary information). The results obtained in this work
for arsenic are within the ranges reported and also reviewed by
Langdon et al. (Langdon et al., 2002); in particularup to 40 ugg ' of
total As in worm tissues had been found in soils from various
geographical regions containing element levels similar to those
determined at sites 17, while in the study of Watts et al. (2008)
arsenic concentration 11pgg ' was reported in worms from
uncontaminated soil containing 16 ug g 1 of As. In the recent report
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Fig. 1. Typical HPLC—ICP-MS chromatograms of mercury species extracted from soil
(—) and biomass (- - -) collected at site 1. (The insert shows chromatogram of Bi as 1S.)

from the polluted area in China, where soil mercury was in the
range 2—15pgg |, total element concentrations found in three
worm species ranged from 0.8ugg ! to 5.5 ugg ! (Zhang et al.,
2009), also in agreement with the results obtained in this work.

Statistically significant direct correlation between soil and tissue
element concentrations was found for Mn (fi = 0.8948, p = 0.007),
Co (P=09797, p=0000), Zn (p=08188, p=0024) As
(B=09921, p=0.003), Se (B =0.0.8048, p = 0.029), Ag (p= 0.8897,
p=0.007), Sb (B=09784, p=0.000), Hg (P =0.9930, p=0.000)
and Pb (p=0.9429, p = 0.001), while for other elements (V, Cr, Ni,
Cu, Cd) such relationship was not statistically meaningful (p > 0.1).
Similar direct association between soil and tissue concentration
levels of several elements had been previously reported (Rahtkens
and von der Trenck, 2007; Hinton et al., 2009; Nei et al., 2009;
Tischer, 2009). It seemed interesting however that soil and tissue
concentrations were correlated for As, Se, Sb and Se, all of them
known to undergo biotransformation from inorganic to alkylated
forms (Thayer, 2002; Dopp et al, 2004a). The relationships
observed for these elements could be due to better bioavailability of
alkylared versus inorganic species present in soil, or might be
related to in vivo methylation of inorganic forms by earthworms. To
gain a further insight on this issue, speciation analysis was carried
out in soil and biomass extracts. Arsenic and mercury were selected
for this purpose, because of their relatively high concentration
levels and clearly marked differences among sampling sites as
compared to Se and Sb (Tables 2S and 3S). It should be mentioned
that speciation of these same two elements (As and Hg) in worms
has been recently reported (Watts et al., 2008; Button et al., 2009;
Zhang et al., 2009). The samples from sites 1, 2, 4, 5, 7 were
analyzed, while other sites were not considered due to the low total
concentrations of the two elements.

Table 1

2389
3.2. Analytical speciation of arsenic and mercury

In Fig. 1, typical chromatograms of soil and tissue extracts
recollected at site 1 are presented. The recovery of entire procedure,
evaluated as a ratio between the sum of Hg2* and CHsHg'
concentrations obtained in speciation analysis and total Hg deter-
mined by ICP-MS, was in the range 88—96% and 46—75% for tissue
and soil samples respectively. Quite importantly, the extraction
conditions applied were aimed at organic mercury and relatively
low recovery values obtained in soil analysis should be ascribed to
the presence of non-mobile mercury sulfide, typical form of inor-
ganic mercury especially in the mining areas (Gavilan-Garcia et al.,
2008; Issaro et al., 2009; Reis et al,, 2010). In Table 1, the results
obtained for the two Hg species and for total Hg are presented
together with the respective detection limits evaluated (as ug Hg
per g of the original sample, dry mass). Inorganic mercury was the
primary species in soil samples, while methylmercury was found
only at site 5 (1.95+0.09ugg ' dm) characterized by relatively
elevated concentration of total mercury (29.0+1.5ugg dm). On
the other hand, the two species were observed in earthworm
biomass, except for site 2 with the lowest total mercury in biomass
(025+£0.01ugg 1 dm). These results indicate that earthworms are
able for the uptake of the two common Hg species from soil (Burton
et al,, 2006; Zhang et al., 2009) and also point to the ability of these
organisms for conversion the inorganic Hg to HgCH3.

In the speciation analysis of arsenic, four standards were used in
order to identify and quantify As(I1I), As(V), MMASs(V) and DMAs(V),
usually reported as primary species in environmental samples. In
Fig. 2, typical chromatograms corresponding to the soil and
biomass samples from site 5 are presented. The quantitative results
obtained for five sampling sites are shown in Table 2. The procedure
recoveries, evaluated as a sum of As species determined by
HPLC—ICP-MS with respect to total ICP-MS determined element
content, were in the range 65—85% for soil and 83-90% for biomass
samples. As can be observed in Table 2, in soil samples only inor-
ganic arsenicals were detected except for site 1, at which the
concentration of DMAs(V) was 1.96+0.36 ugg 'dm. In the
extracts of earthworms, the two organic species DMAs(V) and
MMAs(V) were found, yet at relatively lower concentrations as
compared to As(Ill) and As(V). These results support data reported
by Watts et al. (2008) and suggest the capability of earthworms for
biotransformation of inorganic As via methylation, the process
often studied in a variety of experiment systems (Aposhian,
1997; Thayer, 2002; Wrobel et al., 2009). Some authors reported
arseno-betaine as the main organic species in worms with lower
proportion of DMAs(V), MMAs(V) and arsenosugars (Langdon et al.,
2003a; Button et al, 2009); however in the cited studies As-
resistant worms were collected from contaminated soils, contain-
ing significantly higher total element concentrations as compared
to the present work.

In summary, statistically significant direct correlation observed
between soil and tissue element concentration levels and the

Concentration levels of total mercury and its two species found in soil and earthworm extracts at different sampling sites.

Sampling site Mean concentration in soil +SD, pgg~ ' Hg (n =3) Mean concentration in tissue + SD, pg g~ ' Hg (n=3)

Total Hg Hg™* CH3Hg™ Total Hg Hg* CHzHg™
1 9.06 +0.05 446 +0.20 nf 6.74+032 479+032 1.61=0.09
2 1.83 +0.04 0.84 +0.06 nf 0.25+0.01 022+0.03 nf
4 492+021 298+0.18 nf 459+017 4.05+025 037+0.03
5 29.0+1.5 198+12 1.95 +0.09 26+1.7 16.7 +1.02 4.81=024
7 561+022 2.85+0.12 nf 487+0.14 4.08+023 044=0.03
DL pgg ™' Hg 0.09 018 0.22 0.06 012 015

nf — Not found, DL — detection limit evaluated based on the instrumental detection limit of each species and the sample mass.
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Fig. 2. Typical HPLC-ICP-MS chromatograms of arsenic species extracted from soil (a)
and biomass (b) both collected at site 5.

speciation results obtained for mercury and arsenic suggest that
biotransformation of inorganic to methylated species in earth-
worms might be important for the element uptake from soil.
Consequently, earthworms as bioindicators seem to be especially

Table 2
Concentration levels of total arsenic and its species found in soil and earthworm
extracts at different sampling sites.

Site Mean concentration + 5D, pgg~! Asdm (n = 3)
Total As As(IIl) As(V) DMAs(V)

MMAS(V)

Biomass extracts
378 +021 1.12+004 1.44+001 040+005 045+004

1

2 435+22 282+016 953008 076+0.04 0.61 =006
4 143+0.03 039+0.04 059+003 021+002 nf

5 158+06 1314005 3.80+011 492+024 421+023
7 648 +021 208 +0.10 2.72+0.10 041+0.06 049 +0.05
DL pgg 'As 008 0.10 0.15 012 012

Soil extracts

1 289+16 637+018 13.0+061 196+036 nf

2 696+3.1 11.7+049 360+157 nf nf

4 166 +0.09 043 +004 065+008 nf nf

5 187+13 587+019 100+056 nf nf

7 632+034 271+016 159+0.16 nf nf

DL pgg 'As 0.12 015 022 0.18 0.18

nf — Not found, DL — detection limits based oninstrumental detection limits for each
species and the sample mass.

well suited for the elements that undergo biotransformation in
these organisms.

3.3. Global DNA methylation

Global methylation of DNA, defined as the ratio between
methylated cytosines and total amount of cytosine or guanosine
bases in DNA, is considered a useful indicator of large-scale
epigenetic events (Baccarelli and Bollati, 2009; Wrobel et al.,
2009). Several studies focused the relation between DNA methyl-
ation and actual concentration of a single element (As, Hg, Se, Ni,
Cr) or its chemical forms (Dopp et al., 2004b; Salnikow and
Zhitkovich, 2008; Baccarelli and Bollati, 2009), while information
concerning overall effect caused by exposure of organisms to
a variety of elements present in natural environments is scarce. In
Fig. 3, typical chromatogram obtained for the DNA digest from site
7 is presented and quantitative results for all sites are given in
Table 3. In search of possible relationships between elements and
global DNA methylation, the statistical analysis of correlation was
carried out. Initially, the concentration levels of individual elements
found in biomass were considered and in such approach the most
meaningful correlation was observed for As (f= —0.8456,
p=0.071), while for other elements such relation apparently did
not exist (p > 0.1). These results support earlier data on causative
role of arsenic in global DNA hypomethylation (Salnikow and
Zhitkovich, 2008; Baccarelli and Bollati, 2009; Jensen et al., 2009;
Pilsner et al., 2011). In particular both, aberrant patterns of DNA
methylation and oxidative damage have been related to in vivo As
methylation (Salnikow and Zhitkovich, 2008; Kojima et al., 2009;
Wrobel et al, 2009). Since in vivo transmethylation processes
involve S-adenosylmethionine as a donor of methyl group and
compromise various methyltransferases, not only arsenic but also
other elements metabolized to their methylated derivatives may
contribute to global hypomethylation of DNA (Davis and Uthus,
2004; Salnikow and Zhitkovich, 2008; Baccarelli and Bollati,
2009; Jensen et al., 2009; Pilsner et al., 2010, 2011).

To inquire overall effect of elements known to undergo in vivo
methylation, the sum of total As and Hg concentrations in biomass
as well as the sum of As, Hg, Se and Sb were taken for correlation
analysis. It is shown in Table 3 that both variables were inversely
correlated to the percentage of DNA methylation (= —0.9406,
p=0.017 and B = —0.9526, p = 0.012 respectively), which seems to
confirm that all these four elements would contribute to actual
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Fig. 3. Typical HPLC—UV chromatogram of DNA hydrolyzate, earthworms collected at
site 7 (C — cytidine, dC — 2'-deoxycytidine, U — uridine, 5SmdC — 5-methyl-2'-deoxy-
cytidine, G — guanosine, dG — deoxyguanosine, dT — 2'-deoxythymidine, A — adenine, dA
— 2'-deoxyadenine).
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Table 3

2391

Global DNA methylation in earthworms and its relationship with elements undergoing biotransformation via methylation.

Site DNA methyl. (%) Element concentrations in biomass, pgg~! dm
As? Hg* (As+Hg)? Organic® As + Hg Inorganic® As + Hg (As + Hg + Se + Sb)*
1 2.80 3.78 6.74 10.52 2.46 735 143
2 192 435 025 43.75 1.37 38.0 485
4 337 143 4.59 6.02 0.58 4.83 9.47
5 215 15.8 226 384 13.9 193 44.4
7 mn 6.48 4.87 1135 1.34 824 183
i} - —0.8456 —0.2302 —0.9406 —0.4595 —0.8807 —0.9526
p - 0.071 0.710 0.017 0.436 0.049 0.012

# Total element concentration determined in biomass by ICP-MS (all data given in Table 35).
" Sum of organic (or inorganic) As and Hg species determined in biomass by HPLC~ICP-MS (individual values given in Tables 2 and 3); jj, p — correlation coefficient and
probability evaluated by statistical analysis of correlation between global DNA methylation and element concentrations in earthworms from sites 1,2, 4, 5, 7.

status of DNA methylation in earthworms. If so, global DNA
methylation in these organisms might be useful as a new biomarker
of epigenetic risks related to the presence of metals/metalloids in
terrestrial environments.

Interestingly enough, statistically significant inverse correlation
was found between the sum of inorganic As+ Hg species in
biomass and DNA methylation (p = —-0.8807, p=0.049, Table 3),
which seems to support postulated ability of earthworms for As, Hg
methylation and the competitive feature of this process versus DNA
methylation (Wrobel et al, 2009). On the other hand, organic
(As + Hg) species in biomass did not correlate with DNA methyla-
tion, suggesting that their actual tissue content corresponded in
part to biomethylation in vivo and in part to the assimilation of
methylated species from soil, the latter obviously not related to
DNA methylation. Further studies, involving more sampling sites
with different element profiles are needed to support the results
obtained in this study.

4. Conclusions

The results obtained in this work provide original data poten-
tially enhancing the utility of earthworms as standard organisms
for ecotoxicological testing. Statistically significant direct correla-
tion observed between soil and tissue concentration levels of As,
Hg, Se and Sb suggests that these organisms might be particularly
useful to assess actual status of elements potentially undergoing
biomethylation. Chemical speciation analysis carried out in soil and
biomass samples hint at the ability of earthworms for As and Hg
biomethylation and at possible relevance of such biotransformation
to element uptake from soil. The statistical significance of the
relation between DNA methylation and tissue elements was low for
As (p=0.071), but increased when the sum of As+Hg and
As +Hg + Se + Sb were considered (p=0.017, p=0.012 respec-
tively), suggesting additive contribution of all these elements. Since
actual status of global DNA methylation in earthworms is appar-
ently affected by the overall effect of elements undergoing meth-
ylation, this parameter might be considered as a candidate
biomarker of epigenetic risks related to their presence in terrestrial
environments.
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ABSTRACT: In eukaryotes, actual DNA methylation patterns
provide biologically important information, for which both,
genome-wide and locus-specific methylation at cytosine resi-
dues have been extensively studied. The original contribution of
this work relies on the selective derivatization of cytosine
moieties with 2-bromoacetophenone for the determination of
global DNA methylation by reversed phase high performance
liquid chromatography with spectrofluorimetric detection. The
important features of the proposed procedure are as follows: (1)
no need for the elimination of RNA, (2) detection limits for
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cytidine, 2'-deoxycytidine, S-methylcytidine, and S-methyl-2'-deoxycytidine in the range of 14.4—22.7 fmol, (3) feasibility for the
detection of 0.06% of methylation in a low amount of DNA (80 ng), (4) potential viability for the evaluation of RNA methylation,
and (5) relative simplicity in terms of analytical instrumentation and personnel training. The results obtained in the analysis of
salmon testes DNA and nucleic acids from plant, human blood, and earthworms demonstrate the utility of the proposed procedure
in biological studies and, in particular, for evaluation of the potential effect of environmental factors on actual DNA methylation in

different types of living organisms.

pigenetics is a fast expanding research area centered at the

study of stable, heritable phenotypes that result from changes
in chromosomes without modification of the DNA sequence.l
Epigenetic regulation is critical for eukaryotes development and
cellular differentiation, and itis believed that epigenetic phenom-
ena might contribute to the evolutionary processes. On the other
hand, epigenetic misregulation has been associated with the path-
ogenesis of various human diseases and with the exposure of
different organisms to environmental conditions. Reversible
methylation of DNA, occurring at carbon 5 position of the
pyrimidine ring in cytosine residues, is the best characterized
epigenetic event. The putative role of DNA methylation in fine-
tuning or establishing gene expression patterns has triggered a
high demand for reliable measurements of both, occurrence and
localization of methylated cytosines in the genome.}i‘ Extensive
studies have been carried out in different cell lines, anmimal
models, plants, fungi, and insects.*” In particular, global DNA
methylation defined as a percentage of methylated cytosine
residues has been accepted as a potential biomarker of large
scale epigenetic events, particularly useful for disease diagnosis
and prognostics as well as to study the response of various
organisms to environmental conditions.® '

Global DNA methylation is usually analyzed by capillary
electrophoresis (CE) or high performance liquid chromatogra-
phy (HPLC).*™'® In principle, CE offers the advantages of
simplicity, high resolution, and fast and low-cost separations; yet,
chemical composition of the injected solution must be carefully
observed, and a high sensitivity detection system is required. 1718
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In the applications of this technique, DNA was hydrolyzed to
nucleobases, deoxynucleosides, or deoxynucleotides; the UV

detection was carried out at 256, 277, or 280 nm,'”"2? a

multiple reaction monitoring
detection was also reported. !

nd
(MRM) mode mass spectrometric
Laser-induced fluorescence detec-

tion was exploited after labeling Sr-phnsphate or 3’-phosphate

groups in deoxynudeotides with 4,4-difluoro-5,7-dimethyl-
bora-3a,4a-diaza-s-indacene-3-propionyl ethylene diamine hydr

4

o

chloride (BODIPY FL EDA).**”* In the above cited studies,
the lowest sample size requirements were reported in the range

of 0.5—10 ug of DNA.

Even though liquid chromatography procedures involve longer

separation time and relatively larger sample amount with respect

to

CE, this technique has been preferentially used due to its highly
quantitative character and excellent reproducibility. The surveys
over HPLC procedures can be found elsewhere, ' 3162926 Systematic
studies were carried out focusing on both, sample preparation and

. e 1527,2:
separation conditions. 3

% In the common approach, enzymatic

hydrolysis of DNA is carried out and the released deoxynudeosides

15,1629,30
are segarated by reversed phases 93
7

HPLC.

or cation exchange
Only a few procedures were based on deoxynudeotides

separation, due to their relatively high polarity conferred by

phosphate groups.31 -3 Alternatively, DNA can be hydrolyzed wi
formic acid to nucleobases; however, the complete elimination

th
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RNA is then required.34 With UV spectrophotometric detection,
the baseline separation of five DNA components has to be achieved
and 1—10 ug of DNA is usually needed*”* In some studies, the
separation of both, deoxynucleosides and nucleosides, was reported
with total chromatographic run of 4.5—25 min, de;:ending on the
column selection and the elution conditions.'>**** Mass spectro-
metric detection has been extensively used in the analysis of DNA
methylation by HPLC, since it offers exceptional selectivity and
sensitivity. 162634 1 the recent studies, shorter length columns and
MRM detection have been employed, thus enabling for short
chromatographic runs (1—7 min) and for lowering the DNA require-
ment to the amounts below 0.1 ’ug_m,so It should be stressed,
however, that, in such approach, sample cleanup becomes critical
and it is mandatory to use adequate internal standards in order to
compensate for possible changes in ionization efficiency.

Precolumn fluorescent labeling is a well established and a
powerful tool in liquid chromatography (HPLC-FLD). In many
cases, high selectivity and sensitivity can be achieved by the
selection of suitable label(s) as well as the excitation/emission
wavelengths, which allows for detection limits comparable to those
typically obtained with MS/MS detection. Additionally, fluores-
cence signal is usually not affected by coeluting nonderivatized
compounds. As already commented before, BODIPY FL EDA was
used as a tag of nucleotide phosphorus group in CE separation
schemes,nf yet fluorescence derivatization has not been ex-
plored as a detection system in HPLC analysis of global methyla-
tion of genomic DNA.

2-Bromoacetophenone was reported to form fluorescent
derivatives of cytosine- and adenine-containing compounds
and used for the determination of antiviral nudeotides and
nudeosides by HPLC-FLD.* Recently, this same reagent was
used for comparative purposes while examining the selectivity of
uracil reaction with benzamidoxime and K,[Fe(CN),] in alka-
line medium.*®

The intent of this work was to investigate systematically the
reaction conditions and to evaluate selectivity of 2-bromoacetophe-
none toward S-methyl-2'-deoxycytidine (SmdC), 2-deoxycytidine
(dC), S-methylcytidine (SmC), cytidine (C), deoxyadenosine
(dA), and adenasine (A) in order to establish a new HPLC-FLD
procedure that would allow one to quantify the percentage of
methylated cytosines in submicrogram amounts of genomic DNA
and that might be potentially useful in the analysis of RNA
methylation.

B MATERIALS AND METHODS

Reagents and Samples. All chemicals were of analytical
reagent grade. Deionized water (18.2 M2 cm, Labeonco, USA)
and HPLC-grade methanol, acetonitrile (ACN), dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSO), isopropanol, and 1,4-
dioxane (Fisher Scientific, Pittsburgh, USA) were used throughout.

The standards of deoxynucleosides (2-deoxycytidine (dC),
2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), thymidine
(T)), nucleosides (cytidine (C), adenosine (A), guanosine
(G), uridine (U)), S-methyl-2-deoxycytidine (SmdC), and
S-methylcytidine (SmC) were obtained from Sigma (St. Louis,
MO, USA). Derivatization reagent, 2-bromoacetophenone, and
DNA sodium salt from salmon testes were also from Sigma.

Other Sigma analytical grade reagents were glacial acetic acid,
trifluoroacetic acid (TFA), sodium hydroxide, sodium sulfate
anhydrous, sodium dodecyl sulfate, ammonium phosphate dibasic,
phosphoric acid, hydrochloric acid, sodium acetate, zinc sulfate,

magnesium chloride, sodium chloride, calcium chloride, glycine,
proteinase K, DNase I, nuclease P1, ethylenediaminetetraacetic acid
disodium salt (EDTA), and tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI). Calf intestinal alkaline phosphatase
(CIAP) was from New England Biolabs.

Two week-old garden cress plants (Lepidium sativum) grown
hydroponically in Hoagland nutrient solution in the presence of
0.5 mg/L Cd(II) as cadmium chloride and the biomass of
nonexposed plants37 were analyzed. Earthworms were collected
in Guanajuato, central Mexico, and prepared for DNA extraction
as described elsewhere.*® A blood sample from a healthy volunteer
was collected in heparinized tube and stored at —20 °C.

