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La presente tesis doctoral se ha centrado en investigar los procesos de desregulación 

en la metilación del DNA y de microRNAs en dos tipos celulares implicados en la 

patogenia de la artritis reumatoide, cuya función se encuentra exacerbada en el 

sinovio de las personas afectadas: fibroblastos sinoviales y osteoclastos. En primer 

lugar, se han analizado los fibroblastos sinoviales obtenidos de articulaciones 

procedentes de pacientes con artritis reumatoide, comparando los niveles de 

metilación del DNA y de expresión de microRNAs entre dos series obtenidas de 

pacientes y controles. En segundo lugar se ha estudiado el proceso de 

osteoclastogénesis, por el cual los monocitos, se fusionan y diferencian en 

osteoclastos multinucleados, capaces de degradar el hueso. 

Los fibroblastos sinoviales y los osteoclastos son dos tipos celulares que en artritis 

reumatoide tienen una función aberrante, dado que se encuentran hiperactivos. En 

la articulación afectada, los fibroblastos sinoviales hiperactivos degradan el cartílago, 

mientras que los osteoclastos, contribuyen a la destrucción del hueso. Tras un 

proceso continuado de degradación, la articulación puede perder su función y la 

persona que padece la AR quedar seriamente afectada. 

En el caso de los fibroblastos sinoviales, se han extraído de rodillas de personas con 

artritis reumatoide, y los hemos comparado con controles examinando sus perfiles 

de metilación de DNA y miRNAs, para investigar las diferencias entre los fibroblastos 

de pacientes y controles. Las variaciones entre los dos grupos encontradas indican 

potenciales vías de señalización y genes desregulados en esta enfermedad. Ente los 

ejemplos más reseñables cabe destacar la hipometilación del gen IL6R, TNFAIP8, 

HOXA11y CD74. Además, los datos de metilación, expresión de microRNAs así como 

expresión de mRNA, se integraron para conocer en profundidad las interconexiones 

entre las diferentes capas de regulación que están detrás del comportamiento 

aberrante de este tipo celular. 

Por otro lado, hemos analizado in vitro qué cambios epigenéticos suceden durante la 

diferenciación de monocitos a osteoclastos. Para ello, hemos realizado un análisis de 

metilación de DNA durante el proceso de diferenciación de monocitos y osteoclastos 

derivados de los anteriores, así como de varias series temporales para conocer las 

dinámicas de metilación. Como resultado hemos descubierto que en este proceso de 

diferenciación, el perfil de metilación cambia drásticamente. Genes clave en la 

función del osteoclasto, como la CTSK, ACP5 o TM4SF7, se hipometilan de forma 

activa, rápidamente, y se sobreexpresan. También genes específicos de monocito, 

como el CX3CR1 se hipermetilan y silencian específicamente. Además, hemos 

determinado que el factor de transcripción PU.1, tiene un papel clave en este cambio 
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epigenético, dado que actúa como conector dual en el reclutamiento de la 

maquinaria epigenética (TET2 y DNMT3b) que va a modificar, en un sentido o en otro 

(hipometilación e hipermetilación) el epigenoma. La caracterización del mecanismo a 

nivel molecular en este proceso de diferenciación es clave para posteriormente 

encontrar vías de señalización que potencialmente puedan ser inhibidas 

farmacológicamente.  

Por último, se ha analizado el perfil de expresión de microRNAs en este proceso de 

diferenciación mieloide. Se ha realizado inicialmente un screening de expresión de 

380 miRNAs a varios tiempos (0d, 2d y 21d), centrándonos posteriormente en dos 

clusters de miRNAs, el miR-212/132 y el miR- 99b/let-7e/125a. Se ha demostrado el 

papel clave que estos microRNAs desempeñan en el proceso de diferenciación, dado 

que su inhibición funcional, retrasó la formación de los osteoclastos, así como la 

expresión de marcadores de osteoclasto, y la represión de genes de linaje 

alternativo. 

 

  

14



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABREVIATURAS 

 

  

15



 

 

 

 

16



ABREVIATURAS 

 

 

5UTR  Región no traducida 5’ 
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5caC  5-carboxilcitosina 
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1. REGULACIÓN DE LA FUNCIÓN GÉNICA 

La función de los genes depende no sólo de la secuencia de nucleótidos del DNA 

donde están codificados, sino también de una diverdidad de mecanismos 

reguladores a los que se ve sometida. La regulación de la actividad final de un gen 

puede controlarse a nivel transcripcional, posttranscripcional, por modificaciones 

postraduccionales, etc 

Entre los mecanismos de regulación transcripcional se incluye el control 

ejercido por los factores de transcripción, que se complementa con la metilación del 

DNA, las modificaciones de las histonas, y otros mecanismos estudiados desde la 

perspectiva de la Epigenética. Dependiendo de los niveles de cada marca epigenética 

en un determinado promotor, se obtendrá un efecto sobre la actividad 

transcripcional, bien sea de activación, o por el contrario, de represión. A nivel de 

regulación postranscripcional de la función de los genes, existen diversos 

mecanismos, entre los cuales cabe destacar los mediados por los microRNAs. Son 

pequeños RNAs complementarios al RNA mensajero, que o bien median su 

degradación endo/exonucleolítica, o bien impiden la traducción del mismo a 

proteína. 

1.1. EPIGENÉTICA 

   La Epigenética se define como el estudio de los cambios heredables en la expresión 

de genes que no son debidos a modificaciones de la secuencia de DNA1, 2. En general, 

dichos cambios de expresión están determinados por distintos tipos de 

modificaciones covalentes del DNA y las proteínas que lo empaquetan, las histonas. 

Las principales marcas epigenéticas son la metilación del DNA y la 

modificación de aminoácidos conservados de los extremos N-terminales de las 

histonas (proteínas alrededor de las cuales se posiciona el DNA, en unidades 

repetitivas denominadas nucleosomas). Entre ambas modificaciones, hay una clara 

conexión mecanística, de manera que se pueden acoplar por medio de proteínas 

DNA metiltransferasas (DNMTs, capaces de reclutar desacetilasas y metiltransferasas 

de histonas3, 4) y proteínas MBD (Methyl CpG Binding Domain Proteins, que se unen a 

DNA metilado y reclutan enzimas modificadoras de histonas5). 

Los eventos epigenéticos tienen implicaciones a nivel de transcripción, 

reparación y replicación de DNA, biología del cáncer6, arquitectura nuclear7, 

estabilidad cromosómica8, impronta genética9, 10, inactivación del Cromosoma X en 

mujeres11,etc. 

Los mecanismos epigenéticos en individuos normales son responsables de 

numerosos procesos relacionados con la diferenciación celular y el desarrollo 

(impronta genética, inactivación del cromosoma X en mujeres, expresión de genes 
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específicos de tejido durante el desarrollo…) y la desregulación de dichos 

mecanismos está relacionada con el desarrollo de enfermedades como el cáncer o 

diversos síndromes (síndrome de Rett, síndrome de inmunodeficiencia, inestabilidad 

centromérica y anormalidades faciales (ICF), síndrome de Prader-Willy, etc) [Revisado 

en12], por tanto no es de extrañar que haya sido uno de los campos de investigación 

con mayor expansión en la última década. 

1.2. Metilación del DNA 

La metilación del DNA es un proceso muy bien caracterizado química y 

enzimáticamente. Sucede sobre la posición 5’ del anillo de citosina en el contexto de 

dinucleótidos CpG, desde un donador S-adenosil metionina (SAM).  

 Las enzimas encargadas de realizar este proceso son las DNA 

metiltransferasas (DNMTs): DNMT3A y DNMT3B se encargan de la metilación del 

DNA de novo durante el desarrollo embrionario, y DNMT1 se encarga de mantener el 

patrón de metilación de la hebra patrón en el DNA hemimetilado resultante tras la 

replicación. Hay otra DNMT, la DNMT3L, sin actividad catalítica pero con actividad 

reguladora sobre DNMT 3A y 3B13, 14. 

Los dinucleótidos CpG, a lo largo del genoma, se encuentran representados 

por debajo de lo esperable estadísticamente, y tienden a agruparse en lo que se 

conoce como “islas CpG” (región con al menos 200 pb y con un porcentaje de GC 

mayor de 50 y con un promedio de CpG observado/esperado mayor de 0.6). Las islas 

CpG, en general se encuentran en regiones repetitivas del genoma, y en regiones 

promotoras de genes codificantes de proteínas. De hecho, alrededor del 50% de los 

genes posee una isla CpG en su región promotora. Los dinucleótidos CpG dispersos 

suelen encontrarse metilados, mientras que los situados en islas CpG, no suelen 

estarlo en células normales15. 

Tradicionalmente, se acepta que la metilación del promotor de un gen, tiene 

implicaciones en su expresión, provocando una represión transcripcional16. Se ha 

visto que este mecanismo de regulación tiene tiene implicaciones en Impronta 

genética9, 10, inactivación del cromosoma X en mujeres11, etc, así como en 

determinados procesos patológicos. Sin embargo, ahora se conoce más sobre el 

efecto de la metilación fuera del contexto del promotor, siendo igualmente 

importantes el 5UTR y el primer exón. Por otra parte, la metilación del cuerpo del 

gen, se ha visto positivamente correlacionado con la expresión17, 18, evidenciando la 

complejidad de mecanismos regulatorios en torno a la metilación del DNA.  
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Figura 1. Regulación de la expresión génica por niveles de metilación del promotor. 

Promotores de genes con sus dinucleótidos CpG sin grupos metilo, están asociados a 

genes transcripcionalemnte activos. Estos dinucleótidos CpG pueden ser metilados por 

la familia de enzimas DNMTs, provocando un silenciamiento de la expresión de estos 

genes. Como se indica en la figura, el grado de metilación existente en el cuerpo del gen 

(“Body”) está directamente relacionado con el nivel de expresión del mismo. 

 

La metilación del DNA es una marca epigenética estable, que puede ser 

empleada por la célula como mecanismo de represión de genes en el largo plazo. Sin 

embargo, se ha observado que es una marca más dinámica de lo que originariamente 

se había considerado, pues existen mecanismos para revertir la 5meC a su estado 

original de citosina desmetilada. 

1.3. Desmetilación activa del DNA 

Uno de los mecanismos por los cuales las células pierden los niveles de metilación en 

determinadas regiones (promotores, etc…) es debido a un mantenimiento ineficiente 

del patrón de metilación por parte de la DNMT1 tras la división del DNA. Para que se 

de este proceso de desmetilación pasiva, la célula ha de dividirse, y si se divide con 

una velocidad superior a la actividad de la DNMT1, se observará hipometilación en 

determinados genes. La funciinalidad de estos genes que anteriormente estaban 

metilados, y ahora no, puede cambiar, de manera que los genes hipometilados 

pueden sobreexpresarse en ausencia de marcas silenciadoras como los grupos 

metilo. Sin embargo, también se han observado procesos de desmetilación en 

ausencia de división celular. Ejemplos de estas evidencias son: 

-Desmetilación global del pronúcleo paterno19: tras la sustitución de la protamina por 

histonas tras la fertilización, el genoma del pronúcleo paterno sufre un proceso de 

desmetilación global. 

5’UTR 1st EXON BODY 3’UTR

5meC

C

5’UTR 1st EXON BODY 3’UTR

D
N

M
Ts Gene expression

Gene Repression
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-Desmetilación de genes específicos en  células somáticas:  

 -Linfocitos T: 20 minutos después de ser estimulados, el enhancer del 

promotor de la interlekina 2 se desmetila, en ausencia de replicación20. 

-Neuronas: el gen del factor neurotrífico derivado de cerebro (Brain-Derived 

Neurotrophic Factor BDNF), gen clave para la plasticidad neuronal en adultos, se 

hipometila en neuronas despolarizadas por KCl, evitando ser reprimido por la 

proteína MeCP2. Las neuronas son células post-mitóticas, por lo que procesos de 

desmetilación activa son necesarios21. 

 -Células dendríticas: el proceso de diferenciación de monocito a célula 

dendrítica sucede en ausencia de división, y se ha observado una desmetilación en 

genes clave para la identidad de estas células inmunes22, 23.  

1.4. Mecanismos de desmetilación activa 

El estudio de la maquinaria implicada en los procesos de hipometilación activa de 

regiones genómicas ha sido un asunto controvertido durante los últimos años. Varios 

mecanismos han sido propuestos: eliminación catalítica del grupo metilo de la 5meC, 

desaminación de 5meC a Timina, y reparación de la MISSMATCH por el mecanismo 

de “Reparación por Escisión de Bases”, BER (del inglés , Base Excision Repair), etc. 

Uno de los mecanismos mejor documentados, es el de la oxidación de la 

5meC a derivados como 5hidroximetilcitosina (5hmeC), 5carboxilcitosina (5caC) o 5 

formilcitosina (5fC), por parte de enzimas de la familia TET, y la posterior acción de la 

proteína Timina-DNA-Glicosilasa (TDG), la cual escindiría la base oxidada creando un 

sitio de reparación24. 

1.4.1. Oxidación de la 5meC catalizada por la familia de enzimas TET  

La 5meC puede ser oxidada sucesivamente a 5-hidroximetilcitosina (5hmC), 5-

formilcitosina (5fC) y 5-carboxilcitosina (5caC) por la familia de proteínas TET (Ten 

eleven translocation family)25, 26. Esta familia de enzimas son unas dioxigenasas de 

DNA dependientes de Fe(II) y de 2-oxo-glutarato, y está compuesta por tres 

miembros: TET1, TET2 y TET3. TET1 está implicada, entre otras funciones, en la 

reprogramación epigenética que sufren las células germinales primordiales durante 

su desarrollo, y que conlleva la pérdida de metilación27. TET2 actúa principalmente a 

nivel del desarrollo mieloide, dado que mutaciones de pérdida de función en 

pacientes, conllevan el desarrollo de diferentes enfermedades mieloides, como 

síndromes mielodisplásicos, neoplasmas mieloproliferativas o leucemias 

monomielocíticas crónicas28. TET3, por su parte, ha sido relacionada con la pérdida 

de metilación que sufre el pronucleolo paterno tras la fecundación29. 
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Dado que en esta tesis se ha analizado el proceso de diferenciación de 

monocito a osteoclasto, es decir, un proceso de diferenciación mieloide, nos 

centraremos en el papel de TET2, dado que parece tener más importancia en este 

linaje. El papel de TET2 en un proceso de diferenciación mieloide ha sido 

diseccionado en el proceso de transdiferenciación de linfocito a macrófago, donde se 

ha visto el papel fundamental de TET2 en la adquisición de los cambios epigenéticos 

necesarios para mantener el linaje mieloide al que pertenecen los macrófagos30. 

La hebra de DNA con nucleótidos oxidados derivados de la 5meC es 

reconocida por la enzima Timina-DNA-Glicosilasa (TDG), y la base de 5caC, por la cual 

tiene una gran afinidad, es escindida24. La implicación de estas enzimas en procesos 

de desmetilación activa ha sido confirmada gracias al uso de Knock-Outs (KOs) para 

ambas encimas. Se ha visto que el nivel de 5hmeC se ve reducido en ratones KO para 

TET1 y TET2, mientras que los niveles de 5meC se ven incrementados31, 32. Por otro 

lado, se ha analizado la acumulación de 5-formilcitosina (5fC) y 5-carboxilcitosina 

(5caC) en células KOs para TDG. Se ha visto un incremento de estos derivados 

oxidados de la 5meC, confirmando el papel de esta enzima en la escisión de los 

nucleótidos intermediarios de la desmetilación oxidativa33, 34.  En la figura 2 se 

muestra un esquema con los diferentes intermediarios que intervienen en la 

desmetilación activa. 

 
Figura 2. Desmetilación activa mediada por derivados oxidados de la 5meC. El 

nucleótido citosina, puede ser metilado en su carbono 5’ por la familia de enzimas 

DNTMs. Este proceso puede ser revertido de forma pasiva, por la acción ineficiente de 

las DNMTs tras el proceso d división celular, o de forma activa. Para que este proceso se 

realice de forma activa se requiere la actividad de la familia de enzimas TET, que oxidan 

a la 5meC a 5hmC, 5fC o 5caC. Estos derivados oxidados son reconocidos por la Timina 

DNA glicosilasa, que elimina la base nitrogenada oxidada, dejando sólo el azúcar, en lo 

que se denomina un sitio abásico. Esto provoca un desapareamiento en el DNA, que es 

DNMTs TETs TETs TETs

C 5mC 5hmC 5fC 5caC

TDG/BER

Desmetilación pasiva
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reconocido por la maquinaria de reparación del DNA por escisión de bases, BER, por sus 

siglas en inglés (Base Excision Repair), resultando en una nueva Citosina sin el carbono 5 

metilado. 

1.5. MicroRNAs 

Los microRNAs (miRNAs) son son una extensa familia de RNAs con ~21 nucleótidos 

de longitud que regulan la expresión de genes a nivel postranscripcional. Fueron 

descubiertos a principios de la década de los 200035 y su importancia ha sido 

estudiada en la práctica totalidad de procesos celulares, desde diferenciación, 

respuesta inmune, estrés, etc. 

 

1.5.1 Síntesis de microRNAs 

Los miRNAs se procesan desde precursores inmaduros (pri-miRNAs) que son 

transcritos desde genes independientes, o a partir de intrones de genes que codifican 

proteínas. Los pri-miRNAs se doblan adquiriendo estructura secundaria hairpin, que 

sirven de sustrato para Drosha y Dicer, ambas pertenecientes a la familia III de las 

RNAsas. El pri-miRNA es procesado por Drosha36 dando lugar a un oligonucleótido de 

alrededor de 70 pares de bases (pre-miRNA) que es exportado del núcleo al 

citoplasma. Dicer, procesa el pre-miRNA a un dúplex miRNA/miRNA* de 20 pares de 

bases37, 38, el miRNA maduro. Una de las hebras del dúplex miRNA/miRNA*es 

integrada al complejo miRISC (miRNA-induced silencing complex – complejo de 

silenciamiento inducido por miRNAs)39, 40. En función de la complementariedad 

interaccionará con un determinado RNA mensajero para reprimir su función. Puede 

evitar el que sea traducido y provocar la degradación exonucleolítica de la cola de 

poliA del RNA mensajero cuando la complementariedad es imperfecta con la región 

3’UTR41. Cuando hay complementariedad perfecta, puede provocar la degradación 

endonuclolítica del mRNA por parte de AGO2 (Argonaute proteins)42. 

De la misma manera que cualquier gen, los genes que codifican miRNAs, 

pueden sufrir procesos de regulación transcripcional tales como metilación de sus 

promotores43, etc. 

La funcionalidad de los microRNAs puede ser estudiada gracia a algoritmos 

bioinformáticos que predicen los RNAs mensajeros (mRNA) dianas de los microRNAs 

estudiados. Algunos de los más populares son miRanda44, TargetScan45, PicTar46, 

PITA47, etc. En ellos, se analiza la probabilidad de interacción teniendo en cuenta 

diferentes parámetros, tales como la complementariedad, la estructura secundaria 

formada, la temperatura de fusión, etc...  Gracias a estas herramientas se pueden 

predecir dianas potenciales que son silenciadas por el efecto de los microRNAs.  
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2. ENFERMEDAD AUTOINMUNE 

El sistema inmune es un mecanismo muy evolucionado de protección frente a 

innumerables ataques. Para defendernos, el sistema inmune debe aprender antes 

qué  elementos son propios del organismo, contra los que no hace falta actuar, y 

cuáles pueden suponer una amenaza externa, que sea necesario erradicar. La 

tolerancia inmunológica es el mecanismo que se encarga de ello48. Sucede a dos 

niveles: central y periférico. Dentro de los órganos implicados en la tolerancia 

inmunológica central, destaca el timo (para la maduración de los linfocitos T) y la 

médula ósea (para los linfocitos B), con papeles centrales en inmunología. Respecto a 

la tolerancia inmunológica periférica, los principales órganos encargados son los 

nódulos linfáticos, el bazo, etc… Gracias a estos mecanismos, se desarrollan bien un 

número bajo de células inmunes auto-reactivas, bien células auto-reactivas que son 

inactivas49. 

El hecho de que en todos los individuos considerados “sanos” haya linfocitos 

y anticuerpos auto-reactivos50 y que estos no desarrollen ningún tipo de patología, 

depende de varios factores como la susceptibilidad genética, la exposición a factores 

contaminantes, tabaco, el nivel de estrés, y un largo etcétera. En algunos individuos, 

estos linfocitos y anticuerpos pueden atacar al propio organismo, causando 

patologías de tipo autoinmune. 

Las enfermedades autoinmunes son dolencias multifactoriales causadas por 

la activación aberrante de linfocitos Ts y/o Bs, en ausencia de una infección activa u 

otra causa discernible51. Cuando el sistema inmune actúa contra un órgano concreto, 

se denomina autoinmunidad órgano-específica, y si afecta a todo el organismo, 

autoinmunidad sistémica. Entre las órgano-específicas, destacan la diabetes tipo I 

(afecta a los islotes pancreáticos), la enfermedad celiaca o la enfermedad de Crohn’s 

(ambos con el tracto gastro-intestinal afectado) o la esclerosis múltiple (afecta al 

sistema nervioso). Las enfermedades autoinmunes sistémicas más comunes son la 

artritis reumatoide y el lupus eritematoso sistémico, en las cuales el sistema inmune 

ataca a varias partes del cuerpo, como las articulaciones (enfermedades reumáticas), 

piel, pulmones, corazón, etc52. 

 

2.1. Las enfermedades autoinmunes como modelo de enfermedades complejas 

Las enfermedades autoinmunes son enfermedades complejas, cuya aparición 

depende de factores diversos, es decir, son enfermedades multifactoriales. Este 

grupo de enfermedades comenzó a ser estudiado desde el punto de vista conceptual 

y metodológico de la genética para investigar locus asociados a las patologías. De 

esta manera, usando una aproximación de genes candidatos se descubrió la 
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implicación de los genes del complejo mayor de histocompatibilidad (HLA - Human 

leukocyte antigen) en artritis reumatoide53, lupus eritematoso sistémico54 y 

escleroderma55. Más recientemente, gracias al avance de la tecnología, se han 

podido realizar estudios de asociación a nivel genómico global, GWAS (Genome-wide 

Asociation Studies), donde se ha descubierto la asociación de genes con la 

susceptibilidad a sufrir determinadas enfermedades autoinmunes, como son IRF5, 

BLK, CD40, STAT4, PTPN22, etc56-58. La mayor parte de estos genes están involucrados 

en la respuesta inmune, tanto innata como adaptativa. 

Pese a los grandes esfuerzos invertidos por grandes consorcios 

internacionales59, 60, ha quedado patente que el componente genético no es el único 

involucrado en el desarrollo de este tipo de enfermedades. Esta idea se ve reforzado 

por la existencia de una baja tasa de concordancia entre gemelos monocigóticos para 

estas enfermedades61, 62. Por tanto, existen evidencias que llevan a pensar que, por 

encima del componente genético, otros factores están actuando en las personas 

afectadas para desarrollar estas enfermedades. Entre los factores que posiblemente 

influencian el desarrollo de autoinmunidad, encontramos factores ambientales tales 

como agentes infecciosos como el virus del Epstein-Barr63, el humo del tabaco64, etc.  

Muchos de los factores ambientales mencionados anteriormente, son 

capaces de modificar el perfil epigenético de las personas que se ven expuestos a 

ellos. La Epigenética está adquiriendo gran relevancia en el estudio de las causas 

subyacentes a las enfermedades autoinmunes. Como ejemplo, vemos que proteínas 

codificadas en el genoma del EBV (virus del Epstein-Barr) como LMP1 pueden activar 

a la DNMT165, modificando el estado de metilación del DNA, o que algunos fármacos 

hipometilantes como la 5-azadC causan enfermedades como el lupus inducido por 

fármacos66. También se ha visto que el humo del tabaco, que es un agente 

modificador del programa epigenético en cáncer67, 68, promueve la aparición de 

artritis reumatoide el gemelo fumador de parejas de gemelos monocigóticos 

discordantes para la enfermedad, explicando potencialmente por qué es 

precisamente el gemelo que fuma el que padece la enfermedad, en un mismo 

entorno genético69. 

Por todo lo comentado anteriormente, es evidente que el interés del estudio 

de este tipo de enfermedades desde el punto de vista epigenético se ha convertido 

en un campo en continuo crecimiento durante la última década. 

2.2. Artritis reumatoide 

La artritis reumatoide (AR) es una enfermedad autoinmune que afecta 

principalmente a las articulaciones. En ellas, se produce hiperplasia de la membrana 
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sinovial, e inflamación de la articulación en general, que culmina con la destrucción 

de cartílago y hueso, dejándola sin función.  

La artritis reumátide tiene una prevalencia de alrededor del 1%, y una 

incidencia de 3 casos nuevos al año por cada 10.000 habitantes. En la patogenia de la 

artritis reumatoide los linocitos T CD4 hiperactivados segregan citoquinas 

proinflamatorias que atraen a células inmunes circulantes en sangre periférica. Esta 

confluencia de células en un entorno de inflamación, rovoca la proliferación y 

activación de los sinoviocitos, o células residentes en el sinovio de la articulación, 

entre los que destacan los fibroblastos sinoviales de artritis reumatoide (RASF) y los 

osteoclastos. El sistema inmune está desregulado a varios niveles, ya que son varios 

los tipos celulares inmunes (Linfocitos B, T, macrófagos, etc) que intervienen, directa 

o indirectamente, en la patogénesis de esta enfermedad70. 

Como se ha comentado en el párrafo anterior, estas células inmunes, 

segregan grandes cantidades de citoquinas proinflamatorias en la articulación 

afectada, de manera que se crea un microentorno proinflamatorio con consecuencias 

muy negativas para la funcionalidad de la articulación71. En este entorno, células 

sinoviales como los fibroblastos sinoviales (conocidas como RASF – Rheumatoid 

Arthritis Synovial Fibroblasts), y los osteoclastos, están hiperactivados y son hiper-

reactivos, y son los que finalmente ejecutarán la destrucción del cartílago y del 

hueso, respectivamente72. 

La AR se ha estudiado desde el punto de vista genético, y se han descubierto 

algunos locus de susceptibilidad como HHLA-DRB1, PTPN22, PADI4, STAT4, IL6ST, 

SPRED2, RBPJ, CCR6 y IRF556. Sin embargo, la baja tasa de concordancia para esta 

enfermedad en gemelos monocigóticos (inferior al 15%62, 73), evidencia la necesidad 

de otros mecanismos aparte de los genéticos para que los pacientes acaben 

desarrollando la enfermedad. 
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Figura 3. Tipos celulares implicados en la creación del entorno pro-inflamatorio en las 

articulaciones afectadas. Células inmunes extravasadas de sangre periférica al sinovio, 

segregan citoquinas proinflamatorias. Las citoquinas proinflamatorias activan y hacen 

proliferar a las células residentes en lamembrana sinovial, los sinoviocitos. Uno de los 

tipos de sinoviocitos son los RASF, que aparte de degradar el cartílago, segregan RANKL. 

El RANKL presente en la articulación, es capaz de activar la diferenciación de los 

monocitos a osteoclastos, en un proceso llamado osteoclastogénesis. Los osteoclastos 

activados de forma aberrante degradarán el hueso de la articulación. La acción conjunta 

y mantenida en el tiempo de RASFs y osteoclastos termina por degradar la articulación, 

provocando un pérdida de funcionalidad de la misma. Figura adaptada de E.H.S. Choy, 

and G.S. Panayi N Engl J Med 200171. 

 

Como se puede apreciar en la figura 3, aparte de la importancia de las células 

efectoras de la destrucción del cartílago y el hueso (RASF y osteoclastos), las 

desregulación de las células inmunes circulantes también tiene gran importancia en 

el desarrollo de la enfermedad. 
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3. RASF 

Los fibroblastos sinoviales procedentes de pacientes con artritis reumatoide son más 

agresivos que los de personas sanas por varios motivos. En primer lugar, expresan 

mayores niveles de metaloproteinasas (MMPs) y citoquinas que aquellos extraídos 

de donantes sanos74, 75. Además, muestran un comportamiento de célula tumoral ya 

que: son más invasivos en el cartílago76, tienen más resistencia a la apoptosis77, y son 

capaces de crecer sin estar adheridos a un sustrato78. 

Este tipo celular ha sido uno de los más ampliamente estudiado dentro de la 

AR, también, desde el punto de vista epigenético, donde sean encontrado bastantes 

particularidades que diferencian estos fibroblastos de los existentes en las 

articulaciones de personas sanas. 

3.1. Desregulación de la metilación del DNA en rasf 

Los RASF tienen unas características epigenéticas únicas, que explican en parte lo 

agresivo de su comportamiento en el sinovio de los pacientes afectados. En AR, se ha 

comprobado que el tejido sinovial obtenido de pacientes con AR está hipometilado 

en relación al de pacientes sanos79. Además, se ha comprobado que debido a esta 

hipometilación existente en los RASF,  éstos sobreexpresan el retrotransposon Line 

180, elemento silenciado en condiciones fisiológicas. Esta sobreexpresión de Line 1 

provoca la sobreexpresión de genes que probablemente contribuyan al fenotipo 

agresivo como son el proto-oncogén met (MET), p38delta MAP kinasa (MAPK13) y la 

proteína de unión a galectina 3 (LGALS3BP)81. 

Los RASF expresan menores niveles de la enzima metilante DNMT1, y tienen 

menores niveles de metilación global, es decir, muestran hipometilación global. Se ha 

logrado que fibroblastos sinoviales extraídos de controles sanos se comporten de 

forma agresiva e invasiva similar a los RASF tratando a estos fibroblastos sanos con 

agentes hipometilantes como la 5-azadC82, lo cual evidencia la importancia de este 

entorno hipometilado en la patogénesis de la AR.  

Hay un microRNA cuyua expresión parece ser regulada por metilación en 

RASF. El promotor del gen que codifica el el microRNA hsa-miR-203 está 

hipometilado y como consecuencia el miR-203 sobreexpresado83. Indirectamente, 

esta sobreexpresión provoca una mayor producción de MMP-1 e IL-6, importantes en 

la invasividad y en la inflamación respectivamente. 

Curiosamente, en RASF también se ha demostrado hipermetilación en 

algunos genes específicos, como es el caso del receptor de apoptosis 3 (death 

receptor 3, DR3 o TNFRSF25), que permite una mayor resistencia a la apoptosis84. 

Hasta aquí, se han mostrado algunos ejemplos de trabajos donde se han analizado 

genes candidatos, sin embargo también se han hecho análisis de metilación globales, 

31



INTRODUCCIÓN 

 

 

como el realizado por el grupo de Firestein en 201385. En él, se analizaba la 

metilación global de 6 RASF y 6 OASF, descubriéndose 1859 genes con cambios de 

metilación entre los dos grupos. Entre los genes hipometilados, surgieron varios 

relevantes para la AR, como CHI3L1, CASP1, STAT3, MAP3K5, MEFV. También algunos 

hipermetilados como TGFBR2 o FOXO1. Todos estos trabajos evidencian la 

importancia de la epigenética en la AR. Algunos de los cambios de metilación más 

importantes se muestran en la Figura 4, y su potencial relación con la activación de 

osteoclastos. 