Nucleic Acids Extraction and Hydrolysis. The aliquots of
each sample: 10 4L for whole blood, 100 mg of earthworm
homogenate, or 100 mg of fresh plant tissue were taken, and
DNA extraction was carried out according to Aljanabi and
Martinez.*” In brief, each sample was homogenized with 400 uL
of buffer containing sodium chloride (0.4 M), EDTA (2 mM),
Tris—HCl (10 mM) at pH 8 (polythron). Afterward, 40 uL
of sodium dodecyl sulfate (20%, m/v) and 8 uL of proteinase
K (20 mg/mL) were added; the mixture was incubated for 1 hat
60 °C. Sodium chloride (300 4L, 6 M) was added, and the
sample was centrifuged at 10 000g for 30 min. The supernatant
was collected; 500 uL of isopropanol was added, and the sample
was kept at —20 °C for 1 hto complete precipitation. Finally, the
sample was centrifuged (10000g, 20 min, 4 °C); the supernatant
was eliminated, and the pellet was washed with 500 uL of ethanol
(70%), dried, and reconstituted in 50 L of deionized water. For
each extract, the absorption spectrum was acquired in the
wavelength range of 220—350 nm (Spectronic 3000, Milton
Roy, Co. Ltd.), and the absorbance ratio 260/280 nm was
evaluated, considering the values between 1.7 and 1.9, indicative
for nucleic acids I:iurit'y.'“""‘1 The concentration was determined
by measuring absorbance at 260 nm; the evaluated extraction
yield was in the range of 50 —200 ng of nucleic acids per mg of
sample (10—20 ug per mL of whole blood). The obtained
extracts were kept at —20 °C prior to their analysis.

Each extract was appropriately diluted; the aliquot containing
25 ng to 1 ug of DNA was brought to a volume 42 uL with
deionized water, and 5 L of the hydrolysis buffer was added
(acetic acid (200 mM), glycine (200 mM), magnesium chloride
(50 mM), zinc chloride (5 mM), calcium chloride (2 mM),
pH 5.3). The sample was incubated with 0.2 uL of DNase I
(10 U/uL) and 02 uL of nuclease P 1 {1 U/uL) at 37 °C
overnight and then heated in a boiling water bath for § min and
cooled rapidly on ice to avoid possible contamination by micro-
organisms. Afterward, sodium hydroxide (S uL, 100 mM) was
added together with 0.2 uL of alkaline phosphatase 1 U/uL, and
the sample was again incubated at 37 °C for 2 h. Such prepared
samples were kept at —20 °C until needed.*”

Derivatization Reaction. For establishing the reaction condi-
tions, individual standard solutions containing 645 ng/mL of C,
dC, SmC, SmdC, G, dG, T, U, A, or dA were used. The analytical
parameters for C, dC, SmC, and SmdC were evaluated using a
series of mixed standard solutions prepared by appropriate dilution
of the stock. For the determination of global DNA methylation,
the set of calibration solutions was prepared by varying concentra-
tion levels of dC and SmdC to attain different molar ratio dC/
5mdC. The derivatization was carried out directly in HPLC
autosampler amber vials, and up to 28 samples were processed
in parallel. Specifically, an aliquot of standard solution or DNA
hydrolyzate was placed in the 350 L insert in the amber vial; the

8000 d.dol.org/10.1021/ac2020799 |Anal. Chem. 2011, 83, 7999-8005
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volume was brought to about 60 4L with deionized water, and the
sample was evaporated (SpeedVac Vacufuge plus, Eppendorf,
2 000 rpm, 60 °C, 20 min). The residue was reconstituted in
130 uL of DMF (anhydrous) with addition of 5 uL of glacial acetic
acid. Afterward, 20 uL of 2-bromoacetophenone (0.5 M in DMF
anhydrous) and sodium sulfate (anhydrous) were added, and the
mixture was heated at 80 °C for 90 min; at this stage, the samples
were protected from light. Finally, the vials were placed in the
autosampler compartment.

HPLC-FLD Procedure. Liquid chromatography separations
were carried out using an Agilent Series 1200 liquid chromato-
graphic system equipped with a quaternary pump, a well plate
autosampler, and a spectofluorimetric detector, controlled by
Chemstation (Agilent Technologies, Palo Alto, CA, USA).The
chromatographic column was Ascentis Express C18 (150 x 3 mm,
2.7 um) from Supelco, with precolumn C18 from Phenomenex.
Prior to injection, the derivatized samples were automatically
diluted 1:1 with deionized water, and the injection volume
was set at 20 #L. The column temperature was maintained at
30 °C using a column oven, and four mobile phases were used:
water (A), acetonitrile (B), TFA 0.4% m/v (C), and methanol
(D). The separation was achieved with the following gradient
program: 0—2 min 62% A, 5% B, 13% C, 20% D; 2—9 min
49% A, 10% B, 13% C, 28% D; 9—13 min 47% A, 12% B,
13% C, 28% D; 13—16 min 12% A, 15% B, 13% C, 60% D with
the total flow rate 0.35 mL/min. Fluorimetric detection was
carried out at excitation/emission wavelengths of 306/378 nm,
respectively.

For individual compounds, the calibration range was 1.61—
645 ng/mL (as injected to the column, see Figure 1S and Table 1S
in the Supporting Information for the detailed procedure) and
linear regression functions were obtained on the basis of peak
area measurements. For the determination of DNA methylation,
the calibration solutions contained the following molar ratios dC
to 5mdC: 210, 106, 42.6, 21.3, 10.6, 532, 4.26 and the ratio
between dC and 5mdC peak areas was used as analytical signal
mode (S = Age/Asmac)-

HPLC-DAD Procedure. The procedure reported previously
wasused for com]:laaraﬁve purposes (details given in the Support-
ing Information),"***

Statistical Analysis. Descriptive statistics was performed to
obtain means and standard deviations. ANOVA was used to
compare the mean values obtained for global DNA methylation
using two different analytical procedures. Significance level was
established at p < 0.05. The software used was Statistica for
Windows (Statsoft Inc., Tulsa, OK).

B RESULTS AND DISCUSSION

The original idea of this work was to employ 2-bromoaceto-
phenone as a fluorescent tag of cytosine moieties for the
determination of global DNA methylation by HPLC-FLD
(derivatization reaction shown schematically in the Supporting
Information, Figure 28). The earlier application of this com-
pound focused the determination of antiviral drugs, and the
reaction conditions were optimized for cidofovir ((S)-1-
(3-hydroxy-2-phosphonylmethoxypropyl) cytosine ) 2* without con-
sidering the full list of deoxynucleosides, nudeosides, S-methyl-2'-
deoxycytidine, and 5-methylcytidine, all of them potentially present
in nucleic acids digest. It was important though to select cautiously
both the reaction and detection conditions to attain the required
selectivity and sensitivity.

Method Development. In the preliminary experiments, in-
dividual compounds were derivatized according to the procedure
described by Eisenberg et al* The fluorescence signals were
observed for C,dC, 5SmC, and 5mdC but not for G, dG, A, dA, T,
and U. The maxima of excitation and emission spectra of four
cytosine-containing compounds corresponded to 306 and
378 nm, respectively; these wavelengths were selected for further
work (Figure 3S in the Supporting Information shows fluores-
cence spectra for SmdC). Quite importantly, the obtained
derivatives were very sensitive to light, so the reaction was
performed in amber vials. Even with the light protection,
fluorescence signals were not stabile, for which the composition
of solvents, concentration of reagents, and temperature and time
of reaction were systematically studied. The solvents examined as
the reaction medium were acetonitrile, methanol, 1,4-dioxane,
dimethylsulfoxide, and dimethylformamide; the latter was se-
lected for further experiments based on the relatively highest
signal magnitudes obtained for four compounds of interest. Since
standard solutions were prepared in deionized water, this solvent
was also considered and it was found that water elimination was
essential for signal stability; DMF anhydrous was used through-
out, and a tiny amount of sodium sulfate anhydrous was always
added to the reaction mixture. In Figure la,b, the effects of acetic
acid and 2-bromoacetophenone concentrations on the 5mdC
fluorescence signal are presented, while Figure lc shows the
influence of temperature and time of reaction; the results
obtained for dC, SmC, and C are not presented since they were
practically identical as for SmdC. According to the signal
magnitude, the conditions selected were 0.56 M acetic acid,
65 mM 2-bromoacetophenone, temperature of 80 °C, and the
reaction time of 90 min (the detailed derivatization procedure
given in Material and Methods). The obtained derivatives were
stable for at least 3 days.

Derivatization with 2-bromoacetophenone modified 5mdC,
5mC, and C polarities and caused their increased retention on
reversed phase column. To achieve baseline resolution within
reasonable time, the Ascentis Express C18 column was used. On
the basis of the previous reporl‘s,ls"!5 different proportions of
trifluoroacetic acid, water, acetonitrile, and methanol were exam-
ined as the mobile phases. For the selection of separation condi-
tions, the mixed standard solution containing C, dC, SmC, SmdC,
G, dG, A, dA, T, and U (64.5 ng/mL each) was used. Even though
the G, dG, A, dA, T, and U were not labeled under the derivatiza-
tion conditions, nor detected at 306/378 nm, their presence was
considered important to make the chemical matrix as close as
possible to the real nucleic acids samples. Gradient program, total
flow rate, and column temperature were assessed as a result of
systematic experiments, aiming to achieve short separation time,
acceptable retention factors, and the high peak purity. The detailed
final conditions are given in the experimental section and, in
Figure 2a, five chromatograms corresponding to five concentra-
tion levels of each compound are shown. As can be observed, the
baseline separation of four fluorescent compounds was achieved
within 18 min with the elution order cytidine, Zf-deoxycytidine,
S-methylcytidine, and S-methyl-2"-deoxycytidine (as 2-bromoace-
tophenone derivatives). The acceptable retention factors were
obtained (5.2, 6.1, 6.4, and 7.3, respectively), and the peak purity
evaluated for each compound was always higher that 0.9997
(Aexe = 306 nm, A, = 320—450 nm). It should be noted that
no other chromatographic peaks with concentration-dependent
intensities were detected, thus confirming selectivity of the
procedure toward cytosine-containing compounds.

exc
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Figure 1. Influence of (a) acetic acid concentration; (b) 2-bromoace-
tophenone concentration; (c) reaction temperature (—@—, 60 °C;
—M—,80°C; —A—, 100 °C) and time on the signal magnitude of SmdC
(645 ng/mL).

Calibration Procedures and Evaluation of Analytical Fig-
ures of Merit. In the first approach, calibration was performed
for each of four compounds, as described in Materials and
Methods, and the evaluated parameters are summarized in
Table 1. Good reproducibility of retention times were obtained
for all four compounds, with interday relative standard deviations
not exceeding 0.25%. Slight differences in sensitivities were
observed (Table 1); apparently, the presence of a methyl group
caused a small decrease of fluorescence signal (calibration slopes
for SmC and 5SmdC lower that those for C and dC). On the other
hand, the changing composition of mobile phase during gradient
elution was possibly affecting the fluorescence signal of the eluted
compounds. Within the calibration range of 1.6—645 ng/ 'mL, the
linearity of regression functions was excellent (¥ >0.9999), and it
should be mentioned that higher concentrations (>645 ng/mL)
could also be included after decreasing the photomultiplier gain
setting. The detection limits were in the range of 14.4—22.7 fmol
on-column, and the variation coefficients obtained for five
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Figure 2. Reversed phase chromatograms obtained by the proposed
HPLC-FLD procedure: (a) calibration solutions containing cytidine
(C), 2'-deoxycytidine (dC), S-methylcytidine (SmC), S-methyl-2'-deo-
cycytidine (5mdC), and nonderivatized nucleosides A, dA, G, and dG,
each at the concentration levels 0, 1.61, 322, 16.1,64.5, and 161 ng/mL,
respectively; (b) nucleic acids digest from nonexposed to Cd(II) L.
Sativum without (—) and with (-) addition of C, dC, 5mC, SmdC
(64.5, 16.1, 1.61, and 1.61 ng/mL, respectively).

repeated injections of the mixed standard solutions were
2.99—-3.36% for 1.61 ng/mL and 0.81—0.89% for 323 ng/mL.
These results indicate that the proposed procedure enables for
selective and sensitive quantification of individual cytosine-con-
taining compounds in nucleic acid digests and for the determina-
tion of global DNA methylation.

In the recent study, in which ultraperformance liquid chroma-
tography coupled with tandem MS/MS multiple reaction monitor-
ing mode was used, Wang et al. reported that with 5 ng DNA the
evaluation of 0.16% global methylation was possible (based on
S/N= 3).30 Using similar estimation, on the basis of the detection
limit for SmdC (0.38 ng/mL or 1.58 nM) and the highest con-
centration of dC used for calibration (645 ng/mL or 2.84 M), the
lowest percentage of methylation attainable by the proposed here
procedure would be 0.06% and the required amount of DNA was
80 ng. Accordingly, the detection of 0.15% of methylation would
be possible with as low amounts of DNA as 27 ng, indicating the
feasibility of HPLC-FLD for the determination of DNA methyla-
tion in submicrogram DNA samples.

Calibration functions obtained for SmdC and dC can be used to
evaluate global methylation defined as molar ratio SmdC/(5mdC +
DC)-100%.">"7'52%* [fthe detection system provides compound-
independent sensitivity, the external calibration is not required and
the percentage of methylation can be obtained directly from Peak
area measurements, as demonstrated by [CPMS detection at Pin
reversed phase separation of deoxynucleoside monophosphates.*
Another possible approach is to perform calibration by plotting the
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Table 1. Analytical Figures of Merit Evaluated for 2’-Deoxycytidine (dC), 5-Methyl-2'-deoxycytidine (SmdC), Cytidine (C), and

5-Methylcytidine (SmC) in the Proposed HPLC-FLD Procedure”

Parameter C 5mC 5mdC
T + SD, min 1178 + 003 13.55 +0.02 14.18 £0.02 16.03 £+ 0.02
k 52 6.1 6.4 73
Calibration function A=3327c+05 A=3257c+06 A=3128c+07 A=30L3+01
Std. error for slope 1.74 1.99 2.09 1.89
Std error for intercept 27 31 33 29
)5 0.99997 0.99993 099995 0.99994
Calibration function A= 1368C+ 0.002 A =1433C + 0.003 A=1216C +0.003 A =1249C + 0.001
LD, ng/mL 0.24 0.25 029 0.38
LD, fmol 14.4 153 16.6 227
CV, % (1.61 ng/mL) 3.30 325 336 2.99
CV, % (323 ng/mL) 0.82 0.89 082 081

 Tper = SD: retention time with respective interday standard deviation (n = 5); k: retention factor; calibration function: linear regression relating analyte
concentration (c: ng/mL; C:nM) in the injected solution with the the corresponding peak area (A),' LD: detection limit based on $/N = 3, expressed
as ng/mL or fmol of analyte as injected to the column; CV: variation coefficient for n = 5.

ratio of signal intensities SmdC/dG against their known molar
ratio 9253938 Gince the sensitivity of fluorescence detection was not
identical for SmdC and for dC (Table 1) and dG could not be
detected by the HPLC-FLD procedure, another simplified calibra-
tion was designed. Specifically, a series of solutions containing
known molar ratios dC to SmdC (R,) was prepared, and the ratio
between their peak areas was used as analytical signal mode (§ =
Aac/Asmac). For each calibration point, two solutions with different
dC and 5mdC concentrations but identical molar ratio were
prepared and each was analyzed in triplicate. A mean S value from
six chromatographic runs was taken as analytical signal, and the
relative standard deviation did not exceed 1%. Linear regression
calibration S = 1.0729R,,, + 0.1721 with R* = 0.9999 was obtained,
and the percentage of methylation was then calculated as
[1/(1 + R,)]+100%. The calibration range (R,, of 210—4.26)
corresponded to the values of cytosine methylation from 0.47%
to 19.0% (the calibration details presented in Table 1S and in
Figure 4§ in the Supporting Information). This procedure was
used for the determination of DNA methylation in DNA from
salmon testes and in the biological samples.

Finally, it is worth mentioning that the procedure proposed
here could be applied for the assessment of RNA methylation, on
the basis of C and SmC signals. Methylation of small noncoding
RNA on cytosine residues has often been reported, yet its
biologiml role remains unclear.** Further studies are in progress
focusing on RNA extraction and hydrolysis prior to HPLC-FLD
analysis in order to provide biologically relevant information.

Analysis of Biological Samples. The procedure was first
tested by analyzing DNA from salmon testes in the mass range of
25-200 ng. In Figure 3a, the chromatograms presented are
obtained for three amounts of DNA, and Figure 3b shows the
respective chromatographic pealk areas for SmdC together with
the evaluated percentage of DNA methylation. On the basis of
three independent replicates of each sample, the percentage
methylations obtained for 25, 50, 100, and 200 ng of DNA were
6.942 £ 0.188, 6.984 = 0.016, 6.942 = 0.001, and 6.957 % 0.006,
respectively, conﬁrming a potential of the proposed procedure
for the submicrogram analysis of DNA methylation.

In further development, the extracts from plant Lepidium
sativum, earthworm, and human blood were analyzed as described
in Materials and Methods. To further prove the selectivity toward
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Figure 3. HPLC-FLD analysis of salmon testes DNA digest: (a) reversed
phase chromatograms obtained for 25 ng (--), 50 ng (=), and 100 ng
(— — —) of DNA (chromatogram of blank shown as dotted line); (b) peak
areas obtained for S-methyl-2'-deoxycytidine (Aspac) from different amounts
of DNA and the evalmated percentage of global methylation (respective
standard deviations for three independent experiments are shown).

cytosine-containing deoxynucleosides and nucleosides, RNase was
not used and all biological samples contained both, DNA and
RNA. In Figure 2b, the chromatogram of plant nucleic acids digest
is presented (aprox. 25 ng of DNA), where the elution of C, dC,
SmC, and SmdC is clearly observed. Even though RNA had not
been eliminated during sample treatment, the baseline resolu-
tion of cytosine-containing compounds enabled for safe evaluation
of DNA methylation. In this same Figure 2b, the chromatogram
obtained after standard addition is presented (64.5 ng/mL C,
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Table 2. Percentage of Global Methylation in Different DNA
Digests, Evaluated Using the Proposed Procedure and HPLC-
DAD"

Global DNA Methylation + SD, % (1 = 3)

HPLC-FLD
Sample I 2k HPLC-DAD
Salmon testes 698 = 0.02 6.94 £ 001 7.01 £ 0.04
L. sativum 1460 £ 002 14.62 £ 002  14.59 £0.03
L. sativum exposed to Cd = 1223 £ 002 1222 £ 002 1221 +£0.03
Human blood 375£ 003 373 £ 002 374 £ 003
Earthworms 336 £ 005 3.35 £ 0.04 3.37 £0.06

“ Calculated using calibration functions of the two compounds
(Table 1). b Calculated using a simplified calibration function (ratio
between dC/5mdC peak areas versus their molar ratio).

16.1 ng/mL dC, 1.61 ng/mL 5mC, and 1.61 ng/mL 5mdC) and
the evaluated recoveries were as follows: 99.5% C, 97.4% dC,
97.0% 5mC, and 95.6% 5mdC. In Table 2, global DNA methyla-
tion results obtained for all analyzed samples are summarized. As
can be observed, the two calibration approaches described above
(1: two calibration functions for dC and 5mdC, respectively, and 2:
one calibration function relating the peak area dC/5mdC ratios to
their molar ratios in the analyzed solution) provided practically
identical results, confirming the capability of the designed simpli-
fied calibration (2). For comparative purposes, the samples were
also analyzed by the HPLC-DAD method reportedelsei«.fhere.lS In
this case, ten compounds had to be separated (SmdC, SmC, four
deoxynucleosides, and four nucleosides) and higher amounts of
DNA (1—10 ug) were required due to lower sensitivity of spectro-
photometric detection of nonderivatized compounds. No statisti-
cally significant differences were observed between the results of the
proposed here procedure and those obtained by chromatographic
separation of nonderivatized nudeosides/deoxynudesides with
spectrophotometric detection (ANOVA, p < 0.05).

It should be noted that the assessed global methylation of
salmon testes (Table 2) was in concurrence with the results
obtained by coupling HPLC separation of deoxynucleoside
monophosphates with ICPMS detection on *'P.** The methyla-
tion percentage obtained for blood DNA from healthy volunteer
was 3.74%, which falls within the range of 2—7%, typically
reported in mammalian DNA.*® On the other hand, it is well
established that cytosine bases of the nuclear genome in higher
plants are often extensively methylated (6—30%),”* and ac-
cordingly, the results obtained for L. sativum were relatively high
(14.6%, Table 2). Since the exposure of other plant seedlings to
cadmium had been associated with DNA hypomethylation,'ﬂ it
seemed interesting to compare HPLC-FLD methylation results
for DNA of unexposed L. sativum with those obtained for plants
grown in the presence of cadmium (0.5 mg/L Cd(II) as
cadmium chloride). As can be observed in Table 2, significantly
lower methylation was found in the exposed as compared to
control plant (12.2% versus 14.6%), thus confirming the feasi-
bility of the HPLC-FLD procedure for assessing differences in
global methylation induced by environmental conditions.

The results obtained in the analysis of nucleic acids from
different organisms demonstrate that DNA methylation can be
assessed without elimination of RNA. On the other hand, these
results suggest that global methylation of both, DNA and RNA,

could be attained in a single analytical run; however, specific
extraction protocol focused on the desired type of ribonudeic
acids that would be necessary to obtain biologically meaningful
information.