 

 
Figura 4. Desregulación de los niveles de metilación del DNA en RASF. Resumen de los 

hallazgos realizados en RASF desde el punto de vista de la metilación del DNA. Aparte de 

la hipometilación global detectada, varios estudios con genes candidatos han 

demostrado la importancia de algunos genes desregulados por metilación en el 

comportamiento agresivo de los RASF. Además, se muestra la relación entre el 

comportamiento agresivo de los RASF y su capacidad para segregar RANKL, el cual activa 

la osteoclastogénesis. 

 

3.2. Desregulación de los niveles de microRNAs en RASF 

Desde el año 2008, en que se descubrió la primera evidencia de la implicación de los 

miRNAs en la patogénesis de la AR, se ha avanzado mucho en el conocimiento sobre 

las rutas afectadas por la desregulación de microRNAs. Los microRNAs podrían ser 

una potencial diana para el tratamiento farmacológico de la AR, o bien ayudar a su 

diagnóstico temprano como biomarcadores. 
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En AR se ha comprobado que miR-155 se sobreexpresa en el tejido sinovial y 

en RASF, y que esto provoca una reducción de los niveles de MMP-3, indicando su 

posible papel en la modulación de las propiedades destructivas de este miRNA86. 

miR-146a también está sobreexpresado en RASF87, así como miR-203,el cual, como 

ya se ha comentado anteriormente, está regulado por los niveles de metilación de su 

promotor83. 

Hay un microRNA, el miR-18a, que forma parte de un loop de 

retroalimentación positiva con NK-kB. Este microRNA contribuye a la destrucción y a 

la inflamación crónica de la articulación dado que se provoca la sobreexpresión de 

enzimas que degradan matriz y moléculas proinflamatorias88. Otro miembro del 

mismo cluster (cluster miR-17-92) también se ha visto implicado en AR. miR-20a está 

silenciado en RASF, y esto provoca la sobreexpresión de ASK1 apoptosis signal-

regulating kinase 1, de manera que se producen mayores cantidades de IL6, CXCL-10 

y TNF-a, contribuyendo a la patogénesis de la AR a través de mediadiores de 

inflamación89. 

Por otro lado, miR-124 está a niveles más bajos en RASF, y esto tiene efectos 

a nivel de proliferación y de reclutamiento de monocitos, dado que miR-124 tiene 

como diana a CDK-2 y a la proteína quimioatrayente de monocitos 1 (MCP-1)90. 

Otro microRNA silenciado es el miR-34a*, un microRNA proapoptítico que 

actúa a través de XIAP. Su silenciamiento, en parte explicaría la mayor resistencia de 

los RASF a la apoptosis91. Además, miR-19b está silenciado en RASF y tiene como 

diana TLR2, un gen muy importante en la inflamación existente en AR. TLR2, que está 

sobreexpresado en RASF, a su vez regula la expresión de IL-6 y MMP392. Por lo que 

hay varios ejemplos de microRNAs cuya regulación está afectada en RASF, y que 

potencialmente podrían darnos pistas sobre los mecanismos de acción de la AR, así 

como potenciales terapias. 
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4.OSTEOCLASTOS 

Los osteoclastos son células gigantes, multinucleadas que se encargan de degradar 

hueso93. Se diferencian a partir de progenitores monocito/macrófago94 tras su 

estimulación con MCSF95 (Macrophage colony-stimulating factor) y RANKL96 

(Receptor activator of nuclear factor kappa-B ligand). El proceso de diferenciación 

que da lugar a osteoclastos a partir de sus progenitores es conocido como 

osteoclastogénesis. Este complejo proceso de diferenciación requiere la fusión de 

células progenitoras, la reorganización del citoesqueleto97 y la activación de un 

programa genético específico para cumplir la función de degradar el hueso.  

Se puede emular la diferenciación que tiene lugar en el hueso in vitro, 

tratando progenitores de osteoclastos procedentes de PBMCs, o CD14 con MCSF y 

RANKL98. Estos osteoclastos generados in vitro son capaces de degradar hueso, y 

expresan marcadores de osteoclastos99. 

4.1. Características generales de los osteoclastos y enfermedades en las que están 

involucrados 

4.1.1. Proteínas importantes en la degradación ósea. Marcadores de osteoclastos 

Para degradar el hueso, los osteoclastos expresan una serie de enzimas que se 

encargan del catabolismo óseo, y que nos permiten cuantificar sus niveles para 

determinar la presencia y calidad de los osteoclastos. La catepsina K CTSK es una 

cisteín proteasa activa a pHs ácidos (a partir de 4.5) que segregan los osteoclastos a 

la laguna de resorción para que degrade el colágeno y otras proteínas de la matriz 

ósea100. La metaloproteinasa de matriz 9 (MMP9) es una enzima que también 

degrada matriz extracelular cuya expresión en osteoclastos101 es inducida tras la 

estimulación con RANKL102. La anhidrasa carbónica II (CA2) por otro lado, es la 

encargada de generar los iones H+ necesarios (con CO2 y H2O genera H2CO3) para 

acidificar el medio óseo que va a ser degradado103, 104.  

Por último, la fosfatasa ácida resistente a tartrato(TRAP) es la encargada de 

degradar varias proteínas de la matriz ósea como la sialoproteína ósea, fosfotroteinas 

de matriz ósea, así como la osteopontina105. Es usado como marcador por excelencia 

para determinar la presencia de osteoclastos106, 107. 

 

4.1.2. Enfermedades relacionadas con el funcionamiento aberrante de los 

osteoclastos 

La función correcta de los osteoclastos es de vital importancia para la correcta 

homeostasis del sistema óseo. Esta importancia se hace patente cuando la función de 

los osteoclastos es deficiente, y se produce una osteopetrosis108 generalizada. Por el 
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contrario, la hiperactivación aberrante de los osteoclastos produce una pérdida de 

masa y densidad ósea, conocida como osteoporosis109, tal como se muestra en la 

figura 5. 

 
Figura 5. Enfermedades relacionadas con el funcionamiento aberrante de los 

osteoclastos. Cuando hay una excesiva diferenciación de osteoclastos, y estos están 

hiperactivados, la homeostasis ósea se desregula. Hay más degradación del hueso que 

síntesis, de manera que la densidad ósea es inferior, y la resistencia de los mismos se ve 

comprometida. Esto provoca osteoporosis, y las personas que la padecen, tienen un 

riesgo grande de sufrir fracturas óseas. Por otro lado, cuando el proceso de 

diferenciación está menos activo de lo normal, o la función de los osteoclastos no es la 

correcta, la renovación de los huesos, necesaria para el desarrollo, el crecimiento, y la 

curaciónd e fracturas, se ve comprometida. Se provoca un fenómeno conocido como 

osteopetrosis, en el cual, por ejemplo a nivel craneal, no se permite el crecimiento del 

sistema nervioso de acuerdo a la edad del individuo.  Imagen superior extraída de 

Medical picture. Imagen inferior extraída de Jaypee Brothers Medical Publishers. 

 

Precisamente la hiperactivación aberrante de los osteoclastos es una 

circunstancia que se da en varios tipos de tumores, como el mieloma múltiple110, el 

cáncer de próstata y el cáncer de mama111. En estos tumores, los blastos del 

mieloma, o las células metastáticas, envían señales pro-osteoclásticas que finalmente 

provocan un aumento en la degradación del hueso y por tanto un incrementado 

riesgo de fracturas. 

Además de tumores en los que se promueve la diferenciación de 

osteoclastos, hay un tipo de tumor propio del linaje osteclástico, que sucede cuando 

el proceso de diferenciación de monocito a osteoclasto se ve afectado. Es el tumor 

de células gigantes, también llamado osteoclastoma, en donde hay una 

sobreactivación de los osteoclastos y un crecimiento descontrolado de estas células 
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gigantes, que causa daños severos a la estructura ósea de los pacientes afectados112, 

113. 

4.1.3. Importancia de los osteoclastos en la patogénesis de la artritis reumatoide 

En la artritis reumatoide hay dos eventos determinantes que provocan la pérdida de 

función de la articulación. La degradación del cartílago en la articulación, realizado 

por parte de los RASF, tal como se ha mencionado anteriormente, y la degradación 

del hueso, que es llevada a cabo por osteoclastos hiperactivados de manera 

aberrante. 

La presencia de osteoclastos en la superficie del pannus sinovial demuestra 

su implicación en la destrucción ósea en artritis reumatoide114, 115. Esta implicación 

además se ve reforzada con el uso de modelos animales con artritis experimental, en 

los cuales si se bloquea la osteoclastogénesis, se ve que las articulaciones quedan 

protegidas de destrucción focal del hueso116, 117. La causa más probable del 

incremento en la presencia y actividad de los osteoclastos en las articulaciones 

afectadas, es que en estos sinovios, hay una mayor concentración de RANKL. Este 

RANKL es producido por los Linfocitos T y los RASF del sinovio118, 119 y estimula la 

diferenciación de los osteoclastos. 

Se ha demostrado la importancia de la osteoclastogénesis por vías 

alternativas, como por el hecho de que una de las terapias empleadas en el 

tratamiento de la AR, el denosumab (un anticuerpo anti-RANKL), atenúa el desarrollo 

y la progresión de la degradación ósea en pacientes con AR120, 121. Este fármaco es un 

inhibidor competitivo del ligando de RANK, RANKL. De esta manera se consigue 

bloquear una de las señales principales que desencadena la diferenciación de los 

osteoclastos. 

 

4.2. Diferenciación de osteoclastos 

Las rutas de señalización activadas en los progenitores tras la estimulación con MCSF 

y RANKL han sido extensamente estudiadas. Tras la estimulación con MCSF y RANKL 

se producen varios eventos que en primer lugar mostraremos de manera descriptiva, 

para después analizarlos en mayor detalle. En primer lugar se activa TRAF-6122, 123, así 

como los adaptadores de ITAM124 (immunoreceptor tyrosine-based activation motif). 

Los adaptadores de ITAM son por un lado DAP12125, cuyo receptor es TREM-2125 y por 

otro FcRg126, que actúa a través de OSCAR y de oscilaciones en las concentraciones de 

calcio127. Todas estas señales culminan con la activación de NF-kB, MAPK y c-Jun128, 

los cuales actúan sobre NFATc1, uno de los reguladores transcripcionales principales 

de la osteoclastogénesis129. NFATc1 actúa en conjunción con otros dos fatores de 

transcripción que ya estaban presentes en el progenitor, como son PU.1 y MITF130. 
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El receptor de MCSF es Csf1R (Colony-stimulating factor 1 Receptor), un receptor 

tirosina kinasa que se autofosforila en siete de los residuos tirosínicos de su cola 

citoplasmática. Esta cola fosforilada sirve para reclutar varias moléculas  entre las 

que se encuentran PI3 kinasas, Src o Grb2131. De esta manera se estimula la expresión 

de RANK, entre otras moléculas132. 

Por su parte, RANKL interacciona con su receptor RANK133, y le permite 

reclutar factores asociados al receptor de TNF, conocidos como proteínas TRAF134, 135. 

A partir de aquí se activan al menos seis cascadas de señalización: NF-kB, AP-1 y p38 

MAP Kinasa, ERK (extracelular signal regulated kinase) , Src y PI3-kinasa. La principal 

molécula adaptadora en este paso es TRAF6136, 137, la cual es capaz de fosforilar IkB, 

que deja de inhibir a NF-kB138 ya que es degradada por la ruta del proteasoma. Los 

heterodímeros p50-RelA ó p52-RelB se transportan de forma activa al núcleo y 

estimulan la expresión de genes osteolásticos139. 

La activación de la ruta de la p38 MAP Kinasa por fosforilación activa al 

regulador transcripcional MITF, importante en la sobreexpresión de genes 

importantes para el osteoclasto como la CTSK y TRAP140. Además, como resultado de 

esta compleja ruta de señalización el factor de transcripción CREB (cAMP response 

element-binding) es fosforilado, e induce la expresión de c-Fos, el cual es clave en la 

sobreexpresión de NFATc1141.  

Por tanto, como resultado de esta estimulación aumenta la expresión del 

factor de transcripción NFATc1. La actividad de este factor de transcripción está 

regulado por calcineurina y por oscilaciones en las concentraciones de Ca2+, mediadas 

por la señalización por ITAMs (a través de sus moléculas adaptadoras, DAP12 y FcRg). 

Las oscilaciones en la concentración de Ca provocadas por ITAMs activan a la 

CaMKIV141 (Calcium/calmodulin-dependent protein kinase type IV) e inhiben a la 

calcineurina (calcium/calmoduline-dependent protein phosphatase) y esto resulta en 

la fosforilación de NFATc1 y consiguiente activación, permitiéndole ser translocado al 

núcleo y realizar su función controlando la diferenciación de los pre-osteoclastos y la 

multinucleación.  

El esquema de las rutas de señalización activadas en la diferenciación de 

osteoclastos puede encontrarse en la Figura 6. 
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Figura 6. Esquema de las rutas de señalización activadas en la diferenciación de 

osteoclastos. Tras la unión de RANKL a su receptor, RANK, se activa TRAF-6, el principal 

adaptador de la señal inducida por RANKL. TRAF-6 es capaz de reclutar y activar a los 

adaptadores ITAMS DAP12 y FcRg,los cuales reclutan kinasas que fosforilan a la PLCg, 

activando la ruta de las IP3 y la liberación de calcio desde el retículo endoplasmático. Las 

oscilaciones de calcio provocan la activación de la CaMK, la cual a través de CREB 

fosforila y activa a Fos por un lado, y a la Calcineurina por otro, la cual fosforila a NFATc1 

y lo activa. Por otro lado, TRAF-6 también es capaz de reclutar y activar otra serie de 

kinasas, cuyo resultado final es la activación de varias rutas de señalización:NF-kB, AP-1, 

p-38, etc. Estas moléculas activadas, pueden pasar al núcleo o actuar en el citoplasma, 

pero de cualquier forma acaban activando y reclutando factores de transcripción (MITF, 

PU.1, NFATc1, etc), o bien unirse directamente a promotores de genes de osteoclasto 

que deben ser activados. El resultado final es que NFATc1, el principal factor de 

trasncripción de la osteoclastogénesis, sufe un proceso de autoamplificación, y de 

activación redundante por varias vías diferentes, que permite la activación 

transcripcional de los genes encargados de la osteoclastogénesis y de la degradación 

ósea. 

4.3. Factores de transcripción implicados en osteoclastogénesis 

Tal y como se ha mencionado en el epígrafe anterior, hay varios factores de 

transcripción que intervienen en el proceso de diferenciación de monocitos a 

osteoclatos. Los más importantes son PU.1, MITF y NFATc1.  
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 PU.1 es importante en la producción de células B, de macrófagos, células 

dendríticas y osteoclastos. Referente a este último tipo celular, el defecto de PU.1 en 

ratones knock out provoca osteopetrosis aguda, debida a un defecto en la 

generación de progenitores monocíticos que den lugar a osteoclastos142. 

 MITF (Microphthalmia-associated transcription factor) es un factor de 

transcripción que es fosforilado y activado por ERK, el cual es inducido por la 

estimulación de los monocitos con MCSF. Los ratones con MITF mutado, también 

sufren osteopetrosis severa debido a la incapacidad de los progenitores 

osteoclásticos de fusionarse143. 

NFATc1 es un factor de transcripción regulado por Ca2+-Calcineurina cuya 

expresión se activa tras la estimulación con RANKL. Se le considera el principal 

regulador de la osteoclastogénesis. NFATc1 induce la expresión de muchos genes 

responsables de la diferenciación de los OCs, así como de su función degradando 

hueso. Algunos ejemplos incluyen OSCAR, TRAP, CTSK, etc144. 

 Se ha descrito con anterioridad que varios de estos factores de transcripción 

interaccionan para activar o reprimir la expresión de genes. Mientras que MITF y 

NFATc1 tienen una acción más específica y exclusiva en los osteoclatos, PU.1 tiene 

una expresión en más tipos celulares. Además, debido a su versatilidad y a su 

capacidad de interaccionar con maquinaria epigenética, a continuación ampliaremos 

el conocimiento actual sobre este factor de transcripción. 

4.4. El factor de transcripción PU.1 

El factor de transcripción PU.1 es una pieza clave en el desarrollo de osteoclastos. La 

proteína tiene 264 aminoácidos, está codificada en la región p11.22145  del 

cromosoma 11 y es el producto del gen Spi-1146. Pertenece a la familia de factores de 

transcripción ETS147 (E-twenty six), ya que tiene un dominio de unión al DNA ETS148. 

4.4.1. Dominios de PU.1 

Este factor de transcripción consta de tres dominios principales: el dominio de 

transactivación, el dominio PEST, y el dominio de unión del DNA ETS149. Se muestra 

un esquema de la estructura de PU.1 en la Figura 7. 

-Dominio de Transactivación: en el extremo amino terminal. Gracias a este dominio 

es capaz de interaccionar con otras proteínas, modulando su función. 

-Dominio PEST: está en la parte central, es rico en prolina (P), ácido glutámico (E), 

serinas (S) y treoninas (T), y es necesario para algunas interacciones proteína-

proteína. 

-Dominio de unión del DNA ETS: está en el extremo carboxi terminal. Reconoce cajas 

PU (rico en purinas), con la secuencia consenso GAGGAA. PU.1 se une al DNA como 

monómero. 
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Figura 7. Esquema de las estructura del factor de transcripción PU.1. Motivos que 

conforman su estructura. Dominio de transactivación, dominio PEST, dominio de unión 

del DNA ETS. 

 

4.4.2. Función de PU.1 

La forma en que se regula la unión de PU.1 a sus sitios de unión es extremadamente 

compleja, lo que da pistas de la importancia de este factor de transcripción para el 

correcto funcionamiento de las células inmunes. La unión de PU.1 a un determiando 

sitio de unión, depende de muchos factores, entre los que cabe destacar la 

secuencia, la accesibilidad de esa región, la concentración de PU.1 en la célula, así 

como la presencia de otros factores de transcripción que cooperen en su 

reclutamiento150. 

PU.1 es clave en la hematopoyesis151. Regula la diferenciación de linfocitos B, 

así como de todo el linaje mieloide y eritroide, dependiendo de en qué 

concentraciones se encuentre152, 153.  

En células mieloides, PU.1 está presente a altas concentraciones, y controla 

directamente la expresión de genes críticos para la diferenciación y el 

funcionamiento de macrófagos. Entre estos genes se encuentra la integrina CD11b, y 

los receptores M-CSF y GM-CSF. PU.1 es necesario también para la diferenciación de 

osteoclastos, dado que su ausencia en ratones KO para PU.1 provoca 

osteopetrosis142. 

 

4.4.3. PU.1 en la diferenciación de osteoclastos 

Las primeras evidencias que mostraron la importancia de PU.1 en la diferenciación de 

los osteoclastos surgieron en 1997, donde se observó que tras la inducción de la 

osteoclastogénesis la concentración de PU.1 aumentaba. En ratones KO para PU.1, 

sin embargo, se observaba una depleción en el número de osteoclastos y 

macrófagos, indicando el origen común de ambos tipos celulares, así como el papel 

en la etapa inicial de la diferenciación de PU.1142.  El motivo por el cual PU.1 es tan 

importante en este proceso de diferenciación radica en que controla la expresión de 

muchos genes clave para los osteoclastos. Por ejemplo, la expresión de RANK, el 

receptor de RANKL, está regulada por la unión de PU.1 a su promotor154. PU.1 no 

actúa aislado, sino que interacciona con diferentes “partners” para activar o reprimir 

COOHNH2 TRANSACTIVACIÓN PEST ETS. Unión a ADN
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la expresión de genes. Uno de los factores de transcripción asocaiados a PU.1 en 

osteoclastogénesis más importantes es MITF, mencionado anteriormente. MITF 

interacciona con PU.1 y c-Fos y determina que su localización subcelular sea 

nuclear155. Además, la interacción entre PU.1 y MITF es necesaria para activar la 

expresión de uno de los marcadores más importantes del osteoclasto, el gen ACP5 

(TRAP)156, 157, así como de algunos elementos clave en la ruta de señalización activada 

por RANKL, el receptor OSCAR (osteoclast-associated receptor)158. Aparte de con 

MITF, se ha descrito la interacción de PU.1 con NFATc1, uno de los reguladores 

principales de este proceso. La interacción PU.1-NFATc1 contribuye a la expresión del 

receptor anteriormente citado, OSCAR159. 

PU.1 es un factor de transcripción clave para la activación de otros genes 

necesarios en la osteoclastogénesis. Por ejemplo, la expresión del gen de la CTSK, o 

de la integrina beta 3 es posible gracias a la interacción y a las sinergias entre PU.1 y 

NFATc1 (activado por fosforilación por p38 MAP kinasa)160, 161. 

La red de factores de transcripción MITF, PU.1, NFATc1 es clave en estas 

células, y se cree que si bien PU.1 y MITF actúan al principio, activando la expresión 

de genes diana, es NFATc1 el que a posteriori, mantiene la expresión de estos genes 

en las células diferenciadas130. 

 

4.4.4. PU.1 interacciona con maquinaria modificadora de la cromatina  

Se ha visto que PU.1 interacciona con el remodelador de la cromatina SWI/SNF en 

genes de osteoclastos tales como TRAP o CTSK130. Pero además, hay otras evidencias 

que otorgan a PU.1 un papel importante en la modificación de la estructura de la 

cromatina de los genes a los que se une, reclutando otros miembros de la maquinaria 

epigenética. 

Por ejemplo, PU.1 interacciona con la histona desacetilasa 1, HDAC1162. 

HDAC1 desacetila histonas, y contribuye a que la estructura de los nucleosomas sea 

más compacta y el DNA esté menos accesible, reprimiéndose la expresión de los 

genes a los que se une. 

En la diferenciación de macrófagos, se ha visto que PU.1 silencia la expresión 

del cluster de microRNAs miR-17-92 reclutando a Egr-2/Jarid1b, los cuales desmetilan 

lalisina 4 de la histona 3 (H3K4)163. 

Por otro lado, en la diferenciación de monocitos, se ha visto que PU.1 

reprime la expresión de Bim, un factor proapoptótico, cambiando el estado de la 

cromatina de su promotor. PU.1 es capaz de reclutar a SUZ12 y a EZH2, los cuales 

trimetilan a la lisina 27 de la histona 3 (H3K27), marcando de forma represiva ese 

promotor164. 
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En la diferenciación de células de leucemia, PU.1 es capaz de activar la 

expresión de Cebpa y Cbfb. Para ello incrementa la cantidad e la marca de cromatina 

transcripcionalmente activa acetilación de H3K9 a través de mecanismos todavía 

desconocidos165 

PU.1 no solo es capaz de modificar el estado de la cromatina reclutando 

modificadores de marcas de histonas. Se ha descrito que también es capaz de 

interaccionar con la DNMT3a/b para alterar también el estado de metilación de 

determinados promotores166. 

Por lo tanto, se pone en evidencia la importancia de PU.1 no sólo para 

reclutar a otros factores de transcripción para activar o reprimir la expresión de 

determiandos genes, sino que también es capaz de modificar el estado de la 

cromatina allá donde se une. Esto lo consigue interaccionando con diferentes tipos 

de modificadores de la cromatina. 

 

4.5. Cambios en microRNAs durante la osteoclastogénesis 

La implicación de los microRNAs en el proceso de osteoclastogénesis ha sido de 

reciente descubrimiento. Desde 2007 se ha incrementado el conocimiento en este 

campo, empleando como modelos la osteoclastogénesis humana, la de ratón, o la 

diferenciación desde células RAW264.7. 

Gracias al uso del modelo de RAW264.7, se descubrió la implicación del 

miRNA-223, el cual se expresa en la etapa inicial, con un papel “antiosteoclástico”, 

probablemente implicado en la modulación de los niveles de osteoclastos, ya que 

cuando se sobreexpresaba miR-223, se inhibe la formación de osteoclastos167. Para 

demostrar la importancia de los microRNAs en este proceso, se ha silenciado la 

maquinaria responsable del procesamiento de los microRNAs, como son DGCR8, 

Dicer, y Ago2. En todos los casos, se inhibió la formación de osteoclastos funcionales, 

demostrando que un correcto metabolismo de los microRNAs es necesario. 

Concretamente, el silenciamiento de Dicer redujo la expresión de TRAP y de NFATc1, 

así como el número de osteoclastos TRAP positivas168. Además, se comprobó que en 

cultivos de médula ósea de ratón, miR-223 es necesario para la formación de 

osteoclastos, al contrario que lo que sucede en RAW264.7. Este microRNa actúa 

silenciando el gen NFI-A. El silenciamiento de este gen es necesario para la expresión 

del receptor de MCSF169. Se ha comprobado su importancia en un modelo 

expreimental de artritis (artritis inducida por colágeno), en el que se ha visto que 

inhibiendo la expresión de este miRNA a través del uso de lentivirus, se reduce la 

severidad de la artritis170, 171. 
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También en RAW se ha comprobado la importancia de otro microRNA, miR-

155, el cual reprime la expresión de MITF, y evita la diferenciación de estas células a 

osteoclastos172. Además, en un modelo experimental en ratón de artritis 

autoinmune, se ha visto que depleccionando la expresión de miR-155, las 

articulaciones de estos ratones sufrían menor degradación ósea173, 174, confirmando la 

importancia de miR-155, así como su posible uso como diana terapéutica en 

pacientes con AR. 

El perfil de expresión de microRNAs cambia drásticamente durante el 

proceso de diferenciación de macrófagos de médula ósea (los progenitores de los 

osteoclastos en médula ósea de ratón) a osteoclastos175. Además, miR-21 se 

sobreexpresa de forma notable. miR-21 regula la expresión de PDCD4 (programmed 

cell death), silenciándolo. De esta manera, PDCD4 deja de reprimir c-Fos, y se 

permite la normal diferenciación de BMM a osteoclastos en ratón. 

miR-146 es un microRNA que está presente en altas concentraciones el 

sinovio de la articulación de la AR, así como en los PBMCs. Se ha visto que si se 

silencia este miRNA en PBMCs, se disminuye drásticamente el número de 

osteoclastos TRAP positivas. Además, si se suminsitra este miRNA en ratones con 

artritis inducida por colágeno, se evita la destrucción de la articulación176. 

Otros ejemplos de microRNAs importantes para el proceso de 

osteoclastogénesis son el miR-29b177  o mir-124178 (deben silenciarse durante el 

proceso, dado que son reguladores negativos). 
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Dada la prevalencia de las enfermedades autoinmunes, y más concretamente, de la 

artritis reumatoide, es necesario profundizar en el conocimiento de los mecanismos 

que pueden conducir al desarrollo de la autoinmunidad, y las consecuencias que ello 

conlleva para los pacientes. La presente tesis doctoral pretende generar nuevo 

conocimiento sobre los cambios epigenéticos y de expresión de microRNAs asociados 

a los dos tipos celulares más importantes implicados en la destrucción de las 

articulaciones de los pacientes con artritis reumatoide. En el caso de los RASF, se 

planteó investigar las alteraciones en la metilación del DNA y expresión de 

microRNAs con respecto a fibroblastos control, así como realizar un análisis integrado 

de metilación y expresión. Con respecto a los osteoclastos, el estudio se diseño con el 

objeto de caracetrizar la dinámica y mecanismso de cambios en la metilación de DNA 

y microRNAs durante la diferenciación de monocitos a osteoclastos, proceso 

altamente exacerbado en los pacientes de artritis reumatoide. 

De forma específica los objetivos de este trabajo son: 

1. El estudio de los cambios de metilación del DNA asociados a la diferenciación 

de monocito a osteoclasto y sus bases moleculares. Dado que este proceso 

de diferenciación está hiperactivado en pacientes con AR, es fundamental 

caracterizarlo molecularmente. Además, los osteoclastos maduros tienen 

hasta 50 núcleos y albergan gran cantidad de información genética 

redundante, la cual es necesario regular. Comparando los perfiles de 

metilación entre los precursores y las células diferenciadas, se analizará la 

importancia de los cambios de metilación para el proceso, cómo suceden 

estos cambios y qué maquinaria está implicada en los mismos. (Artículo 1). 

 

2. El estudio de los cambios en los niveles de microRNAs que suceden durante 

la diferenciación de monocito a osteoclasto, así como de su funcionalidad. 

Complementando al objetivo número 1, dada la gran cantidad de 

información genética existente en el osteoclasto, aparte de la regulación 

transcripcional ejercida por la metilación del DNA, es interesante conocer los 

mecanismos de regulación postranscripcionales que permiten a esta célula 

realizar su función. Se estudiará el efecto funcional de modicifar los niveles 

de microRNAs clave en la expresión de genes clave para la 

osteoclastogénesis, así como su efecto en la diferenciación de osteoclastos. 

Finalmente se intentará elucidar el mecanismo de acción de los microRNAs, 

estudiando a través de qué dianas actúan. (Artículo 2). 
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3. El estudio de los cambios de metilación del DNA y en los niveles de 

microRNAs que diferencian a los RASF de sus homólogos sanos. A partir del 

estudio de las características que diferencian a los fibroblastos obtenidos a 

partir de pacientes con AR, de los de OA, se profundizará en los posibles 

genes, microRNAs y rutas implicadas en el comportamiento agresivo de este 

tipo celular. Además, se estudiarán los cambios en estas dos marcas de 

manera integrada, dado que en una célula nada sucede de forma aislada, y 

esta aproximación aportará información clave sobre las múltiples capas que 

se desregulan en las células sinoviales de los pacientes con artritis 

reumatoide. (Artículo 3). 
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Por la presente certifico que el doctorando LORENZO DE LA RICA LÁZARO presentará 
la Tesis Doctoral en forma de compendio de tres artículos, dos de los cuales ya han 
sido publicados. Su contribución a los artículos se indica a continuación: 
 
ARTÍCULO 1:  
Lorenzo de la Rica, José M. Urquiza, David Gómez-Cabrero, Abul B.M.M.K Islam, 
Nuria López-Bigas, Jesper Tegnér, René E.M. Toes and Esteban Ballestar 
TÍTULO: Identification of novel markers in rheumatoid arthritis through integrated 
analysis of DNA methylation and microRNA expression. 
REVISTA: Journal of Autoimmunity 2013 Jan; (41) ; 6-16 
doi:10.1016/j.jaut.2012.12.005 
(Factor de impacto: 8.15) 
En este artículo Lorenzo de la Rica fue el responsable de concebir, en colaboración 
conmigo la mayor parte de los experimentos, así como de su realización. Se encargó 
de cultivar, mantener y amplificar las muestras de fibroblastos así como de aislar 
todas las muestras empleadas en este estudio. Llevó a cabo la mayor parte de los 
experimentos (Figuras 2, 3 y 4) y análisis de datos del estudio, a partir de los análisis 
bioinformáticos realizados por José M. Urquiza. Lorenzo también analizó en 
interpretó todos los resultados obtenidos en colaboración conmigo. Fue el encargado 
de la realización de todas las figuras y participó en la escritura y revisión del artículo. 
 