B CONCLUSIONS

A novel analytical procedure for reliable determination of
global DNA methylation in submicrogram samples is proposed
here, on the basis of the selective derivatization of cytosine
moieties with 2-bromoacetophenone, their reversed phase se-
paration, and spectrofluorimetric detection. Cautious selection
of derivatization, detection, and chromatographic conditions
allowed for the on-column detection limits for cytidine, 2'-
deoxycytidine, 5-methylcytidine, and 5-methyl-2'-deoxycytidine
in the range of 14.4—22.7 fmol. The derivatization reaction was
carried out directly in autosampler vials; since the fluorescence
signals of derivatized compounds were stable for at least 3 days
and the chromatographic separation was achieved within 18 min,
up to 28 samples could be run in parallel making the procedure
attractive for a long sample series. It was estimated that 0.06%
would be the minimum methylation percentage attainable for
80 ng of DNA, while 0.15% could be detected in 27 ng of DNA
(without lowering the photomultiplier gain). The quantification
was performed by linear regression function that relates the ratio
of chromatographic peak areas Ajc/Asmqac to their molar ratio
(R,,) in the set of calibration solutions. The percentage of DNA
methylation was calculated as [1/(1 + R,,)]-100%. The results
obtained for submicrogram samples by HPLC-FLD were in
agreement with those previously reported, yet a less selective
and sensitive HPLC-DAD method (DNA mass 1—10 ug).
Furthermore, the results obtained for DNA in biological samples
indicate the utility of the proposed procedure in studies focusing
potential effect of environmental factors on actual DNA methy-
lation in different types of living organisms. Finally, the proposed
procedure might be of interest for the evaluation of RNA
methylation, after refining the extraction conditions in order to
obtain information specific for a desired type of ribonucleic acid.
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Abstract

HOMEQOBOX (KNOX) transcription factors.

conditions in comparison with AtgkNOX2.

Background: The micropropagation is a powerful tool to scale up plants of economical and agronomical
importance, enhancing crop productivity. However, a small but growing body of evidence suggests that epigenetic
mechanisms, such as DNA methylation and histone modifications, can be affected under the in vitro conditions
characteristic of micropropagation. Here, we tested whether the adaptation to different in vitro systems (Magenta
boxes and Bioreactors) modified epigenetically different dones of Agave fourcroydes and A. angustifolia.
Furthermore, we assessed whether these epigenetic changes affect the regulatory expression of KNOTTED1-like

Results: To gain & better understanding of epigenetic changes during in vitro and ex vitro conditions in Agave
fourcroydes and A. angustifolia, we analyzed global DNA methylation, as well as different histone modification marks,
in two different systems: semisolid in Magenta boxes (M) and temporary immersion in modular Bioreactors (B). No
significant difference was found in DNA methylation in A fourcroydes grown in either M or B. However, when A.
fourcroydes was compared with A angustifolia, there was a two-fold difference in DNA methylation between the
species, independent of the in vitro system used. Furthermore, we detected an absence or a low amount of the
repressive mark H3K9me2 in ex vitro conditions in plants that were cultured earlier either in M or B. Moreover, the
expression of AtgkNOXT and AtgkNOX2, on A. fourcroydes and A. angustifolia clones, is affected during in vitro
conditions. Therefore, we used Chromatin ImmunoPrecipitation (ChIP) to know whether these genes were
epigenetically regulated. In the case of AtgkNOX1, the H3K4me3 and H3K9me2 were affected during in vitro

Conclusions: Agave clones plants with higher DNA methylation during in vitro conditions were better adapted to
ex vitro conditions. In addition, A fourcroydes and A. angustifolia clones displayed differential expression of the
KNOX1 gene during in vitro conditions, which is epigenetically regulated by the H3K4me3 and H3K9me2 marks. The
finding of an epigenetic regulation in key developmental genes will make it important in future studies to identify
factors that help to find climate-resistant micropropagated plants.

Keywords: Epigenetics, In vitro, Histone methylation, Agave, KNOX genes

Background

DNA methylation and histone modifications are import-
ant epigenetic mechanisms for gene regulation in eukar-
yotes [1-3]. In plants, epigenetic mechanisms play an
important role in development [4,5], flowering [6],
pathogen recognition (7], senescence [8] and somaclonal
variation [9-11]. It has been found that DNA methylation/
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demethylation is affected by exogenous and endogenous
factors in both in vive and in vitro conditions, such as
auxin concentration, temperature and aging [5,12-14].
DNA methylation patterns can also change, depending on
the method of plant propagation [15].

The use of im vitro plant propagation techniques
allows the scale up of crops of agronomic importance
[16,17], maintaining genetic stability among clones. Al-
though clonal plants are usually very stable at the gen-
etic level, epigenetic modifications in DNA [12,18,19], as
well as histones [20-24], mainly by methylation in lysine

© 2012 De-la-Pefia et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (httpy//creativecommeons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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9 and 4 of the histone H3, could be affected and, there-
fore, induce somaclonal variation [11]. There is evidence
of epigenetic changes, although some can be quite stable
with time [25], occurring during in vitro culture. For in-
stance, Valledor et al. [5] found that an increase in plant
vigor and rejuvenation is due to DNA methylation. On
the other hand, it has been found that the decrease in
organogenesis capability of Pinus radiata was related to
low levels of acetylation in histone H4 and high levels of
DNA methylation [26]. It has been proposed that the
changes in DNA methylation patterns in maize and
apple are induced by tissue culture during in vitro con-
ditions [27-29], and these methylation patterns play an
important role during plant development [4,5]. Further-
more, not only methylation [30,31] but also demethyla-
tion in the DNA could cause epigenetic alterations that
provoke abnormalities during the in vitro process [32,33].
One of the factors involved in epigenetic changes during
in vitro conditions is the exposure to growth regulators,
which are widely used in plant tissue culture [34,35] to
promote multiplication and growth.

Plant growth regulators have been involved in the ex-
pression of several genes, and some studies have even
suggested reciprocal links between growth regulators
and homeobox genes [36]. One of the most studied
homeobox genes regulated by plant growth regulators is
the KNOTTEDI-like HOMEOBOX (KNOX) transcrip-
tion factor group [37-39]. In Arabidopsis thaliana, there
are eight KNOX genes that have been divided into two
classes. STM, KNATI, KNAT2 and KNAT6 belong to
class I, while KNAT3, KNAT4, KNATS and KNAT?7 fall
into class II [40]. The expression of two, KNATI and
KNATS, is altered by cytokinins and auxins [41-43].
Rupp et al. [41] found an increase in the transcription
level of KNATI in the cytokinin-overproducing mutant
ampl, which might occur by acting through the activa-
tion of KNATI. Furthermore, Dean et al [43] found in
A. thaliana that exogenous auxin treatments alter the
promoter activity of the gene KNAT6. In the same
way, Montero-Cortes et al. [39] found that in somatic
embryos from micropropagated coconut plants, the
expression of CnKNOXI was stimulated by gibberellic
acid, while in CnKNOX2 the hormone produced a de-
crease in its expression. Taking all these findings as a
whole, it is clear that plant growth regulators have an
important impact on KNOX genes.

Studies done in Agave tequilana have shown that
KNOX genes are associated with organogenesis during
bulbil formation [44]. According to Abraham-Juarez
et al. [44], AtgKNOXI, homologous to KNAT1I, and Atg-
KNOX2, homologous to KNAT6, presented an increase
in the levels of expression as bulbils mature. The regula-
tion of KNOX genes in Agave has not been clearly
understood, but studies in Arabidopsis and maize
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suggest that chromatin configuration could be an im-
portant factor in the regulation of these genes [40,45,46].
In humans, homeobox genes, which encode transcrip-
tion factors evolutionarily conserved, are epigenetically
regulated [47]. Therefore, it is possible that, as in ani-
mals, plant homeobox genes, such as KNOX, can also be
epigenetically regulated.

Although the epigenome is highly dependent on the
surrounding environment [48,49], the epigenetic changes
that occur under in vitro conditions are still unknown,
as is how these changes impact plants’ development in
the field. In order to understand the effect of in vitro
conditions on the epigenetic regulation of AtgKNOX1
(KNAT1) and AtgKNOX2 (KNATS6), in this study we pro-
vide a detailed epigenetic analysis comparing different
Agave plants cultured under different in vitro and ex
vitro conditions.

Results

In order to assess the epigenetic and molecular differ-
ences that might be occurring in Agave plants cultured
in different in vitro systems (see Methods; Figure 1), as
well as in ex vitro conditions, we used three different
Agave fourcroydes clones (P20, P21 and P159) and one
A. angustifolia clone (BM26) (Figure 1A). Sixteen-week-
old clones were cultured in vitro (T0), as described in
Methods, and transferred for five weeks to two different
in vitro growth systems: semisolid in Magenta boxes (M)
and temporary immersion in modular Bioreactors (B).
After that treatment, the plants from each in vitro
growth system (M and B) were transplanted to soil (S),
where they stayed for two months ex vitro (Figure 1B).
In total, five culture conditions (T0, M, B, SM and SB)
were evaluated for each clone (P20, P21, P159 and
BM26).

As previously reported by Robert et al [50], it was
observed that after five weeks in in vitro, the A. four-
croydes plants under Bioreactor conditions developed
better than those grown in Magenta boxes; they were
shorter, more vigorous and presented a more intense
coloration (Figure 2). A similar situation was observed
in the A. angustifolia clone (BM26), which also produced
more leaves when cultured in the Bioreactor. These
phenotypic characteristics were not conserved once the
BM26 plants were evaluated eight weeks later in ex vitro
conditions (SM and SB). Many of the BM26 plants did
not survive after a couple of weeks ex vitro, and the few
plants that did survive were small, pale and had only a
few roots. In contrast, more than 90% of the A. four-
croydes plants (P20, P21 and P159) survived. They grew
rapidly, produced many strong roots and the leaves
developed the characteristic purple color in (data not
shown).
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Figure 1 In vitro culture of Agave fourcroydes clones P20, P21 and P159 and A. angustifolia dlone BM26. (A) Ten-week-old Agave plants

grown under photoperiod conditions were considered as T0. (B) Experimental design for the culture of the plantlets cultured ten weeks in

multiplication medium (T0). After ten weeks, the plantlets were moved to a semisolid growth medium in Magenta boxes (M) and temporary

immersion in modular Bioreactors (B), where they stayed for five weeks. After that, the plantlets were transferred to soil previously cultured in M
L (SM) and to soil previously cultured in B (SB), where they stayed eight more weeks.

Transfer to ex vitro conditions increases DNA methylation
in Agave angustifolia

To gain insight into DNA methylation from plants grown
in two different systems during in vitro (M and B) and ex
vitro (SM and SB) conditions, three different A. fourcroydes
clones (P20, P21 and P159) and one A. angustifolia clone
(BM26) were chosen as starting material (Figures 1 and 3).
Global DNA methylation rates were analyzed by HPLC
(see Methods) from plants collected at TO, M, B, SM and
SB. The global quantification of 5-methyl-deoxycitidine
has shown that DNA methylation in A. fourcroydes (P20,

P21 and P159) and A. angustifolia (BM26) cultured either
in M or B is not significantly different (Figure 3). However,
there is a two-fold difference in the DNA methylation rate
of A angustifolia in comparison with A. fourcroydes.
Under ex vitre conditions (SM and SB), it was observed
that BM26 increases its methylation rate two-fold in com-
parison with the in vifro conditions, while that of P20, P21
and P159 showed an increase of 1 to 3% from in vitro to
ex vitro. Only one clone, P21, presented 1% less 5mdC
under ex vitro versus in vitro conditions, showing 34% in
the plants that were cultured in M in comparison with

e

~

In vitro

Ex vitro

Figure 2 In vitro and ex vitro culture of Agave fourcroydes clones P20, P21 and P159 and A. angustifolia clone BM26. Flantlets were
grown in two different systems: a semisolid growth medium in Magenta boxes (M) and temporary immersion in modular Bioreactors (B) for five
weeks under in vitro conditions and for two months under ex vitro conditions (in soil: SM and SB).

\

122



De-la-Pefia et al. BMC Plant Biology 2012, 12:203
http://www.biomedcentral.com/1471-2229/12/203

50

P20
45 4 P21
=3 P159
40 -{ I BM26
a
354 M
30
25

20

% 5 mdC

15
10
5

TO M B SM SB

Figure 3 Methylation quantification in genomic DNA from
Agave fourcroydes clones P20, P21 and P159 and A. angustifolia
clone BM26. Plantlets from multiplication medium (TQ), semisolid
growth medium in Magenta boxes (M), temporary immersion in
modular Bioreactors (B, soil previously cultured in M (SM) and soil
previously cultured in B (SB) were used for the analysis. Each bar
corresponds to the mean with its standard error (n = 15). Different
letters in columns represent the statistical significance of mean

differences at a given time by the Tukey test (P < 001).
L

33% for those cultured in SM. This suggests that ex vitro
conditions could change the methylation behavior in dif-
ferent clones from the same species, potentially resulting
in a change in a plant’s performance once it is in the field.
On the other hand, we cannot rule out, at least for the
case of A. fourcroydes, that the slight increase in DNA
methylation observed during ex vifre in comparison with
in vitro conditions (SM vs M and SB vs B) could be due to
plant development.

In vitro conditions induce methylation in H3K9

The Western blot analysis using antibodies against the
H3K4 di- and tri-methylated isoforms, as well as for the
H3K9me2 and H3K36me2 marks (see Methods), showed
important changes in histone methylation patterns in all
the clones during ex vitro conditions in comparison with
the in vitro ones. In all ex vitro samples (SM and SB), we
detected an absence or a low amount of the repressive
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mark H3K9me2, in spite of the fact that this mark had
accumulated noticeably only during in vitro conditions
(Figure 4). This suggests the possible formation of
heterochromatin-like structures, as a result of the
in vitre conditions. Marks H3K4me2, H3K4me3 and
H3K36me2, which are implicated in the activation of
transcription [51], were differentially detected among
the clones and between in vitro and ex vitro conditions.
For instance, H3K4me2 was present in all samples and
all conditions except P21, for which this mark was ab-
sent in SM and present at a very low amount in SB. Fur-
thermore, H3K36me2 was found in all samples in vitro
but absent ex vitro, except for P20, where this mark was
also found. In contrast, H3K4me3 presented a different
pattern in each clone that may lead to the formation of
eurochromatic structures as a stress mechanism pro-
voked by in vitro conditions in different plants. There-
fore, although the clones are genetically very similar, the
response of each clone to the in vitro and ex vitro condi-
tions is different, giving a specific epigenetic identity to
each. For instance, in P20, H3K4me3 accumulated in B,
SM and SB, in P21 this mark accumulated in M and B,
and in P159 it accumulated only in B. In BM26, the
H3K4me3 mark was slightly accumulated in B and SB.

KNOX expression is induced by in vitro conditions

The effect of in vitre conditions on the expression of the
KNOX genes was analyzed by qRT-PCR assays of P20, P21,
P159 and BM26 in TO, M, B, SM and SB (Figure 5). We
found that At¢gKNOX1 showed expression only in P21 and
P159 at TO; and P20 at M. However, the highest expression
detected was in P20 at B. In the case of ex vitro conditions,
this gene was slightly expressed in P21 and P159 in SM
and in P21 and BM26 in SB. Therefore, AtgKNOX1 is dif-
ferentially expressed in the Agave clones during in vitro
conditions. On the other hand, the expression of Atg-
KNOX2 was low or absent under all culture conditions in
the BM26 clone. In the case of P159, the expression of Afg-
KNOX2 was almost the same while the clone was in vitro.
However, once the plants were in ex vifro conditions, the
expression of this gene was almost undetectable. It is worth
mentioning that in the case of P21, the expression of
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Figure 4 Immunoblot analyses of histone modification in Agave fourcroydes clones P20, P21 and P159 and A. angustifolia clone BM26.
Analyses were carried out from plantlets cultured in multiplication medium (T0), semisolid growth medium in Magenta boxes (M), temporary
immersion in modular Bioreactors (B), sail previously cultured in M (SM) and soil previously cultured in B (SB). Similar amounts of histone H3 were
loaded as confirmed with an H3-specific antibody detecting the unmodified C-teminal part of H3.
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Figure 5 Real-time PCR expression of AtgkNOX expression in Agave fourcroydes clones P20, P21 and P159 and A. angustifolia clone
BM26. Expression was performed from plantlets cultured in multiplication medium (T0), semisolid growth medium in Magenta boxes (M),
temporary immersion in modular Bioreactors (B), soil previously cultured in M (SM) and soil previously cultured in B (SB). Total RNAs used as the
templates for gRT-PCR were isolated from all conditions and clones. Each bar corresponds to the mean with its standard error (n = 3). Relative
transcript abundances of AtgkNOX7 and AtgKNOX2 were normalized to the constitutive gene UBIQUITINTT. The means and standard deviation of
biclogical replicates are shown.
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AtgKNOX2 was low in all culture conditions. However,
P20 presented the highest expression of AtgkKNOX2 in B;
while in TO and M, the expression of this gene was very
similar to P21 and P159, respectively. Furthermore, under
ex vitro conditions (SM and SB), AfgKNOX2 expression in
P20 was as low as that of P21.

AtgKNOXT is epigenetically regulated

Since in vitro conditions show a differential expression
of AtgkKNOX1 and AtgKNOX2 in A. fourcroydes and A.
angustifolia clones (Figure 5), we examined the molecular

events accompanying the epigenetically induced modifica-
tion of these genes by Chromatin ImmunoPrecipitation
(ChIP) in two clones, one of A. fourcroydes (P20) and one
of A. angustifolia (BM26) from TO0, M, B, SM and SB
(Figure 6). Normalization of histone H3 immunoprecipi-
tated from all samples to the corresponding input fraction
revealed changes in H3K4me3 and H3K9me2 We
observed an enrichment of the H3K4me3 mark in P20 at
the B condition in comparison to the input of the
AtgKNOX1 gene (Figure 6), which correlated with its ex-
pression (Figure 5).

Input
BM26 P20
o E @ F
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Figure 6 Effects of in vitro conditions upon the histone H3-methylation patterns of Agave fourcroydes clone P20 and A. angustifolia
clone BM26 using Chromatin ImmunoPrecipitation (ChIP). Samples were collected from plants cultured in multiplication medium (T0),
semisolid growth medium in Magenta boxes (M), temporary immersion in modular bioreactors (B), soil previously cultured in M (5M) and soil

2 o3 o0F B o503 3

previously cultured in B (SB). The plant samples were examined for the Histone H3-tail methylation patterns the AtgkNOXT and AtgKNOX2 genes.

Input (input DNA), tenfold-diluted samples were used as templates for the input lanes. Negative controls (—Ab) with no antibody samples were

treated in the same way as immunoprecipitated chromatins with H3K4me3 and H3K9me2. Amplified UBIOUITINTT with specific primers was used
L as a control for the guality of the samples
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The H3K4me3 methylation levels in AtgKNOXI in
BM26 were not detected in any condition, which also
correlates with its lack of expression found in Figure 5.
During in vitro conditions in the Bioreactor, the
H3K4me3 levels increased, favoring the expression due
to epigenetic regulation of AtgKNOXI in the clone P20.
Considering these results and the ones obtained with
gene expression studies, it appears that the AtgKNOXI
expression (Figure 5) is directly correlated with the
H3K4me3 levels. Furthermore, we determined the levels
of H3K9me2, a mark related to heterochromatin and re-
pressive gene regions, of all analyzed genes (Figure 6).
We found that only in BM26 was there an increase in
H3K9me2 in AtgkNOXI in all culture conditions. This
result is consistent with the lack of expression of this
gene in BM26.

These results could help to develop new strategies to
optimize the use of more efficient in vitro conditions in
order to guarantee the epigenetic stability of the cultures

in the field.

Discussion

Plant tissue culture has been used for many years to
propagate elite plants and for genetic breeding [52,53].
In Mexico, clonal propagation has been successfully
employed to improve revigorization and juvenility in
commercial plantations of Agave [16,50,54,55]. It is
known that Agave plants cultivated under in vitro condi-
tions for several generations do not contribute to genetic
variation among clones [15], but some phenotypic varia-
tions have still been found. One of the explanations for
these phenotypic changes under in vitro culture could
be epigenetic regulation.

There is small but increasing evidence describing the
epigenetic changes during in vitro culture. It has been
found that not only the environment during the in vitro
culture can change the epigenetic profile of the plant
[27-29], but also the epigenetic status of the donor
plants; even the organs within the donor plants can de-
termine the later behavior of the explants [26]. For in-
stance, it has been found that in vitro conditions change
DNA methylation [27-29] and even this epigenetic
mechanism has been related to plant development and
rejuvenation [4,5]. Therefore, the DNA hypomethylation
found in BM26 when this clone was changed from TO0 to
either the Magenta box or the Bioreactor (Figure 3)
could be due to stress [9], which might be related to the
increase in the mortality rate observed when these plants
were transplanted to soil. Another explanation is that re-
juvenation is occurring in this clone during its time in
the Magenta boxes or the Bioreactor. Valledor et al. [5]
found that there is a relationship between DNA methyla-
tion and aging-revigoration in plants, such that aging
increases as DNA global methylation increases. In plants,
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DNA methylation usually increases with aging [26,56],
while in mammals it decreases with time [57,58]. There-
fore, the decrease in DNA methylation observed in A.
angustifolia during in vitro culture (Figure 3) could be a
mechanism for rejuvenation.

Li et al [28] reported that several physiological changes
related to in vitro culture, such as leaf structural changes,
modifications in plant water content and changes in
photosynthetic systems, are related to the stress provoked
by in vitro conditions, and the stress seems to be related
to the content of global DNA methylation. We observed
in Agave that the semisolid system in the Magenta boxes
generates longer leaves in comparison with the plants cul-
tured in the temporary immersion of the modular Bior-
eactors (Figure 2). Although we did not observe a
significant difference in DNA methylation between Ma-
genta boxes and Bioreactors in the same clone (Figure 3),
we observed a difference in histone methylation patterns
between plants grown in these two in vitro systems
(Figure 4). The genetic expression provoked by stress in
plants depends on histone postranslational modifications
and DNA methylation [59]. In the case of histone methy-
lation, there are no reports that explain or suggest either
the somaclonal variation or the genes affected epigeneti-
cally. Although there is information about the role of
DNA methylation during in vitro culture, the histone
modifications and the changes in chromatin modulation
are still unknown. We found that clones genetically and
even phenotypically alike have different epigenetic
responses to in vitro culture (Figure 4). Moreover, there
are no reports of the epigenetic stability of the micropro-
pagated plants once they are ex vitro; so far, it is unknown
whether histone modifications are involved. It is known
that the epigenetics of an organism can change depending
on development [60], biotic [7] or abiotic interactions
[61], and even stress exposure [62]. Therefore, the mech-
anism of stress response due to the exposure to growth
regulators during in vitro conditions could be one of the
candidates for regulation by epigenetic factors. We found
that during in vitro conditions, epigenetic modifications in
histones (Figure 4), mainly through H3K9me2, which is
very important in the initiation and maintenance of het-
erochromatin silencing [2] and in the control of DNA
methylation [63], are affected. However, once the plants
were transferred to ex vitro conditions in the field, this
histone mark was absent or in present in low amounts,
suggesting that plants can change the epigenome-
phenotype.

In other in vitro systems, such as the potato, the DNA
methylation variation associated with tissue culture pro-
tocols has been investigated [64]. It was found that DNA
methylation changes occurring among the tissue types
are an essential factor contributing to developmental
stage differences, as well as tissue-culture-induced
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variation. Therefore, the hypermethylation found in
P159 at SM could be induced by elements of the tissue
culture media such as plant hormones, which have been
shown to induce methylation changes in plant tissue cul-
tures [12,19,65]. There is evidence that the use of the
auxin 2,4-D in maize cultures generates changes in the
DNA methylation pattern, depending on the concentra-
tion [12]. Plant hormones regulate growth and develop-
ment in plants by controlling the expression of genes
involved in these processes.

KNOX genes have been implicated in plant hormone
metabolism [66,67]. Hay et al. [42] found that auxins re-
press the KNAT1 gene, promoting leaf development in
Arabidopsis. Furthermore, it has been proposed that
alterations in auxin gradients could result in a failure to
down-regulate KNOX expression [37]. Different epigen-
etic mechanisms have been suggested for the regulation
of KNOX genes during organogenesis [68,69]. In this
study, we showed that the AtgKNOXI gene is epigeneti-
cally regulated by H3K4me3 and H3K9me2 (Figure 6).
Histone modification is a very complex epigenetic mech-
anism that so far has not been decoded [70-72]. How-
ever, studies in Arabidopsis have revealed that histone
H3K9 methylation exists predominately as mono- and
di-methylation, while trimethylation in H3K9 is quite
rare [73]. There is evidence showing that in plants
H3K27me3, H3K9me3 and H3K4me2 are euchromatic
marks, while H3K9me?2 is more associated with the re-
pression of the transcription [63,74]. Chromatin changes
have become an important key element for development
in plants [75] and histone modification is essential [76].
Changes in KNOXI gene expression among species
could be due to different factors such as diversification
of repressors of these genes [67]. Among the main roles
of KNOX are the formation of auxin maxima, which
provide feedback to repress KNOX expression, allowing
leaflet outgrowth [67,77].

It will be interesting to study the methylation patterns
from different generations exposed to in vitro conditions
compared to those that were not, to determine whether
the plants remember the in vitro exposure through epi-
genetic marks.

Conclusions

DNA methylation and histone modifications are very
important epigenetic mechanisms that can be affected
by in vitro conditions. Our studies indicate that under
in vitro conditions, DNA methylation is affected in A.
angustifolia, but not in A. fourcroydes. In addition, A.
fourcroydes presented differential expression of Aig-
KNOXI and AtgKNOX2, depending on the in vitro sys-
tem used. Furthermore, the regulatory expression of
AtgKNOX1 was related to the H3K4me3 and H3K9me?2
marks. We propose that in vitro conditions change key
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genes by epigenetic regulation, which could be an im-
portant tool to find plants better adapted to overcome
climate challenges.

Methods

Plant material and growth conditions

Three different in vitro-propagated Agave fourcroydes
clones (P20, P21 and P159) and one Agave angustifolia
clone (BM26) were used. The media used for plant in-
duction, multiplication and growth of the plants was
Murashige and Skoog [78], at pH 5.7, with some modifi-
cations as reported by Robert et al. [16,55]. Briefly, the
plants from each clone were kept for six weeks in
Magenta containers filled with 50mL of Murashige and
Skoog media with reduced nitrogen, solidified with
1.75g/L of Gelrite (semisolid media) and without growth
regulators. All plantlets were then transferred to and
maintained in multiplication media supplemented with
10 mg/L. BAP and 0.025 mg/L 24-D for ten weeks.
Sixteen-week-old plants of the same size from each
clone were divided as follows: 25 were sampled for ana-
lysis (T0) and 100 were cultured in growth medium sup-
plemented with 1mg/L BAP and 0.025 mg/L 2,4-D. At
this growing stage, two different systems were used: 50
plantlets were maintained in semisolid growth media in
Magenta boxes [Magenta (M)] supplemented with 10 g/
L of Agar, and 50 plantlets were cultured in liquid
growth medium under temporary immersion in modular
Bioreactors [Bioreactor (B)], as described by Robert
et al. [50]. After five weeks, 25 plantlets from both
in vitro systems (M and B) and from each clone (P20,
P21, P159 and BM26) were sampled, and the remaining
25 from M and B were transferred to soil (SM and SB),
where they grew for another eight weeks before they
were also evaluated (Figure 1B).

Histone isolation and Western blots

Histones from Agave spp. clones (P20, P21, P159 and
BM26) were isolated from 0.5 grams of leaf tissue from
To, M, B, SM and SB using sulfuric acid extraction of
nuclei proteins followed by acetone precipitation,
according to Jackson et al [79]. Ten micrograms of iso-
lated histones per sample were used for Western blots.
The proteins were transferred to nitrocellulose membrane
(0.45pm) by electrophoresis for four hours at 265mA.
Membranes were blocked with 5% milk and 0.5% Tween
in PBS, and probed with various antibodies, as follows:
dimethyl-Histone H3 [Lys-4] (Upstate, cat. #07-030),
trimethyl-Histone H3 [Lys-4] (Upstate, cat. #04-745),
dimethyl-Histone H3 [Lys-9], (Upstate, cat. #07—441) and
anti-dimethyl-Histone H3 [Lys-36] (Upstate, cat. #07-
274). Di-(m2/H3) and tri-(m3/H3) methylated levels were
measured and compared in histones isolated from differ-
ent samples. The amount of loaded histone H3 in each
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sample was determined from Western blots using anti-
bodies specific to non-methylated H3 (Upstate, cat. #06-
755). Signals from bands obtained with methylation-
specific antibodies were normalized against the respective
histone H3 amounts (measured as signal intensities of
Western-blot bands obtained with anti-histone H3-anti-
bodies). All blots were stripped and reprobed with the his-
tone H3 antibody to demonstrate equal loading. Data
from four independent measurements consistently gave
the same results.

DNA methylation

DNA extraction was done following the method
described by Echevarria-Machado et al. [80]. DNA di-
gestion was performed as described Santoyo et al. [81],
with slight modifications. Five pg of DNA from P20,
P21, P159 and BM26 at T0, M, B, SM and SB were dis-
solved in 42pL of ultra pure water and mixed with 5L
of 10 X DNA digestion buffer (200 mM acetic acid,
200mM glycine, 50mM magnesium chloride, 5mM zinc
acetate, 2 mM calcium chloride adjusted with sodium hy-
droxide to pH 5.3). The mixture was hydrolyzed with 2pL
of DNase I (D2821-Sigma, 10U/pL) and 1pL of Nuclease
P1 (N8630-Sigma, 1.25U/uL) overnight at 37°C and then
frozen for 10-15 min at 0°C and then incubated at 100°C
for five min. Samples were mixed with 5uL of 100 mM
NaOH and 2ul Calf intestine alkaline phosphatase
(P4879-Sigma, 1U/pL) and incubated for 3.5 h at 37°C
and then mixed with 100pl of water and 50pl mobile
phase D (see below). Samples were centrifuged at 18,000
x g for 10 min at 4°C, and the supernatant was transferred
to a new tube and stored at —20°C until analysis. Forty pl
of sample was injected to liquid chromatographic system
(HPLC, Agilent series 1200), and the bases were separated
on a chromatographic column, Luna C18 (250 x 4.6mm,
5pm from Phenomenex) at 40°C. The absorbance was
measured using a diode array detector at 286 nm. The
separation was realized according to the method described
by Lopez Torres et al. [82] with some modifications. Four
mobile phases were used: A, deionized water; B, aceto-
nitrile; C, methanol; and D, 50mM ammonium phosphate
dibasic, 15mM ammonium acetate adjusted with phos-
phoric acid to pH 4.1. The gradient program was as fol-
lows: 0 to 4 min 80% A, 20% D; 4 to 11 min 78% A, 2% C,
20% D; 11 to 15 min 77% A, 3% C, 20% D; 15 to 15.8 min
35% A, 20% B, 25% C, 20% D; 15.8 to 16 min 30% A, 25%
B, 25% C, 20% D at a total flow rate of 1 mL/min. The
percentage of global DNA methylation was calculated as
follows: concentration of 5-methyl-2"-deoxycytosine
(5mdC)/ [concentration of 5mdC + concentration of 2'-
deoxycytosine (dC)] x 100. All the analysis was achieved
with three biological replicates from different DNA
extractions. Statistical comparison was performed by one-
way analysis of variance (ANOVA). The significance grade
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was determined by the test of several means of Tukey
(P <0.01).

Gene expression

Total RNA was extracted from 0.2g leaf tissue of P20,
P21, P159 and BM26 from T, M, B, SM and SB by
using the BRL Trizol reagent (Invitrogen) and re-purified
with the Qiagen RNeasy Mini Kit, following the manu-
facturer’s instructions. Reverse transcriptase (RT) reac-
tions were performed in a 20-pl volume containing 2pg
of total RNA and 200 units of the M-MLV Reverse
Transcriptase (Invitrogen), following the manufacturer’s
instructions. cDNA templates for qRT-PCR amplification
were prepared from three individual plants for each condi-
tion. Each reaction contained 100 ng of cDNA template,
10 pM of each primer and 1x EXPRESS SYBR® Green-
ER™ pPCR SuperMix Universal (11784-200-Invitrogen).
Real-time PCR assays were performed in a Step OneTM
Real Time PCR System (Applied Biosystems) under the
following conditions: 5 min at 95°C, followed by 35 cycles
of 95°C for 40 sec, 62°C for 40 sec and 72°C for 90 sec,
and a final cycle of 72°C for 5 min. Transcript levels of
AtgKNOX1 and AtgKNOX2 in the samples were normal-
ized to the level of UBIQUITIN (LiBQ11) and the data are
expressed as the relative expression level. The specificity
of the PCR product amplifications was determined by a
melting curve analysis. Data obtained from Real-time PCR
were used to calculate the relative quantification of the
target gene expression and compared to the expression of
the L[BQ11 using the 2784t hethod [83]. We used the
primers reported by Abraham-Juarez et al [44] to deter-
mine gene expression in Agave: AtgKNOX1 (GenBank Ac-
cession No. GU980050) forward 5'-gagggcagttcataggtgat
-3, reverse 5'-ttcccacaggagtaggtcte -3’ (190bp); AtgKNOX2
(GenBank Accession No. GU980051) forward 5'- gaatggtg
gactgectcacta-3; reverse 5'-cctcagtcgtcgtcatagaa-3’ (225bp)
(Additional file 1: Figure S1); and /BQII was used as a
control 5’-gacgggegeacccttgeggatta-3, 5'-tcetggatettcgecttg
acatt-3’ (211bp). Statistical comparison was performed by
one-way analysis of variance (ANOVA).

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed as described by De-la-Pena
et al. [7]. The antibodies used were anti-dimethyl His-
tone H3 [Lys9] (Upstate #07-441) and anti-trimethyl
Histone H3 [Lys4] (Upstate #05-745). For all ChIP
experiments, chromatin was isolated from leaves of P20
and BM26 from T, M, B, SM and SB conditions. Each
immunoprecipitation experiment was independently
performed three times with separately isolated biological
samples. All PCR reactions were done in 25ul: 5min at
95°C, followed by 38 cycles of 95°C 30 sec, 56°C 30 sec,
72°C 2 min, and 72°C 5 min. Intensities were normalized
versus the input sample representing 15% of the DNA
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used as template. The ChIP primer sequences used were
as follows: AtgKNOXI forward 5'-gagggcagttcataggtgat
-3, reverse 5’-ttcccacaggagtaggtcte -3 AtgKNOX2 for-
ward 5'- gaatggtggactgctcacta-3; reverse 5’-cctcagtcgtegte
atagaa-3’; and UBQII was used as a control 5'-gacgggc
geaccettgeggatta-3) 5'-tectggatcttegecttgacatt-3'.

Additional file

Chip,
u

Additional file 1: Figure S1. A) Comparison of the AgikKNOX 1
nuclectide sequences with KNATT (At4g08150) Arabidopsis sequences;
B) Comparison of the AlgkNOX2 nucleotide sequences with KNAT2
(At1923389) Arabidopsis sequences. Alignment was performed using
Blast [84]. The * indicates the conserved residues between the Agave
with Arabidopsis. The : indicates that at least one residue is different
between Agave and Arabidopsis. Names of the genes are indicated on
the left. The squares indicate the primers that were used for RT-PCR and
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Application of reversed-phase high-performance liquid
chromatography with fluorimetric detection for simultaneous
assessment of global DNA and total RNA methylation

in Lepidium sativum: effect of plant exposure

to Cd(II) and Se(IV)
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Abstract In the present work, application of the previously
established reversed-phase liquid chromatography proce-
dure based on fluorescent labeling of cytosine and methyl-
cytosine moieties with 2-bromoacetophenone (HPLC-FLD)
is presented for simultaneous evaluation of global DNA and
total RNA methylation at cytosine carbon 5. The need for
such analysis was comprehended from the recent advances
in the field of epigenetics that highlight the importance of
non-coding RNAs in DNA methylation and suggest that
RNA methylation might play a similar role in the modula-
tion of genetic information, as previously demonstrated for
DNA. In order to adopt HPLC-FLD procedure for DNA and
RNA methylation analysis in a single biomass extract, two
extraction procedures with different selectivity toward
nucleic acids were examined, and a simplified calibration
was designed allowing for evaluation of methylation per-
centage based on the ratio of chromatographic peak areas:
cytidine/5-methylcytidine for RNA and 2’-deoxycytidine/5-
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methyl-2'-deoxycytidine for DNA. As a proof of concept,
global DNA and total RNA methylation were determined in
Lepidium sativum hydroponically grown in the presence of
different Cd(II) or Se(IV) concentrations, expecting that
plant exposure to abiotic stress might affect not only global
DNA but also total RNA methylation. The results obtained
showed the increase of DNA methylation in the treated
plants up to concentration levels 2 mgL™ Cd and | mg
L' Se in the growth medium. For higher stressors’ concen-
tration, global DNA methylation tended to decrease. Most
importantly, an inverse correlation was found between DNA
and RNA methylation levels (r==0.6788, p=0.031), calling
for further studies of this particular modification of nucleic
acids in epigenetic context.

Keywords Bioanalytical methods - HPLC -
5-Methyleytosine - Nucleic acids - Epigenetics

Introduction

Epigenetic regulation of gene expression relies on dynamic
changes in chromatin structure that are govemed, among
other factors, by methylation/demethylation of DNA at car-
bon 5 position in cytosine [1]. Epigenetic mechanisms pro-
vide the basis for differentiation, development and cellular
homeostasis in eukaryotes; however, misdirected events
have been associated with early stages of human diseases
[2]; in this regard, it is relevant that environmental factors
such as nutrition or exposure to pollutants are able to induce
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epigenetic changes [3, 4]. Global methylation, defined as the
percentage of methylated cytosines in genomic DNA, has
been widely accepted as a biomarker of large-scale epige-
netic events and used to evaluate the response of various
organisms to specific environmental conditions [5-8].

Unlike DNA, for ribonucleic acids there are more than
100 post-transcriptional modifications characterized, being
one of them the cytosine methylation at carbon 5 position
(5mC) [9]. This relatively abundant modification has been
detected in various ribonucleic acids, including ribosomal,
transfer, messenger and a variety of small RNAs, yet its
possible cellular functions are not fully understood [10].
Studies carried out in different biological systems showed
that both specific DNA and RNA methyltransferases may
participate in SmC formation [10, 11]. Furthermore, RNA-
directed DNA methylation has been extensively studied in
living organisms and in particular associated with the
responses of plants to abiotic stress [12, 13]. Some authors
speculate that RNA methylation at C5 of cytosine groups
might play an important role in the regulation of epigenetic
inheritance [14]; it has also been observed that tRNA meth-
ylation levels in yeast cells are controlled by actual nutri-
tional environment [15]. In summary, the advances in the
field of epigenetics reveal the importance of non-coding
RNAs in DNA methylation and, in particular, suggest that
RNA methylation might play a similar role in the modula-
tion of genetic information, as previously demonstrated for
DNA [10].

These findings and hypotheses have awaken the interest
in assessing both global occurrence and specific localization
of methylated cytosines (5SmC) in ribonucleic acids [16, 17].
Furthermore, for significance evaluation of possible link
between DNA and RNA methylation in epigenetically reg-
ulated processes, the call for simultaneous analysis of meth-
ylation status of nucleic acids can be anticipated. In this
regard, we have recently established the chromatographic
procedure, in which 2-bromoacetophenone was used as a
fluorescent tag of cytosine groups present in nucleic acids
digests, and the analysis was carried out by reversed-phase
high-performance liquid chromatography with fluorimetric
detection (HPLC-FLD) [18]. The baseline separation of
labeled cytidine (C), 2'-deoxycytidine (dC), 5-
methylcytidine (5mC) and 5-methyl-2'-deoxycytidine
(5mdC) was accomplished within 18 min, the on-column
detection limits were 14.4-22.7 fmol (0.72-1.14 nM), re-
spectively. The cited work was specifically focused on glob-
al DNA methylation, for which the calibration was carried
out enabling to assess the percentage methylation from the
ratio between peak areas dC/SmdC. The procedure was then
extensively validated by comparison with the established
HPLC-DAD method [19] and by analysing standard salmon
testes DNA (Sigma product). On the other hand, the selectiv-
ity of fluorescent labeling and chromatographic resolution of
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four compounds suggested possible measurement of cytosines
methylation in deoxynucleic and ribonucleic acids in a single
analytical run [18].

The present work was undertaken in order to explore the
feasibility of the HPLC-FLD procedure described above, for
simultaneous determination of global DNA and total RNA
methylation in a single nucleic acids extract. Since this is a
pioneer approach, the challenge was to demonstrate possible
biological relevance of analytical data. It has already been
noted that environmental stress affects DNA methylation
and different non-coding RNAs have been associated with
this primary epigenetic mechanism in plants [2, 12, 13, 20];
for this reason, hydroponic cultures of Lepidium sativium
were used in this work, and the possible effect of their
exposure to Cd(IT) as cadmium chloride and Se(IV) as
sodium selenite was inquired. Garden cress, an edible veg-
etable of the Se-acumulating Brassicaceae species, is
known for its sensitivity to heavy metals [21]. The ability
of'this plant for selenium and cadmium uptake and accumu-
lation has been reported [22-24]. Furthermore, the plant
response under different exposure conditions has been stud-
ied, demonstrating element- and concentration-dependent
phytotoxic effects [23, 25]. The results obtained in this
technical note demonstrate that HPLC-FLD procedure is
suitable for simultaneous analysis of global DNA and total
RNA and also provide experimental evidence that such
analytical data might be potentially useful in plant epigenet-
ic studies.

Experimental
Apparatus

An Agilent series 1200 liquid chromatograph equipped with
a quaternary pump, a well plate autosampler, a spectrofluori-
metric detector and controlled by Chemstation (Agilent
Technologies, Palo Alto, CA, USA) was used. The chro-
matographic monolithic column was Ascentis Express C18
(150%3 mm, 2.7 um) from Supelco, with pre-column C18
from Phenomenex.

Reagents and samples

All chemicals were of analytical reagent grade. Deionized
water (18.2 MQem, Labconco, USA) and HPLC-grade
methanol, acetonitrile, dimethylformamide (DMF), isopro-
panol and chloroform from Fisher Scientific (Pittsburgh,
USA) were used throughout.

The standards of dC, C, 5SmdC and 5mC were obtained
from Sigma (St. Louis, MO, USA). Derivatization reagent,
2-bromoacetophenone, cadmium chloride and sodium sele-
nite were also from Sigma.
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Other Sigma analytical grade reagents were: glacial
acetic acid, trifluoroacetic acid (TFA), sodium hydrox-
ide, sodium sulfate anhydrous, sodium dodecyl sulfate,
ammonium phosphate dibasic, phosphoric acid, hydro-
chloric acid, sodium acetate, zinc sulfate, magnesium
chloride, sodium chloride, calcium chloride, glycine,
proteinase K, DNase I, nuclease P1, calf intestinal alka-
line phosphatase, ethylenediaminetetraacetic acid diso-
dium salt (EDTA), tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI) and TRIzol® reagent from
Life Technologies. Hoagland nutrient solution was pre-
pared from Sigma reagents. L. sativum cv. Ogrodowa
seeds were purchased in the garden-specialized market
in Poland and grown hydroponically in Hoagland nutri-
ent solution amended with different concentrations of
cadmium chloride or sodium selenite.

Plant growth

The seeds were sterilized in 70 % ethanol (3 min), then
in 3.1 % sodium hypochlorite (15 min) and washed with
sterile deionized water. The seeds were soaked in deion-
ized water for 1 h, and then, hydroponic germination was
carried out in Hoagland’s nutrient solution containing
calcium nitrate 0.35 mM, calcium chloride 2.1 mM, mag-
nesium sulfate 0.91 mM, monobasic sodium phosphate
0.97 mM, potassium nitrate 1.22 mM, boric acid 23 uM,
manganese chloride 3.9 puM, molybdenum trioxide
0.5 pM, ferric nitrate 10 puM, zinc nitrate 0.6 uM and
copper sulfate 0.5 pM, pH 5.8 [23]. After 5 days, the
germinated seeds were divided into nine groups and
further grown for 1 week at different exposure condi-
tions. The concentration levels of Cd(I) (as cadmium
chloride) in the nutrient solution were 0.5, 1.0, 2.0,
5.0 mgL", and for Se(IV) (as sodium selenite), the
concentrations were 0.2, 0.5, 1.0, 2.0 mgL™", respective-
ly. Control group was also obtained. The whole plants of
each group were harvested, pooled, washed with 0.05 M
calcium chloride and with deionized water.