ARTÍCULO 2:  
Lorenzo de la Rica, Javier Rodríguez-Ubreva, Mireia García, Abul B. M. M. K. Islam, 
José M. Urquiza, Henar Hernando, Jesper Christensen, Kristian Helin, Carmen Gómez-
Vaquero, and Esteban Ballestar  
TÍTULO: PU.1 target genes undergo Tet2-coupled demethylation and DNMT3b-
mediated methylation in monocyte-to-osteoclast differentiation 
REVISTA: Genome Biology 2013 Sep 12;14(9):R99 doi: 10.1186/gb-2013-14-9-r99 
(Factor de impacto: 10.3) 
En este artículo Lorenzo de la Rica fue el responsable de concebir, en colaboración 
conmigo la mayor parte de los experimentos, así como de su realización. Fue el 
responsable de la puesta a punto del modelo de osteoclastogénesis en el laboratorio, 
y de todos los experimentos necesarios para la determinación de la presencia de 
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RESUMEN EN CASTELLANO 

Las enfermedades autoinmunes reumáticas son trastornos complejos cuya 

etiopatogenia se atribuye a una interacción entre la predisposición genética y los 

factores ambientales. Ambos factores (los genes de susceptibilidad a la 

autoinmunidad, y los factores ambientales), están involucrados en la generación de 

perfiles epigenéticos aberrantes en tipos celulares específicos que, en última 

instancia, provocan cambios en la expresión normal de los genes. Además, los 

cambios en los perfiles de expresión de los miRNAs, también causan la desregualción 

de genes asociados a fenotipos aberrantes. En la artritis reumatoide, varios tipos de 

células son las que finalmente destruyen la articulación, siendo los fibroblastos 

sinoviales uno de los más importantes. En esteartículo, se ha realizado un estudio de 

los niveles de metilación del DNA y de los niveles de expresión de microRNAs en un 

conjunto de muestras de fibroblastos sinoviales procedentes de pacientes con artritis 

reumatoide, y se ha comparado con fibroblastos extraídos a pacientes con 

osteoartritis, con un fenotipo normal. El análisis de los cambios de metilación del 

DNA permitió identificar cambios en nuevos genes diana clave como IL6R, CAPN8 y 

DPP-4, así como en varios genes HOX. Los cambios de metilación de una porción 

significativa de genes tienen consecuencias a nivel de la expresión de los mismos, 

mostrando una relación inversa. También el análisis de los niveles de expresión de los 

microRNAs mostró varios grupos de microRNAs con cambios específicos en los RASF. 

Además, se realizó un análisis integrado de los datos de metilación, expresión de 

microRNAs y expresión génica, observando microRNAs controlados por los niveles de 

metilación de sus promotores, así como genes que son regulados simultáneamente 

por los niveles de metilación de sus promotores, así como por microRNAs que se les 

unen. Muchos de los genes descubiertos podrían ser usados como marcadores 

clínicos en artritis reumatoide. 

En este estudio se han identificado nuevas diana desreguladas en los 

fibroblastos sinoviales de artritis reumatoide. Gracias al análisis integrativo de 

microRNAs y cambios epigenéticos, se establece una nueva forma de análisis de los 

datos provenientes de pacientes, en la que se tienen en cuenta varias capas 

regulatorias de manera simultanea, y no de manera aislada.  
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ABSTRACT 

Autoimmune rheumatic diseases are complex disorders, whose etiopathology is 

attributed to a crosstalk between genetic predisposition and environmental factors. 

Both variants of autoimmune susceptibility genes and environment are involved in 

the generation of aberrant epigenetic profiles in a cell-specific manner, which 

ultimately result in dysregulation of expression. Furthermore, changes in miRNA 

expression profiles also cause gene dysregulation associated with aberrant 

phenotypes. In rheumatoid arthritis, several cell types are involved in the destruction 

of the joints, synovial fibroblasts being among the most important. In this study we 

performed DNA methylation and miRNA expression screening of a set of rheumatoid 

arthritis synovial fibroblasts and compared the results with those obtained from 

osteoarthritis patients with a normal phenotype. DNA methylation screening allowed 

us to identify changes in novel key target genes like IL6R, CAPN8 and DPP4, as well as 

several HOX genes. A significant proportion of genes undergoing DNA methylation 

changes were inversely correlated with expression. miRNA screening revealed the 

existence of subsets of miRNAs that underwent changes in expression. Integrated 

analysis highlighted sets of miRNAs that are controlled by DNA methylation, and 

genes that are regulated by DNA methylation and are targeted by miRNAs with a 

potential use as clinical markers. Our study enabled the identification of novel 

dysregulated targets in rheumatoid arthritis synovial fibroblasts and generated a new 

workflow for the integrated analysis of miRNA and epigenetic control. 

 

Keywords: rheumatoid arthritis, rheumatoid arthritis synovial fibroblasts, DNA 

methylation, epigenetic, microRNAs, integration 
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1. INTRODUCTION 

Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease 

characterized by the progressive destruction of the joints. RA pathogenesis involves a 

variety of cell types, including several lymphocyte subsets, dendritic cells, osteoclasts 

and synovial fibroblasts (SFs). In healthy individuals, SFs are essential to keep the 

joints in shape, doing so by providing nutrients, facilitating matrix remodeling and 

contributing to tissue repair [1]. In contrast to normal SFs or those isolated from 

patients with osteoarthritis (osteoarthritis synovial fibroblasts, OASFs), rheumatoid 

arthritis synovial fibroblasts (RASFs) show activities associated with an aggressive 

phenotype, like upregulated expression of protooncogenes, specific matrix-degrading 

enzymes, adhesion molecules, and cytokines [2]. Differences in phenotype and gene 

expression between RASFs and their normal counterparts reflect a profound change 

in processes involved in gene regulation at the transcriptional and post-

transcriptional levels. The first group comprises epigenetic mechanisms, like DNA 

methylation, whilst miRNA control constitutes one of the best studied mechanisms of 

the second.  

DNA methylation takes place in cytosine bases followed by guanines. In 

relation with transcription, the repressive role of methylation at CpG sites located at 

or near the transcription start sites of genes, especially when those CpGs are 

clustered as CpG islands, is well established [3]. Methylation of CpGs located in other 

regions like gene bodies is also involved in gene regulation [4, 5]. At the other side of 

gene regulation lie microRNAs (miRNAs), a class of endogenous, small, non-coding 

regulatory RNA molecules that modulate the expression of multiple target genes at 

the post-transcriptional level and that are implicated in a wide variety of cellular 

processes and disease pathogenesis [6]. 

The study of epigenetic- and miRNA-mediated alterations in association with 

disease is becoming increasingly important as these processes directly participate in 

the generation of aberrant profiles of gene expression ultimately determining cell 

function and are pharmacologically reversible. Epigenetics is particularly relevant in 

autoimmune rheumatic diseases as it is highly dependent on environmental effects. 

As indicated above, both genetics and environmental factors contribute to 

ethiopathology of autoimmune rheumatic disorders. This double contribution is 

typically exemplified by the partial concordance in monozygotic twins (MZ) [7, 8].  It 

is of inherent interest to identify autoimmune disease phenotypes for which the 

environment plays a critical role [9]. Many environmental factors, including exposure 

to chemicals, tobacco smoke, radiation, ultraviolet (UV) light and infectious agents 

among other external factors, are associated with the development of autoimmune 

58



Artículo 1: Identification of novel markers in rheumatoid arthritis through 
integrated analysis of DNA methylation and microRNA expression 

 

 

rheumatic disorders [10]. Most of these environmental factors are now known to 

directly or indirectly induce epigenetic changes, which modulate gene expression and 

therefore associate with changes in cell function. For this reason, epigenetics 

provides a source of molecular mechanisms that can explain the environmental 

effects on the development of autoimmune disorders [11]. The close relationship 

between environment and epigenetic status and autoimmune rheumatic disease is 

also exemplified by using animal models [12]. This type of studies is also essential for 

the identification of novel clinical markers for disease onset, progression and 

response to treatments. 

In this line, initial reports demonstrated hypomethylation-associated 

reactivation of endogenous retroviral element L1 in the RA synovial lining at joints 

[13]. Additional sequences have since been found to undergo hypomethylation in 

RASFs, like IL-6 [14] and CXCL12 [15]. Candidate gene analysis has also enabled genes 

to be identified that are hypermethylated in RASFs [16]. More recently, DNA 

methylation profiling of RASFs versus OASFs has led to the identification of a number 

of hypomethylated and hypermethylated genes [17]. With respect to miRNAs, 

reduced miR-34a levels have been linked with increased resistance of RASFs to 

apoptosis [18], and lower miR-124a levels in RASFs impact its targets, CDK-2 and 

MCP-1 [19]. Conversely, miR-203 shows increased expression in RASFs [20]. 

Interestingly, overexpression of this miR-203 is demethylation-dependent, 

highlighting the importance of investigating multiple levels of regulation and the 

need to use integrated strategies that consider interconnected mechanisms. 

In this study, we have performed the first integrated comparison of DNA 

methylation and miRNA expression data, together with mRNA expression data from 

RASFs versus OASFs (Figure 1) in order to investigate the relevance of these changes 

in these cells and to overcome the limitations of using a small number of samples. 

Our analysis identifies novel targets of DNA methylation- and miRNA-associated 

dysregulation in RA. Integration of the analysis of these two datasets suggests the 

existence of several genes for which the two mechanisms could act in the same or in 

opposite directions.   
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Figure 1. Scheme depicting the strategy designed in this study where DNA methylation 

and miRNA data are integrated with expression array data. The grey oval areas show 

the type of information that individual analysis of DNA methylation, miRNA expression 

and expression datasets can provide. This is listed within these grey oval areas and are 

described in detail in the Results section. Between these grey oval areas, smaller 

elliptical panels show the type of analysis that can provide the combined information 

between DNA methylation and expression datasets (left), DNA methylation and miRNA 

expression data sets (right), or expression and miRNA expression datasets (bottom). 

 

2. MATERIAL AND METHODS 

2.1. Subjects and sample preparation 

Fibroblast-like synoviocytes (FLSs) were isolated from synovial tissues extracted from 

RA and OA patients at the time of joint replacement in the Department of 

Rheumatology of Leiden University Medical Center. All RA patients met the 1987 

criteria of the American College of Rheumatology. Before tissue collection, 

permission consistent with the protocol of the Helsinki International Conference on 

Harmonisation Good Clinical Practice was obtained. All individuals gave informed 

consent. Synovial tissues were collected during the arthroscopy, frozen in Tissue-Tek 

OCT compound (Sakura Finetek, Zoeterwoude, Netherlands) and cut into 5-μm slices 

using a cryotome (Leica CM 1900). Fibroblast cultures were maintained in Dulbecco's 

modified Eagle's medium supplemented with 10% fetal calf serum.  

2.2. DNA methylation profiling using universal bead arrays  

Re-analysis of differentially expressed genes
Correlation of OA and RA GEO data with

our set of samples by qPCR

Analysis of the expression changes between
RASF and OASF in the deregulated miRNA

potential targets
Selection of potentially miRNA-regulated

genes in RASF

DNA methylation levels at differentially
expressed gene promoters

Selection of potentially DNA methylation
regulated genes in RASF and OASFs

Comparison of DNA methylation levels and
expression changes

DNA methylation levels at miRNA
genes (5000bp)

Correlation of the DNA methylation
data with miRNA expression levels

Differentially methylated CpGs
Clusters of differentially methylated CpGs

Gene Ontology of differentially methylated genes
Validation of array data by pyrosequencing

Differentially expressed miRNA
Validation of miRNA expression by qPCR

Bioinformatical prediction of targets

miRNA EXPRESSION DATAEXPRESSION DATA (GEO)

DNA METHYLATION DATA
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Infinium HumanMethylation450 BeadChips (Illumina, Inc.) were used to analyze DNA 

methylation. With this analysis it is possible to cover > 485,000 methylation sites per 

sample at single-nucleotide resolution. This panel covers 99% of RefSeq genes, with 

an average of 17 CpG sites per gene region distributed across the promoter, 5'UTR, 

first exon, gene body, and 3'UTR. It covers 96% of CpG islands, with additional 

coverage in island shores and the regions flanking them. Bisulfite conversion of DNA 

samples was done using the EZ DNA methylation kit (Zymo Research, Orange, CA). 

After bisulfite treatment, the remaining assay steps were identical to those of the 

Infinium Methylation Assay, using reagents and conditions supplied and 

recommended by the manufacturer. Two technical replicates of each bisulfite-

converted sample were run. The results were all in close agreement and were 

averaged for subsequent analysis. The array hybridization was conducted under a 

temperature gradient program, and arrays were imaged using a BeadArray Reader 

(Illumina Inc.). The image processing and intensity data extraction software and 

procedures were those described by Bibikova and colleagues [21]. Each methylation 

datum point was represented as a combination of the Cy3 and Cy5 fluorescent 

intensities from the M (methylated) and U (unmethylated) alleles. Background 

intensity, computed from a set of negative controls, was subtracted from each datum 

point. 

2.3. Detection of differentially methylated CpGs  

Differentially methylated CpGs were selected using an algorithm in the statistical 

computing language R [22], version 2.14.0. In order to process Illumina Infinium 

HumanMethylation450 methylation data, we used the methods available in the 

LIMMA and LUMI packages [23] from the Bioconductor repository [24]. Before 

statistical analysis, a pre-process stage was applied, whose main steps were: 1) 

Adjusting color balance, i.e., normalizing between two color channels; 2) Quantile 

normalizing based on color balance-adjusted data; 3) Removing probes with a 

detection p-value > 0.01; 4) Filtering probes located in sex chromosomes; 5) Filtering 

probes considered to be SNPs (single nucleotide polymorphisms). Specifically, the 

probes were filtered out using Illumina identifiers for SNPs, i.e. those probes with an 

"rs" prefix in their name; 6) Non-specific filtering based on the IQR (interquartile 

range) [25], using 0.20 as the threshold value. Subsequently, a Bayes-moderated t-

test was carried out using LIMMA [26]. Several criteria have been proposed to 

indentify significant differences in methylated CpGs. In this study, we adopted the 

median-difference beta-value between the two sample groups for each CpG [27, 28]. 

Specifically we considered a probe as differentially methylated if (1) the absolute 
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value of the median-difference between b-values is higher than 0.1 and the statistical 

test was significant (p-value<0.05). 

2.4 Identification of genomic clusters of differentially methylated CpGs  

A clustering method available in Charm package [29] was applied to the differentially 

methylated CpGs. Although Charm is a package specific for analyzing DNA 

methylation data from two-color Nimblegen microarrays, we reimplemented the 

code to invoke the main clustering function using genomic CpG localization. By using 

this approach, we identified Differentially Methylated Regions (DMR) by grouping 

differentially methylated probes closer than 500 pbs. In this analysis, the considered 

lists of CpGs were those associated with a value of p < 0.01. 

2.5 Bisulfite pyrosequencing 

CpGs were selected for technical validation of Infinium Methylation 450K by the 

bisulfite pyrosequencing technique in the RASF and OASF samples. CpG island DNA 

methylation status was determined by sequencing bisulfite-modified genomic DNA. 

Bisulfite modification of genomic DNA was carried out as described by Herman and 

colleagues [30]. 2 μl of the converted DNA (corresponding to approximately 20 – 30 

ng) were then used as a template in each subsequent PCR. Primers for PCR 

amplification and sequencing were designed with the PyroMark® Assay Design 2.0 

software (Qiagen). PCRs were performed with the HotStart Taq DNA polymerase PCR 

kit (Qiagen) and the success of amplification was assessed by agarose gel 

electrophoresis. Pyrosequencing of the PCR products was performed with the 

PyromarkTM Q24 system (Qiagen). All primer sequences are listed in Supplementary 

Table 1.  

2.6 Gene expression data analysis and comparison of DNA expression and DNA 

methylation data 

To compare expression and methylation data, we used RASF and OASF expression 

data from the Gene Expression Omnibus (GEO) under the accession number 

(GSE29746) [31]. Agilent one-color expression data were examined using LIMMA 

[24]. The pre-process stage consisted of background correction, followed by 

normalization. Thus, the applied background correction is a convolution of normal 

and exponential distributions that are fitted to the foreground intensities using the 

background intensities as a covariate, as explained in the LIMMA manual. Next, a 

well-known quantile method was performed to normalize the green channel 

between the arrays and then the green channel intensity values were log2-
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transformed. Values of average replicate spots were analyzed with a Bayes-

moderated t-test. Expression genes matching methylated genes were then studied. 

Genes differentially expressed between RASF and OASF groups were selected if they 

met the criteria of having values of p and FDR (False Discovery Rate) lower than 0.05 

as calculated by Benjamini-Hochberg and a greater than two-fold or less than 0.5-fold 

change in expression. Expression data were validated by quantitative RT-PCR. Primer 

sequences are listed in Supplementary Table 1. 

2.7 microRNA expression screening, target prediction and integration with DNA 

methylation data 

Total RNA was extracted with TriPure (Roche, Switzerland) following the 

manufacturer’s instructions. Ready-to-use microRNA PCR Human Panel I and II V2.R 

from Exiqon (Reference 203608) were used according to the instruction manual 

(Exiqon). For each RT-PCR reaction 30 ng of total RNA was used. Samples from OASF 

and RASF patients were pooled and two replicates of each group were analyzed on a 

Roche LightCycler® 480 real-time PCR system. Results were converted to relative 

values using the inter-plate calibrators included in the panels (log 2 ratios). RASF and 

OASF average expression values were normalized with respect to reference gene 

miR-103. Differentially expressed microRNAs (FC > 2 or < 0.5) were selected. 

To predict the potential targets of the dysregulated microRNAs, we used the 

algorithms of several databases, specifically TargetScan [32], PicTar [33], PITA [34], 

miRBase [35], microRNA.org [36], miRDB/MirTarget2 [37], TarBase [38] , and 

miRecords [39], StarBase/CLIPseq [40]. Only targets predicted in at least four of these 

databases and differentially expressed between RASFs and OASFs were included in 

the heatmaps. 

To compare the DNA methylation bead array data with the miRNA expression 

levels, miRNAs were mapped to Illumina 450k probes. For each differentially 

expressed miRNA we studied the CpGs within a 5000 bp window around the 

transcription start site.  Using the GRCh37 assembly annotation for Illumina, the 

genomic localization of probes was extracted in order to match them with miRNA 

loci. Genomic features of miRNAs were taken from the miRBase [41] and Illumina 

annotation was obtained from IlluminaHumanMethylation450K.db Bioconductor 

Package [41]. 

2.8 Gene Ontology Analysis 

63



Artículo 1: Identification of novel markers in rheumatoid arthritis through 
integrated analysis of DNA methylation and microRNA expression 

 

 

Gene Ontology analysis was done with the FatiGO tool [42], which uses Fisher’s exact 

test to detect significant over-representation of GO terms in one of the sets (list of 

selected genes) with respect to the other one (the rest of the genome). Multiple test 

correction to account for the multiple hypothesis tested (one for each GO term) is 

applied to reduce false positives. GO terms with adjusted P-value < 0.05 are 

considered significant. 

2.9 Graphics and Heatmaps 

All graphs were created using Prism5 Graphpad. Heatmaps were generated from the 

expression or methylation data using the Genesis program from Graz University of 

Technology [43].  

  

3. RESULTS 

3.1. Comparison of DNA methylation patterns between RASF and OASF reveals both 

hypomethylation and hypermethylation of key genes 

We performed high-throughput DNA methylation screening to compare SF samples 

from six RA and six OA patients. To this end, we used a methylation bead array that 

allows the interrogation of > 450,000 CpG sites across the entire genome covering 

99% of RefSeq genes. Statistical analysis of the combined data from the 12 samples 

showed that 2571 CpG sites, associated with 1240 different genes, had significant 

differences in DNA methylation between RASFs and OASFs (median β differences > 

0.10, p < 0.05) (Figure 2A and Supplementary Table 2). Specifically, we found 1091 

hypomethylated CpG sites (in 575 genes) and 1479 hypermethylated CpG sites (in 

714 genes). 

The list of genes differentially methylated between RASFs and OASFs includes a 

number with known implications for RA pathogenesis and some potentially 

interesting novel genes (Table 1). One of the best examples is IL6R. Our results 

indicated that IL6R is hypomethylated in RASFs with respect to OASFs, and that 

hypomethylation is probably associated with IL6R overexpression in RASFs. IL6 and 

IL6R are factors well known to be associated with RA pathogenesis and progression. 

IL6R overexpression plays a key role in acute and chronic inflammation and increases 

the risk of joint destruction in RA. Also, IL6R antibodies have recently been approved 

for the treatment of RA [44]. Another interesting example in the hypomethylated 

gene list is TNFAIP8, or TIPE2, a negative mediator of apoptosis that plays a role in 

inflammation [45]. We also identified CAPN8 as the gene with the greatest difference 
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between RASFs and OASFs. This gene has not previously been associated with RA, 

although it is involved in other inflammatory processes such as irritable bowel 

syndrome [46]. 

 

Figure 2. Comparison of the DNA methylation profiles between RASFs and OASFs 

samples. (A) Heatmap including the methylation data for the six RASF and OASF samples 

shows significant differential methylation. There are both significant hypermethylated 

and hypomethylated genes. In this heatmap, all the genes with a value of p < 0.05 and a 

hypermethylated (red) and hypomethylated (blue) genes. (B) Summary of the gene 

ontology (GO) analysis for the category “biological process’ among hypomethylated and 

hypermethylated genes. P-values are shown on the right (C) Methylation data from the 

array analysis corresponding to HOXA11 gene in which 9 consecutive CpGs are 

hypomethylated in RASFs relative to OASFs (left), comparison of the array data and 

pyrosequencing, where the excellent correlation between the two sources of data is 

shown by a regression line (center), methylation values as obtained through 
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pyrosequencing corresponding to three selected CpGs comparing RASF and OASF 

samples. (D) Comparison of the array data (left) and pyrosequencing data (right) of four 

selected hypomethylated (CAPN8, IL6R) and hypermethylated (DPP4, HOXC4) genes. 

 

Conversely, hypermethylated genes include factors like DPP4 and CCR6. DPP4 

encodes a serine protease, which cleaves a number of regulatory factors, including 

chemokines and growth factors. DPP4 inhibitors have recently emerged as novel 

pharmacological agents for inflammatory disease [47]. Several lines of evidence have 

also shown a role for CCR6 in RA [48].  

We then set out to determine whether our differentially methylated genes could 

be involved in biological functions relevant to RA pathogenesis. We therefore 

performed Gene Ontology analysis to test whether some molecular functions or 

biological processes were significantly associated with the genes with the greatest 

difference in DNA methylation status between RASFs and OASFs. The analysis was 

performed independently for gene lists in the hypomethylated and hypermethylated 

group. We observed significantly enriched functional processes that are potentially 

relevant in the biology of SFs (Figure 2B), including the following categories: focal 

adhesion assembly (GO:0048041), cartilage development (GO:0051216) and 

regulation of cell growth (GO:0001558) for hypomethylated genes. For 

hypermethylated genes, we observed enrichment in categories such as response to 

wounding (GO:0009611), cell migration (GO:0016477) and cell adhesion 

(GO:0007155). Hypermethylated and hypomethylated genes shared several 

functional categories, such as cell differentiation (GO:0030154), cell 

adhesion(GO:0007155) and skeletal system development(GO:0001501) characteristic 

of this cell type. 

We also compared our data with those reported in a recent study by Nakano and 

colleagues [17]. We found a significant overlap of genes that were hypomethylated 

and hypermethylated in both sets of samples (Supp. Fig 1). These included genes like 

MMP20, RASGRF2 and TRAF2 from the list of hypomethylated genes, and ADAMTS2, 

EGF and TIMP2 from among the hypermethylated genes (see Supp. Fig 1 and Table 2 

in [17]). The use of a limited set of samples in the identification of genes introduces a 

bias associated with each particular sample cohort, which would explain the partial 

overlap between different experiments. However in this case, we observed an 

excellent overlap between both experiments. 
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Table 1. Selection of genes differentially methylated and/or expressed in RASF 

vs. OASF, and previously described implications in RA. 

We also performed an analysis to identify genomic clusters of differentially 

methylated CpGs, which highlighted several regions of consecutive CpGs that are 

hypomethylated or hypermethylated in RASFs compared with OASFs. Among 

hypermethylated CpG clusters in RASFs we identified TMEM51 and PTPRN2. With 

respect to hypomethylated genes, up to nine clustered CpGs were hypomethylated 

around the transcription start sites of HOXA11 (Figure 2C, left) and nine in CD74, the 

major histocompatibility complex, class II invariant chain-encoding gene. CD74 levels 

have been reported to be higher in synovial tissue samples from patients with RA 

than in tissue from patients with osteoarthritis [49]. HOXA11 was considered another 

interesting gene, as HOX genes are a direct target of EZH2, a Polycomb group protein 

involved in differentiation and in establishing repressive marks, including histone 

H3K27me3 and DNA methylation, under normal and pathological conditions. In fact, 

additional HOXA genes were identified as being differentially methylated between 

 

Gene Name 

meth 

CpG Region Description 

 Beta 

(RA-OA) 

FC 

Express 

(RA/OA) 

Previously reported RA 

implication (ref) 

CAPN8 1 Body calpain 8 -0.52 N/A  

SERPINA5 1 TSS1500 serpin peptidase inhibitor, clade A 

member 5 

-0.40 N/A  

FCGBP 1 Body Fc fragment of IgG binding protein -0.35 0.34 Detected in plasma sera related with 
autoimmunity [11600203 ] 

HOXA11 13 TSS1500 homeobox A11 -0.30 0.40  

IL6R 1 Body interleukin 6 receptor -0.29 N/A Its ligand (IL6) is overexpressed in 

RA [11053081 ] 

S100A14 3 TSS1500 S100 calcium binding protein A14 -0.27 N/A Involved in invasion through MMP2 
(elevated in RA plasma) [22451655] 

TMEM51 2 5'UTR transmembrane protein 51 -0.27 4.21  

CSGALNACT1 3 TSS200 chondroitin sulfate N-

acetylgalactosaminyltransferase 1 

-0.22 0.48 Involved in cartilage development  

and endocondral ossification 
[20812917] and  [ 21148564 ] 

COL14A1 2 Body collagen, type XIV, alpha 1 -0.22 3.76  

CD74 8 TSS1500 CD74 molecule -0.22 N/A Initiates MIF signal transduction 
(levels related with RA course) 

[12782713] 

TNFAIP8 3 Body tumor necrosis factor, alpha-induced 

protein 8 

-0.20 3.75 Negative regulator of innate and 
adaptative immunity [18455983] 

TNFRSF8 1 Body|TSS 

1500 

tumor necrosis factor receptor 

superfamily, member 8 

-0.19 2.93 Its overexpression contributes to 

proinflammatory immune responses [ 
22628304] 

KCNJ15 2 5'UTR|TSS 

200 

potassium inwardly-rectifying 

channel, subfamily J, member 15 

-0.15 5.51  

       

       

       

CCR6 1 TSS1500 chemokine (C-C motif) receptor 6 0.23 0.67 Migration, proliferation, and MMPs 

production [ 11472439] and 

[15593223] 

DPP4 1 TSS200 dipeptidyl-peptidase 4 0.23 N/A Its Inhibition increases cartilage 

invasion by RASF [20155839] 

 

PRKCZ 17 Body|TSS 

1500 

protein kinase C, zeta 0.25 N/A Inactivates syndecan-4 (integrin co-

receptor), reducing DC motility.[  
20607801] 

HLA-DRB5 3 Body major histocompatibility complex, 

class II, DR beta 5 

0.26 3.16 SNP associated with  cutaneous 

manifestations rheumatoid vasculitis [ 
22641591  ] 
 

ALOX5AP 1 TSS1500 arachidonate 5-lipoxygenase-

activating protein 

0.29 N/A Deficit of this molecule ameliorates  

symptoms in CIA [9091585 ] 
 

BCL6 2 Body B-cell CLL/lymphoma 6 0.30 N/A RA synovial T cells express  BCL6, 
potent B cell regulator [18975336] 

SPTBN1 2 TSS1500 spectrin, beta, non-erythrocytic 1 0.27 0.23 Associated with CD43 abrogates T 

cell activation [12354383] 

HOXC4 13 5'UTR|TSS 

1500 

homeobox C4 0.4 N/A  
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RASFs and OASFs (Table 1), suggesting that the Polycomb group differentiation 

pathway may be responsible for these differences. 

To validate our analysis, we used bisulfite pyrosequencing of selected genes 

(Supp. Fig 2). In all cases, pyrosequencing of individual genes confirmed the results of 

the analysis. In fact, comparison of the bead array and pyrosequencing methylation 

data (Figure 2C, center and right) showed an excellent correlation, supporting the 

validity of our analysis. Additional genes that were subjected to pyrosequencing 

analysis included CAPN8 and IL6R, both of which were hypomethylated in RASFs, and 

DPP4 and HOXC4 in the hypermethylated group (Figure 2D and 2E). In all cases, the 

analysis was validated by pyrosequencing in a larger cohort of samples. 

3.2. Integration of DNA methylation data with expression data from RASFs and 

OASFs 

DNA methylation is generally associated with gene repression, particularly when it 

occurs at promoter CpG islands. However, DNA methylation changes at promoters 

with low CpG density can also regulate transcription, and changes in gene bodies also 

affect transcriptional activity [4], although they do not necessarily repress it. We 

therefore integrated our DNA methylation data with a high-throughput expression 

analysis of RASFs and OASFs from a recent study (GSE29746) [31]. To integrate 

expression data with our methylation results, we first reanalyzed the expression data 

as described in the Materials and Methods. Applying the threshold criterion of a 

value of p < 0.01, we identified 3470 probes differentially expressed between RASFs 

and OASFs (for which FC > 2 or < 0.6) (Figure 3A). We then compared the results from 

the analysis of the expression arrays with the DNA methylation data. Our analysis 

showed that 208 annotated CpGs displayed an inverse correlation between 

expression and methylation levels (Figure 3B and Supplementary Table 3). To 

examine the relationship between methylation and gene expression further, we also 

performed an analysis focusing on the relative position of the CpG site that 

undergoes a significant change in methylation. We found that genes with a 

methylation change at the TSS or the 5’UTR generally exhibited an inverse correlation 

between DNA methylation and gene expression (Figure 3C), whereby an increase in 

methylation tended to be accompanied by a decrease in expression. Curiously, this 

relationship is positive when looking at CpGs containing probes located at gene 

bodies with a significant methylation change (Figure 3C). Figure 3D shows two 

examples of an inverse correlation between DNA methylation and expression data . 
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Figure 3. Integration of DNA methylation with expression data. (A) Heatmaps including 

the reanalysis of expression data (GSE29746) for a collection of RASF and OASF samples. 

The scale at the bottom distinguishes upregulated (red) and downregulated (blue) 

genes. (B) Heatmap comparison of inversely correlated expression and methylation. (C) 

Correlation between differences in DNA methylation and expression of associated 

genes, focusing on different regions where the CpG sites are located in the probe, core 

promoter, core + 1st exon and gene body. (D) Illustrative examples of genes featuring an 

inverse correlation between methylation and expression. (E) Validation by quantitative 

RT-PCR of MMP2, previously described as overexpressed in RASFs. (F) Examples of genes 

whose expression data were validated by quantitative RT-PCR. 

We performed quantitative RT-PCR to investigate the expression status of 

several of the genes displaying a change in DNA methylation in the set of samples 

used in this study. This analysis included several of the genes mentioned above, as 

well as others, like MMP2, for which increased expression in RASFs has been 

described [50]. Our analysis confirmed the elevated levels for this gene in our 

collection of RASFs (Figure 3E). We also observed an inverse correlation between 
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DNA methylation and expression for genes like HOXC4, HOXA11, CAPN8 and IL6R 

(Figure 3F), although genes like DPP4 did show a direct relationship. Specifically, we 

found that hypermethylated DPP4 had higher levels of expression in RASFs than in 

OASFs (Figure 3F). Elevated levels for DPP4 are compatible with the data obtained by 

other researchers [51]. However, it also indicates that for some genes, other 

mechanisms contribute more to their expression levels than do DNA methylation 

changes. 