Extraction of nucleic acids (method 1)

The procedure reported by Aljanabi and Martinez [26] and
used in the previous study [18] was applied. In brief, about
100 mg of fresh plant tissue was homogenized in a poly-
thron equipment with 400 uL of buffer containing sodium
chloride 0.4 M, EDTA 2 mM and Tris-HCI 10 mM at pH 8.
Afterwards, 40 pL of sodium dodecyl sulfate 20 % (m/v)
and 8 pL of proteinase K 20 mg/mL were added; the
mixture was incubated for 1 h at 60 °C, 300 pL of sodium
chloride 6 M was added, and the sample was centrifuged at
10,000xg for 30 min. The supernatant was collected,
500 uL of isopropanol was added, and the sample was kept

at =20 °C for 1 h to complete the precipitation. Finally, the
sample was centrifuged (10,000%g, 20 min, 4 °C), the
supernatant was eliminated, and the pellet was washed with
500 pL of ethanol 70 %, dried and reconstituted in 50 puL of
deionized water.

For each extract, the absorption spectrum was acquired in
the wavelength range 220-350 nm (Spectronic 3000, Milton
Roy, Co. Ltd), and the absorbance ratios 260/280 nm were
evaluated, considering the values 440/4250> 1.8 indicative
for nucleic acids purity [27]. The concentration was deter-
mined by measuring absorbance at 260 nm; the evaluated
extraction yields were in the range 70-600 ng of nucleic
acids per mg of fresh sample. The obtained extracts contain-
ing DNA and RNA were kept at =20 °C prior to their
analysis. Each biomass homogenate was extracted in
triplicate.

Extraction of total RNA (method 2)

TRIzol® reagent was used according to the manufactur-
er indications. Concisely, an aliquot of 50 to 100 mg of
fresh plant tissue was homogenized in liquid nitrogen,
the sample was transferred to a 1.5-mL plastic tube
containing 1 mL of the commercial reagent, vortex
and left for 5 min at room temperature. Afterwards,
200 uL of chloroform was added, the mixture was
shaken vigorously for 15 s, left for 3 min at room
temperature and centrifuged (12,000xg, 15 min, 4 °C).
The supernatant (about 500 pL) was recovered into a
new tube; 500 pL of isopropanol was added, incubated
at room temperature for 10 min and then centrifuged
(12,000%g, 10 min, 4 °C). The supernatant was elimi-
nated, the pellet was washed with 500 uL of ethanol
(70 %w/v), dried and reconstituted in 50 pL of deion-
ized water. The absorbance ratios A»ep/d230=>1.9 were
obtained, indicating acceptable RNA purity. The extrac-
tion yields were in the range 130-300 ng of total RNA
per mg of fresh sample. The obtained extracts were kept
at =20 °C prior to their analysis. The extraction was
carried out in triplicate for each biomass homogenate.

Digestion of nucleic acids

The procedure was adopted from the previous studies [6,
18]. Each extract was appropriately diluted, the aliquot
containing about 1 ug of nucleic acids was brought to a
volume 42 uL with deionized water and 5 uL of the hydro-
lysis buffer was added (acetic acid 200 mM, glycine
200 mM, magnesium chloride 50 mM, zinc chloride
5 mM, calcium chloride 2 mM, pH 5.3). The sample was
incubated with 0.2 uL of DNAsel 10 U/uL and 0.2 uL of
nuclease P1, 1 U/uL at 37 °C overnight and then heated in a
boiling water bath for 5 min and cooled rapidly on ice to
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avoid possible contamination by microorganisms. After-
wards, sodium hydroxide (5 uL, 100 mM) was added fol-
lowed by 0.2 uL of alkaline phosphatase 1 U/uL, and the
sample was again incubated at 37 °C for 2 h. Such prepared
samples were kept at =20 °C until analysis.

High-performance liquid chromatography procedure

Selective derivatization of cytosine groups in nucleic
acids digests and reversed-phase liquid chromatography
separation with fluorescence detection was carried out
as previously described [18]. An aliquot of standard
solution or nucleic acids hydrolyzate was placed in the
350-pL insert in the autosampler amber vial, the volume
was brought to about 60 pL with deionized water, and
the sample was evaporated (SpeedVac); the residue was
reconstituted in 130 pL DMF anhydrous with addition
of 5 pL glacial acetic acid. Afterwards, 20 puL of 2-
bromoacetophenone (0.5 M in DMF anhydrous), sodium
sulfate anhydrous were added, and the mixture was
heated at 80 °C for 90 min; at this stage, the samples
were protected from light. The vials were placed in the
autosampler for automatic dilution (1:1 with deionized
water) and injection (20 pL). Column temperature was
kept at 30 °C, and gradient elution with four mobile
phases (water (A), acetonitrile (B), TFA 0.4 %m/v (C),
methanol (D)) was as follows: 0-2 min 62 % A, 5 %
B, 13 % C, 20 % D; 2-9 min 49 % A, 10 % B, 13 %
C, 28 % D; 9-13 min 47 % A, 12 % B, 13 % C, 28 %
D; 13-16 min 12 % A, 15 % B, 13 % C, 60 % D with
the total flow rate 0.35 mLmin™". Fluorimetric detection
was carried out at excitation/emission wavelengths
306/378 nm, respectively.

The calibration was carried out using a set of mixed
standard solutions containing C, dC, 5SmC and 5mdC with
molar ratios dC to SmdC in the range 210.5-4.26 and molar
ratios C to 5SmC in the range 210.5-41.25 for DNA and
RNA methylation, respectively. These calibration ranges
corresponded to the values of cytosine methylation 0.47—
19.0 % in DNA and 0.47-2.37 % in RNA.

Statistical analysis

Descriptive statistics was performed to obtain means and
standard deviations. Statistical unpaired # test for indepen-
dent samples was used to compare the mean values of global
RNA methylation obtained for two different extraction pro-
cedures (methods 1 and 2). To evaluate possible relationship
between DNA and RNA methylation obtained in plants
grown under different exposure conditions, analysis of cor-
relation was carried out. Significance level was established
at p<0.05. The software used was Statistica for Windows
(Statsoft Inc., Tulsa, OK).
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Results and discussion

The procedure according to Aljanabi and Martinez (method
1) provides DNA quality required for PCR-based reactions
[26]; however, the amount of ribonucleic acids at least
comparable to that of DNA is usually co-extracted, as ob-
served in several studies [5, 18, 19, 28-30]. Therefore, the
intent of the present work was to apply this extraction
procedure fo evaluate methylation percentages of cytosine
groups in genomic DNA and in total RNA by means of
HPLC-FLD analysis in a single analytical run. To that end,
the two following queries had to be directed: (1) would the
RNA co-exfracted with DNA be representative for total
RNA present in the biological sample, and (Z) might the
methylation of total RNA be considered as a biologically
relevant parameter?

To answer the first question, method 1 was compared
with the commercial TRIzol® reagent designed for selective
extraction of total RNA (method 2). In regard to the second
question, DNA and total RNA methylation were determined
in a series of plant cultures expecting that plant exposure to
abiotic stress might affect not only global DNA but also
total RNA methylation.

Analysis of total RNA methylation

Calibration parameters obtained for cytidine and 5-
methylcytidine in the concentration range 1.6-645 ng
mL™" of each compound (6.62 nM-2.65 uM C and
6.26 nM-2.51 uM 5mC) were consistent with those previ-
ously reported, yielding the on-column detection limits
14.4 fmol C and 16.6 fmol 5mC (0.72 nM C, 0.83 nM
5mC) [18]. The percentage of methylated cytosine moieties
in RNA can be calculated using the formula Cspe/(Csme+
Cc)x100 %, where Csye and Ce correspond to molar
concentrations of the two compounds in the injected sam-
ple solution. To avoid tedious quantification of C and SmC,
a simplified calibration was carried out as described for
DNA methylation [18]. Since the preliminary results
showed relatively low RNA methylation in garden cress
(roughly below 1 %), the calibration solutions set was
prepared to cover the range of cytidine methylation 0.47-
2.37 %. Specifically, chromatograms of the solutions con-
taining different molar ratios C to SmC (Rgaa values from
210.5 to 41.25) were obtained, and the ratio between the
respective peak areas was used as analytical signal mode
(Sena=Ac/Asme). For each calibration point, two solutions
with different C and 5mC concentrations but identical
molar ratio were prepared, and each was analyzed in trip-
licate. Mean Rpna value from six chromatographic runs
was taken as analytical signal, and the relative standard
deviation did not exceed 1.5 %. Linear regression calibra-
tion Spna=1.068 Rgna+2.252 with R?=0.9999 was
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obtained, and the percentage of RNA methylation was then
calculated as [1/(1+Rgya)]*100 % (the details are pre-
sented in the Electronic supplementary material (ESM)
Figs. S1 and S2). In Fig. la, typical chromatograms of
three calibration solutions corresponding to 0.95, 1.42 and
1.89 % 5mC are presented in a full scale mode (to observe
clearly the changes of 5SmC peak areas).

The extraction methods 1 and 2 were carried out to obtain
two sets of nucleic acids extracts for nine garden cress
cultures, each of them corresponding to different concentra-
tion levels of Cd(I]) or Se(IV) added to the nutrient solution.
Different selectivity of method 2 versus method 1 can be
observed in Figs. 1b and 2, where the chromatograms
obtained for control plant and plant exposed to Se(IV)
(I mgL™" Se in nutrient solution) are presented. In Fig. 1b,
corresponding to TRIzol® extraction of total RNA (method
2), the elution of labeled nucleosides (C, 5mC) can be
observed, whereas dC and 5mdC were not detected (below
DL). On the other hand, Fig. 2 shows chromatograms
obtained using method 1; these extracts contained four
compounds, confirming co-extraction of DNA and RNA,
in agreement with previously reported data [18]. In Table 1,
the RNA methylation results obtained in nine L. sativum
cultures are presented; as can be observed, no statistically
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significant differences were found between the percentages
of cytosine methylation obtained in the application of two
extraction procedures (test 7, p<0.05). These results indicate
that RNA co-extracted together with DNA (method 1)
would be representative for total RNA in the original sample
(method 2). It should be stressed that the quantitative ex-
traction was never intended, and in fact, varying amounts of
RNA were obtained for each replicate and for each sample.
As described in the “Experimental” section, method 1
yielded 70-600 ng of nucleic acids per 1 mg of biomass,
and 130-300 ng of total RNA per mg of biomass were
obtained in method 2 (estimated amounts of RNA and
DNA in each extract are given in the ESM Table S1). The
consistency of RNA methylation results presented in Table 1
points out that the rigorous protocol in terms of selectivity
and the extraction yield is not required for the assessment of
global methylation at C5 cytosine, as previously demon-
strated for DNA methylation analysis [18].

Analysis of global DNA and total RNA methylation

Once demonstrated that RNA co-extracted with DNA was
representative for total RNA in garden cress, method 1 was
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Table 1 RNA methylation

results obtained in plant cultures Sample® Method 1 Method 2 1 test

using two different extraction

procedures (three independent Mean %5mC SD Mean %5mC SD p

replicates)
Control 0.878 0.030 0.904 0.024 0.31
0.2 mgL ™" Se 0.782 0.022 0.799 0.028 0.45
0.5 mgL_] Se 0.745 0.016 0.752 0.018 0.64
1.0 mgL’] Se 0.693 0.018 0.727 0.016 0.07
2.0 mgL™" Se 0.647 0.017 0.674 0.024 0.19
0.5 mgL™" Cd 0.748 0.033 0.775 0.033 0.37
1.0 mgL™" Cd 0.744 0.210 0.767 0.018 022

“Concentrations of stressor ions 2.0 mgL™ Cd 0.728 0.023 0.764 0.017 0.09

(CA(TT) and Se(TV) in the nutrient 50 mgT.™' Cd 0.779 0.019 0.773 0.014 0.68

solution

used in further analyses. The concentration ranges of cad-
mium (0.5-5.0 mgL™") and selenium (0.2-2.0 mgL™") in
the nutrient solution were selected based on the previous
results; the aim was to stimulate phytotoxic effects in garden
cress yet maintaining vital processes active [22, 23, 25].
Global methylation of DNA and total RNA was then eval-
uated in nine plant groups obtained using HPLC-FLD with
simplified calibration [18]; at this stage, each calibration
solution contained four standards, as described in the “Ex-
perimental” section (chromatograms shown in ESM Fig.
S3). The chromatograms obtained for control plant and plant
treated with Se(TV) (1 mgL™" Se in the nutrient solution)

Fig. 3 Results obtained for

after nucleic acid extraction with method 1 are shown in
Fig. 2; for clarity of presentation, a full scale mode was
applied in order to observe exposure-dependent changes in
the intensity of SmC chromatographic peak (Fig. 2a) as well
as SmdC (Fig. 2b). The calibration results and the presented
chromatograms indicate feasibility of the simultaneous eval-
uation of cytidine and deoxycytidine methylation in a single
analytical run,

The results obtained for L. sativum grown in the presence
of different Se(IV) and Cd(II) concentration levels are
shown in Fig. 3. In control plants, the DNA methylation
14.43+0.15 % was found, in agreement with the previous
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Fig. 4 Cormelation analysis of global DNA and RNA methylation
evaluated in nine L. safivum cultures at different exposure conditions

work [18]. As can be observed in Fig. 3a, ¢, global DNA
methylation found in L. sativum was higher in the exposed
cultures as compared to the control, specifically in the con-
centration ranges of stressor ions 0.2-1.0 mgL™" for seleni-
um and 0.5-2.0 mgLfl for cadmium; however, further
increase of stressor concentration (2.0 mgL™ for selenium
and 5.0 mgL™" for cadmium) caused the drop of DNA
methylation. These results seem to support previous studies
where the observed divergences in DNA methylation in plant
species depended on specific environmental stimuli [20, 31].
For cadmium, hypomethylation was reported in 2-week-old
rape seedlings hydroponically grown in the presence of Cd
(IT) (above 40 mgL™"), while in the present study, a tendency
toward decreased methylation was observed in garden cress
even at lower cadmium concentration (5.0 mgL™"). On the
other hand, using comparable Cd(I) concentrations as in this
work (<5 mgL™") and shorter treatment times (up to 4 days),
the increase in methylation level was reported in the exposed
Posidonia oceanica versus control culture [20]. Selenium,
the second element in this study, is considered beneficial for
the plant growth and may act as heavy metal antagonist; yet
in garden cress, its phytotoxic effects have been reported
[23]. According to other authors [31] and based on our
results presented in Fig. 3, the increase of DNA methylation
rates at low Cd(II) and Se(IV) concentrations should be
ascribed to the activation of plant defensive mecha-
nisms, whereas at higher stressor concentrations (at least
2.0 mgL™' Se, 5.0 mgL™"), phytotoxic effects manifest
by the loss of DNA methylation.

The methylation results obtained for total RNA in L. sat-
ivum cultures are presented in Fig. 3b, d. In control plants, the
value 0.88+0.03 % was found, and the exposure to Se(IV) or
Cd(II) caused the stressor concentration-dependent decrease
of this parameter (except for 5.0 mgL™" Cd). The events of
methylation/demethylation of C5 cytosine at specific loci
have been detected in various cellular RNAs [10, 20]; how-
ever, to the best of our knowledge, this is the first information

reporting percentage values of total RNA methylation, for
which any comparative evaluation is not straightforward.
In another study using the method based on bisulfite
sequencing, the loss of transfer RNA methylation was
observed after azacytidine treatment in human cancer cell
lines [32]. Azacytidine is a cytosine analogue, inhibitor of
DNA methylation and a candidate drug for epigenetic
cancer therapy; based on the results obtained, the authors
hypothesized that tRNA hypomethylation might contribute
to patient responses to azacytidine and highlighted the
need to evaluate RNA methylation for its potential as a
molecular marker predicting such clinical responses [32].
In this regard, our results seem to indicate that environ-
mental stimuli, in particular exposure to Cd(II) and Se(IV),
are capable to alter total RNA methylation in L. sativum.
Furthermore, the plant treatment with Cd(Il) and Se(IV)
seemed to have opposite effects on global DNA and total
RNA methylation (Fig. 3), and indeed, a statistically sig-
nificant inverse correlation between these two parameters
was found as shown in Fig. 4 (r=—0.6788, p=0.031). The
results obtained seem to support previous studies and
included there notion that RNA methylation might be
tightly related to DNA methylation in the context of
epigenetic regulation under environmental stimuli [10, 14,
16, 17].

Conclusions

In the present note, the feasibility of HPLC-FLD proce-
dure for simultaneous evaluation of global DNA and
total RNA in a single nucleic acid plant extract has been
demonstrated. On the other hand, the analytical results
obtained for garden cress exposed to varying concentra-
tions of Cd(I) or Se(IV) indicate that this procedure
might provide biologically relevant information. In par-
ticular, the methylation of total RNA has been evaluated
in this work for the first time, and the observed decrease
of SmC percentage in the treated plants as compared to
the conftrols seems to suggest that this parameter can be
considered a potential, complementary molecular marker
of plant response to abiotic stress. Furthermore, a statis-
tically significant inverse correlation between global
DNA and total RNA methylation found in the plants
after different treatment seems to strengthen previously
postulated link between DNA and RNA methylation sta-
tus and suggests possible role of RNA methylation in
epigenetic response to environmental stimuli in garden
cress. It has to be stressed however that this technical
note is presented as a proof of concept rather than a fully
validated biological study, for which further investigation
focusing on the fractionation of RNAs, analysis of dif-
ferent plant species and stress conditions is needed.
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Abstract

Plant cells have the capacity to generate a new plant without egg fertilization by a process known as somatic
embryogenesis (SE), in which differentiated somatic cells can form somatic embryos able to generate a functional plant.
Although there have been advances in understanding the genetic basis of SE, the epigenetic mechanism that regulates this
process is still unknown. Here, we show that the embryogenic development of Coffea canephora proceeds through a
crosstalk between DNA methylation and histone modifications during the earliest embryogenic stages of SE. We found that
low levels of DNA methylation, histone H3 lysine 9 dimethylation (H3K9me2) and H3K27me3 change according to embryo
development. Moreover, the expression of LEAFY COTYLEDONT (LECT) and BABY BOOMT (BBM1) are only observed after SE
induction, whereas WUSCHEL-RELATED HOMEOBOX4 (WOX4) decreases its expression during embryo maturation. Using a
pharmacological approach, it was found that 5-Azacytidine strongly inhibits the embryogenic response by decreasing both
DNA methylation and gene expression of LECT and BBM1. Therefore, in order to know whether these genes were
epigenetically regulated, we used Chromatin Immunoprecipitation (ChlIP) assays. It was found that WOX4 is regulated by the
repressive mark H3K9me2, while LECT and BBM1 are epigenetically regulated by H3K27me3. We condude that epigenetic
regulation plays an important role during somatic embryogenic development, and a molecular mechanism for SE is
proposed.
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molecular mechanisms that occur during the transition from
somatic cell to embryogenic cell [7,8,9].

It has been proposed that genes such as BABY BOOMI (BBMT)
and LEAFY COTYLEDONI (LECI) are needed during the
beginning of SE [10,11]. BBMI is preferentially expressed in

developing embryos and seeds of Brassica napus, while BanBBM1

Introduction

All living organisms ensure their species’ survival by reproduc-
tion. Both mammals and higher plants use different strategies of
reproduction through gamete fusion, through which an embryo is
developed. However, plants, unlike mammals, have developed
sophisticated strategies of reproduction without egg fertilization to
ensure the survival of the offspring [1], such as apomixis or
vegetative propagules [2,3]. For instance, in Trpsacum, a weedy
relative of maize, the development of an embryo from an egg cell
occurs without fertdlizaton [4], and some Agave species can
generate small plandets from inflorescences or rhizomes [3].
Taking advantage of the ability of plants to regenerate a new plant
from a cell or group of somatic cells, these organisms have
developed a process known as somatic embryogenesis (SE). SE is
one of the most intriguing processes in plants [1] and a powerful
biotechnological tool to multiply plants that are difficult to
propagate by conventional methods or for plants at risk of

overexpression  promotes cell proliferation and morphogenesis
during embryogenesis [10]. In addition, it has been identified that
BBAM 1 activates genes involved in cell wall modifications associated
with dividing and growing cells, suggesting that BBMT activates a
complex network of developmental pathways associated with cell
proliferation [12]. On the other hand, LECT plays a central role in
seed maturation in Adrabidopsis, and it has been proposed as a key
regulator for embryogenic identity. It is also thought that its
ectopic expression promotes embryo development [11]. Further-
more, ALLECT integrates activities at diverse regulatory levels, such

as transcription factors, hormones and light signaling in both

extinction [6]. There have been several attempts to understand the
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somatic and zygotic embrvogenesis [13]. All these findings indicate
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common developmental pathways between somatic and zygotic
embryogenesis. Another gene that has been related to SE is the
WUSCHEL-RETATED HOMEOBOX (WOX), which has special-

ili’(i [‘LlIllflilJIL‘i iIl V'dl'iULlH d{'\'i'llll)l’[li‘f[llﬂl pl'f]l‘l’,‘i‘if“i i.I'l ])l'dIlL‘i: .‘iLll']l

as embryogemc patterning and stem cell maintenance [14]. For
instance, in Arabudopsis and tomato, WOX4 plays an essental role
promoting and maintaining the vascular procambium [15,16],
while in SE of Titis vinifera, WOX4 increases its expression levels
when the embryo begins to germinate [17]. Despite such advances
in the understanding of the molecular basis of SE, the epigenetic
mechanisms, such as DNA methylation and histone modifications,
that occur during this important biological process are not well
understood [18-21].

DNA methylation and histone modifications occur widely
during cellular differentiation and development in plants and
mammals [18,22,23]. DNA methylation is one of the epigenetic
regulatory mechanisms most studied in plant development, and
the scientific contributions related to its role in hlnumhlg,
endosperm development, response to stress, genome mainte-
nance, gene silencing, control of transposable elements and
genomic imprinting have helped to understand important
regulatory processes [24-26]. In the case of histone modifica-
tions, it is known that they are required in the activation or
repression of gene transcription by changing chromatin struc-
ture. For instance, di- or trimethylation of histone H3 at lysine
4 and 36 (H3K4me2/me3 and H3K36me2/me3) are related to
transcriptional active chromatin [27.28]; in contrast, H3K%me2
and H3K27me3 are considered to be repressive marks [29-31].
Pn’\:’il]uﬂ rlfl)ﬂr‘.ﬁ llﬂ\'l: .‘i]lU\Vn L}lzll l:r[ll)wl]gﬁ:[lil‘ l‘,li“ ff]r[[lillil]ll
increases DNA methylaton in Dauwcus carota and Cucurbita pepo
[32,33]. However, Charkrabarty etal. [34] reported that in
Lert‘.r to Ul)lﬂ‘l]l an t?[[lllr}'l’:gt:lliL: L:ZI].li &l][ll E!MWDLULHJ .\mhj{f).‘ﬂ‘,
low levels of DNA methylaton are needed. More recently,
Viejo et al. [20] showed in Castanea sativa that DNA demeth-
ylation is required for SE induction and further development of
somatic embryos in this species. On the other hand, it was
rt:n:rnl_ly r{'purtr:d that both DNA [mtl_hyl'dliun and H3K%me2
modulate WUSCHEL expression in vitro during shoot regenera-
tion in Arabidopsis [35]. Furthermore, the H3K27me3 repressive
mark plays an important role in the regulation of genes involved
in biosynthesis, transport, perception and signaling of auxins,
ﬂIld Zygfl[il' lf[[ll]r}'l]giflll‘)iiﬁ (1[:\'(3[!‘][)[[[(’,11[ [36‘37]‘ Bﬂ}if(i on lhi}i
information, the aim of the present study is to further extend
our understanding of the epigenetic means by which SE in
plants is regulated and propose a regulatory mechanism for
LECI, BBMI and WOX4 in somatic embryo development. In
this study, we used Coffea canephora due to its highly embryogenic
response in viro [38] and its economical relevance worldwide. C.
canephora is one of the two economically important species of
coffee and it represents the 25% of coffee in the market. Coffea

spp is the second most traded commodity in the world after oil.
Ra‘v l]lfrf:(f gk:Ill:r'dlEt‘i l)ﬂlwifl',l'l 815 iirl(i SQO 1]1“‘1(][1 I)Cr y(f'dI ﬁ]r
exporting countries [39]. Because of these economic aspects,
many research initiatives have been targeted genomic and
transcriptomic data of Coffea spp., which could contribute to an
understanding of the biology of coffee [40,41]. However, studies
in epigenetics are also needed to understand more about the
molecular mechanisms of growth and reproduction in this plant.
The results of this work reveal specific chromatin modifications
during SE in coflee, which could give some answers about the
regulatory events that take place during embryo development to
i.lrlr)n]\'(: bl’t:(tding ])Ial‘i‘ll‘:i:.‘i‘
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Results

Induction, Morphology and Histology of Somatic
Embryogenesis in Coffea canephora

In order to investigate the epigenetic and molecular changes at
the different developmental stages of somatic embryo formation,
we performed @ vitro SE induction. In vifro C. canephora plantlets
were preconditioned with naphthalene acetic acid (NAA) and
kinetin for 14 days. Then, voung leaves were cut and cultured in
liquid medium supplemented with 5 uM benzyl-adenine (BA) for
56 day}i (see Materials and 1\-{{’[}1{1(1\;}-‘ Between 21 and 28 d'dy.‘i
after induction (dai), the dense cellular formation known as
proembryogenic mass (Pm) was noticed (Figure 1). The formation
of new meristematic centers in Pm allows the emergence of the
first embryogenic stage, the globular (G), at day 35 (Figure | and
Figure 2). Afier that, the formation of several embryogenic
structures such as the G, the heart stage (H), the torpedo stage (T)
and the L‘utyl(',dmlary stage (C) were .uhm:rvi:d at 42 and 49 dai
(Figure | and Figures 2B-F). Finally, at 56 dai, the explant was
surrounded by all embryo stages (Pm, G, H, T and C), and, by
scanning electron microscopy, it was observed that Pm emerges
from the inner cells in the explant margin (Figure 2). In the case of
H, a bifurcation on the top of the structure was ohserved
(Figure 2C). During the transition from H to T, the embryo starts
o .rtlungall:, and the axis pL‘Jlarily starts to appear; this pn‘Jlm‘ll}' is
crucial for the formation of the apical and radicular meristems
(Figure 2D). During the last stage, the C stage, the cotyledons start
to expand and separate (Figure 2F). Histological analyses also
revealed that new meristematic centers allowing to early G stage,
originate from embryogenic cells, which are small with respect to
neighboring cells (Figure 3A). In the G stage, the procambium
L‘K!“}&? wh'u‘h. form the basic structure of the future plang are well
defined (Figure 3B). During the transition from the G to the H
stage, the embryogenic axis for elongation and the split of the
procambium are defined (Figure 3C). The T stage presents an
elongated embryo, and a fully polarized pmt.:ambium was
observed (Figure 3D). Finally, in the C stage, the presence of the
cotyledons in the embryo is evident (Figure 3E) and both the shoot
and root stem cell pools are well established (Figure 3F).

Changes in DNA Methylation during Somatic
Embryogenesis

In order to know whether DNA methylation plays a role in the
SE process, we analyzed global DNA methylation during the SE
temporal course of 56 days (Figure 4A) and at different
developmental stages of somatic embryos (Figure 4B). It was
observed that during the beginning of the 56-day course of the SE
process, there is a gradual increase in 5-methyl-2'-deoxycytosine
(5 mdC) levels, from 23.8% at the beginning of the induction (0
days} to 29% at 56 days (Figurr 41'-\)‘ HUV&'(TV[ZI? at d'dys 21 and 2&
a decrease in DNA methylation content was observed, 24.8% and
235 %? ritsp{:t:livr:ly [Figurt: 4A}‘ This might be related to a rapid

cell proliferation of the dedifferentiated tissue (Figure 1; 28 days).
However, by day 33, when the first embryo stages begin to appear,
a gradual increase in the level of DNA methylation was observed
until day 56, when a significant increase (indicated with an
asterisk) in DNA methylation was observed (Figure 4A). These
results indicate that the differentiation of the embryogenic
structures 15 accompanied by an increase in DNA methylation
(Figures 1 to 4).

Since we observed 'meonam L.‘hangt:ﬁ in the content of DNA
methylation during the course of SE development (Figure 4A), we
amalym‘.d the content of DNA [Ilt:l.hylal.iun in each ::mllryu
developmental stage (Figure 4B). Somatic embryos were separated
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Figure 1. Development of the somatic embryogenesis process in Coffea canephora. Leaf explants were cultured in liquid Yasuda medium in
the presence of 5 uM of benzyl adenine under dark conditions. The embryogenic process starts with the thickening of leaf edges at 14 days after
induction (dai), cellular proliferation and the development of the proembryogenic mass (Pm), between 21 and 28 dai. Differentiation of the first
somatic embryogenic structures from Pm starts to appear at 35 dai and the differentiation of the late embryogenic stages begins at 42 dai until 56
dai. A close-up of the embryos is shown in circles. Bars=4 mm.

doi:10.1371/journal.pone.0072160.g001

Figure 2. Scanning electron microscopy of the somatic embryo development in Coffea canephora. A) Proembryogenic mass (Pm) from a
leaf explant at 21 days after induction (dai). B) Globular stage; the white arrowhead indicates the protoderm establisment. C) Heart stage; the white
arrows indicate the beginning of the cotyledonary primordia in the embryo. D) Torpedo stage; the white arrow indicates the enlargement of the
embryo. E) Early cotyledonary stage, where the establishment of the future cotyledons can be observed. F) Late cotyledonary stage. At this stage the
cotyledons are fully developed. Bars =100 pm.

doi:10.1371/journalpone.0072160.g002
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Figure 3. Histological dissection of the somatic embryo at different developmental stages in Coffea canephora. A) Transverse cut of the
early globular stage from the proembryogenic mass at 14 dai. B) Transverse cut of the globular stage. The red arrowhead indicates the cellular
organization and the presence of a well-defined procambium. C) Longitudinal cut of the heart stage. The red arrowhead indicates the initiation of the
elongation of the procambium zone and the beginning of the cotyledonary primordium is indicated with white stars. D) Longitudinal cut of the
torpedo stage. The red arrowhead indicates the elongation of the procambium zone. E) Longitudinal cut of the early cotyledonay stage. The red
arrowhead indicates the procambium zone, while the white arrowhead indicates the development of the early cotyledonary primordium. F)
Longitudinal cut of the late cotyledonary stage. The red arrowheads indicate the procambium zone, and the white arrowhead indicates the

development of cotyledonary primordium. Bars=200 pm.
doi:10.1371/journal pone.0072160.9003

by stages (Pm, G, H, T and C) and their DNA methylation content
was compared with that of the & #itro plantlet (P) and the zygotic
l‘ll]])I\j(]._, iIl h\ l'[]{y]l‘lll]]l'zlly .‘”.Elg{‘, iﬁ[]]ﬂ‘.l‘ll fI[]]l] ['[]m‘f‘ “l‘f'll“ |:7‘I

(Figure 4B). The lowest DNA methylation percentage (23.7%) was

observed in Pm, which was separated from the explant and
isolated at 28 dai. Tt was also observed that DNA methylation
increases as the embryo develops, and the highest content of DNA
methylation was found in the T and C stage. On the other hand,
the p]anil:‘iﬂ pn‘srmrd a difference of 5% in DNA ]]]E‘l}ly]illil]ll
content in comparison with the somatic cotyledonary stage
(Figure 4B), whereas the zygotic embryo had 2% less DNA
methylation than the somatic embryo at the same developmental
stage (Figure 4B).

PLOS ONE | www.plosone.org

Effect of 5-Azacytidine during the Somatic Embryogenic
Process
In order to know whether the increase in DNA methylation is

related to the onset and differentiation of somatic embryos
different

-AzaC,

5, a
pharmacological performed with two
concentrations (10 uM and 20 pM) of 5-azacytidine |
a DNA methylation inhibitor) and without 3-AzaC (
(Figure 5). The 5-AzaC was added every 7 days (until day 56)

assdy  was

(control)

starting at independent time points (7, 14, 21 and 35) to see the
effect of this compound when it is added at the beginning (day
7 or 14) or at the end of the process (day 21 or 35). The
number of somatic embryos from each developmental stage in
each of the four time (‘,\prli]m'l]iu with 5-AzaC was counted at
56 dai (Figure 5B; see Materials and Methods). It was ohserved
that 5-AzaC had a dramatic negative effect on the embryogenic
response when it was added from day 7 after induction at both
concentrations. However, this negative effect was not observed

August 2013 | Volume 8 | Issue 8 | e72160
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Figure 4. Global DNA methylation levels during somatic embryogenic induction and the separate embryogenic stages and tissues
of Coffea canephora. A) Percentage of global DNA methylation during the development of the somatic embryogenesis process in Coffea canep hora
shown in Figure 1. B) DNA methylation levels of different tissues and developmental somatic embryo stages. Pm: Proembryogenic mass, G: Globular
stage, H: Heart stage, T: Torpedo stage, C: Cotyledonary stage, P: C. canephora in vitro plantlets, Z: C canephora zygotic embryo in cotyledonary stage.
Bars represent the mean + SE (n=3). An asterisk represents the statistical significance of mean differences at a given time by the Tukey test (P=0.05).

Each experiment was carried out three times.
doi:10.1371/journal.pone.0072160.g004

when this inhibitor was added at day 35 after induction
(Figure 5A). Furthermore, it was observed that 5-AzaC at
10 puM, added at day 7, provoked a reduction of 86% in the
total number of somatic embryos and at 20 uM a reduction of
up to 98%, in L‘U[llpul’i‘it]ll with the control without 5-AzaC
(Figure 5B). Interestingly, the effects of 5-AzaC when it was
added at day 14 were less dramatic in l‘l![[lpEﬂ'L\UIl with its
addition at day 7 (Figure 5). On the other hand, we did not
observe visible impairing effects due to 5-AzaC in the formation
of the somatic embryo in both concentrations added at day 21;
in contrast, it was found that its presence increases the
proliferation of Pm, delaying the formation of embryogenic
structures (Figure 3A). However, the presence of 20 uM of 5-
AMC hll‘r('ﬂ‘i{f‘& [}1{: IlLll[ll)(:r “f (,"l l:[[ll)I}'[J‘i l)}" 16 F(Jl(i ‘11'1
comparison with the control (Figure 5B). This result suggests
that the effect of 3-AzaC (mainly at 20 pM) added at day 21
after induction, not only seems to synchronize the embryogenic
process, but also reduces the embryo maturaton (Figure 5).
Furthermore, this result was also observed in the treatment with
3-AzaC at day 33, when we observed higher somatic embryos
at early stages of development, mainly G and H, in comparison
with the control. These findings suggest that 5-AzaC can disrupt
Lh(-i Ill‘JII[lﬂl dl'\;’l'llT[)l[li:Il[ UF ‘il‘l[[lﬂlil‘ (:[lll)l—yllﬁ at lﬂrl}' ‘&lﬂg(lﬁ Uf
the process, probably by affecting threshold levels of DNA
methylation. Therefore, to test this hypothesis, we assessed
whether impaired-embryo formation due to 3AzaC was indeed
due to a loss in DNA methylation levels, The explants from day
7 were treated with 10 pM of 5-AzaC, every seven days from
day 7 undl day 56, and the content of 5 mdC was evaluated
(Figure S1). The results show that the addition of 5-AzaC
drastically reduces the content of DNA methylation from 23.5%
at 7 dai to 14% at 56 dai IfFigun: Sl}‘ These results indicate
that gradual DNA demethylation due to the addition of 5-AzaC
(10 uM) from day 7 afier induction is directly correlated with
impaired embryogenic induction (Figure 3).

PLOS ONE | www plosone.org

Histone Methylation Patterns during SE

It is known that histone posttranslational modification is a
fundamental key for chromatin conformation and regulation of
transcriptional activity of genes related to development [4243].
Therefore, we investigated whether, besides DNA methvlation,
global histone H3 methylation is related to the embryogenic
response and establishment of the somatic embryo in C. cangphora
(Figure 6). Nuclear proteins were isolated from explants under
embryogenic induction in a temporal course of 49 days (Figure 6A;
see Materials and Methods) and from somatic embryos from each
developmental stage (Figure 6B). Changes in H3 methylation were
detected by Western blot using antibodies against di- and
lri[[l(:thylalit'm of H3K4, H3IK9me2 and H3K27me3. We
observed interesting changes in global histone methylation
I)'dllifIn‘i ‘lI] L}li: (i)(pl’dllbi llI]difr (:[lll)l}'(lgﬁllil‘ L'UII(ii[iUIl.‘L Fl‘lr
instance, after embryogenic induction (day 7), a decrease in the
global H3K4me3, H3K9me2 and H3K27me3 marks compared
with day 0 was observed (Figure 6A). Interestingly, the presence of
the repressive mark H3K9me2 was undetectable at 21 and 28 dai,
whereas a decrease in DINA methylation was also observed on
these days during the SE process (Figure 4A). On the other hand,
l}ll‘ HHKQT[[K'B? allllllllfr rlf])r{f“ﬁi\"(f
unchanged to the end of the process, an exception for day 7
(Figure GA).

In order to know whether these epigenetic marks in the H3
histone were changed in each developmental stage of the embryo,
the global histone H3 methylation patterns of H3K4me2,
H3iK4me3, H3K9me2 and HIK27me3 from Pm to C stages
were evaluated (Figure 6B). We detected dynamic changes in the
global H3K9me2 and H3K27me3 marks and particularly in the
P[[l? (1; aI'ld T ‘ilﬂgl“i were IU\‘V, IIlli:Ilf‘[iIlg{y? [h(\,ﬁl: r(‘j[)rljﬁ.‘ii\"l’, [[l'drkﬁ

[ll'dl'k‘ was [[lEl‘lI'llﬂiIli'(l

are increased in the H and C stage. On the other hand, the
H3K4me2 and H3K4me3 marks were abundant throughout all
somatic embryo stages. All together, the results indicate that global
histone methylation changes (especially both repressive marks
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Figure 5. Effects of 5-Azacytidine (5-AzaC) in the s tic embryog is of Coffea canephora. A) Temporal course of explants from C
canephora leaves under embryogenic induction with and without (control) the presence of 5-AzaC at 10 pM and 20 puM. The 5-AzaC was added into
the medium every seven days starting at different independent time points (day 7, 14, 21 and 35) of the SE culture. The shaded rectangles mean the
presence of 5-AzaC in the medium, as indicated in Materials and Methods. B) The number of every somatic embryo stage was counted after 56 days
after induction (dai), with and without (control) the treatments with 5-AzaC added at different time points after the induction (day 7, 14, 21 and 35).
The bars represent the mean + SE (n=3). Different letters in columns represent the statistical significance of mean differences between each
embryogenic stage at a given time by Tukey test (P=0.05). The experiments were performed three independent times.
doi:10.1371/journal.pone.0072160.g005

H3K9me2 and H3K27me3) together with DNA methylation
(Figure 4) could contribute to the transition from somatic cells into
somatic embryos.

Gene Expression Patterns during the SE

Previous reports have shown that LECI and BBEMI play a
crucial role during the SE process [7,10,11]. Therefore, we
searched these genes in C. cangphora in the GenBank (http:/ /www.
nehinlm nih. gov/UniGene/library.cgi? ORG = Cea&LID = 25442)
and in the Sol Genomics Network (hllp:f/é‘.(JlgefneriL:‘Lm!lf
content/coffee.pl). We found that the ORF of the sequence
GT656663.1 of C. anephora encodes for the central B domain of
the HAP3 subunit of the transcription factor LEC1, required for

A B

days

DNA binding [11], which has a high degree of similarity to the
B domains of the other LECI orthologs (Figure 82). For
instance, this sequence showed 82% similarity to both Arabidopsis
thaliana (ALECI) and Medicago trumcatula (MILECI), 83% to
Daucus carota (DLECL), 84% to Isoetes sinensis (ICAAAT-box),
86% to both Brassica napus (BnLECL) and Pistacia  chinensis
(PcLECL), 87% to both Zea mays (ZmLECI) and Opza sativa
(OsLEC1) and 95% to the sequence of Theobroma cacao
(T¢LECT). On the other hand, we found that translation
products of the sequences GT656313.1 and GT656297.1 of C.
canephora  show a high degree of similarity tw the double
APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERE)
DNA-binding domains of the transcription factor BEM1 (Figure

embryogenic stages

0 7 14 21 28 35 42 49 Pm G

H3

H3K4me2
H3K4me3

H3K9me2

i

H3K27me3

H T

(9]

Figure 6. Histone H3 methylation patterns during somatic embryogenesis induction and in different embryogenic stages of Coffea
canephora. A) Immunoblot analyses during the development of the somatic embryogenesis process in Coffea canephora shown in Figure 1. B)
Immunoblot analyses of different tissues and developmental somatic embryo stages. Total histone extracted from leaf explants, as shown in Figure 1,
from 0 until 49 days after induction and from different somatic embryo developmental stages were probed with specific antibodies in Western blots.
Subsequent to the hybridization, membranes were stripped off and re-probed with antibodies specific to non-modified histone H3. Pm:
proembryogenic mass, G: globular stage, H: heart stage, T: torpedo stage, C: cotyledonary stage.

doi:10.1371/journal.pone.0072160.9006
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83) according to Boutlier et al. [10]. For instance, the
alignment of these sequences with other orthologs of BBMI
has 95% similarity to Vités vinifera (FoBBMI1), 92% to T¢BBMI,
91% to OsBBMI. 86% to BaBBMI, 85% to both Glydne max
(GmBBM1) and AMBMI, 82% to MMBBMI and 81% to
ZmBBM1.

On the other hand, it has been shown that WOX4 functions to
promote differentiation of the vascular procambium [16], but its
expression has been ohserved principally during postembryogenic
development or during germination [17]. However, its role during
SE and its regulation is unclear. Therefore, we used the SGN-
U62?534' ﬁlfqul\.]ll"ﬂ EJF C‘. Lﬂﬂf}}}fﬂfﬂ,, W]lil‘}l L‘.LJnlEl‘lr‘L\; lill: llfJ[lll:lefJ'
main of WOX4 (Figure S4), which at the amino acid level has a
high degree of similarity with respect to other orthologs: 100%
\ii.milurity to Solanum zjlrmf;enir.wn (Sﬂ'\"'OX‘})‘ 99% to Gm\\"OX4,
97% to FoWOX4, 96% to AIWOX4, 94% to Populus trichocarpa
(PWOX4), 83% to OsWOX4, 82% to ImWOX4 and 80% to
Brachypodium distackyon (BAWOX4). The WOX homeodomain has
been found to bind to DNA through a helix turn helix structure
[1 4]‘ T}llfrfff(]r{f? we LL‘(:d [lll', C‘ ﬂm!gflﬁfﬂﬂ'ljllll‘ilfn'l',d ‘iﬁ(]ulflll‘:l’,ﬁ to
perform the expression analysis of LECI, BEMI and WOX{ in
different embryogenic developmental stages.