3.3. miRNA screening in RASF and OASF 

Changes in expression levels can certainly be due to transcriptional control, like that 

determined by epigenetic changes at gene promoters, DNA methylation, or 

differences in transcription factor binding. At the post-transcriptional level, miRNAs 

are recognized as being major players in gene expression regulation. We compared 

the expression levels of miRNAs in pooled RASF and OASF RNA samples. The 

screening led to the identification of a number of miRNAs that are overexpressed in 

RASFs with respect to OASFs, as well as downregulated miRNAs (Figure 4A). Among 

the most upregulated and downregulated miRNAs, we identified several that have 

been previously associated with relevant or related events like miR-203 [20], which is 

upregulated in RASFs with respect to OASFs, and miR-124, which is downregulated in 

RASFs [52] (Figure 4B). Other additional miRNAs identified in previous work in 

relation to RA include miR-146a and miR-34a (Figure 4A). As indicated above, the 

overlap with other studies highlights the robustness of our data. However, it is likely 

that the analysis of a limited number of samples introduces a bias associated with 

specific characteristics of the samples in the studied cohort. Integrated analysis can 

help to identify relevant targets. We then performed quantitative PCR to validate a 

selection of the miRNAs in the entire cohort. Examples of miR-625*, downregulated 

in RASF, and miR-551b, upregulated in RASF, are shown in Figure 4C.  

As explained, miRNA-dependent control is associated with the expression 

control of a number of targets either by inducing direct mRNA degradation or 

through translational inhibition [53]. Accumulated evidence has shown that most 

miRNA targets are affected at the mRNA levels, and therefore comparison of mRNA 

expression array and miRNA expression data is useful for identifying and evaluating 

the impact of miRNA misregulation at the mRNA levels.  

To explore this aspect, we investigated the relationship between miRNA 

expression differences between RASFs and OASFs and their involvement in gene 

control by looking at levels of their potential targets. To this end, we obtained a 

matrix with the potential targets for each of the five miRNAs most strongly 
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upregulated and downregulated in RASFs relative to OASFs. We considered bona fide 

putative targets those predicted by at least four databases. As before, we used the 

expression microarrays data for RASFs and OASFs generated in another study 

(GSE29746) [31]. 

 

Figure 4. miRNA dysregulation in RASF. (A) Heatmaps showing the miRNA expression 

data for pooled RASFs and OASFs. miRNAs previously described as dysregulated in RASFs 

are highlighted with a black arrow. Those represented in the adjacent section are 

highlighted with a grey arrow. The scale at the bottom distinguishes distinguishing 

upregulated (red) and downregulated (blue) genes. (B) Examples of the most 

upregulated and downregulated miRNAs in RASFs with respect to OASFs. (C) Validation 

of the miRNA data by quantitative RT-PCR. (D) Heatmaps showing the expression levels 

of putative targets (at least four hits for prediction in miRNA databases) for selected 
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miRNAs in RASFs and OASFs. (E) Correlation between DNA methylation and miRNA 

expression data.  

When looking at the expression levels of putative targets of selected miRNAs 

we found more genes with potential effects on the RASF phenotype. These included 

genes like CTSC, KLF8 or EBF3, which are upregulated in RASFs concomitant with 

downregulation of miR625* and ITGBL1, which is downregulated in RASF 

concomitant with upregulation  of miR551b. Additional putative targets included 

TLR4 for miR-203 and NFAT5 for miR-124 (Figure 4D). TLR4 is upregulated in RA and 

plays a key role in the disease, whereas NFAT5 is a critical regulator of inflammatory 

arthritis. 

3.4. Integrated analysis of both miRNAs and DNA methylation reveals multiple 

layers of regulation in genes relevant to RA pathogenesis 

We performed two separate analyses to explore the potential connection between 

miRNA and DNA methylation control for genes associated with the RASF phenotype.  

The first analysis focused on the potential regulation of miRNAs by DNA methylation. 

DNA methylation can also repress the expression of miRNAs, since miRNA-associated 

promoters are subjected to similar mechanisms of transcriptional control as protein-

coding genes. We compared the data from the bead array analysis with miRNA 

expression data. Our analysis showed 11 downregulated miRNAs, like miR-124, that 

were located near CpG sites and were hypermethylated in RASFs. Only four 

upregulated miRNAs were located near a CpG site hypomethylated in RASFs (Figure 

4E). 

The second analysis investigated the potential influence of DNA methylation 

and miRNA control on specific targets. As explained above, differences in expression 

patterns between RASFs and OASFs could be due to altered mechanisms of control at 

the epigenetic level, like DNA methylation, or at the post-transcriptional level. We 

generated a list of selected genes whose expression patterns differed significantly 

between RASFs and OASFs. Then we matched the expression data with our DNA 

methylation data from bead arrays and with a selection of miRNAs that might target 

those genes (as predicted at least by four databases) and that have significant 

differences in expression between RASFs and OASFs. This yielded a list of genes 

potentially regulated by DNA methylation, at the transcriptional level, and targeted 

by miRNAs, at the post-transcriptional level. The list of genes comprises six groups 

(Supplementary Table 4): i) downregulated genes in which hypermethylation concurs 

with overexpression of a miRNA that targets them. Methylation and miRNA regulate 

in the same repressive direction in this group; ii) downregulated genes in which 
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hypomethylation is potentially overcome by co-occurrence of upregulation of a 

miRNA that targets them. In this group, miRNA control is potentially the predominant 

mechanism; iii) downregulated genes in which hypermethylation predominates over 

downregulation of miRNAs that potentially target them; iv) upregulated genes in 

which hypomethylation concurs with downregulation of a miRNA that targets them; 

v) upregulated genes in which hypermethylation is overcome by downregulation of a 

miRNA that targets them, and, vi) upregulated genes in which hypermethylation 

predominates over upregulation of a miRNA that targets them. Integrated analysis 

would require further validation to provide bona fide targets determined by both 

regulatory mechanisms. However, this novel approach to integrating miRNA and DNA 

methylation analysis provides a new workflow for exploring the multiple layers of 

gene dysregulation in RA in greater depth. 

 

4. DISCUSSION 

In this study we have identified novel dysregulated targets in rheumatoid arthritis 

(RA) synovial fibroblasts at the DNA methylation and miRNA expression levels. By 

using a double approach and integrated analysis of the DNA methylation, miRNA 

expression and mRNA expression data we have established a new pipeline for 

investigating the complexity of gene dysregulation in the context of this disease 

when using primary samples. As indicated above, dysregulation of gene expression 

arises from a combination of factors, including genetic polymorphisms in genes 

associated with regulatory roles and miRNAs, environmental factors and their 

combined effect on transcription factor function and epigenetic profiles, like DNA 

methylation and histone modification profiles. Understanding the relationship 

between different elements of regulation is key not only for understanding their 

intricate connections within the disease but also in the higher propensity to 

associated disorders [54]. DNA methylation-associated regulation and miRNA control 

are major regulatory elements and provide useful targets and markers of gene 

dysregulation in disease. In the context of RASFs, a few studies have previously 

shown the existence of genes with DNA methylation alterations in RASFs. Most of 

these have involved examining candidate genes. Examples include the identification 

of the TNFRSF25 gene (encoding DDR9), which is hypermethylated at its CpG island in 

synovial cells of RA patients [16], and CXCL12 upregulated and hypomethylated in 

RASFs [15]. More recently, Firestein and colleagues [17] took an array-based 

approach to identify hypomethylated and hypermethylated genes in RASFs. 

Regarding miRNA profiling in RASFs, several studies have demonstrated specific roles 
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for miRNAs that are dysregulated in RA synovial tissues [18-20, 55]. However, there 

were no previous systematic efforts to combine analyses of these two types of 

mechanisms in the context of RA. 

To the best of our knowledge, our study constitutes the first attempt to 

integrate high-throughput omics data from primary samples in the context of RA. The 

need of integrating several levels of regulation is relevant for several reasons: first, 

from a biological point of view, it is essential to understand the molecular 

mechanisms underlying aberrant changes in gene expression associated with the 

acquisition of the aggressive phenotype of RASFs; second, from a more translational 

point of view, understanding multiple levels of regulation of target genes that 

undergo dysregulation in RA, could potentially allow to predict their behavior 

following the use of specific therapeutic compounds. It can also serve to make a 

better use of them as clinical markers of disease onset, progression or response to 

therapy.  

Our analysis of individual datasets not only has allowed us to confirm 

changes described by others but also to determine novel genes with altered DNA 

methylation patterns, including MMP20, RASGRF2, EGF, TIMP2 and others. Most 

importantly we have identified new genes that are relevant to the RA phenotype. 

This includes IL6R, which is well known as an overexpressed gene in RASFs and a 

target for antibody-based therapy [44]. Additional targets include CAPN8, TNFAIP8, 

CD74 and CCR6. Methylation alterations in RASFs occur at promoter CpG islands in 

genes like DPP4 or HOXC4, and downstream of the TSS in genes like CAPN8 and IL6R. 

This last observation is in agreement with recent reports showing that gene 

expression can be also affected by methylation changes at gene bodies [4, 5]. In any 

case, we have found a canonical inverse relationship between DNA methylation and 

expression status for a subset of more than 200 genes. At the miRNA level, analysis 

of the expression dataset has allowed us to validate previously described miRNAs, 

like miR-203 and miR-124, as well as identifying novel miRNAs, like miR-503, miR-

625*, miR-551b, and miR-550, that are potentially associated with dysregulated 

targets in RASFs. 

Integrative analysis has been carried out at different levels. Firstly, the 

combined analysis of DNA methylation and expression data generated a list of genes 

in which methylation changes were inversely correlated with expression changes. 

This list of genes potentially contains those regulated through DNA methylation in a 

canonical manner, where DNA methylation associates with gene repression 

(Supplementary Table 3). Secondly, we also studied the potential relationship 
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between expression changes and miRNA expression changes that potentially target 

them (as defined by the cumulative use of miRNA target prediction databases). In 

this case, we identified a number of genes undergoing expression changes in RASFs 

that are potentially targeted by concomitantly dysregulated miRNAs. 

Another level of integration is achieved by looking at genes that may be 

targeted or regulated by the combined action of miRNA and DNA methylation. Thus, 

we explored the potential combined effect of miRNAs and DNA methylation in genes 

undergoing expression changes in RASFs (Supplementary Table 2). Our analysis 

revealed gene targets in which methylation and miRNA control possibly concur in 

direction or have antagonistic effects. This classification of genes in different groups 

is important because pharmacological compounds or other experimental approaches 

influencing one of the mechanism (DNA methylation) but not the other (miRNA 

expression) or viceversa, would have to consider the existence of multiple levels of 

regulation for interpreting the outcome of such treatment. Finally, by looking at the 

potential control of miRNA expression by DNA methylation, we identified a further 

regulatory mechanism for several miRNAs, including miR-124. In this case, 

hypermethylation of a specific miRNA promoter, would have a positive effect on the 

expression levels of its targets, and, for instance, pharmacological demethylation of 

that miRNA would result in overexpression of the miRNA and downregulation of its 

targets. 

As indicated above, epigenetic profiles and miRNA expression patterns are 

cell type-specific. The need to use primary samples for the target tissue or cell type of 

a particular disease is usually a limitation to performing epigenetic or miRNA analysis, 

given the access to small amounts of tissue or cells that can be obtained in most 

cases. The reduced number of laboratories with access to RASFs, OASFs or SF from 

normal individuals is a good reflection of such limitation. Genetic analysis of 

genetically complex diseases does not have such a limitation, since in most cases can 

be done with peripheral blood. In this sense, the use of integrative approaches to 

investigate epigenetic and miRNA-mediated control of a limited set of samples 

overcomes partially this obstacle by providing extra sets of data for internal 

validation within a small cohort of samples and an increase of the robustness of the 

analysis.  

In conclusion, our study highlights the need of investigating the multiple 

layers of regulation at the transcriptional and post-transcriptional levels as well as 

integrating the datasets during the analysis. As targets for therapy, it is important to 

understand the intricate connections between the various control mechanisms and 
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to consider the existence of both processes that operate in the same direction or 

have antagonistic effects. The use of integrative approaches will also be necessary for 

the rational design of targeted therapies as well as for the use of different clinical 

markers for the classification. In this sense, the workflow designed in this study has 

allowed us to identify novel targets and their regulatory mechanism in RASF and 

opens up a number of possibilities for future research on epigenetics aspects on RA. 
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Supplementary Figure 1. 

Data comparison between Firenstein dataset and Ballestar’s. 
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Supplementary Figure 2. 

Scheme showing the pyrosequenced regions 
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Supplementary Table 1 

Primer sequences used in this study 

 

 

  

Name Type Sequence

PYRO_HOXA11_PCR_F Pyrosequencing AGAGGTAGGTAGGGAAGAT 

PYRO_HOXA11_PCR_R Pyrosequencing [Btn]ATCCCCCTCCCATAAACT 

PYRO_HOXA11_SEQ1 Pyrosequencing AAGATGAGGGGAGAG 

PYRO_HOXA11_SEQ2 Pyrosequencing GGGTTTTGYGGATTAGTGATAAA 

PYRO_HOXA11_SEQ3 Pyrosequencing GTTTAGGGAYGGAAGGTATTAA 

PYRO_HOXA11_SEQ4 Pyrosequencing GGATAAGTTATTAGGTAGGTATA 

PYRO_HOXC4_PCR_F Pyrosequencing GGATGGGGGAAGAAATTTGT 

PYRO_HOXC4_PCR_R Pyrosequencing [Btn]CACTCCCTTTACCCTTTTCAAAT 

PYRO_HOXC4_SEQ Pyrosequencing TTTATTTTTTTATTTTTAGTAGGAT 

PYRO_CAPN8_PCR_F Pyrosequencing AGGGGTTTTGTATTTGTTAGAGT 

PYRO_CAPN8_PCR_R Pyrosequencing [Btn]TCTCCAAAACRACCCCCCTACCT 

PYRO_CAPN8_SEQ Pyrosequencing GTGTTTTGGTTTGGTATTAAT 

PYRO_miR628_PCR_F Pyrosequencing AAGGTGATTTTTTTTAGGGAATTTG 

PYRO_miR628_PCR_R Pyrosequencing [Btn]CTTCCCTTCCACTACCACTCTTACTAA 

PYRO_miR628_SEQ Pyrosequencing TTATAAAGGAGTAGTATTAGAATAG 

PYRO_DPP4_PCR_F Pyrosequencing [Btn]AATGTTTAGAGTAGTATTTGGGAAAAAGT 

PYRO_DPP4_PCR_R Pyrosequencing ACCCTTAAAAACTAAATATCTAAATTCACC 

PYRO_DPP4_Seq Pyrosequencing AATTCACCCTCCCTA 

PYRO_IL6R_PCR_F Pyrosequencing TGGATATTAAGTTAAAAGTTAGTGGTAGAT 

PYRO_IL6R_PCR_R Pyrosequencing [Btn]TTACTTCCCACTTTATAACTAACATACC 

PYRO_IL6R_SEQ Pyrosequencing ATAAGGATAGGAATAATTTGT 

Hs_IL6R_RT_F RT-PCR GCTCCACGACTCTGGAAACT

Hs_IL6R_RT_R RT-PCR GGACCCCACTCACAAACAAC

Hs_HOXA11_RT_F RT-PCR GGCCACACTGAGGACAAGG

Hs_HOXA11_RT_R RT-PCR AGAACTCCCGTTCCAGCTCT

Hs_HOXC4_RT_F RT-PCR CCAGCAAGCAACCCATAGTC

Hs_HOXC4_RT_R RT-PCR ACTTGCTGCCGGGTATAGG

Hs_CAPN8_RT_F RT-PCR GTCCATCAGCTTTGGGCTAC

Hs_CAPN8_RT_R RT-PCR TAAACTGAGGGCTGGGACAC

Hs_DPP4_RT_F RT-PCR CACCGTGGAAGGTTCTTCTG

Hs_DPP4_RT_R RT-PCR GCGACTGTCAGCTGTAGCAT

Hs_MMP2_RT_F RT-PCR CCCAAAACGGACAAAGAGTT

Hs_MMP2_RT_R RT-PCR TGTCCTTCAGCACAAACAGG

Hs_CXCL12_RT_F RT-PCR GTGGTCGTGCTGGTCCTC

Hs_CXCL12_RT_R RT-PCR AGATGCTTGACGTTGGCTCT
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Supplementary Table 4. 

Coordinated regulation of genes at the transcriptional (DNA methylation) and/or 

post-transcriptional (miRNAs) levels in RASF 

 

 

 

 

 

 

Color Mean 

                     Downregulated (miRNA and mRNA expression)/ Hypomethylated 

 Upregulated (miRNA and mRNA expression)/ Hypermethylated 

 

    
DNA Methylation 

 

miRNA 

  

 

Gene 

Target   

mRNA 

Gene 

Diff 

Meth Grup CpGs miRNA 

miR 

Expression 

Regulatory 

Mechanism 

U
P

R
E

G
U

L
A

T
E

D
 G

E
N

E
S

 

EPHA4 EPH receptor A4     Body 1 
miR10b 

  Both 

KLF11 Kruppel-like factor 11     Body 1   Both 

NCOA2 nuclear receptor coactivator 2     Body 1 miR137   Both 

EPHA4 EPH receptor A4     Body 1 miR335   Both 

PFKFB3 

6-phosphofructo-2-

kinase/fructose-2,6-biphosphatase 

3     Body 4 miR454   Both 

RNF145 ring finger protein 145     Body 1   Both 

 

                

HOXA3 homeobox A3     TSS1500 1 miR10b   miRNA 

FURIN 

furin (paired basic amino acid 

cleaving enzyme)     Body 1 miR137   miRNA 

CRIM1 

cysteine rich transmembrane BMP 

regulator 1 (chordin-like)     Body 2 miR335 

 

  miRNA 

SRPR 

signal recognition particle receptor 

(docking protein)     3'UTR 1   miRNA 

FRMD6 FERM domain containing 6     5'UTR 2 

miR454 

  miRNA 

NPTN neuroplastin     Body 1   miRNA 

 

                

AP2A2 

adaptor-related protein complex 2, 

alpha 2 subunit     Body/3'UTR 7 

miR204 

 

  METH 

CPD carboxypeptidase D     Body 1   METH 

FBXO9 F-box protein 9     3'UTR 1   METH 

MAPRE2 

microtubule-associated protein, 

RP/EB family, member 2     5'UTR|Body 1   METH 

NCOA7 nuclear receptor coactivator 7     5'UTR 1   METH 

PTPRJ 

protein tyrosine phosphatase, 

receptor type, J     Body 1   METH 

CCND1 cyclin D1     TSS1500 1 miR503   METH 

GPM6A glycoprotein M6A     TSS1500 1 

miR708 

  METH 

SESN1 sestrin 1     Body 1   METH 

  

                

D
O

W
N

R
E

G
U

L
A

T
E

D
 G

E
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E
S

 BNC2 basonuclin 2     Body 1 miR204   Both 

         ELOVL6 ELOVL fatty acid elongase 6     Body 1 

miR204 

  miRNA 

HMGA2 high mobility group AT-hook 2     Body 1   miRNA 

NOVA1 

neuro-oncological ventral antigen 

1     Body 1   miRNA 

HMGA2 high mobility group AT-hook 2     Body 1 

miR503 

  miRNA 

ZFHX4 zinc finger homeobox 4     5'UTR 1   miRNA 

 

                

PSD3 

pleckstrin and Sec7 domain 

containing 3     Body 1 miR335   METH 
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RESUMEN EN CASTELLANO 

La metilación del DNA es un mecanismo epigenético clave para la dirigir y estabilizar 

los cambios que sufre una célula durante sus procesos de diferenciación y desarrollo. 

El aumento o la disminución de la metilación en una región específica, depende en 

gran medida de los factores de transcripción unidos a esa determinada región, y de la 

maquinaria epigenética que éstos recluten. Hay un proceso de diferenciación dentro 

del sistema hematopoyético con varias características únicas: la conversión de 

monocitos a osteoclastos. Este proceso de diferenciación se ve alterado en ciertas 

enfermedades autoinmunes, así como en el cáncer, y se sabe qué factores de 

transcripción están involucrados en él. En el presente trabajo, nos centramos en el 

análisis de los cambios de metilación del DNA durante la osteoclastogénesis, y 

observamos hipometilación e hipermetilación en varios miles de genes, incluyendo 

algunos importantes para la diferenciación y la función de los osteoclatos. Además, 

en varios de los genes que se hipometilan, se ha detectado 5-hidroximetilcitosina, un 

intermediario implicado en las vías de desmetilación activa. Tras analizar los motivos 

de unión a factores de transcripción en las secuecnias aledañas a los CpGs que se 

hipo o hipermetilan, se encontró un enriquecimiento específico en motivos para 

PU.1, NF-kB y AP-1 (Jun / Fos). Específicamente los motivos de unión de PU.1 se 

encontraban tanto en las regiones que se hipermetilaban como en las que se 

hipometilan, y gracias a los datos de ChIP-Seq, se comprobó que efectivamente 

estaba unido a ambos tipos de genes. Por otro lado, PU.1 interacciona con DNMT3b y 

TET2, actuando de forma dual en lo que respecta a la hipermetilación o 

hipometilación de determinadas regiones genómicas. Gracias a experimentos de 

silenciamiento de PU.1 mediado por siRNAs, se comprobó la importancia de PU.1 

para la adquisición del estado epigenético correcto. El silenciamiento de PU.1 impidió 

que los cambios de metilación se realizaran correctamente, ya que TET2 y DNMT3b 

eran reclutados en menor medida a los promotores estudiados durante el proceso de 

desarrollo de monocito a osteoclastos. Como conclusión, el presente trabajo ha 

permitido la identificación de los cambios en la metilación del DNA durante la 

osteoclastogénesis, y además, ha revelado una nueva función de PU.1 dirigiendo los 

cambios de metilación durante la diferenciación. 
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ABSTRACT 

Background: DNA methylation is a key epigenetic mechanism for driving and 

stabilizing cell-fate decisions. Local deposition and removal of DNA methylation are 

tightly coupled with transcription factor binding, although the relationship varies 

with the specific differentiation process. Conversion of monocytes to osteoclasts is a 

unique terminal differentiation process within the hematopoietic system. This 

differentiation model is relevant to autoimmune disease and cancer, and there is 

abundant knowledge on the sets of transcription factors involved.  

Results: Here we focused on DNA methylation changes during osteoclastogenesis. 

Hypermethylation and hypomethylation changes took place in several thousand 

genes, including all relevant osteoclast differentiation and function categories. 

Hypomethylation occurred in association with changes in 5-hydroxymethylcytosine, a 

proposed intermediate toward demethylation. Transcription factor binding motif 

analysis revealed an overrepresentation of PU.1, NF-kB and AP-1 (Jun/Fos) binding 

motifs in genes undergoing DNA methylation changes. Among these, only PU.1 

motifs were significantly enriched in both hypermethylated and hypomethylated 

genes; ChIP-seq data analysis confirmed its association to both gene sets. Moreover, 

PU.1 interacts with both DNMT3b and TET2, suggesting its participation in driving 

hypermethylation and hydroxymethylation-mediated hypomethylation. Consistent 

with this, siRNA-mediated PU.1 knockdown in primary monocytes impaired the 

acquisition of DNA methylation and expression changes, and reduced the association 

of TET2 and DNMT3b at PU.1 targets during osteoclast differentiation.  

Conclusions: The work described here identifies key changes in DNA methylation 

during monocyte-to-osteoclast differentiation and reveals novel roles for PU.1 in this 

process.  
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INTRODUCTION 

DNA methylation plays a fundamental role in differentiation as it drives and stabilizes 
gene activity states during cell-fate decisions. Recent reports have shown a close 
relationship between the participation of transcription factors during differentiation 
and the generation of cell type-specific epigenetic signatures [1-3]. Several 
mechanisms explain the co-occurrence of DNA methylation changes and 
transcription factor binding, including the active recruitment of enzymes involved in 
DNA methylation deposition, interference or alternative use of the same genomic 
regions. One of the best models for investigating these mechanisms is the 
hematopoietic differentiation system given the profound knowledge on the 
transcription factors implicated at different stages. Many studies have focused on 
hematopoiesis in order to learn about the type, distribution and role of epigenetic 
changes, particularly DNA methylation during differentiation. However, the role of 
DNA methylation changes and the mechanisms participating in their acquisition in 
terminal differentiation processes remain elusive, even though these are amongst 
the most important since they produce functional cell types with very specific roles.  

A singular differentiation process within the hematopoietic system is 
represented by differentiation from monocytes (MOs) to osteoclasts (OCs), which are 
giant, multinucleated cells that are specialized in degrading bone [4]. OCs 
differentiate from monocyte/macrophage progenitors following M-CSF [5] and 
RANKL [6] stimulation. Osteoclastogenesis requires cell fusion, cytoskeleton re-
organization [7] and the activation of the specific gene sets necessary for bone 
catabolism. The signaling pathways activated after M-CSF and RANKL induction have 
been extensively described, and act through TRAF-6 [8, 9], immunoreceptor tyrosine-
based activation motif (ITAM) [10] adaptors DAP12 [11] and FcRg [12] associated 
with their respective receptors, TREM-2 [13] and OSCAR, as well as calcium 
oscillations [14]. Signals end in the activation of NF¬kB, MAPK and c-Jun, leading to 
the activation of NFATc1 [15], the master transcription factor of osteoclastogenesis, 
together with PU.1 and MITF [16], which is already present in the progenitors. These 
transcription factors bind to the promoter and help up-regulating OC markers such as 
dendritic cell-specific transmembrane protein (DC-STAMP/TM7SF4) [17], tartrate-
resistant acid phosphatase (TRACP/ACP5) [18], cathepsin K (CTSK) [19], matrix 
metalloproteinase 9 (MMP9) [20] and carbonic anhydrase 2 (CA2).  

OC deregulation is involved in several pathological contexts, either in the 
form of deficient function, as is the case in osteopetrosis [21], or aberrant 
hyperactivation, as in osteoporosis [22]. These cells are also involved in autoimmune 
rheumatic disease. For instance, in rheumatoid arthritis aberrantly activated OCs are 
major effectors of joint destruction [23]. Moreover, OCs cause bone complications in 
several diseases, such as multiple myeloma [24], prostate cancer and breast cancer 
[25], and there is also a specific tumor with OC origin, the giant cell tumor of bone 
[26].  
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In vitro generation of OCs allows this cell type to be investigated, whereas 
isolating primary bone OCs for this purpose is very difficult. MOs stimulated with 
RANKL and M-CSF generate functional OCs [27], which degrade bone and express OC 
markers [28]. As indicated, the involvement of transcription factors in this model has 
been well studied, however very few reports have analyzed the role of epigenetic 
changes during osteoclastogenesis, and these focus mainly on histone modifications 
[29, 30]. Given the relationship between transcription factors and DNA methylation, 
we hypothesized that examining DNA methylation changes would provide clues 
about the involvement of specific factors in the dynamics and hierarchy of these 
changes in terminal differentiation.  

In this study, we compared the DNA methylation profiles of MOs and derived 
OCs following M-CSF and RANKL stimulation. We found that osteoclastogenesis was 
associated with the drastic reshaping of the DNA methylation landscape. 
Hypermethylation and hypomethylation occur in many relevant functional categories 
and key genes, including those whose functions are crucial to OC biology, like CTSK, 
ACP5 and DC-STAMP. Hypomethylation occurred early, concomitantly with 
transcription changes, was DNA replication-independent and associated with a 
change in 5¬hydroxymethylcytosine, which has been proposed as an intermediate in 
the process of demethylation. Inspection of transcription factor binding motif 
overrepresentation in genes undergoing DNA methylation changes revealed the 
enrichment of the PU.1 binding motif in hypermethylated genes and AP-1, NF-kB and 
also PU.1 motifs among hypomethylated genes. In fact, analysis of PU.1 ChIPseq data 
showed its general association to a high number of both hypo and hypermethylated 
sites. Chromatin immunoprecipitation assays and immunoprecipitation experiments, 
suggested a potential novel role for PU.1 recruiting DNMT3B to hypermethylated 
promoters, and TET2, which converts 5-methylcytosine to 5-hydroxymethylcytosine, 
to genes that become demethylated. This has been demonstrated by performing 
siRNA-mediated downregulation of PU.1 which partially impaired DNA methylation, 
expression and recruitment of TET2 and DNMT3B to PU.1 targets, supporting the 
participation of PU.1 in the acquisition of DNA methylation changes at their target 
sites.  
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RESULTS 

Cell differentiation and fusion in osteoclastogenesis are accompanied by 

hypomethylation and hypermethylation of key functional pathways and genes 

To investigate the acquisition of DNA methylation changes during monocyte-to-

osteoclast differentiation we first obtained three sets of matching samples 

corresponding to MOs (CD14+ cells) from peripheral blood and OCs derived from the 

same CD14+ cells, 21 days after the addition of M-CSF and RANKL. The quality of 

mature, bone-resorbing OCs obtained under these conditions was confirmed by 

several methods, including the presence of more than three nuclei in TRAP-positive 

cells (in some cases, up to 40 nuclei per cell were counted), the upregulation of OC 

markers, such as CA2, CTSK, ACP5/TRACP and MMP9, and downregulation of the 

monocytic gene CX3CR1 (Supplementary Figure 1). At 21 days, over 84% of the nuclei 

detected in these preparations could be considered to be osteoclastic nuclei (in 

polykaryons, nuclei and not cells were counted) (Supplementary Figure 1).  

We then performed DNA methylation profiling using bead arrays that 

interrogate the DNA methylation status of > 450,000 CpG sites across the entire 

genome covering 99% of RefSeq genes. Statistical analysis of the combined data from 

the three pairs of samples revealed that 3515 genes (8028 CpGs) displayed 

differential methylation (FC ≥ 2 or FC ≤ 0.5; FDR ≤ 0.05). Specifically, we identified 

1895 hypomethylated genes (3597 CpG sites) and 2054 hypermethylated genes 

(4429 CpGs) (Figure 1A and Supplementary Table I). Changes corresponding to the 

average three pairs of monocytes/osteoclasts (Figure 1B) were almost identical to 

the pattern obtained for each individual pair of samples (Supplementary Figure 2A), 

highlighting the specificity of the differences observed. 

Over a third of the differentially methylated CpG-containing probes (33% for 

hypomethylated CpGs, 45% for hypermethylated CpGs) mapped to gene promoters, 

the best-described regulatory region for DNA methylation, although DNA 

methylation changes also occurred at a similar scale in gene bodies (51% for 

hypomethylated CpGs, 40 % for hypermethylated CpGs) (Figure 1C). Gene ontology 

analysis of hypomethylated CpGs revealed significant enrichment (FDR ≤ 0.05) for a 

variety of functional categories of relevance in OC differentiation and function 

(Figure 1D). We observed very high significance for terms like immune response (FDR 

= 4.25E-25) and signal transduction (FDR = 1.45E-21), but also more specific 

categories such as ruffle organization (FDR = 9.91E-2), calcium ion transport (FDR = 

4.6E-2) and OC differentiation (FDR = 1.94E-1). In the case of hypermethylated genes, 

we also found highly significant enrichment of signal transduction (FDR = 4.09E-17), 
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and enrichment of categories related to other hematopoietic cell types, suggesting 

that hypermethylation and associated silencing take place in gene sets that become 

silent in differentiated OCs (Figure 1D). Together, these data indicate that DNA 

hypomethylation is targeted to genomic regions that are activated during 

osteoclastogenesis, and hypermethylation silences alternative lineage genes that are 

not expressed in OCs.   

 

Figure 1. High-throughput methylation comparison between monocytes (MOs) and 

derived osteoclasts (OCs). (A) Heatmap including the data for three paired samples of 

MOs (MO D1, D2 and D3) and their derived OCs (OC D1, D2, D3) harvested on day 21. 

The heatmap includes all CpG-containing probes displaying significant methylation 

changes (a total of 8028 with FC ≥ 2 or FC ≤ 0.5; p ≤ 0.01 and FDR ≤ 0.05) (Data in Supp. 

Table I). A scale is shown at the bottom, whereby beta values (i.e. the ratio of the 

methylated probe intensity to the overall intensity, where overall intensity is the sum of 

methylated and unmethylated probe intensities) ranging from 0 (unmethylated, blue) to 

1 (completely methylated, red) are shown. (B) Scatterplot showing the mean 

methylation profile of three matching MO/OC pairs. Genes with significant differences 
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(FC > 2, FDR < 0.05) in averaged results from the three pairs of samples are highlighted 

in red (hypermethylated) or blue (hypomethylated). (C) Distribution of differentially 

methylated CpGs among genomic regions (promoter, gene bodies, 3’UTR and 

intergenic) in different subsets of CpGs (hypomethylated, hypermethylated). (D) Gene 

ontology enrichment analysis of hypomethylated and hypermethylated CpGs showing 

the most important categories related with OCs and/or bone biology. (E) Technical 

validation of the array data by bisulfite pyrosequencing of modified DNA. Three 

representative hypomethylated genes (ACP5, CTSK and TM7SF4) and one 

hypermethylated gene (CX3CR1) from the array data were validated by BS 

pyrosequencing. A representation showing the excellent correlation between array data 

(beta values) and pyrosequencing data (% methylation) including the data for the four 

genes is also presented (right panel). (F) Cluster analysis of contiguous differentially 

methylated regions (< 500 bp). Two examples of regions with more than nine 

consecutive CpGs differentially methylated are shown. (G) Analysis of methylation levels 

in repetitive elements (Sat2, D4Z4, NBL2) and ribosomal RNA genes (18S and 28S 

regions) as obtained from bisulfite sequencing analysis. 

Remarkably, among the group of hypomethylated genes (Supplementary 

Table I), we identified changes in several of the archetypal OC genes near their 

transcription start sites. For example, CTSK, the lysosomal cysteine proteinase 

involved in bone remodeling and resorption, is hypomethylated more than 60%. The 

ACP5/TRACP gene is hypomethylated around 47%. Finally, TM7SF4, which encodes 

for DC-STAMP, a seven-pass transmembrane protein involved in signal transduction 

in OCs and dendritic cells, undergoes 59% hypomethylation. We also observed 

significant hypomethylation at the osteoclast-specific transcription factor gene 

NFATC1, although in this case hypomethylation occurred at CpG sites located in its 

gene body region. Conversely, CX3CR1, an important factor for MO adhesion to blood 

vessels that is downregulated during osteoclastogenesis, displayed an increase in 

methylation of over 28% (Supplementary Table I).  

To confirm that differences in DNA methylation identified between MOs and 

OCs were robust, we carried out bisulfite genomic pyrosequencing of the 

aforementioned selection of  genes, looking at CpG sites corresponding to the 

oligonucleotide probe represented in the methylation array. In all cases, bisulfite 

pyrosequencing confirmed the results of the beadchip array (Figure 1E and 

Supplementary Table II). This analysis showed a very close correlation between the 

array and the pyrosequencing data (R2 = 0.9707) (Figure 1E).  

We also investigated the coordinated hypomethylation or hypermethylation 

of adjacent CpGs by analyzing the different sequence window lengths (from 500 bp 

to 1,000,000 bp). With the largest sequence windows we were able to observe the 
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coordinated hypermethylation of multiple CpGs across several genes, like those in 

the HOXA gene cluster. However, the majority of CpGs undergoing coordinated 

methylation changes were identified within the single gene level. By analyzing CpGs 

that are concomitantly deregulated within a 500-bp window, we identified several 

genes displaying coordinated hypomethylation or hypermethylation of many CpG 

sites (Supplementary Table III). Among these, we identified several CpG clusters in 

genes potentially involved in OC function and/or differentiation, including 10 CpGs at 

the promoter of the TM4SF19 gene, also known as OC maturation-associated gene 4 

protein, and 9 CpGs in the gene body of ARID5B, the AT-rich interactive domain 5B 

(MRF1-like) (Figure 1F).  

To examine the specificity of the DNA methylation changes further we 

performed bisulfite sequencing of repetitive elements (Sat2, D4Z4 and NBL2 repeats) 

and ribosomal RNA genes (Figure 1G and Supplementary Figure 2B). We also 

performed genome-wide amplification of unmethylated DNA Alu repeats (AUMA), 

the most common family of repetitive elements that are present in tandem or 

interspersed in the genome [31]. These experiments showed no significant DNA 

methylation changes in any of these repetitive elements (Supplementary Figure 2C), 

reinforcing the notion of the high specificity of hypomethylation and 

hypermethylation of the identified gene sets. 

 

Hypomethylation is replication-independent and involves changes in 5-

hydroxymethylcytosine 

To investigate the dynamics of DNA methylation in relation to gene expression 

changes we first examined how DNA methylation changes are associated with 

expression changes and then compared the dynamics of DNA methylation and 

expression changes. 

We used osteoclastogenesis expression data (available from the ArrayExpress 

database under accession number E-MEXP-2019) on 0, 5 and 20 days [32]. Our 

analysis showed that most changes occurred within the first 5 days, since the 

expression changes between 0 and 5 days were very similar to those observed 

between 0 and 20 days, and very few genes changed between 5 and 20 days (Figure 

2A and Additional file 6). The 0-to-20-day comparison showed that 2895 genes were 

upregulated (FC>2; FDR<0.05) and 1858 were downregulated (FC<0.5; FDR<0.05). We 

found different relationships between DNA methylation changes and gene 

expression (Figure 2B). An inverse relationship between DNA methylation and gene 
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expression was mainly observed for changes occurring in CpGs in the proximity of the 

TSS and within the first exon (Figure 2C) and it was less frequent in those at gene 

bodies and 3’UTR (Figure 2C). Comparing DNA methylation and expression data 

revealed that 452 genes were both hypomethylated and overexpressed and 280 

genes were both hypermethylated and repressed at the selected thresholds 

(Additional file 7). We selected a panel of 10 genes from those undergoing 

hypomethylation and hypermethylation to investigate the dynamics of DNA 

methylation and expression changes, and performed bisulfite pyrosequencing and 

quantitative RT-PCR over the entire osteoclastogenesis for three sets of samples 

(Figure 2D). We found that the promoters of genes like ACP5, CTSK, TM7SF4 and 

TM4SF19 rapidly became hypomethylated following RANKL and M-CSF stimulation 

(Figure 2D, top). In fact, around 60% of the entire range of hypomethylation occurred 

between days 0 and 4. Changes in mRNA levels occurred at a similar pace or, in some 

cases, in an even more gradual manner and were slightly delayed with respect to 

changes in DNA methylation. In contrast, hypermethylated genes like PPP1R16B, CD6 

and NR4A2 (Figure 2D, bottom) displayed loss of expression before experiencing an 

increase in DNA methylation, highlighting the different dynamics and mechanisms 

involved in hypomethylation and hypermethylation events.  

It is well established that osteoclastogenesis occurs in the absence of cell 

division. We tested the levels of cell division in our monocyte-to-osteoclast 

differentiation experiments by treating cells with BrdU pulses. Consistent with 

previous observations, fewer than 9.8% were found to be BrdU-positive between 1 

and 4 days, confirming the virtual absence of replication (Figure 2E and 

Supplementary Figure 3). This implies that the large DNA methylation changes 

observed in this time period are independent of DNA replication. This conclusion is 

also supported by the fact that treatment with 5-Aza-2′-deoxycytidine (5azadC), a 

pharmacological compound that results in replication-coupled DNA demethylation 

[33], had no significant effect on osteoclastogenesis (Figure 2F).  

The existence of DNA methylation changes in the absence of replication is 

particularly significant for genes undergoing demethylation, given the controversy 

around active DNA demethylation mechanisms. In this context, recent studies have 

drawn attention towards a family of enzymes, the Tet proteins, which convert 5-

methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) [34, 35] and other 

modified forms of cytosine, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)  

[36]. 5hmC, 5fC and 5caC may represent intermediates in an active demethylation 

pathway that ultimately replaces 5mC with cytosine in non-dividing cells [37, 38]. 
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Figure 2 (Part 1). (A) Heatmap showing expression levels on 0, 5 and 20 days. The 

heatmap includes all the genes displaying significant expression changes (a total of 4753 

with FC ≥ 2 or FC ≤ 0.5; p ≤ 0.01 and FDR ≤ 0.05). (Data in Supp. Table IV). (B) 

Scatterplots showing the relationship between the log2-transformed FC in expression 

and the log2-transformed FC in DNA methylation. 62% of the hypomethylated genes are 

overexpressed (in blue); on the contrary, 55% of the hypermethylated genes are 

repressed (in red). (C) Correlation between methylation and expression data (slope from 

the linear regression between DNA methylation differences versus expression 

differences) for all the differentially methylated genes organized by genomic location 

(first exon, transcription start site, 5’UTR, gene body, 3’UTR). (D) DNA methylation and 

expression dynamics of selected loci during monocyte-to-osteoclast differentiation. 

Methylation percentage as determine by bisulfite pyrosequencing. Quantitative RT-PCR 

data is relative to RPL38. DNA methylation and expression data are represented with a 

black and a red line respectively. 

To establish the potential involvement of hydroxymethylation we focused on 

the 5hmC levels at early time points in several of the genes that are hypomethylated 

during osteoclastogenesis, using a method that cleaves DNA that has C, 5mC, but not 
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the glucosyl-5hmC produced as a result of treatment with the 5-

hydroxymethylcytosine specific glucosyltransferase enzyme (Figure 2G). For several 

genes that become hypomethylated, like ACP5 and TM4SF19, we observed an initial 

increase in 5hmC levels followed by a slight but significant decrease (Figure 2H), 

indicating the involvement of hydroxymethylation, and therefore the activity of Tet 

proteins, in genes that undergo a reduction in DNA methylation. 

 

 

Figure 2 (Part 2). (E) BrdU assay showing the percentage of replicating cells at different 

times. From day 1 to day 4, only 9.46% of cells divide. (F) Effects of 5azadC treatment 

(50 nM, 500 nM) on osteoclastogenesis monitoring ACP5 and CTSK updownregulation 

and CX3CR1 downregulation and TRAP staining over time. (G) Workflow of the 

technique used to check the presence of 5 hydroxymethylcytosine in hypomethylated 

genes. DNA was treated with a 5hmC-specific glucosyltransferase. Cytosines bearing a 5-

hydroxymethyl are protected against digestion by the MspI restriction enzyme, making 

possible the detection of amplification in the region by qPCR. When no 5hmC is present, 

glucose is not transferred to the cytosine and the DNA is cleaved at the restriction 

enzyme target region (CCGG for MspI), and less amplification is detected by qPCR. 

Several controls are used to set the 0% and 100% content of 5hmC. (H) 5hmC content in 
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several of the CpGs that are rapidly demethylated after RANKL and MCSF stimulation of 

OC precursors. 

 

Sequences undergoing DNA methylation changes are enriched for binding motifs 

for AP-1, NF-kB and PU.1, key transcription factors in osteoclastogenesis 

Different studies have recently shown that transcription factor binding events are 

associated with changes in the DNA methylation profiles and the response to 

different situations [2, 39, 40]. To address this further, we first investigated the 

potential overrepresentation of transcription factor binding motifs among the 

sequences undergoing DNA methylation changes during OC differentiation using the 

TRANSFAC database and focusing on a region of 500 bp around the CpG sites 

identified as undergoing hypomethylation or hypermethylation. We noted highly 

significant overrepresentation of a small selection of transcription factor binding 

motifs for genes that undergo hypomethylation or hypermethylation (Figure 3A). We 

observed that the overrepresentation of binding motifs was very specific to the 

direction of the DNA methylation change (hypomethylation or hypermethylation).  

In the case of hypomethylated genes, we observed highly significant 

enrichment of binding motifs of the AP-1 family and NF-kB subunits (Figure 3A). We 

also observed enrichment of PU.1 (FDR 1.07E-12). In fact, 39% of all hypomethylated 

genes had binding motifs for AP-1, 15% genes had NF-kB binding motifs and another 

15% genes had binding motifs for PU.1 or other ETS-related factors (PU.1 alone, 9%) 

(Figure 3B). As aforementioned, these three groups of TFs play critical roles in 

osteoclastogenesis [41]. For instance, c-Fos, a component of the dimeric TF AP-1, 

regulate the switch between monocytes/macrophages and OC differentiation. Fra-1 

is downstream to c-Fos, whereas PU.1 and NF-kB are upstream. NF-kB is critical in the 

expression of a variety of cytokines involved in OC differentiation. In the case of 

hypermethylated genes, we identified even greater enrichment of the binding motifs 

of ETS-related transcription factors, especially PU.1 (Figure 3A). In fact, the PU.1 

binding motif is present in 15% of all hypermethylated genes (Figure 3B). Other 

motifs of ETS-related transcription factors from our list of hypermethylated genes 

included SPIB, ESE1, ETS1, ETS2 and others (Figure 3A). Much lower or insignificant 

levels of enrichment were obtained for AP-1 family members and NF-kB subunits 

among the hypermethylated genes. Previous studies have shown that genes that 

become methylated during hematopoietic differentiation are characterized by ETS 

transcription factors [2]. This appears to be particularly relevant in monocytic 

differentiation [1]. Interestingly, most of the reports about the role of PU.1 in 
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osteoclastogenesis are associated with the activation of osteoclast-specific genes. 

However, in relation with methylation changes, PU.1 appears to be better correlated 

with those changes in the direction of repression. Overall, the analysis of 

transcription factor motifs showed that several of the factors associated with 

osteoclastogenesis had a significant overrepresentation of their binding motifs 

among the sets of hypo-and hypermethylated genes (Additional file 9).  

To confirm the association of some of these factors with genes that become 

hypo-and hypermethylated we performed chromatin immunoprecipitation (ChIP) 

assays with a selection of transcription factors including PU.1, the NFkB subunit p65 

and c-Fos, given their known role in osteoclastogenesis as well as the presence of 

binding motifs for them around hypo-and hypermethylated genes (in the case of c-

Fos, it was chosen as a component of the dimeric TF AP-1). To select candidate genes 

we considered genes with motifs for these three factors among the list of hypo-and 

hypermethylated genes. For instance, genes that become hypomethylated and have 

binding sites for p65 include CCL5, IL1R and TNFR5SF. In the case of transcription 

factor c-Fos, we looked at genes that become hypomethylated like IL7R, CD59 and 

IL1R. In the case of PU.1, we chose key genes with PU.1 binding near the 

differentially methylated CpG, including ACP5 and TM4SF7 (hypomethylated) and 

CX3CR1 (hypermethylated). ChIP assays demonstrated the interaction of these 

factors with most of the aforementioned promoters, even before the stimulation 

with M-CSF and RANKL (Figure 3C), as if these genes were primed by these factors in 

monocytes. No binding was observed in control sequences like Sat2 repeats and the 

MYOD1 and TDRD1 promoters. Interestingly, in the case of PU.1, with both hypo-and 

hypermethylated genes displaying binding at 0 days, genes becoming demethylated 

showed a slight increase in PU.1 binding, whereas hypermethylated genes showed a 

slight decrease in PU.1 association (Figure 3C).  
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Figure 3. Association of transcription factors with DNA methylation changes during 

monocyte to OC differentiation. (A) Significant enrichment of predicted TF (TRANSFAC 

motif) in hypo/hypermethylated CpG sites regions. A 500-bp window centered around 

the hypo-/hypermethylated CpG sites was tested. The name of the transcription factor 

binding motif, the p-value and the TF family are provided. Below we show three of the 
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motifs that have a higher representation in this analysis (B) Diagrams showing the 

percentage of hypo-/hypermethylated CpGs with AP-1, NF-kB and PU.1 binding sites 

relative to the total number of hypo-/hypermethylated CpGs. (C) Quantitative ChIP 

assays showing the binding of three selected transcription factors (p65 NF-kB subunit, 

Fos and PU.1 to target genes selected by the presence of the putative binding motifs 

according to the TRANSFAC analysis). Samples were analyzed at 0 ad 2 days after 

RANKL/M-CSF stimulation. We used Sat2 repeats and the TRDR1 MyoD1 promoter as 

negative control sequences. 

 

PU.1 recruits DNMT3b and TET2 to hypermethylated and hypomethylated genes  

To investigate the potential role of the aforementioned transcription factors in the 

acquisition of DNA methylation changes we chose PU.1 and NF-kB (p65 subunit) as 

two representative examples. We first checked their expression levels during 

osteoclastogenesis, by carrying out qRT-PCR and western blot assays. mRNA and 

protein analysis (Figure 4A and 4B) both confirmed the expression of these factors. 

PU.1 revealed an increase at the mRNA levels, although there was no change at the 

protein level. In the case of p65 NF-kB we only observed a clear increase at the 

protein level (Figure 4B). In parallel, we also confirmed the presence of DNMT3b, a 

de novo DNA methyltransferase, and the Ten eleven translocation (TET) protein 

TET2, as enzymatic activities potentially related with DNA demethylation (Figure 4A 

and 4B). TET proteins are responsible for conversion of 5mC in 5hmC [34], 5fC and 

5cac [36]. Recent evidences support a role for TET-dependent active DNA 

demethylation process [44, 45]. We focused on TET2 given their high levels in 

hematopoietic cells of myeloid origin [46, 47]. Also, we have recently reported that 

TET2 plays a role in derepressing genes in pre-B cell to macrophage differentiation 

[46], and recent data shows that TET2 is required for active DNA demethylation in 

primary human MOs [47]. In fact TET1 and TET3 were undetectable in western blot 

(not shown) and qRT-PCR evidenced their low levels in this cell type (Figure 4A, only 

shown for TET1).  

The confirmed binding of factors like PU.1 and the p65 subunit of NF-kB to 

hypo-and hypermethylated genes (Figure 3C) raised the possibility of their potential 

direct interaction with factors involved in maintaining the DNA methylation 

homeostasis. Some of these interactions have already been explored. For instance, 

PU.1 physically interacts with the de novo DNA methyltransferases DNMT3A and 

DNMT3B [48]. Such an interaction, if it occurred in osteoclastogenesis, could provide 

a potential mechanism to explain how PU.1 target genes become hypermethylated. 

104



Artículo 2:  PU.1 targets genes undergo TET2-coupled demethylation and DNMT3b-
mediated methylation in monocyte-to-osteoclast differentiation 

 

 

One would expect that these transcription factors could also interact with factors 

participating in demethylation processes. Our previous results suggested the 

existence of 5hmC enrichment in genes that become hypomethylated, and therefore 

it is reasonable to test whether NF-kB p65 and PU.1 interact with Tet proteins, the 

enzymes catalyzing hydroxylation of 5mC.  

We therefore tested the recruitment by NF-kB p65 and PU.1 of both DNMT3b 

and TET2 by carrying out immunoprecipitation assays with osteoclastogenesis 

samples 0, 2 and 4 days after stimulation with M-CSF and RANKL. Our results showed 

that PU.1 directly interacted with both DNMT3b and TET2 (Figure 4C). It is plausible 

that these two interactions may involve different subpopulations of PU.1, for 

instance with specific post-translational modifications like Ser phosphorylation. 

However, we did not address this aspect at this point. In the case of NF-kB, we did 

not observe binding with either of these factors (Figure 4C). This could perhaps be 

explained by the fact that p65 is shuttling back to the cytoplasm much of the time.  

To confirm the interaction between PU.1 and DNMT3b and TET2, we performed 

reciprocal immunoprepitation experiments with anti-DNMT3b and anti-TET2. These 

confirmed the direct interaction with PU.1 (Figure 4C). Our results suggested that 

PU.1 may play a dual coupling transcription factor that can interact with the DNA 

methyltransferases and enzymes perhaps participating in, or leading to, 

demethylation. It is likely that other factors participate in the recruitment of these 

enzymes, however at this stage we focused on PU.1 because of its ability to bind 

both DNMT3b and Tet2 and its association with both hyper-and hypomethylated 

sequences.  

We then investigated the dual role of PU.1 in recruiting TET2 and DNMT3b to 

promoters. To this end we performed chromatin immunoprecipitation assays with 

PU.1, TET2 and DNMT3b in MOs at 0 and 2 days following stimulation with M-

CSF/RANKL. We amplified gene promoters with predicted binding sites for PU.1 that 

become both demethylated (ACP5, TMS7SF4 and TM4SF19) as well as 

hypermethylated (CX3CR1 and NR4A2) and used a non-target of PU.1 (MYOD1) as 

negative control. Our analysis showed binding of PU.1 at both 0 and 2 days (Figure 

4D). For genes that become hypomethylated, we observed an increased recruitment 

of TET2 at these promoters after 2 days, whereas DNMT3b was initially enriched but 

its association with these promoters was lost after M-CSF and RANKL stimulation 

(Figure 4D). In genes that become hypermethylated (CX3CR1 and NR4A2), we also 

observed association of PU.1 at both 0 and 2 days. However we again observed a 

slight decrease at 2 days together. We also observed increased recruitment of 
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DNMT3b at 2 days after M-CSF/ RANKL stimulation. We did not observe association 

of PU.1, DNMT3b and TET2 in the negative control for PU.1 binding, the MyoD 

promoter.  
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Figure 4. (A) Quantitative RT-PCR analysis showing the mRNA levels of factors and 

elements of the DNA methylation machinery during osteoclastogenesis. (B) Western 

blot showing the protein levels of factors and elements of the DNA methylation 

machinery during osteoclastogenesis. (C) Immunoprecipitation of p65 and PU.1 showing 

the interaction with DNMT3B and TET2 on 0, 2 and 4 days after RANKL and M-CSF 

stimulation. IgG was used as a negative control. Reciprocal immunoprecipitation 

experiments are shown in the bottom panel. (D) Quantitative ChIP assays showing the 

binding of PU.1, TET2 and DNMT3b binding to hypomethylated genes (ACP5, TM7SF4 

and TM4SF19) and hypermethylated genes (CX3CR1, NR4A2), all direct targets of PU.1, 

and a negative control (MYOD1 promoter) without PU.1 target sites. The experiment 

was performed with three biological triplicates but only one experiment is shown. T-

student test comparing binding of each antibody between 0 d vs 2 d was performed: * 

corresponds to p-value<0.05; ** means pvalue<0.01; *** means p-value<0.001. (E) 

Examples showing PU.1 binding (from ChIPseq data, GSE31621) to the region 

neighbouring hypo-and hypermethylated CpGs. The PU.1 binding motif location is 

presented as a horizontal blue dot and the CpG displaying differential methylation 

(Illumina probe) between MO and OC is marked with a red bar. (F) Analysis of ChIPseq 

analysis for PU.1 and comparison to TRANSFAC predictions. Top panel: proportion of the 

CpG-containing probes displaying DNA methylation changes that have peaks for PU.1 

binding in the same 500 bp window. Diagrams are separated in the hypo-and 

hypermethylated sets and in promoter and distal regions (gene bodies, 3’UTR and 

intergenic regions). Bottom panel, Venn diagrams showing the overlap of PU.1 targets 

from ChIPseq data (GEO accession number: GSE31621) in MOs and TRANSFAC 

prediction for PU.1, both using a window of 500 pb with the CpG that displays significant 

changes in methylation centered.  

To evaluate the extent to which hypo-and hypermethylated genes correlate 

with PU.1 occupancy, we used our DNA methylation data and PU.1 ChIPseq data 

(GSE31621) obtained in MOs [1]. Most of the individual example genes previously 

analyzed displayed PU.1 binding overlapping or in the proximity of the CpG sites 

undergoing a methylation change (Figure 4E). To systematize the analysis we used a 

window of 500 bp centered around the CpG displaying DNA methylation changes. 

Under these conditions we found that 10.7% of all hypomethylated CpGs located in 

promoter regions genes and 25.1% of all hypermethylated CpGs located in promoter 

regions had PU.1 peaks within this 500 bp window (Figure 4F). These numbers were 

similar when focusing on CpGs located in distal regions (Figure 4F). We also 

compared the ChIPseq data to the prediction by TRANSFAC analysis and observed 

that the overlap between the two sets of list was around 20.6% for hypomethylated 

genes and 46.9% for hypermethylated genes, again using the same 500 bp for both 

datasets (Figure 4F). These analyses reinforced the notion of PU.1 associated with a 

high number of genes undergoing DNA methylation changes, however it also reveals 
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the weakness in the predictive power of TRANSFAC motif searches and the need of 

experimental validation of its results. 

Dowregulation of PU.1 in MOs impairs activation of OC markers, hypomethylation 

and recruitment of DNMT3b and TET2  

To investigate a potential causal relationship between PU.1 and DNA methylation 

changes in monocyte-to-osteoclast differentiation we investigated the effects of 

ablating PU.1 expression in MOs. We therefore downregulated PU.1 levels in MOs 

using transient transfection experiments with a mix of two siRNAs targeting exon2 

and the 3’UTR of PU.1 (Figure 5A). In parallel, we used a control siRNA. Following 

transfection we stimulated differentiation using RANKL/M-CSF. In these conditions, 

we checked by qRT-PCR and western blot the effects on PU.1 levels at 1, 2 , 4 and 6 

days following RANKL/M-CSF stimulation of MOs and confirmed the PU.1 

downregulation close to 60% (Figure 5B and 5C). We then observed that the 

upregulation of genes like ACP5 and CTSK (both PU.1-direct targets) was partially 

impaired (Figure 5D). In the case of genes like CX3CR1 and NR4A2 we determined 

that downregulation was also impaired in PU.1-siRNA treated MOs. Interestingly, we 

also analyzed two genes that are not direct PU.1 targets, one upregulated and 

hypomethylated during osteoclastogenesis (PLA2G4E) and a second one, highly 

methylated, that does not experience DNA methylation changes during OC 

differentiation (FSCN3). PU.1-siRNA treatment had only small effects on gene 

expression changes during osteoclast differentiation (perhaps due to indirect effects) 

when compared to control siRNA, confirming the specificity of the changes observed 

for the other genes (Figure 5D, bottom). We then tested the effects of PU.1 

downregulation in DNA methylation changes. We looked at both PU.1-target genes 

that become hypomethylated and hypermethylated. In both cases, we observed that 

downregulation of PU.1 impaired the acquisition of DNA methylation changes, in 

contrast with the changes observed for control siRNA-treated MOs (Figure 5D). In the 

case of TM7SF4, one of the key genes undergoing hypomethylation, we did not 

detect an effect of PU.1 downregulation on its DNA methylation dynamics (Additional 

file 10). However, this could perhaps be explained because this gene undergoes 

changes before downregulation of PU.1 by siRNA is effective, within day 1 (Additional 

file 10) and suggests the participation of other factors in this process. At any rate, the 

observed effects only occurred in PU.1 targets. It did not affect genes that are not 

targeted by PU.1 (PLA2G4E, FSCN3). In the case of PLA2G4E, PU.1-siRNA treatment 

did not impair the loss of methylation that occurred in the control experiment. For 

FSCN3, we observed no loss of methylation in any case (Figure 5D).  
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Figure 5. Effect of the downregulation of PU.1 in the recruitment and function of 

epigenetic machinery to OC promoters. PU.1 has a direct role in leading DNA 

methylation changes at their targets. (A) Scheme depicting the two regions of the SPI1 

gene (PU.1) (exon 2 and 3’UTR) targeted by the two siRNAs used in this study. (B) Effects 

of siRNA experiments on PU.1 levels at 1, 2, 4 and 6 days as analyzed by qRT-pCR (C) 

Effects of siRNA experiments on PU.1 levels at 1, 2, 4 and 6 days as analyzed by western 

blot (D) Effects of PU.1 downregulation on expression and methylation of PU.1-target 

genes that become demethylated (ACP5, CTSK), genes that become hypermethylated 

(CX3CR1, NR4A2) and non pU.1 target genes, PLA2G4E, which becomes also 

overexpressed and demethylated, and FSCN3, which is hypermethylated and does not 

undergo loss of methylation during osteoclastogenesis (E) ChIP assays showing the 

effects of PU.1 downregulation in its recruitment, together with TET2 and DNMT3b 

binding to the same genes. Data were obtained at 0, 2 and 6 days after M-CSF /RANL 

stimulation. To simplify the representation negative control assays with IgG for each 

time point have been substracted to the experiments with each antibody. We have used 

the MYOD1 promoter as a negative control (data without substracting the background is 

presented in Additional file 10). The experiment was performed with three biological 

triplicates but only one experiment is shown. Error bars correspond to technical 

replicates. Some of them are smaller than the data point icon. T-student test was 

performed: * corresponds to p-value<0.05; ** means p-value<0.01; *** means p-

value<0.001. 

Finally, we compared the effect of PU.1 downregulation in the recruitment of 

DNMT3b and TET2 to hyper-and hypomethylated promoters (Figure 5E and 

Additional file 10). As expected, we observed that PU.1 dowregulation resulted in a 

decrease of the levels of PU.1 associated with the promoters of both hypo-and 

hypermethylated genes. Most importantly, it also reduced the association of 

DNMT3b and TET2 reinforcing the notion of the role of these factors and their 

association with PU.1 in the DNA methylation changes occurring at these CpG sites 

(Figure 5E). The time course analysis (at 2 and 6 days) of these results also revealed a 

complex dynamics for the PU.1, TET2 and DNMT3b interactions with their target 

genes, particularly in the case of hypermethylated genes. It is possible that 

perturbation of PU.1 levels could be compensated by additional factors that 

participate in the acquisition of DNA methylation changes of these genes. These 

aspects will need to be further investigated.  
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DISCUSSION 

Our results provide evidence of the participation of transcription factors, focusing on 

PU.1, in determining changes in DNA methylation during monocyte-to-osteoclast 

differentiation. First, a detailed analysis of the sequences undergoing DNA 

methylation changes produced evidences of the participation of several transcription 

factors, given the specific overrepresentation of certain motifs in hypo-and 

hypermethylated genes. This initial analysis was validated in several candidate genes 

and using ChIPseq data for human primary monocytes [1]. Second, further analyses 

on one these candidate transcription factors, PU.1, and manipulation of its levels 

revealed a novel role for this factor in mediating DNA methylation changes during 

osteoclastogenesis, by direct binding of both DNMT3B and TET2.  