T}U: r&lﬂ[i\'(’ lD(])rtL‘isil’:IL‘i UF IECJ: BB}"'{I 'dIl(i I’l”OX'; g{',IlE!S were
evaluated by RT-PCR assays during embryogenic induction (0, 7,
14, and 21 dai), as well as at the different embryogenic stages (Pm,
G, H, T, C and Z) (Figure 7). We found that all genes were absent
or expressed at low levels on day 0, and the only gene that was
highly expressed in the zygotic embryo (Z) was BEM]. In the case
of BEM1, the highest expression was found in the embryogenic
stages of Pm, G and H, while in the more developed stages, such as
T 'dIld 01 Lh(: l‘x[)l'l',.‘iﬁiu[l l'JFL}lE:.‘ilf gﬂllff.‘i was r('dul‘(fd‘ Duﬁng I_h(! Ql
days of the SE induction process, BBM/! expression was low with
respect to that found during the somatic embryo development
(Figure 7B). These results suggest that the expression of LECT and
BBM1I genes are important for differentiation and maturation of
the i:ml)ry:m‘ BBMI m‘livalr:xpal_hwayﬁ related to cell pruliﬁ!mliun
and growth, while LECT is required to induce the embryogenic
I)nJgrdIn ﬂlld t:[nl)r}-'U ltlalllrdlil)]l [1 O.\l 1]. OIl th: Udit:r llﬂlld.} L}ll.‘
expression of WOX4 was almost undetectable in the different
embryogenic stages, and its expression was only found at days 0, 7,
14, 21 and m Pm (Figure 7). WOX# participation during SE has
not heen studied in detail in other species, but during the
Wox+4
transcripts are higher [17]. In addition, our result regarding the
lack of expression of LEC! in Z are consistent with other studies in
Arabidopsis and B, napus [11,44], suggesting that LEC1 cannot be
involved in the postembryogenic regulation due to the fact that
LECI l)l'dy“i a more l‘i‘,Illl’Ei] rlllif ill (:[lll)[}'[] d(:\:’(’,ll]l)[nl’,lll [1 1445]

gl'l‘[llillillil]ll of somatic i'mln’yn'm of T z-‘irlg'}éra, the

Epigenetic Regulation of LECT, BBM1 and WOX4 during
SE

Because LECI, BBM1 and WOX4 showed differential expres-
sion at the beginning of the SE process and at different
embryogenic stages (Figure 7), we examined the epigenetic marks
of histone H3-methylation (H3K4me3, H3K9me2, H3K27me3
and H3K36me?2) in these genes by Chromatin Immunoprecipita-
tion (ChIP) at days 0 and 14 and in the embryo developmental
stages Pm, H, T and C (Figure 8). We did not observe an
enrichment of the marks related to gene expression of H3K4me3
and H3K36me?2 in any of the genes evaluated. However, we found
that the H3K9me2 mark was accumulated from the H to the C
stages in the sequence that encodes for the homeodomain of the
WOX4 gene (Figure 54), which is important for DNA binding.
This mark accumulation seems to be related to the lack of WOX4
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gene expression found in Figure 7, while the presence of
H3K36me2 from 0 to Pm suggests its participation during the
expression of this gene.

In the case of the H3K27me3 mark, it was observed that LECT
and BBMI genes were enriched with this repressive mark at
different embryo stages. For instance, in LECT this mark was
highly enriched at 0 days and present only slightly at both 14 days
and the C stage (Figure 8); this result is related with the repression
found of this gene in those days (Figure 7). Similar results were
found for BBMI, in which we found that the genomic region that
codified for the repeat 2 AP2/ERF domain (Figure S3), which is a
fragment needed for DNA binding [10], is highly marked with
HaKQTl’[“:ﬁf [:H[K:l‘i’dlly at L‘h[: l]l:gi.[lllillg linI](iu(:tilJIl (O o 14 (i'd}"‘i).
Furthermore, we observed that this region carries a moderate level
of H3K4me3 and H3K36me2 marks in all tissue, but low levels of
H3K9me?2. This result suggests that the decrease of H3K27me3,
and the presence of H3K4me3 and H3K36me2, might favor the
transcription of BEMI from Pm to C stage (Figure 7). Overall,
WOX4, LECT and BBM expression are regulated by histone
modifications.

5-Azacytidine Affects the Expression of LECT and BBM1

Bl:l:auﬁl.’ we r(Ju]ld L}l'dl. DNA dl:l‘llt:l.hylalitn'l gt‘.l‘lt:r'dl.z:d l)y 5'
AzaC arrests the somatic embryogenic process (Figure 3), we
assessed  whether this demethylating agent also affects the
ll'ElI‘L\;L‘.I‘.l]ll.iUIl of LECT and BBM]I, which are imporlaul to induce
the embryogenic program and the morphogenesis from somatic
cells [10,11], as well as WOX4 during the initdation of SE. For this
})UI")U.‘;C.} Lh[: (:Xlll'dll'.‘i Ur t:llfft:t: were i]ll:u}‘ﬂlfﬁll i.I‘l L{‘IE: })rf:ﬁl:l]lﬁ.l: UF
10 uM of 5-AzaC, added every seven days from day 0 until 21 dai
(Figure 9). Tt was found that all three genes, LECI, BEMI and
WOXA, under normal embryogenic conditions (Figure 9A, without
5-AzaC), are expressed almost at the same level from day 7 until
21 dai. However, in the presence of 3-AzaC, LECI is highly
expressed at day 7 and is low or almost undetectable at days 14
and 21 (Figure 9B). In the case of BBMI, this gene was expressed
at the same level as without 5-AzaC at day 7 but its (:xpnt}isiun was
almost undetectable at days 14 and 21. On the other hand, WOX4
l:x[‘r(:.‘;.‘ii“]l was hll:l l:'d.‘&t'.d \Vil}l 5'A7_ﬂc at (iﬂy.‘i 14 Zﬂl(i 21 l)l.l'. was
undetectable at day 7. Although all together these results show
differental regulation in LECI, BEMI and WOX4 in the presence
UFS'AL'A(,:’ we cannot l_Lll(f out th: IJUHH‘[}'}ili[}' Uf ‘il:L‘UIld i:ﬂ-{fl:[ UFC(:”
death observed in explants treated with this demethylating agent
(Figure 5A). Further studies need to be done in order to know
whether 5-AzaC is activating the expression of LECT (at day 7) and
WOX4 (at days 14 and 21) by indirect epigenetic mechanisms due
to the activation of histone methyltransferases.

Discussion

The capacity of somatic cells to form somatic embryos and
regenerate a new plant is known as somatic embryogenesis (SE)
[46]. Although SE has been studied for a long time, the process is
not fully understood, and the importance of epigenetic mecha-
nisms during SE and in different embryogenic stages has not been
addressed. The results presented here provide new insight into the
epigenetic regulation needed during the SE of one of the most
economically important species of coffee, Coffea canephora.

In this study, we showed that during the beginning of SE in €

Lﬂ]!fflﬁfﬂﬂ [\F‘lgl_ll_l' 1). th: l‘lfllular fli.mfn'll[‘lﬂ[‘l(]l’l I]I_Ul‘( 5 Eln(i {f[[l‘hl—yll
development are modulated by epigenetic mechanisms such as
DNA methylaton (Figure 4) and histone methylation (Figure 6).
For instance, we observed that the explants of C. canephora at day 0
have 23.8% global DNA methylation, while at the beginning of
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Figure 7. Expression profiles of genes during embryogenic induction and development of the somatic embryos in Coffea canephora.
A) Expression of LEC1, BBMT and WOX4 was performed from total RNA samples for RT-PCR analysis that were isolated from leaf explants under
embryogenic induction at days 0, 7, 14 and 21, and the different embryogenic stages were isolated and comparatively classified in proembryogenic
mass (Pm), globular (G), heart (H), torpedo (T), cotyledenary (C) and zygotic embryo (Z) in cotyledonary stage. UBQ117 was used as a reference gene. B)
Densitometric analysis of the gene expression showed in A. Relative expression of LEC], BBM1 and WOX4 were normalized to the constitutive gene
UBQ11. Different letters in columns represent the statistical significance of mean differences at a given time according to the Tukey test (P=0.05).
Each RT-PCR was conducted twice with three independent biclogical replicates.

doi:10.1371/journal.pone.0072160.g007

the differentiation process it increased to 254% (day 14,
Figure 4A). This strongly suggests a rapid cellular response to
F‘H vifro ['(JIllliiiUIl.‘i I47,48] ﬂL'L‘(]illI)ﬂIlif‘ll l)} a dIEL*liL' L']lIU“lﬂ!.iIl
remodeling [49.50]. Previous reports have shown that embryo-
genic cell formation is related to the increase of DNA methylation
[20,32,33]. However, an increase in DNA methylation is not
always the condition that has been reported to be important for
SE: a lll‘L:Il‘ﬂ.‘il‘ i]] DNA llll‘{}ly!ﬂ‘.i(nl !E‘VE';H seems o l)l'
fundamental for embryo development in some species. For
instance, during the phase of dedifferentiation or embryogenic
calli generation in E. senficosus and Rosa hybrida, DNA demethyl-
ation events are frequent [34,51]. Recent studies in C. safiva and
Acca sellowiana have also showed the importance of demethylation
events during SE induction or prior to the start of embryo
differentiation [20.,52]. We observed two increases in DNA
methylation during the SE of C. canéphora (Figure 4A). The first
was observed from day 7 undl day 21, when we observed the

A

stronger effect of 5-AzaCl on SE induction (Figure 5), and the

second increase was observed at the end of the SE process, from
day 35 until day 56 (Figure 4A). This suggests that there is a DNA

methylation dynamic throughout the whole process of embryo

PLOS ONE | www.plosone.org

formation, confirming the important role of DNA methylation
patterns during the development of plants [33-55]. Besides the
['llﬂllgl.‘.‘i i]l DXA 111[.‘1.hyiﬂiillll EJ])S{'I\'E‘(‘I dUIiIIH; SE l]l‘\:f‘i(]llilll‘lli
[Figure 4A), we found interesting changes in different embryo
developmental stages (Figure 4B). For instance, we found that
somatic embryos in the cotyledonary stage contain high levels of
DNA methylation, while the zygotic embryo, at its cotyledonary
‘i‘.ﬂgl‘? P][‘.‘il']lll'll i(]\‘\r’f‘l il‘\:’l'iﬂ []iﬂ DXA Illl‘.!.}l\;’lﬂ‘.if]]l ITigUIL‘ ‘I'B\...
which can be related to the arrest of development during the
dormant period that the zygotic embryo suffers inside the seed
[56]. In contrast, the embryo in its C stage continues with the
development.

Previous reports have shown that DNA methylation patterns are
involved in the control of diverse phases of development in both
plants and animals [23,54]. To assess that DNA methylation is
important during the SE of C. canephora, we performed pharma-
cological studies to evaluate the effect of 5-AzaC during the SE
gure 5). We found that 5-AzaC added since 7 dai

p] 0Cess k
drastically reduced the SE process, and this compound induces
DNA hypomethylation (Figure S1). Fraga et al. [52] showed that
during SE induction in A. sellowiana, the levels of DNA methylaton
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Figure 8. Histone H3-methylation patterns during somatic embryogenesis development in Coffea canephora using Chromatin
Immunoprecipitation (ChlIP). Samples were collected at the beginning of embryogenic induction (0d) and 14 days after embryogenic induction
(14d) and during the proembryogenic mass (Pm), torpedo stage (T) and cotyledonary stage (C). The samples were examined for the Histone H3-tail
methylation patterns, and the LEC1, BBM1 and WOX4 genes. Input (Input DNA): 10-feld diluted samples were used as templates for the input lanes. As
negative control (-Ab), no antibody samples were treated in the same way as immunoprecipitated chromatin with H3K4me3, H3K9me2, H3K27me3
and H3K36me2. Amplified UBQ11 with specific primers was used as the control for the quality of samples and the same amounts was used to amplify

LEC1, BBM1 and WOX4.
doi:10.1371/journal.pone.0072160.g008

increase even in the presence of 5-AzaC. However, the presence of
this compound resulted in a lower conversion of embryos into
plantlets. On the other hand, in Medicago fruncatula, it was observed
that the use of 5-AzaC causes the loss of SE through DNA
demethylation [57], a result which agrees with those found in our
studies. Therefore, it seems that DNA methylation plays an
important role in embryo formation in model and non-model
p]amlu. On the other hand, we detected that the effects of 5-AzaC
were reduced depending on the day that this compound was
added (Figure 5B). For instance, we observed that when 5-AzaC
was added at 7 or 14 dai, the SE was drastically affected. However,
it is worth Ilnling that 5-AzaC seems to ~iy11n‘hl:111i£r the earliest

stages of embryo development and to reduce embryo maturation

\., Siiilﬂﬂl IE"iUi' s llﬂ\'l‘ l)i‘i‘Il I]l)‘il‘I\'i‘d iIl D, Ll‘ifﬂfﬂ? \‘\'11('1 e 5-

|TigUIi‘
AzaC arrests the development of the H stage, inducing secondary
l‘[ill)[\j[]g(‘]ll"]‘ﬁ [—]g] OII l}li‘ []lh(‘[ }lﬂllll? ‘l"ﬂll!il[”[]“] et El], [32]
reported that the effects of this demethylating agent depend on the
l‘Il]l)I\"Ugi‘IliL' ‘{ﬂgf' at \f}li['}l i{ i* El[)l)]if‘ll, T]ll‘ SE iIl D, carofa i‘i
arrested whether it is applied at 3 or 7 dai, but there is no
difference in the embryogenic response if it is applied from 7 tol14

A - 5.AzaC B
0d 7d 14d 21d

+ 5-AzaC
0d 7d 14d 21d

Figure 9. Effects of 5-Azacytidine on the LECT, BBM1 and WOX4
expression during the beginning of somatic embryogenesis in
Coffea canephora. A) Gene expression under embryogenic conditions
in the absence of 5-Azacytidine. B) Gene expression under embryo-
genic conditions with 10 pM 5-Azacytidine added every seven days
from 0 to 21 dai. Total RNA was used for RT-PCR analysis. UBQ11 was
used as a reference gene.

doi:10.1371/journal.pone.0072160.g009
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dai. It has been also found that the presence of 5-AzaC or the use
of the METHYLTRANSFERASE! (metl) mutant increases the
formation of meristematic centers improving the shoot formation
from calli LJf;Imﬁs'ffn}J.u'.s [35?59]? indit‘aiiug that DNA 111|‘L}1y]uti:111
plays a role mediating the development rate. However, although
many reports have pointed out that DNA methylation is involved
in embryo and plant development, the mechanism through which
it happens is sdll unknown. Most likely, hypomethylation in the
whole genome due to the eflect of 5-AzaC is turning on genes that
need to be repressed in a specific developmental time sequence in
[]Illl‘l o iIlll“ri‘ f‘HJl)I }"[] HlEliUIﬂ1il]IL Tllf‘ “["‘[‘irll‘ iIl}lﬂ)ill]I\"
methylation effect of 5-AzaC needs to be studied in order to test
this hypothesis.

Besides the changes in DNA methylation observed during the
SE process (Figure 4), we found an interesting histone methylation
pattern I_T'igun‘ 6: that seems to be related to the reduction in DNA

methylation levels at 21 and 28 dai (Figure 4A). We observed an
ﬂ])‘i(‘lll'f‘ (]f [h(‘ Ii‘[)lf‘ﬁ‘ii\'l Iilﬂ]k I{BKQHK‘Q ﬂ]lll an iIlL'I ease []f [hi‘
transcription-related marks H3K4me2 and H3K4me3 (Figure 6A);
on the same days, a reduction on DNA methylation was observed.
Similar epigenetic events have previously been shown in mam-
malian development during early embryo onset in the zygote,
where a significant loss of DNA methylation and H3K9me2
occurs [22,60]. Interestingly, we also found a reduced level of
I{BK(}IHFQ ﬂllll H%KQT”!(B ”]ﬂlk“ ﬂ{\ll'l (‘[Uln y[]%’f'llii' iIlllU[‘li[]Il at
day 7 (Figure 6A). It has been reported that a decrease in DNA
Ill(‘l}lylilli[]ll ﬂIld 1[]\1.' ]i‘\fﬁ‘l‘i E]f HRKC}I“(‘Q ﬂIll] HHKQ?UK'B ELHI]\V
the expression of genes related to the beginning of cell
dedifferentiation [18,36]. The H3K9me2 mark has been shown
to be involved in heterochromatin formation; it is dependent on
DNA methylation in Arabidopsis and rice [29.61]. In additon,
H3K9me?2 contributes actively to the setting up of dedifferentiated
states or reentry to the cell cycle [18]. Unlike H3K9me2, a recent
report indicates that H3K27me3 controls the rxplrwi[m of
~9,006 genes in Arabidopsis [37], some of which are related to
cell differentiation and stem cell Iz‘g'u]m.i:m. On the other hand? it

was found that during the transition from the globular stage to the
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heart stage there was an increase observed in the repressive marks
H3K9me?2 and H3K27me3 (Figure 6B), a finding that also seems
to be related to an increase in DNA methylation found in the same
embryogenic stages (Figure 4B). It has been documented that an
increase i DNA  methylation is necessary to change the
transcription patterns of genes, since DNA methylation represses
the transcription directly by interfering with the accessibility of
transcription factors [25.42].

In this study, we have found that two transeription factor genes,
LECI and BBEM, are expressed in different embryogenic stages
(Figure 7) possibly by H3K27me3 (Figure 8). This epigenetic mark
directly represses only specific transcription factor families, such as
HAP3-like and AP2-like transcription factors [37], that also
correspond to the genes investigated in this study, LECI and
BBM], respectively. LECT is a regulator master of embryogenesis
and its expression is needed to induce SE [11], while BBMT is
essential for cell proliferation and morphogenesis during embryo-
genesis [10]. We found that analyzed regions of LECI and BBM
chromatin in coffee are enriched by H3K27me3, which is an
epigenetic repressive mark, localized principally to euchromatin
rttg'ltms in planl.‘; [62.631. We localized the target rz:;.{luns of C.
canephora in the same genes from epigenomes available from
Arabidopsis and rice (http://epigara.biologie.ens fr/index html and
hllpfo\»\.ww‘ril"l',[[lap. (Jl'g;}fg;l'n’dl)‘j‘i[)1 rr'ﬁ[)l:t!liviﬁl}') (_Figllrlt‘i S.r] ﬂ[l(i
S6). It was found that, in the case of ALLECI, an important
enrichment of H3K27me3 exists in the targeted zone (Figure S5B),
which is consistent with our findings (Figure 8). Our results show
that the decrease of H3K27me3 in the sequence that encodes for
the B-domain of LECI, could be important for its transcription,
because it has been observed that the removal of H3IK27me3 is
important in the temporal control of gene activation [64]. Lee
et al. H.’)] pri:\duu.‘ily showed that thé: B-domain of LECT in
Arabidopsis is required for embryogenesis development. These same
authors found that the substitution of asparagine 55 by lysine in
the B-domain severely decreases the recovery of viable seedlings,
suggesting that this amino acid residue is critically required for
LECI function. Interestingly, the absence of H3K27me3 in LECT,
especially during the transiion from the H stage to the T stage
(Figure 8), means that LECI! could be involved in hypocotyl
elongation during embryo growth [13].

In the case of BBMI, our results show that the second AP2/ERF
domain carries high levels of H3K27me3, moderate levels of
H3K4me3 and H3K36me2 and low levels of H3K9me2 in all
tissues (Figure 8). The comparative epigenetic analysis in
Arabudopsis (Figure S53) as well as rice (Figure S6) revealed that
the targeted region in BBMI contains moderated levels of
H3K27me3 and low levels of H3K4me3 in both plants. Recently,
it has been found in plants that a small group of genes, particularly
transcription factors, are marked by both H3K4me3 and
H3K27me3 [36]. The same authors suggest that the presence of
both antagonistic marks could maintain the repressed transeription
status in the genes, but under the differendation process the
balance of these marks could allow rapid transcriptional reactiva-
ton. Analysis of BBMI overexpression in Arabidopsis and tobacco
showed that the BEMI gene promotes SE even in absence of
growth regulators, and induces shoot organogenesis, respectively,
suggesting that BBMT has the capacity to induce shoot meristem
activity as well as embryogenesis depending on the genetic and
cellular environment in the cells [10.63].

On the other hand, it is known that some of the WOX gene
family members are involved in the regulation of embryogenic
cells and maintain meristematic cells, but also they are involved in
the regulation of embryo polarity [14,66]. WUSCHEL, a member
of WOX gene family, which organizes the stem cells in the shoot
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meristem [67], is modulated by DNA methylation and H3K9me?2
in Arabidopsis [35]. Here we show that the transcriptional activity of
WOX4 is epigenetically modulated by H3K9me2 (Figure 8),
suggesting that another WS homeobox is also controlled through
epigenetic mechanisms. It is worth noting that the deposition of
H3K9me2 in the WOX4 gene occurred mainly during embryo
elongation, from the H to the C stages (Figure 8). l'TurI_hm;[[u'Jrﬁ1 we
detected that from the H to the C stage, DNA methylation
(Figure 4B) as well as H3K9me2 levels increased (Figure 6B). We
also found that during the transition from the H to the C stage, a
split of the vascular procambium occurs (Figure 3). Vascular
procambium is a group of meristematic cells located at the
periphery of stems and roots that are related to the secondary
growth [68]. Therefore, taken together, these results indicate that
L‘ht: Ii’OX‘; rl'.])rl:s.‘i‘l(JIl ﬁJu]l(i iIl Lll‘ll'}‘»l: .‘il.'dgtf.‘i I\C ElIl(i H)._\ ]]rUl‘ﬂl)ly l)y
H3K9me2, is a key step in allowing embryo axis elongation. In
Arabidopsis and tomato, it has been found that WOXY expression is
required to promote procambium differentiation in order to
regulate lateral plant growth [15,16].