In general, DNA methylation changes in differentiation or any other dynamic 

process are of interest for two reasons: 1) these changes are generally associated 

with gene expression changes, particularly when associated with promoters or gene 

bodies, and reveal aspects intrinsic to identity and function of the corresponding cell 

types. 2) they can be considered as epigenetic footprints that, despite not necessarily 

being associated with an expression or organizational change, reveal a change in the 

milieu of a particular CpG and therefore can be used to trace the participation of 

specific transcription factors or other nuclear elements in that 

environment/neighborhood. This information can then be used to reconstruct cell 

signaling events, transcription factors involved and mechanisms participating in 

differentiation. In this sense, our data show that DNA methylation changes are 

involved in the differentiation dynamics and stabilization of the OC phenotype since 

they are concomitant with, or even precede, expression changes. These data are 

closely correlated with gene expression changes, and a majority of genes that 

undergo hypomethylation or hypermethylation at their promoters or gene bodies 

also experience a change in expression, although the relationship varies between 

different gene sets. Finally, gene ontology analysis reveals that all relevant functional 

categories and the majority of key genes for differentiation or the activity of 

functional OCs undergo DNA methylation changes and that genes within all relevant 

functional categories undergo DNA methylation changes..  

Our study suggests that both hypomethylation and hypermethylation events 

are equally important. Hypomethylation events, in many cases associated with gene 

activation, affect genes that are specific to this differentiation process or are related 

with the function of differentiated OCs. In contrast, the identity of genes affected by 

hypermethylation events is less closely correlated with OC function, given that most 

of them are related with gene repression. In fact, we found that hypermethylation 
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affects genes that are specific to other cellular types. Given that osteoclastogenesis 

involves cell fusion and the generation of highly polyploid cells, we had speculated 

whether the existence of redundant copies of genetic material could lead to massive 

gene repression, and the silencing of extra copies. However, hypermethylation does 

not seem to be predominant over hypomethylation. The two activities are very 

specific to particular gene sets and there are no indications of changes in repetitive 

elements.  

A number of transcription factors are essential for OC formation. Some of 

these factors are involved in various differentiation processes. Among these, PU.1, c-

Fos, NF-kB and other factors are essential for osteoclastogenesis. In fact, NF-kB and 

PU.1-deficient mice show a macrophage differentiation failure, and 

osteoclastogenesis is inhibited at an early stage of differentiation. c-Fos is a 

component of the dimeric TF AP-1, which also includes FosB, Fra-1, Fra-2, and Jun 

proteins such as c-Jun, JunB, and JunD. Other key factors involved in OC 

differentiation include CEBPalpha [42] and Bach1[49]. Osteoclastogenesis also 

depends on the activity of more specific transcription factors like NFATc1 and MITF. 

Interestingly, the analysis of the presence of transcription factor binding sites in 

sequences that undergo DNA methylation changes shows a significant enrichment in 

binding motifs of transcription factors that are key in OC differentiation, some of 

which we have validated for a selection of putative target genes.  

One of the most interesting factors in this process is the ETS factor PU.1. In fact, PU.1 

is the earliest molecule known to influence the differentiation and commitment of 

precursor myeloid cells to the OC lineage. PU.1 functions in concert with other 

transcription factors, including c-Myb, C/EBPa, cJun and others, to activate 

osteoclast-specific genes.  

Our results reveal two hitherto undescribed roles for PU.1 in the context of 

monocyte-to-OC differentiation. First, we have identified the association of PU.1 with 

genes that become repressed through hypermethylation and describe its direct 

interaction with DNMT3b in the context of osteoclastogenesis. Second, we identify a 

novel interaction between PU.1 and TET2 and their association with genes that 

become demethylated. Our study shows that PU.1 may act as a dual adaptor during 

osteoclastogenesis, in the directions of hypomethylation and hypermethylation. This 

is compatible with previous data on genome wide DNA methylation profiling 

comparing cell types across the hematopietic differentiation system where an 

overrepresentation of ETS transcription factor binding sites was found [2]. In 

monocyte-to-osteoclast differentiation, PU.1 is best known for its role in the 
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activation of osteoclast-specific genes. However, studies in other models have 

previously shown that PU.1 can participate in the repression of genes in concert with 

elements of the epigenetic machinery. For instance, PU.1 is known to generate a 

repressive chromatin structure characterized by H3K9me3 in myeloid and erythroid 

differentiation [50]. Also, PU.1 has been shown to act in concert with MITF to recruit 

corepressors to osteoclast-specific in committed myeloid precursors capable of 

forming either macrophages or OC [51]. Moreover, previous studies have shown that 

PU.1 can form a complex with DNMT3a and DNMT3b [48]. However, this is the first 

report where the association between PU.1 and DNMTs in association with gene 

repression is shown in this context.  

Moreover, our findings constitute the first report where the binding of PU.1 

to TET2 has been described. Several recent reports have pointed at TET2-mediated 

hydroxylation of 5-methylcytosine as an intermediate step towards demethylation 

[52] and our data shows changes in 5hmC at genes that become demethylated in 

osteoclastogenesis, reinforcing the possibility that PU.1-mediated recruitment of 

TET2 is leading to 5hmC-mediated demethylation. However the detailed mechanisms 

that couple hydroxylation of 5mC and demethylation are still object of debate.  

The manipulation of PU.1 levels by using siRNAs has shown that PU.1 has a 

direct role in recruiting DNMT3b and TET2 to its target promoters, as well as showing 

how impaired association of PU.1 results in defective acquisition of DNA methylation 

changes in both directions as well as reduced effect on gene expression changes. 

Therefore, our data reveal a novel role of PU.1 as a dual adaptor with the ability to 

bind both epigenetically repressive and epigenetically activating events and targeting 

DNA methylation changes in both directions (Figure 6). The incomplete impairment 

of DNA methylation and expression changes, as well as partial loss of Tet2 and  

DNMT3b following PU.1 knock-down indicates that additional transcription 

factors are also participating in this process. In future studies, it will also be 

interesting to identify the mechanisms that operate in the specific recruitment of 

PU.1-TET2 to genes that become demethylated, and to determine how PU.1-

DNMT3b is recruited to genes that become hypermethylated. It is likely that specific 

transcription factors play a role, and specific post-translational modifications in PU.1 

may participate in the coupling of its associated complexes to specific factors. In this 

context, Ser phosphorylation of PU.1 has already been shown to play a role in its 

recruitment to promoters [53] and could also participate in discriminating interaction 

with epigenetic modifiers.  
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Our study has allowed us to identify key DNA methylation changes during OC 

differentiation and has revealed an implication of PU.1 in the acquisition of DNA 

methylation and expression changes as well as identifying novel interactions with 

DNMT3b and TET2.  

 

Figure 6. Model showing the proposed recruitment of TET2 and DNMT3b by PU.1 to its 

target genes that become hypo- or hypermethylated respectively during 

osteoclastogenesis. Genes that become hypomethylated exchange PU.1-DNMT3b by 

PU.1-TET2 (although whether pre-existing subpopulations of these association exist or 

alternatively if a post-translational or another event mediates exchange of TET2 and 

DNMT3b is not elucidated in the present stay). TDG is likely to mediate conversion of 

5hmC/5fmC/5caC to demethylated cytosine. Hypermethylated genes do not display 

binding of TET2, and recruit DNMt3b as differentiation to OCs is triggered. 
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CONCLUSIONS 

Our study of the DNA methylation changes in monocyte-to-osteoclast differentiation 

reveals the occurrence of both hypomethylation and hypermethylation changes. 

These changes occur in the virtual absence of DNA replication suggesting the 

participation of active mechanisms, particularly relevant for hypomethylation events, 

for which the mechanisms are still subject of debate. Also, when comparing the 

dynamics of DNA methylation and expression changes, hypomethylation occurs 

concomitant or even earlier than expression changes. In contrast, for the majority of 

genes becoming hypermethylated, hypermethylation follows expression changes. 

Hypomethylation takes place in relevant functional categories related with OC 

differentiation and most of the genes that are necessary for OC function undergo 

hypomethylation including ACP5, CTSK and TM7SF4 among others. The analysis of 

overrepresentation of transcription factor binding motifs reveals the enrichment of 

specific motifs for hypomethylated and hypermethylated genes. Among these, PU.1 

and other ETS-related binding motifs are highly enriched in both hypomethylated and 

hypermethylated genes. We have demonstrated that PU.1 is bound to both hypo- 

and hypermethylated promoters and that it is able to recruit both DNMT3b and TET2. 

Most importantly, downregulation of PU.1 with siRNAs not only shows a reduction in 

the recruitment of these enzymes to their corresponding target sites but also a 

specific reduction in the acquisition of DNA methylation and expression changes at 

PU.1 target genes. Our results demonstrate a key role of PU.1 in driving DNA 

methylation changes during OC differentiation.  
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MATERIALS AND METHODS 

Differentiation of OCs from peripheral blood mononuclear cells 

Human samples (blood) used in this study came from anonymous blood donors and 

were obtained from the Catalan Blood and Tissue Bank (Banc de Sang i Teixits) in 

Barcelona as thrombocyte concentrates (buffy coats). The anonymous blood donors 

received oral and written information about the possibility that their blood would be 

used for research purposes, and any questions that arose were then answered. Prior 

to obtaining the first blood sample the donors signed a consent form at the Banc de 

Teixits. The Banc de Teixits follows the principles set out in the WMA Declaration of 

Helsinki. The blood was carefully layered on a Ficoll–Paque gradient (Amersham, 

Buckinghamshire, UK) and centrifuged at 2000 rpm for 30 min without braking. After 

centrifugation, peripheral blood mononuclear cells (PBMCs), in the interface 

between the plasma and the Ficoll– Paque gradient, were collected and washed 

twice with ice-cold PBS, followed by centrifugation at 2000 rpm for 5 min. Pure 

CD14+ cells were isolated from PBMCs using positive selection with MACS magnetic 

CD14 antibody (Miltenyi Biotec). Cells were then resuspended in α-minimal essential 

medium (α-MEM, Glutamax no nucleosides) (Invitrogen, Carlsbad, CA, USA) 

containing 10% fetal bovine serum, 100 units/ml penicillin, 100µg/ml streptomycin 

and antimycotic and supplemented with 25 ng/mL human M-CSF and 50 ng/ml 

hRANKL soluble (PeproTech EC, London, UK). Depending on the amount needed, cells 

were seeded at a density of 3·105 cells/well in 96-well plates, 5·106 cells/well in 6-well 

plates or 40·106 cells in 10 mm plates and cultured for 21 days (unless otherwise 

noted); medium and cytokines were changed twice a week. The presence of OCs was 

checked by tartrate-resistant acid phosphatase (TRAP) staining using the Leukocyte 

Acid Phosphatase Assay Kit (Sigma–Aldrich) according to the manufacturer's 

instructions. A phalloidin/DAPI stain allowed us to confirm that the populations were 

highly enriched in multinuclear cells, some of them containing more than 40 nuclei. 

We used several methods to determine that on day 21 almost 85% of the nuclei 

detected were “osteoclastic nuclei” (in polykaryons, nuclei and not cells were 

quantified). OCs (TRAP-positive cells with more than three nuclei) were also analyzed 

at the mRNA level: upregulation of key OC markers (TRAP/ACP5, CA2, MMP9 and 

CTSK) and the downregulation of the MO marker CX3CR1 were confirmed.  

Treatment of MOs with 5-aza-2-deoxycytidine  

In some cases we performed monocyte-to-osteoclast differentiation experiments in 

the presence of different subtoxic concentrations of the DNA replication-coupled 

demethylating drug 5-aza-2deoxycytidine (at 50 nM, 500 mM) for 72 h.  
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Visualization of OCs with phalloidin and DAPI staining  

PBMCs or pure isolated CD14+ cells were seeded and cultured in glass Lab-Tek 

Chamber Slides (Thermo Fisher Scientific) for 21 days in the presence of hM-CSF and 

hRANKL. OCs were then washed twice with PBS and fixed (3.7% paraformaldehyde, 

15 min). Cells were permeabilized with 0.1% (V/V) Triton X-100 for 5 min and stained 

for F-actin with 5 U/mL Alexa Fluor® 647-Phalloidin (Invitrogen). Cells were then 

mounted in Mowiol-DAPI mounting medium. Cultures were visualized by CLSM (Leica 

TCP SP2 AOBS confocal microscope).  

DNA methylation profiling using universal bead arrays  

Infinium HumanMethylation450 BeadChips (Illumina, Inc.) were used to analyze DNA 

methylation. This array allows interrogating > 485,000 methylation sites per sample 

at single-nucleotide resolution, covering 99% of RefSeq genes, with an average of 17 

CpG sites per gene region distributed across the promoter, 5'UTR, first exon, gene 

body and 3'UTR. It covers 96% of CpG islands, with additional coverage in CpG island 

shores and the regions flanking them. DNA samples were bisulfite converted using 

the EZ DNA methylation kit (Zymo Research, Orange, CA). After bisulfite treatment, 

the remaining assay steps were performed following the specifications and using the 

reagents supplied and recommended by the manufacturer. The array was hybridized 

using a temperature gradient program, and arrays were imaged using a BeadArray 

Reader (Illumina Inc.). The image processing and intensity data extraction software 

and procedures were those previously described [54]. Each methylation data point is 

obtained from a combination of the Cy3 and Cy5 fluorescent intensities from the M 

(methylated) and U (unmethylated) alleles. Background intensity computed from a 

set of negative controls was subtracted from each data point. For representation and 

further analysis we used both Beta values and M values. The Beta-value is the ratio of 

the methylated probe intensity and the overall intensity (sum of methylated and 

unmethylated probe intensities). The M-value is calculated as the log2 ratio of the 

intensities of methylated probe versus unmethylated probe. The Beta-value ranges 

from 0 to 1 and is more intuitive and was used in heatmaps and in comparisons with 

DNA methylation percentages from bisulfite pyrosequencing experiments, however 

for statistic purposes it is more adequate the use of M values [55].  

Detection of differentially methylated CpGs  

The approach to select differentially methylated CpGs was implemented in R [56], a 

well-known language in statistical computing. In order to process Illumina Infinium 

HumanMethylation450 methylation data, we used the methods supplied in limma 

117



Artículo 2:  PU.1 targets genes undergo TET2-coupled demethylation and DNMT3b-
mediated methylation in monocyte-to-osteoclast differentiation 

 

 

[57], genefilter, and lumi [58] packages from Bioconductor repository. Previous to 

statistical analysis, a pre-process stage is applied, the main steps are: 1) Color 

balance adjustment, i.e., normalization between two color channels; 2) Performing 

quantile normalization based on color balance adjusted data, and 3) variance filtering 

by IQR (Interquartile range) using 0.50 for threshold value. Subsequently, for 

statistical analysis, eBayes moderated t-statistics test was carried out from limma 

package [57]. Specifically, a paired limma was performed as designed in IMA package 

[59]. To choose significant differences in methylated CpGs several criteria have been 

proposed. In this study, we considered a probe as differentially methylated if (1) has 

a fold-change >2 for hypermethylated and <0.5 hypomethylated) and (2) the 

statistical test was significant (p-value<0.01 and FDR<0.05).  

Identification of genomic clusters of differentially methylated CpGs  

A clustering method was applied to the differenced methylated CpGs from charm 

package [60]. We re-implemented the code to invoke the main clustering function 

using genomic CpG localisation: identify Differentially Methylated Regions (DMRs) by 

grouping differentially methylated probes (DMPs). The maximum allowable gap 

between probe positions for probes to be clustered into the same region was set to 

500 bp. It has been shown that in many cases methylation changes are observed over 

a range of CpGs, which may be identified for instance at shores close to Transcription 

Starting Sites. We considered that DMR are more robust signals than DMPs. In this 

analysis, the considered list of CpGs attains a p-value below 0.01 and FDR < 0.05.  

Bisulfite sequencing and pyrosequencing  

We used bisulfite pyrosequencing to validate CpG methylation changes resulting 

from the analysis with the Infinium HumanMethylation450 BeadChips. Bisulfite 

modification of genomic DNA isolated from MOs, OCs, and samples from time course 

or PU.1-knockdown experiments was carried out as described by Herman et al. [61]. 

2 µl of the converted DNA (corresponding to approximately 20-30 ng) were then 

used as a template in each subsequent PCR. Primers for PCR amplification and 

sequencing were designed with the PyroMark® Assay Design 2.0 software (Qiagen). 

PCRs were performed with the HotStart Taq DNA polymerase PCR kit (Qiagen), and 

the success of amplification was assessed by agarose gel electrophoresis. PCR 

products were pyrosequenced with the PyromarkTM Q24 system (Qiagen). In the case 

of repetitive elements (Sat2, D4Z4, NBL2 and 18S rRNA and 28 rRNA) we performed 

standard bisulfite sequencing of a minimum of 10 clones. Results from bisulfite 

pyrosequencing and sequencing of multiple clones are presented as a percentage of 
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methylation. All primer sequences are listed in Additional file 11. Raw data for 

bisulfite sequencing of all samples is presented in Additional file 4.  

Gene expression data analysis and comparison of DNA expression data versus DNA 

methylation data 

In order to compare expression data versus methylation data, we used CD14+ and OC 

expression data from ArrayExpress database www.ebi.ac.uk/arrayexpress) under the 

accession name (EMEXP-2019) from a previous publication [32]. Affymetrix GeneChip 

Human Genome U133 Plus 2.0 expression data was processed using limma [57] and 

affy [62] packages from bioconductor. The pre-processing stage is divided in three 

major steps: 1) background correction, 2) normalization, and 3). reporter 

summarization. Here, the expresso function in affy package was chosen for 

preprocessing. Thus, the RMA method [63] was applied for background correction. 

Then, a quantile normalization was performed. In addition, we introduced a specific 

step for PM (perfect match probes) adjustment, utilizing the PM-only model based 

expression index (option 'pmonly'). And finally, for summarization step, the median 

polish method was taken. Next, as previously in the methylation analysis, a variance 

filtering by IQR (Interquartile range) using 0.50 for threshold value was executed. 

After preprocessing, a statistical analysis was applied, using eBayes moderated t-

statistics test from limma package. Subsequently, expression genes matching to 

methylated genes were studied. Genes differentially expressed between MOs and 

Mo-OCs groups were selected with a criteria of p-value lower than 0.01 and False 

Discovery Rate (FDR) lower than 0.05 as calculated by Benjamini-Hochberg and a 

fold-change of expression higher than 2 or lower than 0.5. Validation of expression 

data was performed by quantitative RT-PCR. All primer sequences are listed in 

Additional file 11.  

Gene ontology analysis  

Gene ontology (GO) was analyzed with the FatiGO tool [64], which uses Fisher’s exact 

test to detect significant over-representation of GO terms in one of the sets (list of 

selected genes) with respect to the other (the rest of the genome). Multiple test 

correction to account for the multiple hypotheses tested (one for each GO term) was 

applied to reduce false positive results. GO terms with adjusted values of p < 0.05 

were considered significant.  
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Analysis of transcription factor binding  

We used the STORM algorithm [65] to identify potential overrepresentation of 

transcription factor motifs in the 500 bp region around the center of the 

hypomethylated/hypermethylated CpG sites (as well as for all other CpGs-containing 

probes contained in the array) assuming cutoff values of p = 0.00002 (for hypo-

/hypermethylated probes) and 0.00001 (for all other probes), using position 

frequency matrices (PFMs) from the TRANSFAC database (Professional version, 

release 2009.4) [66]. Enrichment analysis of predicted TF in the probes of significant 

hypomethylated probes (n = 421) was conducted using GiTools ([67]; 

www.gitools.org). We calculated two-tailed probabilities, and a final adjusted FDR p-

value (with 0.25 cutoff) was considered statistically significant. We downloaded PU.1 

ChIPseq data for CD14+ MOs generated by Michael Rehli’s laboratory [1] from the 

Gene Expression Omnibus (GSE31621). The genomic locations of the calculated peaks 

were mapped to GRCh37.p10 human alignment obtained from Biomart [68], by using 

bedtools (intersect function) in order to obtain the PU.1 occupied genes. To 

determine whether a given CpG (from the Illumina bead array) was positive for PU.1 

binding, we used the same 500 bp window used for TRANSFAC analysis.  

Graphics and heatmaps  

All graphs were created using Prism5 Graphpad. Heatmaps were generated from the 

expression or methylation data using the Genesis program (Graz University of 

Technology) [43].  

BrdU proliferation assays  

BrdU was used at a final concentration of 300 µm, as previously described. On the 

days specified, BrdU pulsing solution was added to each well for 2 to 4 days. For 

confocal microscopy of monocyteto-osteoclast differentiation samples, CD14+ cells 

were seeded on Millicell EZ 8-well glass slides (Millipore) and cultured in 

differentiation media. At different times BrdU was added to the medium and after 2-

4 days cells were fixed (4% paraformaldehyde, 30 minutes, RT), permeabilized (PBS-

BSA-Triton X-100 0,8%, 10 minutes, RT) and treated with HCl 2N for 30 minutes. After 

DNA opening, HCl was neutralized by two 5-minute washes with NaBo (0.1M, pH 8.5) 

and two 5-minutes washes with PBT. Cells were incubated with anti-BrdU antibody 

(18 h at 4ºC, 1:1000 dilution) and an anti-mouse Alexa-568 conjugated antibody was 

added to visualize the BrdU-positive nuclei. A phalloidin incubation step and Mowiol-

DAPI mounting media were used.  
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Transfection of primary human MOs  

We used two different Silencer® select pre-designed siRNAs against human PU.1 (one 

targeting exon 2 and another targeting the 3’UTR) and a Silencer® select negative 

control to perform PU.1 knockdown experiments in peripheral blood MOs. We used 

Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) for efficient siRNA 

transfection. mRNA and protein levels were examined by quantitative RT-PCR and 

western blot at 1, 2, 4 and 6 days after siRNA transfection. In this case MO samples 

were prepared by incubating PBMCs in plates in α-MEM without serum for 30 min 

and washing out the unattached cells. Under these conditions over 80% are MOs. 

This alternative protocol was used for increased viability following transfection. 

These experiments were performed with three biological replicates.  

Chromatin immunoprecipitation (ChIP) assays and immunoprecipitation 

experiments  

Immunoprecipitation was performed by standard procedures in CD14+ cells at 0, 2 

and 4 days after treatment with M-CSF and RANKL. Cell extracts were prepared in 50 

mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% Triton-X-100 and protease 

cocktail inhibitors (Complete, Roche Molecular Biochemicals). Cellular extracts and 

samples from immunoprecipitation experiments were electrophoresed and western 

blotted following standard procedures. For chromatin immunoprecipitation (ChIP) 

assays, CD14+ at 0, 2 and 4 days after treatment with MCSF and RANKL were 

crosslinked with 1% formaldehyde and subjected to immunoprecipitation after 

sonication. ChIP experiments were performed as described [46]. Analysis was 

performed by real-time quantitative PCR. Data are represented as the ratio of the 

bound fraction over the input for each specific factor. We used a mouse monoclonal 

antibody against the TET2 N-t for ChIPs and a rabbit polyclonal antibody against TET2 

for western blot. For DNMT3b we used a rabbit polyclonal against amino acids 1-230 

of human DNMT3b (Santa Cruz Biotechnology). We also used a rabbit polyclonal 

against the C-t of PU.1 (sc-352, Santa Cruz Biotechnology), a rabbit polyclonal against 

the N-t of c-Fos (sc-52, Santa Cruz Biotechnology) and a rabbit polyclonal against the 

C-t of NF-kB p65 (sc-372, Santa Cruz Biotechnology). IgG was used as a negative 

control. Primer sequences were designed to contain either predicted or known TF 

binding (from TRANSFAC or ChIPseq data) as close as possible from the CpG 

undergoing methylation changes. Primer sequences are shown in Additional file 11. 

These experiments were performed with three biological replicates.  
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5hmC detection  

5hmC was analyzed using the Quest 5-hmC Detection system (Zymo). Genomic DNA 

was treated with a specific 5hmC glucosyltransferase (GT) or left untreated (No GT, 

0% 5hmC). DNA was then digested with MspI (100U) at 37°C overnight, followed by 

column purification. The MspI-resistant fraction (bearing the glucosile group, and 

therefore the original 5hmC) was quantitated by qPCR using primers designed around 

at least one MspI site (CCGG), and normalized to the amplification of the same region 

in the original DNA input. The amplification obtained in the untreated (no GT, MspI 

sensible) was then substracted to the samples in order to calculate the level of 0% 

5hmC. The resulting values were the percentage of 5hmC present in each of the 

samples. Primer sequences are shown in Additional file 11.  

Amplification of UnMethylated Alus (AUMA)  

This method, aiming at amplifying unmethylated Alus, was performed as described 

[31, 39]. Products were resolved on denaturing sequencing gels. Bands were 

visualized by silver staining the gels. AUMA fingerprints were visually checked for 

methylation differences between bands in different samples.  
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ADDITIONAL FIGURES 

ADDITIONAL FILE 1 

 

Add. Figure 1. (A) Visualization of the formation of the actin ring and the generation of 

polykaryons in monocyte (MO) to osteoclast (OC) differentiation with phalloidin and 

DAPI staining. (B) TRAP (Tartrate resistant acid phosphatase-OC marker) staining in MO 

and OC preparations, showing this activity only in OCs. (B) Determination of the typical 

percentage of osteoclastic nuclei present in the preparations used for the experiments; 

over 84% efficiency was achieved at 21 days. (C) Upregulation of OC specific markers 

(CA2, CTSK, MMP9, ACP5) was checked by qPCR; downregulation of a monocyte 

specificgene (CX3CR1) was also monitored. 
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ADDITIONAL FILE 3 

 Add. Figure 2. (A) Scatterplots showing DNA methylation profiles of matching MO/OC 

pairs. Genes with significant differences (FC > 2, FDR < 0.05) in averaged results from 

three samples are highlighted in red (hypermethylated) or blue (hypomethylated). 

Three panels corresponding for each of the three individual comparisons of MO/OC 

pairs (D1, D2 and D3) are shown. (B) Bisulphite sequencing analysis of repetitive 
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sequences performed on monocytes (day 0) and osteoclasts (day 21) from three 

different donors (donor A, donor B and donor C), showing no relevant differences in the 

DNA methylation levels. (C) AUMA (Amplification of Unmethylated Alus) analysis of two 

independent monocyte-to-osteoclast differentiation experiments. Graphs correspond to 

the scanned intensities of the bands obtained with two different sets of primers. No 

significant differences are observed.  
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Supp. Figure 3. (A) Scheme showing the BrdU pulses added to monocytes 

differentiating into osteoclasts. (B) Representative immunofluorescence images 

at the selected time points showing BrdU positive cells. (C)  Representation of 

the time scale where DNA demethylation occurs during osteoclast 

differentiation, together with the cell division observed at later time points. 

 

 

ADDITIONAL FILE 9 

 

Supp. Figure 4. Osteoclast differentiation scheme showing transcription factors 

that are known to be involved in monocyte-to-osteoclast differentiation. We 

have in red or blue the presence of binding motifs for those factors (according 

to 2 TRANSFAC analysis) among the sequences surrounding the CpGs that 

become hypo- or hypermethylated. Those arising from our analysis are 

highlighted in red and blue (associated with hypermethylation and 

hypomethylation, respectively).  
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ADDITIONAL FILE 10 

 
Supp. Figure 5. (A) ChIP assays showing the effects of PU.1 downregulation in its 

recruitment, together with TET2 and DNMT3b binding to the same genes. Data 

were obtained at 0, 2 and 6 days after M-CSF/RANL stimulation. (B) We have 

used the MYOD1 promoter as a negative control. (C) Effects of PU.1 

downregulation on expression and methylation of PU.1-target gene TM7SF4.  
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ADDITIONAL TABLES 

 

Additional File 2. List of hypomethylated and hypermethylated genes during 

monocyte to osteoclast differentiation (FC<0.5 (hypomethylated, sheet 1) or FC>2 

Additional File 4. Individual raw data corresponding to bisulfite pyrosequencing and 

standard bisulfite sequencing of individual MO and OC samples (Figure 1E), time 

course methylation data (Figure 2D, E) and PU.1 siRNA experiments (Figure 5D). Data 

are presented as supplied by PyroMark® Assay Design Software 2.0 for PyroMark Q96 

MD (Qiagen), which automatically generates methylation percentages in a datasheet 

format. 

Bisulfite pyrosequencing of individual MO and OC samples (Figure 1E): 

CTSK MOs OCs 

D1 94 6 

D2 90 9 

D3 93 26 

D4 93 18 

D5 93 11 

Illumina ID: cg11946165  

CpG Sequenced: 

TCTTTAAAAGTAACCAAAAACAGCAGTCCTGGTTATTTATGACAGCACTTGAATCAATGC[CG]TAAGTT

CTGATGGACTCACATGTGACTCTGTTGCTAAAACTCTCAGGTGGTGGGATGCCC 

ACP5 MOs OCs 
 

MOs OCs 
 

MOs OCs 

D1 82 45 
 

85 9 
 

100 6 

D2 83 12 
 

87 7 
 

100 5 

D3 81 38 
 

84 22 
 

76 23 

D4 81 35 
 

89 15 
 

74 14 

D5 84 29 
 

82 10 
 

72 8 

Illumina ID: cg21207418  

CpG Sequenced: 

CTCGGCCCACACAGCCTCCGGGTGGACCTGCAGGGGCCTGTTTGTGCTGTAGGCTTGACA[CG]TCCAG

GTATCTCTGTGTGTCTGTGTATCTCAGTGTGAGTGTGTGTGTGTGTGCACACTTG 
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TM7SF4/DC STAMP MOs OCs 

D1 87 9 

D2 88 18 

D3 82 33 

D4 85 15 

D5 87 9 

Illumina ID: cg01136183  

CpG Sequenced: 

AAGGAACCCCATCCAGTCCAGCCGGTTGGCTTGCTCCTCCCCTCCTCCCACTCCAGTTCA[CG]CTCCAG

CCCACTGAAGAGTGGTGCCCACCCCTAGGCCCCTGCCTAAATGGCTCTTCCAGA 

CX3CR1 MOs OCs 

D1 24 52 

D2 26 56 

D3 34 63 

D4 32 65 

D5 22 55 

Illumina ID: cg04569233 

CpG Sequenced: 

TAGCTGTCCACTGCTCCACCCCACCCACAGGTACCCAACTAGTCCTGTGCACCTACCTGG[CG]TGGACT

GCCAAGGGAACCTCTGGATCTGCCAGTCAGCCACCCTGTCCTGCTCAGACTTTA 

FOXP1 MOs OCs 

D1 17 41 

D2 7 25 

D3 6 53 

D4 10 46 

D5 8 31 

Illumina ID: cg02520804 

CpG Sequenced: 

TTGGGTAGCATTCTCCTCATAAAGAAGGATACATTAAAAAAAATAACTTGTTTCGCGACT[CG]GCATCC

ATAAGGAACTCAAATGCTGCCCAGAGAGGGGCTGAGTATTTCCTTCCAAGTGAG 
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Correlation of Array data and pyrosequencing data (Data of Figure 1E, last right): 

 

Bisulfite sequencing of Repetitive regions in individual MO and OC samples (Figure 1G): 

18S MONOCYTES   OSTEOLASTS   

%Meth MOs_D4 MOs_D5 MOs_D6 OCs_D4 OCs_D5 OCs_D6 

CpG1 30.00 33.33 10.00 10.00 10.00 10.00 

CpG2 70.00 88.89 20.00 50.00 50.00 50.00 

CpG3  0.00 44.44         

CpG4 10.00 44.44 10.00 10.00 40.00   

CpG5 10.00 22.22 0.00 10.00 50.00 62.50 

CpG6 10.00 44.44 0.00 10.00 30.00 28.57 

CpG7 20.00 33.33 0.00 0.00 20.00 14.29 

CpG8 20.00 22.22 0.00 10.00 10.00 12.50 

CpG9 50.00 77.78 10.00 10.00 60.00 37.50 

CpG10 10.00 44.44 0.00 10.00 40.00 12.50 

CpG11 20.00 33.33 20.00 20.00 50.00 37.50 

CpG12 20.00 33.33 10.00 10.00 50.00 37.50 

CpG13 10.00 33.33 10.00 30.00 50.00 12.50 

CpG14 30.00 55.56 10.00 20.00 40.00 12.50 

CpG15 20.00 66.67 0.00 10.00 50.00 12.50 

CpG16 20.00 77.78 10.00 30.00 50.00 25.00 

CpG17 10.00 66.67 10.00 10.00 30.00 25.00 

CpG18 20.00 50.00 10.00 10.00 40.00 25.00 

CpG19 0.00 50.00 0.00 10.00 40.00 12.50 

CpG20 10.00 40.00 0.00 10.00 40.00 50.00 

CpG21 20.00 30.00 20.00 40.00 44.44 25.00 

CpG22 20.00 20.00 10.00 10.00 75.00 37.50 

CpG23 10.00 20.00 10.00 20.00 62.50   

CpG24 20.00 37.50 20.00 20.00 37.50   

CpG25 0.00 40.00 10.00 0.00 37.50   

CpG26 30.00 60.00 20.00 10.00     

CpG27 10.00 37.50 10.00 10.00 33.33   

CpG28         66.67 12.50 

CpG29           50.00 

CpG30           25.00 

CpG31         60.00 25.00 

CpG32         60.00 50.00 

CpG33 11.11   10.00 10.00 60.00 37.50 

CpG34 20.00 50.00 10.00 40.00 70.00 12.50 

CpG35 0.00 50.00 10.00 30.00 60.00 25.00 

CTSK ACP5 TM7SF4 CX3CR1

PYROSEQ (%)M Value (Illumina) PYROSEQ (%) M Value (Illumina) PYROSEQ (%)M Value (Illumina) PYROSEQ (%)M Value (Illumina)

Mos D1 94 0,89 82 0,82 87 0,85 24 0,40

Mos D2 90 0,90 83 0,82 88 0,88 26 0,35

Mos D3 93 0,87 81 0,84 82 0,85 34 0,40

Ocs D1 6 0,16 45 0,54 9 0,18 52 0,61

Ocs D2 9 0,16 12 0,26 18 0,25 56 0,63

Ocs D3 26 0,50 38 0,45 33 0,46 63 0,74
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CpG36 10.00 60.00 0.00 0.00 30.00 12.50 

CpG37 0.00 50.00 30.00 30.00 70.00 37.50 

CpG38 10.00 30.00 0.00 10.00 50.00 25.00 

CpG39 0.00 60.00 0.00 0.00 40.00 12.50 

CpG40 0.00 50.00 10.00 10.00 50.00 25.00 

CpG41 10.00 40.00 10.00 10.00 50.00 12.50 

CpG42 10.00 50.00 20.00 20.00 50.00 37.50 

CpG43 20.00 70.00 10.00 10.00 70.00 37.50 

CpG44 20.00 70.00 20.00 20.00 70.00 37.50 

CpG45 20.00 40.00 0.00 10.00 50.00 25.00 

CpG46 10.00 60.00 10.00 10.00 40.00 12.50 

CpG47 10.00 60.00 10.00 20.00 50.00 25.00 

CpG48 20.00 40.00 20.00 10.00 40.00 12.50 

CpG49 30.00 50.00 20.00 30.00 70.00 12.50 

CpG50 10.00 40.00 0.00 10.00 30.00 37.50 

CpG51 20.00 60.00 10.00 30.00 70.00 25.00 

CpG52 10.00 40.00 10.00 20.00 60.00 37.50 

CpG53 20.00 50.00 30.00 20.00 70.00 37.50 

CpG54 20.00 50.00 20.00 10.00 30.00 37.50 

CpG55 10.00 50.00 10.00 10.00 40.00 12.50 

CpG56 0.00 40.00 10.00 10.00 70.00 37.50 

 

28S MONOCYTES   OSTEOLASTS   

%Meth MOs_D4 MOs_D5 MOs_D6 OCs_D4 OCs_D5 OCs_D6 

CpG1 10.00 20.00     30.00   

CpG2 10.00 10.00     30.00 8.33 

CpG3 10.00 20.00 10.00   10.00   

CpG4 10.00 20.00     20.00   

CpG5 10.00 20.00 20.00 10.00 30.00 16.67 

CpG6 10.00 20.00   10.00 20.00   

CpG7   10.00 10.00   50.00 8.33 

CpG8 20.00 50.00 60.00 10.00 50.00   

CpG9 20.00 50.00 40.00 10.00 10.00 8.33 

CpG10 10.00 30.00     30.00   

CpG11 30.00 20.00 10.00   40.00 16.67 

CpG12 10.00         8.33 

CpG13     10.00 10.00 40.00 8.33 

CpG14 10.00 10.00     30.00   

CpG15 10.00 20.00     40.00   

CpG16   30.00     40.00   

CpG17 10.00   20.00       

CpG18   20.00     30.00   

CpG19   20.00 10.00   10.00 0.00 

CpG20   20.00 20.00 10.00 50.00 8.33 

CpG21   10.00 10.00       

CpG22     10.00       

CpG23             

CpG24   20.00 20.00 10.00 30.00   

CpG25 10.00 20.00 10.00   20.00   

CpG26 10.00 20.00 10.00   20.00   
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CpG27 20.00 20.00     10.00 8.33 

CpG28   10.00   10.00 10.00   

CpG29 10.00 10.00 10.00   10.00   

CpG30   20.00   10.00 30.00   

CpG31 30.00 10.00 20.00   30.00 8.33 

 

SAT2 MONOCYTES OSTEOLASTS 

%Meth MOs_D4 MOs_D5 MOs_D6 OCs_D4 OCs_D5 OCs_D6 

CpG1 80.00 80.00 83.33 41.67 83.33 50.00 

CpG2 80.00 80.00 91.67 75.00 75.00 66.67 

CpG3 90.00 80.00 83.33 91.67 83.33 83.33 

CpG4 90.00 70.00 100.00 91.67 75.00 91.67 

CpG5 100.00 100.00 100.00 83.33 83.33 91.67 

CpG6 100.00 80.00 83.33 83.33 66.67 83.33 

CpG7 88.89 90.00 91.67 50.00 66.67 91.67 

CpG8 100.00 90.00 83.33 91.67 100.00 91.67 

CpG9 77.78 70.00 66.67 75.00 75.00 75.00 

CpG10 88.89 80.00 83.33 75.00 75.00 100.00 

CpG11 100.00 80.00 66.67 83.33 83.33 91.67 

CpG12 66.67 50.00 50.00 75.00 83.33 58.33 

CpG13 77.78 100.00 58.33 91.67 91.67 66.67 

CpG14 100.00 100.00 100.00 100.00 91.67 66.67 

CpG15 100.00 90.00 75.00 100.00 83.33 75.00 

CpG16 66.67 70.00 75.00 75.00 66.67 58.33 

CpG17 66.67 60.00 75.00 100.00 91.67 66.67 

CpG18 100.00 100.00 100.00 100.00 100.00 100.00 

CpG19 100.00 100.00 100.00 100.00 100.00 100.00 

 

D4Z4 MONOCYTES OSTEOLASTS 

%Meth MOs_D4 MOs_D5 MOs_D6 OCs_D4 OCs_D5 OCs_D6 

CpG1 42.86 50.00 62.50   71.43 100.00 

CpG2 57.14 83.33 50.00 75.00 71.43 62.50 

CpG3 42.86 50.00 37.50 50.00 71.43 50.00 

CpG4 57.14 66.67 75.00 62.50 85.71 87.50 

CpG5 85.71 50.00 50.00 50.00 71.43 37.50 

CpG6 28.57 50.00 37.50 37.50 57.14 25.00 

CpG7 57.14 50.00 37.50 75.00 71.43 25.00 

CpG8 85.71 50.00 62.50 37.50 57.14 75.00 

CpG9 42.86 100.00 50.00 75.00 14.29 62.50 

CpG10 85.71 83.33 62.50 50.00 57.14 100.00 

CpG11 28.57 66.67 50.00 50.00 42.86 62.50 

CpG12 42.86 33.33 75.00 50.00 57.14 37.50 

CpG13 42.86 66.67 87.50 62.50 57.14 25.00 

CpG14 57.14 71.43 62.50 62.50 57.14 50.00 

CpG15 85.71 50.00 62.50 62.50 71.43 37.50 

CpG16 71.43 100.00   62.50 71.43 50.00 

CpG17 50.00 100.00 62.50 62.50 80.00 50.00 

CpG18 33.33 60.00   50.00 71.43 66.67 

CpG19 14.29 80.00   25.00 14.29 16.67 
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NBL2 MONOCYTEs OSTEOLASTS 

%Meth MOs_D4 MOs_D5 MOs_D6 OCs_D4 OCs_D5 OCs_D6 

CpG1 100.00 87.50 100.00 100.00 100.00 87.50 

CpG2 85.71 100.00 100.00 87.50 100.00 87.50 

CpG3 85.71 100.00 100.00 100.00 87.50 100.00 

CpG4 100.00 87.50 85.71 87.50 100.00 100.00 

CpG5 100.00 87.50 100.00 75.00 100.00 87.50 

CpG6 71.43 87.50 100.00 75.00 62.50 87.50 

CpG7 100.00 100.00 100.00 100.00 100.00 100.00 

CpG8 100.00 100.00 85.71 75.00 100.00 100.00 

CpG9 100.00 62.50 100.00 62.50 62.50 100.00 

CpG10 42.86 50.00 57.14 37.50 62.50 62.50 

CpG11 42.86 62.50 71.43 25.00 75.00 75.00 

CpG12 28.57 25.00 42.86 50.00 28.57 12.50 

CpG13 100.00 87.50 71.43 100.00 100.00 87.50 

CpG14 85.71 62.50 57.14 62.50 100.00 75.00 

CpG15 42.86 87.50 85.71 100.00 100.00 100.00 

 

Summary Table time course: HYPOMETHYLATED GENES (Figure 2D) 

 

Summary Table time course: HYPERMETHYLATED GENES (Figure 2D) 

  

  ACP5_CPG1   ACP5_CPG2   ACP5_CPG3   CTSK   TM7SF4/DC STAMP   TM4SF19               IL7R   CD59   

DAYS %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM %METH MEAN SEM 

0 80.83 2.14 85.50 7.82 70.33 2.34 92.17 0.54 80.50 0.96 81.46 1.36 87.73 5.59 84.21 2.92 63.26 2.24 34.64 4.06 61.75 6.18 

1 80.67 0.52 68.17 8.01 52.50 5.79 90.00 1.06 56.67 6.17 65.62 1.63 78.72 6.41 64.93 8.16 42.26 9.28 36.86 1.53 38.13 8.80 

2 75.00 10.84 32.50 7.40 27.67 4.56 85.83 1.58 37.67 6.38 56.11 5.07 70.47 12.07 54.40 12.70 28.39 12.47 31.72 3.36 31.39 10.00 

4 60.17 5.27 16.67 3.14 13.83 2.48 57.17 4.21 25.50 4.58 39.75 1.94 53.94 3.78 37.51 3.80 19.71 2.08 27.06 3.12 16.45 3.54 

5 58.67 8.19 17.50 5.05 18.17 5.00 42.67 3.79 24.83 2.52 35.38 2.92 45.99 8.93 30.36 8.66 16.53 7.02 26.35 3.17 18.90 2.39 

6 52.40 13.63 10.67 4.13 9.00 4.98 38.50 5.53 24.00 5.87 27.19 2.17 34.97 4.53 22.88 2.14 10.57 2.99 24.35 4.47 16.41 8.93 

7 47.17 4.07 8.67 1.86 6.50 2.81 31.67 6.15 19.67 5.57 28.87 3.46 47.63 8.21 30.59 9.02 14.61 4.97 22.52 3.27 9.91 3.91 

8 46.20 7.01 7.33 2.66 5.50 2.26 26.50 5.21 24.50 3.32 24.34 3.22 40.55 5.07 23.51 2.93 10.41 4.45 22.40 2.27 9.96 4.62 

9 43.17 5.53 11.00 3.46 7.83 3.31 20.33 4.00 15.50 2.67 22.05 1.20 33.73 4.67 19.54 4.15 8.46 3.26 23.28 2.23 9.38 2.80 

11 40.33 4.63 7.83 1.60 4.83 1.17 18.33 3.53 13.50 1.84 17.09 0.61 30.15 3.79 14.84 3.30 5.34 2.44 22.18 2.21 6.24 2.32 

12 38.50 5.51 9.00 1.83 7.00 0.82 20.75 4.66 8.50 3.62 18.92 3.06 28.82 5.50 13.32 4.70 6.39 3.20 22.70 2.82 10.50 3.92 

13 42.00 7.29 5.67 2.80 3.17 2.40 15.33 3.85 9.17 2.23 22.91 4.85 33.89 11.20 13.77 3.70 5.64 2.73 24.14 2.53 6.69 2.54 

14 42.50 1.73 6.75 1.26 5.25 2.50 15.50 3.75 7.75 1.03 25.80 5.49 26.27 5.89 18.15 12.79 8.76 7.27 26.08 2.35 7.80 3.26 

16 36.50 4.64 6.83 2.64 3.83 1.17 10.33 1.71 10.33 1.50 17.31 2.54 27.05 5.66 16.23 8.96 7.85 7.10 23.09 2.15 4.60 2.03 

19 36.00 4.38 4.33 1.51 4.33 3.14 7.67 1.87 10.33 2.32 12.74 1.05 24.02 4.75 9.65 3.13 2.69 2.09 24.97 3.07 4.93 4.43 

21 33.60 5.98 4.60 1.95 1.50 1.00 6.50 2.62 5.00 1.52 11.59 6.12 21.60 9.45 13.15 9.72 3.61 2.18 16.17 4.93 4.75 6.21 

 

  PPP1R16B   CD6           NR4A2               CD22   SNCG   CX3CR1   

DAY
S 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

%METH 
MEAN SEM 

0 0.94 0.20 0.58 0.21 0.60 0.36 0.58 0.50 46.24 1.43 46.99 9.99 53.46 6.70 48.18 3.03 25.47 1.37 32.64 6.38 29.01 7.14 

1 0.97 0.31 0.42 0.18 0.56 0.14 0.42 0.43 41.74 4.96 44.09 12.04 50.11 8.99 44.63 11.37 16.50 3.23 26.41 13.27 38.87 3.36 

2 4.82 2.48 0.50 0.20 0.59 0.17 0.50 0.49 38.54 2.77 38.24 9.46 46.92 8.38 37.96 10.16 17.37 3.85 17.54 6.42 37.04 4.04 

4 5.59 1.26 1.85 0.64 1.87 1.44 1.85 1.56 53.64 2.22 47.27 9.19 54.44 5.98 46.93 5.21 15.85 0.54 25.14 3.65 40.59 5.65 

5 9.64 1.83 5.95 1.28 5.35 2.18 5.95 3.13 54.17 3.31 53.24 8.15 56.16 11.60 52.21 7.00 15.55 3.03 24.42 4.50 39.94 7.15 

6 17.12 2.79 8.68 2.15 4.38 2.86 8.68 5.27 67.46 7.51 50.31 8.29 67.66 16.70 53.26 4.76 22.76 1.85 29.39 9.51 38.14 2.87 

7 18.70 3.78 16.22 1.45 9.08 3.78 16.22 3.55 61.48 6.82 56.95 11.75 68.45 10.81 58.71 9.15 24.59 2.57 38.17 11.53 40.36 1.80 

8 26.57 5.34 22.23 2.34 12.19 2.26 22.23 5.23 65.15 3.98 63.07 12.10 70.08 7.00 64.30 11.14 30.37 2.12 47.10 4.93 45.73 3.71 

9 23.94 2.07 22.36 1.84 13.70 2.14 22.36 4.51 63.64 3.13 62.89 8.38 70.85 8.88 60.86 8.24 31.26 2.23 37.56 9.06 52.67 7.88 

11 28.38 2.80 28.82 4.77 16.82 8.99 28.82 11.68 64.34 5.71 68.02 8.38 73.13 10.45 63.15 8.20 33.82 1.95 45.51 8.84 50.74 6.66 

12 27.69 6.61 28.43 4.01 20.15 6.82 28.43 8.01 64.55 2.68 61.22 4.36 66.57 4.69 58.02 5.00 32.27 2.21 41.74 6.04 51.07 8.04 

13 26.06 2.81 29.44 2.37 20.34 8.68 29.44 5.80 72.86 7.60 64.32 9.73 76.99 8.79 64.26 9.17 29.56 4.35 42.95 19.34 52.90 4.26 

14 21.08 1.20 27.80 1.33 19.57 4.81 27.80 2.65 63.00 2.98 63.77 4.49 70.71 7.94 58.17 2.26 34.72 1.95 45.07 7.20 56.50 7.73 

16 32.86 1.44 32.92 1.04 23.19 7.17 32.92 2.32 71.25 3.68 71.55 8.96 69.82 13.53 65.44 10.25 35.27 3.02 48.82 14.30 51.79 6.64 

19 30.72 4.12 41.72 3.77 22.05 6.47 41.72 9.23 67.31 5.02 69.73 6.74 72.84 6.76 68.91 9.14 39.33 2.52 55.04 11.57 54.97 5.42 

21 45.90 9.65 51.17 5.96 26.22 7.33 51.17 13.33 70.33 6.33 65.96 15.90 66.09 11.37 63.41 6.80 41.97 4.88 59.97 9.01 61.50 7.97 
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Pyroseq. PU.1 siRNA (Fig 5D) 

 
siRNA control 

 
siRNA PU.1 

   ACP5 Mean SEM Mean SEM 
 

P-VALUE 

Day 0 92.46 1.07 
    Day 1 72.34 2.22 76.87 1.10 

 
0.069 

Day 2 55.17 1.27 65.81 3.97 
 

0.026 

Day 4 31.90 4.52 58.33 2.50 
 

0.006 

Day 6 37.45 1.78 54.06 3.21 
 

0.033 

 
siRNA control 

 
siRNA PU.1 

   CTSK Mean SEM Mean SEM 
 

P-VALUE 

Day 0 92.32 2.34 
    Day 1 87.14 2.19 85.80 2.39 

 
0.21241 

Day 2 60.98 4.23 82.96 1.43 
 

0.03224 

Day 4 59.11 5.37 82.33 0.30 
 

0.01315 

Day 6 45.33 5.55 77.18 1.52 
 

0.01145 

 
siRNA control 

 
siRNA PU.1 

   CX3CR1 Mean SEM Mean SEM 
 

P-VALUE 

Day 0 29.42 2.45 
    Day 1 37.40 0.90 33.43 2.62 

 
0.20493 

Day 2 40.98 0.28 29.50 0.89 
 

0.00328 

Day 4 42.18 0.03 30.38 0.35 
 

0.00006 

Day 6 42.36 5.29 34.89 0.35 
 

0.17717 

 
siRNA control 

 
siRNA PU.1 

   NR4A2 Mean SEM Mean SEM 
 

P-VALUE 

Day 0 28.46 1.24 
    Day 1 27.46 1.31 25.05 1.03 

 
0.0925 

Day 2 27.32 0.49 27.71 1.47 
 

0.4123 

Day 4 43.46 1.10 29.14 1.37 
 

0.0009 

Day 6 46.61 1.81 34.21 0.58 
 

0.0053 

 
siRNA control 

 
siRNA PU.1 

   PLA2G4E Mean SEM Mean SEM 
 

P-VALUE 

Day 0 88.30 0.13 
    Day 1 70.97 9.22 70.42 1.93 

 
0.4722 

Day 2 68.82 3.03 64.05 2.42 
 

0.1518 

Day 4 57.25 10.39 53.64 5.59 
 

0.3772 

Day 6 36.12 8.06 36.65 0.78 
 

0.4838 

 

Additional file 5. List of CpG clusters that undergo hyper or hypomethylation 

coordinately 

Additional file 6. Differentially expressed genes between Mos, OC samples at 5 

days and OC samples at 20 days after RANKL/M-CSF stimulation (FC>2, FC<0.5; 

FDR<0.05) 
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Additional file 7. List of genes whose expressiois potentially regulated by DNA 

methylation 

 

Additional file 11. List of primers 

 

Primer Type Primer ID Primer Sequence

BS Pyrosequencing PYRO_CTSK_F TGGGGATTTTAATTGAGATAGATGA 
BS Pyrosequencing PYRO_CTSK_R [Btn]ACCCAAAAAATCCAAATAAAACTATCTT 
BS Pyrosequencing PYRO_CTSK_Seq GAGTTATATGTGAGTTTATTAGAA 
BS Pyrosequencing PYRO_ACP5_F AGGAGATGTGTTTTGGGTAATT 
BS Pyrosequencing PYRO_ACP5_R [Btn]CCCTCCCCTTAAATCATATAAACC 
BS Pyrosequencing PYRO_ACP5_Seq ATATATAGATATATAGAGATATTTG 
BS Pyrosequencing PYRO_DCSTAMP_TM7SF4_F TGTTTGGGGTTATGAGTGTAG 
BS Pyrosequencing PYRO_DCSTAMP_TM7SF4_R [Btn]TTACCCTCACTCCCATACT 
BS Pyrosequencing PYRO_DCSTAMP_TM7SF4_SeqGGTTATGAGTGTAGAGG 
BS Pyrosequencing PYRO_CX3CR1_F ATATTYGTTTTTGGTAAAGTTTGAGTAGGA 
BS Pyrosequencing PYRO_CX3CR1_R [Btn]ACATTATTAACCTATTAACTATCCACTACT 
BS Pyrosequencing PYRO_CX3CR1_Seq AGAGGTTTTTTTGGTAGT 
BS Pyrosequencing PYRO_TM4SF19_F ATATGAAAATGAGTAGAGGGTGGGTTATTA 
BS Pyrosequencing PYRO_TM4SF19_R [Btn]ACCTAAAAATTATCTTTCCAAAACTCTT 
BS Pyrosequencing PYRO_TM4SF19_Seq AGGTTTGTGGGTAGG 
BS Pyrosequencing PYRO_CD22_F TAGAGAAGTAGGGGGTGTGGTTATG 
BS Pyrosequencing PYRO_CD22_R [Btn]TCCCAACTCTAAAAAATATACCTAACC 
BS Pyrosequencing PYRO_CD22_Seq ATTTTGTATTTAATAAGTAAGTT 
BS Pyrosequencing PYRO_SNCG_F GGTGGGGTAGGTTTAGTTTATATTT 
BS Pyrosequencing PYRO_SNCG_R [Btn]ACCCCATATCTACCACATTCC 
BS Pyrosequencing PYRO_SNCG_Seq GGTAAGTAGTTTTAGAAATTGT 
BS Pyrosequencing PYRO_CD6_F TTTTTGGGGTGTAGTTTGGATGGG 
BS Pyrosequencing PYRO_CD6_R [Btn]ACTCTACCCTTTACTATTCTTATTCCTAT 
BS Pyrosequencing PYRO_CD6_Seq ATAGGTTGGGTTTGAT 
BS Pyrosequencing PYRO_NR4A2_F GTGGGGAGGAATYGTAGATTTTAGTTATA
BS Pyrosequencing PYRO_NR4A2_R [Btn]ATCCCAACAACCAAACACTTC 
BS Pyrosequencing PYRO_NR4A2_Seq AGTAAATAAAAATTGTTTAGTGGA 
BS Pyrosequencing PYRO_PPP1R16B_F TAGAAAGAGGTTTGAATGAGGTGATAGA 
BS Pyrosequencing PYRO_PPP1R16B_R [Btn]AAACCAAAAACTCAAAATTCCTAACTT 
BS Pyrosequencing PYRO_PPP1R16B_Seq AGAGGTAYGATTATTTT 
BS Pyrosequencing Hs_PYRO_IL7R_F2 ATGATAATTTTAGGTATAATTTTTGGTATG 
BS Pyrosequencing Hs_PYRO_IL7R_R2 [Btn]TCACCATTTTAAACATAACCACTTTC 
BS Pyrosequencing Hs_PYRO_IL7R_Seq2 GGTATGGTTTTTTTTTTATTTTAAG 
BS Pyrosequencing Hs_PYRO_CD59_F TGAGGAGTTAGAGTTTTTAGGTATGT 
BS Pyrosequencing Hs_PYRO_CD59_R [Btn]TCATATAACCACTATAATTCCCACTCT 
BS Pyrosequencing Hs_PYRO_CD59_Seq GATTTATTTAGTGTTGTGGT 
BS Pyrosequencing PYRO_FSCN3_F AGTTTATTTTGGTGTTTAAAGGGGAATAG 
BS Pyrosequencing PYRO_FSCN3_R [Btn]AAAAAACCCTAACRCAACAACATTAATCC 
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RT-PCR Hs_CTSK_RT_F ACAACAAGGTGGATGAAATCTC
RT-PCR Hs_CTSK_RT_R GCCAGTTCATATGTATGGACAC
RT-PCR Hs_MMP9_RT_F TCACTTTCCTGGGTAAGGAG
RT-PCR Hs_MMP9_RT_R GAACAAACTGTATCCTTGGTC
RT-PCR Hs_CA2_RT_F CTTGGATTACTGGACCTACCC
RT-PCR Hs_CA2_RT_R GGAATTTCAACACCTGCTCG
RT-PCR Hs_TRAcP_RT_F GATCACAATCTGCAGTACCTG
RT-PCR Hs_TRAcP_RT_R TTCAGTCCCATAGTGGAAGC
RT-PCR Hs_CX3CR1_RT2_F CACAAAGGAGCAGGCATGGAAG
RT-PCR Hs_CX3CR1_RT2_R CAGGTTCTCTGTAGACACAAGGC
RT-PCR RT_TM4SF19_F GCCTTTCTCCAGGTTCTGTCT
RT-PCR RT_TM4SF19_R CAAGGCTCAGTCCCAGGATA
RT-PCR RT_CD22_F CTCCTTTTGCTCTCAGATGCT
RT-PCR RT_CD22_R GAGATGCATGGTGTCGTGTC
RT-PCR RT_SNCG_F ACGGAAGCAGCTGAGAAGAC
RT-PCR RT_SNCG_R CTGAGGTCACGCTCTGTACAAC
RT-PCR RT_CD6_F ACCAGCTCAACACCAGCAGT
RT-PCR RT_CD6_R GCTGCTCCCGTTTGTCAG
RT-PCR RT_NR4A2_F cgctatcaattttcttctgttaaatg
RT-PCR RT_NR4A2_R gattcctccccacaaacaaa
RT-PCR RT_PPP1R16B_F GCCGCAAGAAAGTGTCCTT
RT-PCR RT_PPP1R16B_R GGGCTGACCTTATTCTTCAGG
RT-PCR Hs_RT_IL7R_F CGTTTCTGGAGAAAGTGGCTA
RT-PCR Hs_RT_IL7R_R GCGATCCATTCACTTCCAAC
RT-PCR Hs_CTSK_ChIP_F TAATTCCCTACCCTGGCACA
RT-PCR Hs_CTSK_ChIP_R CGGGGATAGAAATGCTGAGA
RT-PCR Hs_RT_CD59_F CACAATGGGAATCCAAGGAG
RT-PCR Hs_RT_CD59_R TGCAGTCAGCAGTTGGGTTA
RT-PCR RT_FSCN3_F CCTTTGAGGCATGCAAGAAT
RT-PCR RT_FSCN3_R TCTCATGCTCATTGCTCACC
RT-PCR Hs_RT_PLA2G4E_F ACACAGGACCTGGACACTCC
RT-PCR Hs_RT_PLA2G4E_R AACAGGTGGCATGGAGACA
RT-PCR Hs_RT_HPRT1_F TGACACTGGCAAAACAATGCA
RT-PCR Hs_RT_HPRT1_R GGTCCTTTTCACCAGCAAGCT
RT-PCR Hs_RT_RPL38_F TGGGTGAGAAAGGTCCTGGTC
RT-PCR Hs_RT_RPL38_R CGTCGGGCTGTGAGCAGGAA
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ChIP OHmeDIP_ACP5_F acagccacagcctctcaagt
ChIP OHmeDIP_ACP5_R ggcttgacacgtccaggtat
ChIP+OH_Zymo OHmeDIP_TM7SF4_F ctccatttccatccctagca
ChIP+OH_Zymo OHmeDIP_TM7SF4_R gtgaactggagtgggaggag
ChIP ChIP_TM4SF19_F ggagggtgaggtgtttctca
ChIP ChIP_TM4SF19_R acccaccctctgctcatttt
ChIP ChIP_CD22_F atggaggggaaacctctgtc
ChIP ChIP_CD22_R ttttacCTGTTTCCGCGTGT
ChIP ChIP_SNCG_F ccagaaactgctagtgacgttg
ChIP ChIP_SNCG_R gacaagacccaccgggta
ChIP ChIP_CD6_F ttttcttctgggccacca
ChIP ChIP_CD6_R gcatccatgcagacacactt
ChIP ChIP_NR4A2_F cgctatcaattttcttctgttaaatg
ChIP ChIP_NR4A2_R gattcctccccacaaacaaa
ChIP ChIP_PPP1R16B_F Gcttcacctcccttctttcc
ChIP ChIP_PPP1R16B_R agatctgtggggccaggt
ChIP Hs_ChIP_IL7R_F CGTTTCTGGAGAAAGTGGCTA
ChIP Hs_ChIP_IL7R_R gggaactgaataacctgaaacc
ChIP Hs_ChIP_FSCN3_F cctttcctcccacttttcct
ChIP Hs_ChIP_FSCN3_R TCTGTGCCCAGAGAGCAAG
ChIP Hs_ChIP_TDRD6_F aacgtcccaacaagctcct
ChIP Hs_ChIP_TDRD6_R TTCCGGGCACGCATTTAC
ChIP Hs_ChIP_CSF1R_FRA1_F gcgcatcctagacctcactt
ChIP Hs_ChIP_CSF1R_FRA1_R CAGGGACACTGGGCTCTATC
ChIP Hs_ChIP_CD59_FrCre_F tgagaaggaagggacaggaa
ChIP Hs_ChIP_CD59_FrCre_R cggacagacagatgggttct
ChIP Hs_ChIP_CCl5_NFkB_F gccaatgcttggttgctatt
ChIP Hs_ChIP_CCl5_NFkB_R CGTGCTGTCTTGATCCTCTG
ChIP Hs_ChIP_IL1R_NFkB_F tcctaggtccctcaaaagca
ChIP Hs_ChIP_IL1R_NFkB_R gtccccaacgctctaacaaa
ChIP Hs_ChIP_IL1R_CREB_F gacctcccatcttacgcaga
ChIP Hs_ChIP_IL1R_CREB_R ggctgatggctgacttgatg
ChIP Hs_ChIP_IL32_NFkB_F ggacagggtccaaattcctt
ChIP Hs_ChIP_IL32_NFkB_R GGCAGAGGGAAAGTCCAGA
ChIP Hs_ChIP_TM4SF19_CREB_F ggagggtgaggtgtttctca
ChIP Hs_ChIP_TM4SF19_CREB_R acccaccctctgctcatttt
ChIP Hs_ChIP_TNFRSF9_NFkB_F gatttcggggtcagcagata
ChIP Hs_ChIP_TNFRSF9_NFkB_R CAGGTCAAACACAGGAGTGC
ChIP Hs_ChIP_IL7R_AP1_F gcaatctcggctcactgc
ChIP Hs_ChIP_IL7R_AP1_R gtggtgggcgcctgtaat
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ChIP Hs_qChIP_PLA2G4E_F gaccaagccctctgtcactc
ChIP Hs_qChIP_PLA2G4E_R ccagcaatgaatggttaggc
ChIP Hs_qChIP_SAT2_F tgaatggaatcgtcatcgaa
ChIP Hs_qChIP_SAT2_R ccattcgataattccgcttg
ChIP Hs_qChIP_TDRD1_F tgcaaaggaactttttgagc
ChIP Hs_qChIP_TDRD1_R gtccacgtgcaactcaatgt
ChIP Hs_qChIP_MYOD1_F gttcctattggcctcggact
ChIP Hs_qChIP_MYOD1_R gcttcctcacccctagcttc
ChIP+OH_Zymo Hs_qChIP_C1S_F atttcccctggtaccaatcc
ChIP+OH_Zymo Hs_qChIP_C1S_R cagccaaagggtgtgtttct
ChIP+OH_Zymo Hs_ChIP_CD59_F ccagggaactctgcatttct
ChIP+OH_Zymo Hs_ChIP_CD59_R ctattctccagagccccaca
OH_Zymo OHZymo_ACP5_CpG1_F CGtgtcaagcctacagcaca
OH_Zymo OHZymo_ACP5_CpG1_R gagcaggacaCGggattg
OH_Zymo OHZymo_CTSK_F TGAGAATGATGGCTGTGGAG
OH_Zymo OHZymo_CTSK_R CCCACATATGGGTAGGCATC
OH_Zymo OHZymo_TM4SF19_F cccgtttcctgccttagaat
OH_Zymo OHZymo_TM4SF19_R ccacaggcctgcattgaa
OH_Zymo OHZymo_NR4A2_F ACTGCCCAGTGGACAAGC
OH_Zymo OHZymo_NR4A2_R ctcccctcagcctacCTTCT
OH_Zymo Hs_Zymo_PLA2G4E_F gccaagtgcattacagaacc
OH_Zymo Hs_Zymo_PLA2G4E_R ttggcttttccagaacactg
BS Sequencing BS_Repetitive_18S_F GGTTTGTGGYGYGGGGTT
BS Sequencing BS_Repetitive_18S_R AACTCTAAAATTACCACAATTA
BS Sequencing BS_Repetitive_28S_F GAGTGAATAGGGAAGAGTTTA
BS Sequencing BS_Repetitive_28S_R AAAATTCTTTTCAACTTTCCCTTAC
BS Sequencing BS_Repetitive_D4Z4_F GTTTGTTGTTGGATGAGTTTTTGG
BS Sequencing BS_Repetitive_D4Z4_R AAATCTCTCACCRAACCTAAACC
BS Sequencing BS_Repetitive_SAT2_F ATGGAAATGAAAGGGGTTATTATT
BS Sequencing BS_Repetitive_SAT2_R AAATTATTCCATTCCATTCCATTAA
BS Sequencing BS_Repetitive_NBL2_F GTAGTTGGTGTTAATGTGTGTTAT
BS Sequencing BS_Repetitive_NBL2_R CACTCTCTATATATTTCTTTCCC
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RESUMEN EN CASTELLANO 

Los microRNAs (miRNAs) ejercen un efecto inhibitorio sobre la expresión de genes,  e 

influencian la elección de linaje celular durante la hematopoyesis. La diferenciación 

de monocitos en osteoclastos es un proceso de diferenciación terminal único en el 

sistema hematopoyético. Esta diferenciación es relevante y está desregulada en 

procesos autoinmunes, así como en algunos tipos de cáncer. En la actualidad, está 

extensamente caracterizada la implicación de factores de transcripción y cambios de 

metilación en este proceso, sin embargo, el conocimiento sobre los mecanismos de 

regulación post-transcripcional es muy limitado. En este trabajo se han investigado 

los cambios de expresión en miRNAs durante la osteocaltogénesis. Un análisis de los 

perfiles de expresión de microRNAs en monocitos a día 0, y 2 y 20 días después de 

ser estimulados con MCSF y RANKL mostró cambios globales en el perfil de expresión 

de los mismos. Este perfil de expresión revela la participación de los miRNAs durante 

la diferenciación de osteoclastos, así como en la función de los osteoclastos maduros. 