In summary, we showed that under embryogenic conditions, the
SlJ[[lEﬂ.il‘. l:l:uﬂ can ])t: rf:]]rl)gm[[l[[l{:(i L':])ig{:llt:l.it“.auy l.]lrl'Jngh
dynamic changes in DNA methylation and histone modifications
to promote the embryogenic pathway and development of somatic
embryos in C. canephora (Figure 10). Our results strongly suggest
that a decrease in DNA methyvlation and reductions of repressive
marks H3K9me2 and H3K27me3 could be key steps in triggering
the cellular dedifferentiation to acquire cell totipotency, whereas
the resetting of these marks seems to be a regulatory mechanism
fUI' I)r(]]]{’r (fr[ll)wll (1{'\'(1[[]})[“{\,1'1[‘ T‘]lf" rl:g‘_llﬂ[‘l(]ll UF IEC!’ ElIld
BBM1 expression by the H3K27me3 mark, together with the
repression of WOX4 by H3K9me2, supports the idea that
epigenetic mechanisms contribute to the control of the onset and
embryo development during SE of C. canephora.

Materials and Methods

Plantlets, Embryogenic Induction and Growth Conditions

Coffea canephora plants were cultivated in Murashige & Skoog
[69] medium supplemented with 29.6 uM thiamine-HCL, 550 pM
myo-inositol, 0.15 uM  cysteine, 16.24 uM  nicotinic  acid,
87.64 mM sucrose and 0.25% (w/v) gelrite, pH 5.8 and cultured
at 25+2°C under a standard photoperiod of 16/8h (150 pmol
m 257" For the embryogenic induction, the plantlets were
transferred to the same medium supplemented with 0.54 pM
naphthalene acetic acid and 2.32 puM kinetin for 14 days under the
same conditions, Plantlet leaves were cut and five L:xplamba of
0.25 em® were placed on liquid medium (modified Yasuda) as
previously described [38] in the presence of 5 pM 6-benzyl-
adenine and cultured at 25*2°C under dark conditions at
353 rpm. The plantlets were obtained from three-month-old
l'UlylffflUIl'dI}' .‘iU[[lEl[‘ll‘ if[[ll)I}'U‘L

Electron Microscopy

Somatic embryos at different embryogenic stages (proembryo-
gﬂl’lil‘ [llEi.‘i.‘g glul)uliﬂ] hl!Ell‘l, ll]r[)lflil‘] aI](i l‘[]lyll:(i(JIlElr}'} were ﬁxlﬁd
in phosphate buffer at pH 7.3 (2mM sodium phosphate
monohasic, 2 mM sodium phosphate dibasic heptahydrate and
2.5% glutaraldehyde). Vacuum was applied for 10 min and the
culture was maintained at room temperature for 24 h and then
ki:pl at 4“C? wakhhlg twice with the same buffer without
glutaraldehyde. The fixed tissues were dehydrated in a graded
series of 10, 30, 50, 70, 85, 96 and 100% ethanol, vacuum was
applied at each step for 10 min and the whole maintained for 1 h
at 4°C (twice). Then the samples were gradually dried to the
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embryogenic cellular
induction  dedifferentiation embryo development
DNA
methylation

GELCLIL
H3Kome2 [, ——————

H3K27me 3 [ —————————
H3K36me 2 | —

Figure 10. Proposed epigenetic regulatory mechanism during the somatic embryogenesis of Coffea canephora. Differentiated somatic
cells from leaf explants are treated with plant growth regulators to induce somatic embryogenesis (SE). The embryogenic response proceeds through
dynamic changes in DNA methylation and histone modification, each in turn contributing to epigenetic regulation of LEC, BBM1 and WOX4 genes.
Under ideal somatic embryogenic induction, differentiated somatic cells from leaf explants (Le) initiate the first molecular and epigenetic changes.
These changes start with the repression of LECI and BBM1 genes during the induction process, mainly by the accumulation of H3K27me3. WOX4 is
highly expressed in this embryogenic stage, probably by the accumulation of H3K36me2 and the absence of H3K9me2. Furthermore, high levels of
DNA methylation are observed. During the Pm development, the H3K27me3 mark on LEC? loci is removed and the gene is expressed, while the
expression of BBM1 is mainly accompanied by the accumulation of H3K4me3 and H3K36me2. At this stage, DNA methylation levels start to rapidly
decrease. Finally, during the late developmental embryo stage, T, an increase of H3K9me2 promotes the transcriptional repression of WOX4 and
H3K27me3 again starts accumulating on LECT and the expression of BEM1 decreases. At this embryogenic stage, high levels of DNA methylation are
established. These findings suggest that dynamic changes in chromatin could be a crucial step for switching genes on or off during the
dedifferentiation and differentiation events to develop a somatic embryo. Le: leaf explant; mRNA: messenger RNA; SE: somatic embryogenesis; Pm:
proembryogenic mass; G: globular stage; H: heart stage; T: torpedo stage; C: cotyledonary stage. The arrows mean gene expression while the truncate

lines mean gene repression. The abundance of the dashed lines means the abundance of the transcripts.

doi:10.1371/journal.pone.0072160.g0 10

critical point with CO, using the dryer Samdn-PVT, and later
were mounted on a metallic grill (Polaron SEM coating system E
5100) and plated with gold using 30 mA for 60 seconds at 120
mTorr, until a layer of 150 A was reached. The samples were
observed using a scanning electronic microscope (GEOL JSM
6360 LV). Images were obtained by projecting the images at
angles of +8” and +8” from the optical axis.

Histology

Somatic embryos at different embryogenic stages were isolated
and fixed in FAA solution [10% formaldehyde, 5% acetic acid
30% ethanol (v/v}] for 48 h and washed five times with phosphate
.hllﬁ—{!l' at I)H Tﬁ {Q ['['lh‘[ .‘i('xi‘ll_l[[l I)}ll].‘i]]}lill(f [['l(][ll]l)ﬂ.‘iil:e 2 [nr\‘f
sodium phosphate dibasic heptahydrate). The samples were
dehydrated in a graded series of 10, 30, 50, 70, 85, 96 and
100% ethanol and vacuum was applied at each step for 10 minutes
and the whole maintained for 1 h at 4°C (twice). Then the samples
were embedded in JB-4 resin (JB-4Embedding kit, Polysciences).
The blocks were sectioned into 5-pm slices using a MICROM®
HM 325 and were double stained with a solution of periodic acid
and Schiff’s reactive to stain cell walls and naphtol blue black to
.‘i[ﬂ‘ll'l l)rl][(:ill‘i‘ I[[lﬂglf“i were ﬂlﬁ(]uh’lf(i ll‘iillg a .‘i[ffr{fﬂ}il"l]l)}' RIZFIA

IIT (Leica).
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DNA Methylation

Genomic DNA from C. canephora was extracted according to the
protocol described by Echevarria-Machado et al. [70]. Briefly,
100 mg of explants under embryogenic induction conditions were
collected every seven days from 0 to 56 days, and from somatic
embryos at different developmental stages (proembryogenic mass,
globular, heart, torpedo, cotyledonary and plantlets) and zygotic
ff[[l})r}-’(lﬁ‘ Nulflffilf 'dl‘,i(i (ﬁglf.‘il‘ll]ll ZlIld L]‘.lla, .‘iﬂl)ﬂr’dlifﬂl UF thf
nucleosides is described in detail by De-la-Pefia et al. [71]. Briefly,
.:l l,lg Uf DNA rl_U[[l {'Ellth ‘i'd[[ll)li: were }lylir(llyzcd El[l(i l‘[l‘lxi:d “’il_}l
5 pL of 10X DNA digestion buffer (200 mM acetic acid, 200 mM
glycine, 50 mM magnesium chloride, 5 mM zinc acetate, 2 mM
calcium chloride adjusted with sodium hydroxide to pH 5.3), 2 uLL
of DNase I (D2821-Sigma, 10 U/pL) and | L. of Nuclease P1
(N8630-Sigma, 1.25 U/uL). After overnight incubation at 37°C,
the samples were mixed with 5 pL of 100 mM NaOH and 2 pLL
call intestine alkaline phn‘;sphala.\;c (P‘#R?Q-Sig[nu? 1 U/}IL)‘ The
samples were incubated for 3.5 h at 37°C and mixed with the
[[llll)ill', r]}l'd.‘if‘ D fr)ﬂ [[lh‘[ El.[l'l['[lllll‘ll_l[['l ])llﬂﬁljhﬂlf' d‘ll)a.‘i1131 15 lIlh‘I
ammonium acetate adjusted with phosphoric acid to pH 4.1).
After that, the samples were centrifuged at 18,000 xg and analyzed
by high performance liquid chromatography (HPLC, Agilent 1200
series). DNA methylation percentages were obtained from the
phase-reversed chromatograms, using the peak areas to determine
the concentration of 2'-deoxvevtosine (dC) and 5-methyl-2'-
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deoxyeytosine (5 mdC) in the H'ﬂ[[lplli (% 5 mdC=C 5 mdC/[C
5 mdC+C dC] %100}, where € is concentration. All the analyses
were performed with three biological replicates from different

DNA extractions.

5-Azacytidine Assay

Embryogenic cultures of C. cangphora were incubated in the
absence (control) or presence of 10 and 20 uM of 5-azacytidine
(Sigma) diluted in the same medium used for embryogenic
nduction. This compound was added into the medinm every
seven days starting at different independent time points (day 7, 14,
21 and 353) of the SE culture. Then the somatic t:m])ryus at each
embryogenic stage in the control and the treatments with 5-AzaC
were counted after 56 days’ induction. The percentage of DNA
methylation under the effect of 5-AzaC was conducted as
described above. Three independent assays were evaluated.

Histone Isolation and Western Blots

Histones from . canephora were isolated from 0.5 g of explants
under embryogenic induction conditions and somatic embryos in
di.fr[:rl'_llt l:[[l])ryt'ng:Ilit: .‘il.'dgl‘.ﬂ [:pl‘ul:ll‘ll)ryugl:lllll‘. IMAss, g‘lul)ul'dr:
heart, torpedo and cotyledonary), as described by Nie-Can and
De-la-Pefia  [72]. Briefly, ten micrograms of protein were
separated by 15% SDS-gel page and blotted on PVDF membrane
(Millipore Immobilon P) for 3.5 h at 265 mA. Membranes were
blocked with 5% non-fat dry milk, 0.5% Tween in phosphate-
buffered saline (TPBS). In all experiments, Millipore antibodies
were ll‘ii:(i as FU“U\V‘C 'dIlli'Hg {EHL # 0?'6q0) as a l(JZﬂiiIlg l:“l"lll’l]le
anti-dimethyl-histone H3 [Lys-4] (cat. # 07-030), anti-trimethyl-
histone H3 [Lys-4] (cat. # 04-745), anti-dimethyl-histone H3 [Lys-
9] (cat. # 07-441), anti-trimethyl-histone H3 [Lys-27] (cat. £ 07-
449). The primary antibodies were incubated at 4°C for either one
hour or Uvr:nlighl with constant aghaliun. After wa.\ihing three
times for 10 min with IX TPBS and one time with PBS, the
membrane was incubated with st:n‘t‘mdary anlibudy Goat Anti-
Rabbit IgGG, HRP-conjugate (cat. # 12-348). The signal detection
was achieved with the agent Immobilon Western HRP substrate
peroxidase  solution  (Millipore) following the manufacturer’s
mstructions. Data from three independent analyses consistently
gave the same results,

Sequence Analysis and Primers Design

T('J (iﬂ.‘iig‘[l I)ri.[[l(’fr‘ to 'd.[[ll)lify SE'ri’fl'd[l',(i glfnl;‘i il'l (“‘ Eﬂ)’iej;ﬁﬂfﬂ,
the selection of nucleotide sequences was carried out, annotated hy
several databases listed in Table S1. Nucleotide alignments in
multiple sequences were performed using the software ClustalW2-
I\-Iultipll: Sﬁ:qui!m‘(: Aﬁgll[m:ul Ifhtt])://\mwu.n ::l)i‘ar‘uk/) and a
highly conserved region was chosen for the primers’ design.
Primers for LECI, BBM1 and WOX4 were realized with the
software Primer 3 Plus (http:/ /www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi), and then were analyzed through
the online programs Oligo Analyzer 3.1 (http://www.idtdna.com/
analyzer/Applicatons/OligoAnalyzer /Default.aspx) DNA
calculator  (http://www.sigma-genosys.com/cale/DINACalc.asp).
Primers generated for RT-PCR are listed in Table 52.

and

RT-PCR Analysis

Total RNA was extracted from 100 mg of leaf explants under
embryogenic induction and were collected at 0, 7, 14 and 21 days,
and from somatic embryos that were isolated and classified
according to developmental stage (proembryogenic mass, globular,
heart, torpedo and cotyledonary) and a zygotic embryo in the
cotyledonary stage of C. canephora was used as a comparison. Tisue
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.‘ia.[[ll)lf'.‘i were hlJ['[lngi'I‘lizl:d “"1[}1 TRI rl‘,Elgl’,Ill {Sig[l'l'd} rlJuUW‘lIlg
the manufacturer’s instructions, and the quality of extracted RNA
was verified on agarose gel at 1.5%. The quantity was verified in a
Nanodrop (Thermo Fisher Scientific). For eDNA synthesis, reverse
transcription reactions were performed in a 20-pL. volume
L:Unlaining 5 JLiSS of RNA and 200 U of the Suprtrf'}(‘ripl“rM i}
Reverse Transcriptase (Invitrogen) according to the manufactur-
er’s instructons. Platinum Taq polymerase (1.25 U, Invitrogen),
10 mM dNTPs, 10 pM each primer (listed in Table 52) ina 25-pL
volume was used during PCR and the conditions were listed as
fUIlE'J‘V‘: ﬁ]r BBA‘D’IJ’, Q.r)uc Fllr 4 [l‘liIL flllll]\flf(i l)y 3:-] ('yl‘li:ﬁ Ur QS“C
for 40 sec, 65°C for 45 sec, 72°C for 90 sec and a final cycle of
72°C for 10 min; for LECI, WOX4 and UBQI1, 95°C for 5 min,
followed by 30 cyeles of 95°C for 40 sec, 60°C for 45 sec, 72°C for
70 sec and a final cyde of 72°C for 5 min. The PCR products

were electrophoresed in a 1.5% agarose gel and stained with

GelRed (Biotium), and the images were acquired. Band intensities
were quantified using the Gel Doc™ XR+System (BIO-RAD)
and the intensities of genes mentioned above were normalized to
the constitutive gene UBQI 1. Each RT-PCR was conducted twice
with three biological replicates.

Chromatin Immunoprecipitation (ChIP) Analysis

Explants under embryogenic conditions and somatic embryos
(0 and 14 days, proembryogenic mass, heart, torpedo and
cotyledonary)
linking solution. ChIP experiments were performed as described

were vacuum-infiltrated with formaldehyde cross-

previously by De-la-Pefia el at. [73], with slight modifications. In
two biological replicates, the chromatin was immunoprecipitated
using the following antibodies obtained from Millipore: anti-
trimethyl-histone H3 [Lys-4] (cat. # 04-745), anti-dimethyl-
histone H3 r[.ys-‘.:l] (t‘al.. # 0?-441]? ilIlLi-lri[[lE:dlyl-]liHl.{JIll’. H3
[Lys-27] (cat. # 07-449) and anti-dimethyl-histone H3 [Lys-36]
(cat. # 07-274). PCR amplifications were done in 25 pL
volumes using the following conditions: for LECT, WOX4 and
UBQI1, 95°C for 5 min, followed by 40 cycles of 95°C for
40 ‘i{’l"} GOUC B’.‘Jf 50 sec, 7200 EJI 2 [[l.lIl ’dlld a EI‘l'd] l:ylﬁll: UF
72°C for 10 min and for BBMI, 95°C for 5 min, followed by 40
cydes of 95°C for 40 sec, 65°C for 50 sec, 72°C for 2 min and a
final cycle of 72°C for 10 min. Primer sequences are shown in
Table S3. The PCR products were electrophoresed in a 1.5%
agarose gel and stained with GelRed (Biotium) and the images
were acquired using the Gel Doc™ XR+S8ystem (BIO-RAD).
UBQ 15 a constitutively active gene that carries both trimethy-
lated Lys 4 and dimethylated Lys 9 of histone H3 and has been
used as a control [71,74].

Statistical Analysis

Ml Lht: d'd'.il were [)rlx‘l:ﬁﬁlﬁ(i ’dI‘ld ﬂIlal}-'ZE:d u.‘ii.“g an aIl'dly.‘ii.‘; UF
variance (ANOWVA). The significance level between the mean
values was carried out using the Tukey test. Differences were
considered to be significant at P=0.05. Data were analyzed by
Origin 8 (Data Analysis and Graphing Software).

Comparative Bioinformatic Analysis

To evaluate the ChIP results generated in this study, the
t:pig(‘,nu[nir\a data {_}11};[(11‘1(: modifications and DNA llli:lhyl'dlin':n)
from Arabidopsts and rice were analyzed through the publicly
accessible database of Vincent Colot for Arabidepsis (htp://
epigara.biologie.ens.fr/index.html) and the RMAP-A Map Like
Rice Genome Browser [75] (hutp://www.ricemap.org/gmap.jsp)
using the orthologous genes as follows: ATIG21970 (LECT),
ATHG17430 (BBMI), AT1G46480 (WOX4), LOC_0s02g49370
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(LECT), LOC_0s04g42570 (BBMT), and LOC_Os04G55590

(WOX4).

Supporting Information
Global DNA methylation analysis of leaf

explants during somatic embryogenic induction exposed
to 5-Azacytidine (5-AzaC). Leafl explants of Coffea canephora
were treated with 10 uM 5-AzaC every 7 days, from day 7 until 56
days, as shown in Figure 5A (7 dai), and DNA methylation levels
were measured by HPLC as described in Materials and Methods.
Error bars represent = SE (n = 3). The experiment was carried out
three times.

(TTE)
Figure S2 Amino acid sequence alignment of the B

Figure S1

domains of plant LEC1 proteins. Identical residues are
marked with The DNA-binding region and subunit

interaction are high]ighl.ud in yl:lluw boxes. The posilit'm of o-

stars.

helices and loops in the histone fold motif is indicated with black
and red lines, respectively. The Asp (D) residue that is required
for the LECT function is shaded in orange. The consensus
sequence that interacts with the TATA-binding protein is
highlighted in red. Jm, Jea mays ({mLECL) Os, Oryza sativa
(OsLECL): Te, Theobroma cacao (TcLEC1-Like); De, Daucus carota
(DeLECL): Ce, Coffea canephora (Ce_GT636663.1): Is, Letes sinensis
(ECAA-Box); At, Arabidopsts thaliana (AILEC); Bn, Brassica napus
(BrLEC:1); Pe, Pistacia chinensis (PELECLY, Mt, Medicago truncatula
(MILECT).

(TTE)

Figure S3 Amino acid sequence alignment of plants’
BBMI1 proteins. Identical residues are marked with stars. Amino
acid sequences of the first AP2/ERF domain repeat (Repeat 1) and
the second AP2/ERF domain repeat (Repeat 2) are highlighted in
blue and the linker region that joins the two repeats is highlighted
in yellow. Red boxes indicate the overlap of both sequences of
Coffea canephora: CeGT656297.1 and CeGT6O56313.1. Al, Arabidopsis
thaliana (ABBM1); Bn, Brassica napus (BnBBM1), Gm, Ghane max
(GmBBM1): Mt, Medicago truncatula (MIBBM1); Te, Theobroma cacao
(TBBMI); Vo, Vitis winifera (VeBBM1); Zm, Jea mays (ZmBBM1); Os,
Onza sativa (OsBBM1).

(TTE)

Figure 4 Amino acid sequence alignment of WOX4,
The homeodomain that binds DNA through a helix (gray boxes)
of WOX4 is shown. The
proteins used in the alignment were as follows: 8L Solanum
beopersicum (SIWOX4); Vo, Vitis winifera (FPWOX4);, Ce, Coffea
canephora (SNG  Ub27534); Gm, Glycine max (GmWOX4); AL
Arabidopsis thaliana (AWOXH); Pi, Populus trichocarpa (PINOX4);

turn helix structure homeodomain
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Os, Orpza sativa (OsWOX4); Bd, Brackhypodium distachyon (BdWOX4);
Zm, Zea mays (ImWOX4).
(TIF)

Figure 85 Genome browser view of epigenetic modifi-
cations of LECI, BBMI and WOX4 in Arabidopsis
t!ln.!iﬂ!m. AJ R(’fl]r{f‘il{ll[ﬂl‘l\'lf g{‘,]l{f‘ [[lUdltl Uf LECI. BBA']’{J’ ElIld
WOXY sequences. The green boxes show the exons, the
connecting lines are the introns and the red boxes are the
untranslated regions (UTRs). The black line below the genes
represents the analyzed region in Coffea canephora. Epigenetic
[[ll'Jli‘lrll'ﬂl‘lUIl“i ill a g{']lll[“il‘ r(fg‘ill]l UF B) LECI fATlGQIQTO) CJ
BBM! [AT5G17430) and D) WOX{ (AT1G46480). A select
region indicated by the red dashed lines represents the compared
position vs. ChIP of LECI, BBMI and WOX4 in the somatic
embryogenesis of C. canephora.

(TTF)

J

Figure $6 Genome browser view of epigenetic modifi-
cations of LECI, BBMI and WOX# in Oriza sativa. A)
Representative  genes model of LECI, BBEMI and WOX{
sequences. The green boxes show the exons, the connecting lines
are L}ll‘, ‘lIllrUIlﬁ 'dI‘ld Lh(: r(fd I]UXCH are L}llf UIl[rﬂIl}ilﬂllf(i rltg‘il':llﬁ
(UTRs). The black line below represents the region analyzed in
Coffea canephora. Epigenetic modifications in a genomic region of B)
LECT (LOC_0s02g49370), C) BBMI (LOC_Os04g42570) and
D) WOX4 (LOC_Os04G53590). A select region indicated by the
rﬁfd dil.‘ih('d liI‘lti\ rl‘,pl‘i!‘&l{[lb& lhlf L‘U[ll])'dl‘i‘d I)U.‘iil‘lUIl V5. C}lIP UF
LECI, BBMI and WOX{ in the somatic embryogenesis of C.
canephora.
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