En el presente estudio, por un lado se confirman cambios en la expresión de miRNAs 

previamente implicados en diferenciación mieloide, pero también se describen 

nuevos miRNAs implicados en este proceso de diferenciación mieloide. De manera 

especídica, los clusters de miRNAs miR-212/132 y miR- 99b/let-7e/125a aumentaban 

su expresión de manera rápida tras la estimulación con MCSF y RANKL. El aumento 

de la expresión sucede con diferentes diana (subida rápida y bajada, o subida rápida 

y mantenimiento de los niveles altos hasta el final del proceso de diferenciación). Los 

miRNAs anteriormente citados tienen dianas tan diversas como los genes KDM6B, 

TNFS4, ARID3B and NR4A2 entre otros. La inhibición de la expresión de los miRNAs 

tenía efecto sobre la eficiencia de diferenciación, así como en la actividad de los 

osteoclastos, y confirmó el efecto en múltiples de las dianas predichas, tal como 

confirman los ensayos de luciferasa. Nuestros resultads revelan un papel clave de los 

cambios de expresión de miRNAs durante el proceso de diferenciación de los 

osteoclastos, e identifica nuevas dianas potenciales para manipular o inhibir el 

proceso. 

  

151



Artículo 3: Brief Report: MicroRNA profiling reveals key role of miR-212/132 and 
miR- 99b/let-7e/125a clusters in monocyte to osteoclast differentiation 

 

 

 

  

152



Artículo 3: Brief Report: MicroRNA profiling reveals key role of miR-212/132 and 
miR- 99b/let-7e/125a clusters in monocyte to osteoclast differentiation 

 

 

ABSTRACT 

MicroRNAs (miRNAs) exert negative effects on gene expression and influence cell 

lineage choice during hematopoiesis. Conversion of monocytes to osteoclasts is a 

unique terminal differentiation process within the hematopoietic system. This 

differentiation model is relevant to autoimmune disease and cancer. Currently, there 

is abundant knowledge on the expression changes, involvement of transcription 

factors and DNA methylation changes involved in this process but little is known 

about post-transcriptional regulatory mechanisms. In this study, we focused on 

miRNA expression changes during osteoclastogenesis.  Analysis of the miRNA 

expression profiles in monocytes at 0,  2 and 20 days following M-CSF and RANKL 

stimulation revealed broad changes accompanying early stages of osteoclast 

differentiation and in mature osteclasts. These profiles reveal the participation of 

miRNAs during differentiation as well as in function of differentiated osteoclasts. We 

observed changes in expression of miRNAs previously described for their 

involvement in myeloid differentiation but also novel miRNAs processes. Specifically, 

miR-212/132 and miR- 99b/let-7e/125a clusters became rapidly upregulated, with 

different dynamics and target key genes like KDM6B, TNFS4, ARID3B and NR4A2 

among others. Blocking of miRNA expression impacted the efficiency of 

differentiation as well as the activity of differenciated osteoclasts and confirmed the 

effects on several putative targets, along with luciferase assays. Our results reveal a 

key role of miRNA expression changes during osteoclast differentiation and identify 

novel targets for potential intervention.    

153



Artículo 3: Brief Report: MicroRNA profiling reveals key role of miR-212/132 and 
miR- 99b/let-7e/125a clusters in monocyte to osteoclast differentiation 

 

 

INTRODUCTION 

The successful generation of differentiated cell types from their progenitors depends 

on the highly coordinated regulation of gene expression by regulators including 

transcription factors (TFs), epigenetic modifications, and small non-coding RNAs. 

Despite their importance, the interplay between these regulators is not completely 

understood. For instance, TFs regulate microRNA (miRNA) expression and are 

themselves regulated by miRNAs, thereby establishing complex loops of regulation. 

However, the net contribution of TFs and miRNAs in different terminal differentiation 

processes is likely to be specific to each of them and is yet to be determined. MiRNAs 

regulate gene expression through sequence complementarity with their target 

mRNAs by mediating their decay or interfering with their translation. Many studies 

have focused on hematopoiesis in order to learn about the type, distribution and role 

of epigenetic and miRNA expression changes. However, the specific relationships in 

terminal differentiation processes remain elusive, even though these are amongst 

the most important since they produce functional cell types with very specific roles. 

Osteoclasts are giant, multinucleated cells that degrade bone[1]. They differentiate 

from monocyte/macrophages progenitors[2]  after M-CSF[3] and RANKL[4] induction. 

During osteoclastogenesis, progenitor cells fuse, re-organize[5] their cytoskeleton 

and activate the gene expression profile necessary for bone destruction. Several 

signaling pathways are activated after M-CSF and RANKL induction, and involve TRAF-

6[6, 7], immunoreceptor tyrosine-based activation motif (ITAM)[8] adaptors 

DAP12[9]  and FcRg[10] associated with their receptors, TREM-2[11] and OSCAR, 

together with calcium oscillations[12]. These signals activate NFkB, MAPK and c-

Jun[13] that will coordinately turn NFATc1[14] on. NFATc1 is the master transcription 

factor of osteoclastogenesis, and works together with PU.1 and MITF[15], that were 

already present in the progenitors. The aforementioned transcription factors bind to 

osteoclast markers promoters and mediate their over-expression. Examples of such 

are tartrate-resistant acid phosphatase (TRAcP or ACP5)[16], cathepsin K (CTSK)[17], 

dendritic cell-specific transmembrane protein (DC-STAMP or TM7SF4)[18], matrix 

metalloproteinase 9 (MMP9)[19] or carbonic anhidrase 2 (CA2).  

Osteoclast deregulation is involved in or causes several diseases, either by deficient 

function such as in osteopetrosis[20] or by aberrant hyperactivation, where 

decreased bone mass is detected (osteoporosis[21]). They are also involved in 

autoimmune disease, specifically, in rheumatoid arthritis aberrantly activated 

osteoclasts are one of the main effectors of joint destruction[22]. Moreover, 

osteoclast cause bone complications of several diseases, such as multiple 
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myeloma[23], prostate cancer and breast cancer[24], in which myeloma blasts or 

metastatic cells of the aforementioned conditions send pro-osteoclastic signals that 

end up in increased bone degradation and bone fractures.  Indeed, there is a specific 

tumor with osteoclast origin, the giant cell tumor of bone (GCTB) also known as 

osteoclastoma where osteoclast upregulation and uncontrolled growth causes 

several bone injuries[25, 26]. 

In vitro generation of osteoclasts is an excellent tool to work with osteoclasts, given 

the great complexity of isolating primary bone osteoclasts. Among the PBMC 

population osteoclast precursor, CD14+ monocytic cells are able to give rise to 

osteoclasts following RANKL and M-CSF stimulation[27]. The osteoclasts generated 

are able to degrade bone and express osteoclast markers[28]. During the maturation 

of the osteoclast, progenitor cells fuse, giving rise to a multinuclear polykaryons 

where genetic information has to be tightly regulated. In this regard, few reports 

have analyzed the epigenetic status of this unusual cell type, and they have mainly 

focused on histone modifications with opposed results[29, 30], or in the DNA 

methylation landscape[31].However, the regulation of the functionality of the genes 

from a microRNA perspective, has been studied, using mouse bone marrow, RAW cell 

line, but less commonly, human samples.  

The importance of miRNAs in osteoclast differentiation was confirmed when the 

miRNA processing machinery was silenced in mouse models. Knock-out mice for 

DGCR8, Dicer and Ago2 showed an impairment in osteoclast formation, and a 

reduced expression of TRAP and NFATc1[32]. The first specific miRNA that was found 

to be implicated in osteoclastogenesis was miR-223, which acts as a negative 

regulator when RAW264.7 differentiates to osteoclasts[33]. On the other hand, this 

miRNA had a pro-osteoclastic function when the differentiation was studied from 

bone marrow. miR-223 silences NFI-A, therefore allowing the expression of M-CSF 

receptor[34]. The importance of this miRNA in arthritis was demonstrated in mice by 

inhibiting it in vivo with lentiviral vectors in collagen induced arthritis mouse. The 

ablation of miR-223 expression ameliorated arthritis severity in the joints[35, 36]. 

miR-155 was also found to be a negative regulator of OC differentiation from 

RAW264.7, as it targets MITF mRNA, and prevents them to differentiate into 

osteoclasts[37]. Its function is especially relevant when translating this into in vivo 

CIA mouse models. Silencing of miR-155 in CIA mice, protected their joints of bone 

degradation, thereby confirming its potential as a therapeutic target in RA 

patients[38, 39]. miRNa expression profile changes drastically during the 

differentiation of bone marrow macrophages (BMMs) to osteoclasts. miR-21 is 

upregulated after RANKL and M-CSF induction, targeting the expression of PDCD4 

155



Artículo 3: Brief Report: MicroRNA profiling reveals key role of miR-212/132 and 
miR- 99b/let-7e/125a clusters in monocyte to osteoclast differentiation 

 

 

(programmed cell death). The silencing of PDCD4 prevents its repression over c-Fos, 

which is a key mediator in the differentiation of BMMs to osteoclasts in mice[40]. 

miR-146 is at high concentrations in RA synovium as well as in PBMCs. When it is 

silenced, TRAP-positive multinucleated cell levels drops, and joint destruction is 

prevented in CIA mice joints, indicateing the potential therapeutic use of it in RA[41]. 

Other examples of important miRNAs for OC differentiation are miR-29b[42]  and 

miR-124[43], that should be downregulated during the procces, as they act as a 

negative regulators. 

In this study, we provide the first systematic high throughput analysis of the miRNA 

landscape variation upon RANKL and M-CSF stimulation in human 

osteoclastogenesis. Moreover, when studying the dynamics of the process, two 

miRNA clusters, miR-212/132 and miR- 99b/let-7e/125a were found responsible for 

the silencing of monocytic and inappropriate alternative lineage genes. Functionally 

inhibition of these, caused osteoclast differentiation delay/impairment through 

aberrant expression of their targets, mainly monocytic genes. Moreover, we have 

demonstrated that NR4A2 and CX3CR1 are directly regulated by miR212 and 132, 

and miR99b. Together, our data suggests a novel role for the aforementioned miRNA 

clusters in osteoclast differentiation from monocytic myeloid precursors, that could 

be potentially therapeutically inhibited to treat bone related diases such as 

rheumatoid arthritis and GBCT.  

  

156



Artículo 3: Brief Report: MicroRNA profiling reveals key role of miR-212/132 and 
miR- 99b/let-7e/125a clusters in monocyte to osteoclast differentiation 

 

 

METHODS 

Differentiation of OCs from peripheral blood mononuclear cells  

Human samples (blood) used in this study came from anonymous blood donors and 

were obtained from the Catalan Blood and Tissue Bank (Banc de Sang i Teixits) in 

Barcelona as thrombocyte concentrates (buffy coats). The anonymous blood donors 

received oral and written information about the possibility that their blood would be 

used for research purposes, and any questions that arose were then answered. Prior 

to obtaining the first blood sample the donors signed a consent form at the Banc de 

Teixits. The Banc de Teixits follows the principles set out in the WMA Declaration of 

Helsinki. The blood was carefully layered on a Ficoll–Paque gradient (Amersham, 

Buckinghamshire, UK) and centrifuged at 2000 rpm for 30 min without braking. After 

centrifugation, peripheral blood mononuclear cells (PBMCs), in the interface 

between the plasma and the Ficoll– Paque gradient, were collected and washed 

twice with ice-cold PBS, followed by centrifugation at 2000 rpm for 5 min. Pure 

CD14+ cells were isolated from PBMCs using positive selection with MACS magnetic 

CD14 antibody (Miltenyi Biotec). Cells were then resuspended in g-minimal essential 

medium (g-MEM, Glutamax no nucleosides) (Invitrogen, Carlsbad, CA, USA) 

containing 10% fetal bovine serum, 100 units/ml penicillin, 100 ug/ml streptomycin 

and antimycotic and supplemented with 25 ng/mL human M-CSF and 50"ng/ml 

hRANKL soluble (PeproTech EC, London, UK). Depending on the amount needed, cells 

were seeded at a density of 3•105 cells/well in 96-well plates, 5•106 cells/well in 6-

well plates or 40•106 cells in 10 mm plates and cultured for 21 days (unless 

otherwise noted); medium and cytokines were changed twice a week. The presence 

of OCs was checked by tartrate-resistant acid phosphatase (TRAP) staining using the 

Leukocyte Acid Phosphatase Assay Kit (Sigma–Aldrich) according to the 

manufacturer's instructions. A phalloidin/DAPI stain allowed us to confirm that the 

populations were highly enriched in multinuclear cells, some of them containing 

more than 40 nuclei. We used several methods to determine that on day 21 almost 

85% of the nuclei detected were “osteoclastic nuclei” (in polykaryons, nuclei and not 

cells were quantified). OCs (TRAP-positive cells with more than three nuclei) were 

also analyzed at the mRNA level: upregulation of key OC markers (TRAP/ACP5, CA2, 

MMP9 and CTSK) and the downregulation of the MO marker CX3CR1 were 

confirmed. RESULTS 
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Visualization of OCs with phalloidin and DAPI staining 

 PBMCs or pure isolated CD14+ cells were seeded and cultured in glass Lab-Tek 

Chamber Slides (Thermo Fisher Scientific) for 21 days in the presence of hM-CSF and 

hRANKL. OCs were then washed twice with PBS and fixed (3.7% paraformaldehyde, 

15 min). Cells were permeabilized with 0.1% (V/V) Triton X-100 for 5 min and stained 

for F-actin with 5 U/mL Alexa Fluor® 647-Phalloidin (Invitrogen). Cells were then 

mounted in Mowiol-DAPI mounting medium. Cultures were visualized by CLSM (Leica 

TCP SP2 AOBS confocal microscope).  

 

microRNA expression screening, target prediction and integration with DNA 

methylation data 

Total RNA was extracted with TriPure (Roche, Switzerland) following the 

manufacturer instructions. Ready-to-use microRNA PCR Human Panel I V2.R from 

Exiqon (Reference 203608) were used according to the instruction manual (Exiqon). 

For each RT-PCR reaction 30 ng total RNA was used. Paired samples of MOs at day 0 

(MOs), 2 (OC 48h) and 21 (OCs) days after M-CSF and RANKL stimulation were 

obtained from three female healthy donors (Age 25-28), and were analyzed on a 

Roche LightCycler® 480 real-time PCR system. Results were converted to relative 

values using the inter-plate calibrators included on the panels (log 2 ratios). MOs, 

OCs 48h and OCs average expression values were normalized to reference gene miR-

103. A t-test was then performed and microRNAs differentially expressed (FC >2 or 

<0.5), with a significant p-value (p-val <0.05) in at least one of the comparisons were 

selected and represented on the heatmap. The complete list of the raw expression 

data can be found in the supplementary material. Validation of the array expression 

data was performed in the samples used (validation set), as well as in a larger cohort 

of samples obtained from independent donors (replication set) using Exiqon 

microRNA LNA™ PCR primer sets (hsa-miR-99b-5p Ref. 204367; hsa-miR-125a-5p Ref. 

204339; hsa-miR-132-3p Ref. 204129; hsa-miR-212-3p Re. 204170; hsa-miR-103a-3p 

Ref. 204063). 

In order to predict the potential targets of the de-regulated microRNAs, we used the 

algorithms of several databases, specifically  TargetScan, PicTar, PITA, miRBase, 

microRNA.org, miRDB/MirTarget2, TarBase,  miRecords, StarBase/CLIPseq . Only 

Targets predicted in at least four of those databases were selected to further 

analysis. 
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 To compare the DNA methylation bead array data with the expression levels 

of the miRNAs, a mapping between miRNAs and Illumina 450k probes was 

performed. For each differentially expressed miRNA we studied the CpGs within 2500 

pb upstream and downstream of the Transcription Starting Site.  We considered the 

CpGs included in the Illumina 450K array.  MiRNAs genomic features were obtained 

from miRBase. Illumina annotation was obtained from 

IlluminaHumanMethylation450K.db Biocondcutor Package. 

 

Transfection of primary human MOs 

To perform the miRNa inhibitors experiments, we used unlabelled miRCURY LNA™ 

microRNA Power inhibitors to inhibit miR-99b (Ref. 427491-00), miR-125a (Ref. 

426713-00), miR-132 (Ref. 426779-00), miR-212 (Ref. 426953-00) or as a control 

(Negative Control A Re.199020-00). 5 or 10 nM of Power inhibitors were transfected 

in CD14+ MOs using HapyFect Transfection Reagent (Tecran, UK). The efficiency of 

transfection was quantified by flow citometry using the Negative Control A, 5`-

fluorescein labeled (Ref. 199020-04). In order to silence PU.1, we used two different 

Silencer® select pre-designed siRNAs against human PU.1 (one targeting exon 2 and 

another targeting the 3’UTR) and a Silencer® select negative control to perform PU.1 

knockdown experiments in peripheral blood MOs. We used Lipofectamine RNAiMAX 

Transfection Reagent (Invitrogen) for efficient siRNA transfection. mRNA and protein 

levels were examined by quantitative RT-PCR and western blot at 1, 2, 4 and 6 days 

after siRNA transfection. These experiments were performed with more than three 

biological replicates. 

 

Gene expression data analysis of RNA expression 

In order to analyze expression data versus methylation data, we used CD14+ and OC 

expression data from ArrayExpress database (www.ebi.ac.uk/arrayexpress) under the 

accession name (EMEXP-2019) from a previous publication[44]. Affymetrix GeneChip 

Human Genome U133 Plus 2.0 expression data was processed using limma and affy 

packages from bioconductor. The pre-processing stage is divided in three major 

steps: 1) background correction, 2) normalization, and 3). reporter summarization. 

Here, the expresso function in affy package was chosen for preprocessing. Thus, the 

RMA method was applied for background correction. Then, a quantile normalization 

was performed. In addition, we introduced a specific step for PM (perfect 
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matchprobes) adjustment, utilizing the PM-only model based expression index 

(option 'pmonly'). And finally, for summarization step, the median polish method was 

taken. Next, a variance filtering by IQR (Interquartile range) using 0.50 for threshold 

value was executed. After preprocessing, a statistical analysis was applied, using 

eBayes moderated tstatistics test from limma package. Validation of expression data 

was performed by quantitative RT-PCR. 

 

Graphics and heatmaps 

All graphs were created using Prism5 Graphpad. Heatmaps were generated from the 

expression or methylation data using the Genesis program (Graz University of 

Technology) 
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RESULTS 

MicroRNA expression profile changes drastically during osteoclastogenesis 

To analyze the dynamics of microRNA expression during human osteoclastogenesis, 

we first generated three sets of matching samples of MOs (CD14+ cells) from 

peripheral blood, OCs 48 hours post RANKL and M-CSF induction, and mature OCs 

derived from the same CD14+ cells. The quality of the osteoclasts was confirmed 

microscopically by the presence of more than three nuclei in TRAP-positive cells 

(TRAP staining) and the formation of the actine ring (phalloidin/DAPI staining), as 

shown in Figure 1A. At the molecular level the upregulation of osteoclastic markers 

(CA2, CTSK, ACP5/TRACP and MMP9, ) and the silencing of monocytic genes (CX3CR1) 

was confirmed (Figure 1B). We then performed a microRNA profiling to analyze the 

dynamics on the microRNA expression during the differentiation of monocytes to 

osteoclasts. Statistical analysis of the combined expression data from three biological 

replicates showed 115 microRNAs differentially expressed in at least one of the time 

points analyzed (Figure 1C). We organized the microRNAs according to their 

expression profile into 8 groups (the result of combining 3 comparison groups two-

by-two) and focused in those microRNA whose expression increased at 48h. 

microRNAs that rapidly become upregulated after M-CSF and RANKL stimulation are 

potentially more important for the differentiation process  than for the function of 

the osteoclasts. Two microRNA clusters ranked top in terms of fold change and 

relative expression levels: miR-212/132 and miR- 99b/let-7e/125a (Figure 1D). We 

confirmed the overexpression of the microRNAs by qPCR in the samples used for the 

Array (Figure 1E), as well as in a replication cohort (data not shown). To further 

analyze the expression dynamics of these microRNAs during the differentiation 

process we generated a time course of osteoclastogenesis from three different 

healthy donors, and checked the miRNA levels at several time points (Days 0, 1, 2, 3, 

4, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 19 and 21 days). These two clusters showed 

different dynamics when we analyzed their expression levels in a timely manner. For 

example, after RANKL/M-CSF stimulation, miR- 99b/let-7e/125a cluster members 

expression increased rapidly during the first four days; after day 4, its levels remained 

stably high until day 21 (Figure 1F, top). On the other hand, miR-212/132 cluster 

members expression peaked at day 2 showing an increase over day 0 of 47 fold 

(miR132) to 170 fold (miR-212). Strikingly, after day 2 peak their expression levels 

drop by 5 fold (Figure 1F, bottom). It appears that the function of miR-132 and miR-

212 is involved in the early events of osteoclastogenesis as their expression levels are 

tightly regulated, and constrained to the first four days of differentiation.  
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Figure 1. A.  Validation of the presence of osteoclast by TRAP staining and by 

phalloidine staining to se the actin ring. B. Molecular characterization of the 

differentiation process. Several OC markers are upregulated(CA2, CTSK, MMP9 and 

TRAcP), and monocyte markers are silenced (CX3CR1). C. Heatmap showing the 

expression array data from the miRNA expression screening. miRNAs were subdivided in 

8 groups (from I t VIII) according to their expression profiling (scheme); the number of 

miRNAs in each group is indicated inside the expression dynamics scheme. D. 

Representation of the genomic distribution of miR132/212 and miR 99b/125a/let7e 

clusters. E. Validation of array data by qPCR in a independent biological replicas. F. 

Expression dynamics of the indicated miRNAs during several time-points. 
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Several other miRNAs undergo expression changes after RNAKL and M-CSF 

stimulation, and many of them are concordant with previously described data in 

mice. For example, miR-223 is silenced, in accordance with its previously described 

function as a negative regulator of OC in RAW33. miR155 is upregulated, as it 

happens in BMM deriver osteoclasts 38, 39 (but contrary to what happens in 

RAW37). miR-21 is upregulated, concordant with previously described 

information40. miR-146 is upregulated at later steps41. On the other hand, miR-

12443 is upregulated at 48 hours, but silenced right after. 

 

DNA demethylation and PU.1 binding are implicated in the upregulation of miR-

212/132 and miR- 99b/let-7e/125a clusters 

The expression of miRNA genes can be regulated by several cellular mechanisms. We 

wondered whether the transcriptional activation of these two miRNA clusters may 

involve epigenetic modifications of their promoters, as well as the binding of the key 

myeloid transcription factor PU.1. We have previously described that both 

transcriptional regulators have a key role in modulating the expression of key genes 

related with the osteoclastic differentiation process31. So we decided to translate 

our previous findings to the regulation of the miRNA transcriptional program.  

We analyzed the features of the miRNa promoters in order to see the CG 

composition, as well as the PU.1 ocupancy. As it can be seen in Figure 2A, both 

miRNa promoters are surrounded by both CpG islands as well as PU.1 bound 

molecules. To analyze the presence of PU.1 in miRNa promoters,we used  PU.1 ChIP-

Seq data available on human monocytes, from Gene Expression Omnibus (GSE31621) 

from other publication[45]. As it can be seen on Figure 2A, PU.1 was targeting the 

promoter of miR-212/132 cluster, but not miR- 99b/let-7e/125a. To properly 

demonstrate the importance of PU.1 in regulating the expression of miRNAs, we 

knocked down PU.1 by using a siRNA approach. We validated the extent of the 

silencing by qPCR (achieving a 60% of downregulation) (Figure 2B) as well as by 

western blot (around 35 to 70 % of protein levels downregulation) (Figure 2C). As it 

can be seen in Figure 2D, when PU.1 is absent, an increase in the expression of 

several miRNAs was detected, indicating the potential inhibitory effect of PU.1 in this 

miRNA promoters. 
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Figure 2. A. Genomic features of the miR132/212 and miR 99b/125a/let7e clusters. 

Peaks show the occupancy of PU.1 in monocytes. Green bars indicate CpG island 

presence. B. Validation of PU.1 knock down by qPCR. C. Validation of the of PU.1 protein 

knock down by western blot. D. Expression levels of the indicated miRNAs on PU.1 

defficient samples at several time points. 

 

Inhibition of microRNA function delays osteoclastogenesis 

We also researched the putative mRNA targets for each of the selected miRNAs by 

the combination of several miRNA target prediction algorithms. We extracted the 

expression data of the putative targets from a mRNA expression array already 

published44 to look for genes that become downregulated after MCSF and RANKL 

stimulation, that is, that could be potentially regulated by miRNA posttranslational 

targeting (Figure 3A). 
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Figure 3. A. Heatmaps showing array expression levels of several miRNA target genes in 

MOs, OCs 48h and mature OCs. The targets shown were predicted by at least 4 target 

prediction algorithms. 

One of the candidate targets that arose from this analysis as a target for miR-212 was 

the nuclear receptor subfamily 4, group A, member 2 (NR4A2). This gene was already 

described to have an implication in osteoclast, as it is rapidly silenced after 

MCSF/RANKL stimulation, and moreover, its promoter is hypermethylated31. 

To further characterize the role of the selected microRNAs in osteoclastogenesis, we 

transfected the precursor monocytes with antagomiRs. We checked the efficiency of 

transfection by flow citometry of cells transfected with a control antagomiR 

fluorescein conjugated. We assessed 72.8% efficiency (Figure 4A). The antagomiRs 

bind specifically to the complementary miRNA and inhibit their function, therefore, 

preventing them to silence their target mRNAs. Then, we measured the expression 

levels of key osteoclast marker genes as well as several target genes for the miRNA, 

in order to asses if there is a delay in the differentiation process, and through which 

mechanisms they are working. Finally, we analyzed by TRAP staining if there were 

any impairment or delay in the formation of mature, bone resorbing osteoclasts.  
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Figure 4 A. Quantification of the transfection efficiency by flow citometry. B. Functional 

effect of miRNA inhibition on NR4A2 expression levels at several time points. C. 

Functional effect of miRNA inhibition on the expression of several osteoclast and 

monocytemarkers. 

When we transfected with miR-212 antagomiR, we saw that NR4A2 silencing was 

impaired by 5-fold at day 1 (Figure 2B). On the other hand, when transfecting 

individual miRNA inhibitors, we found little effect in regards to OC marker genes. 

ACP5, CTSK, TM4SF7 or CX3CR1 expression levels did not change after inhibiting 

individual miRNAs (Figure 4C). 

 

microRNA function in osteoclastogenesis occur through repressing alternative 

lineage genes 

After assessing the effect of miRNA inhibition in osteoclastogenesis, we decided to 

further investigate the molecular mechanisms through which miRNAs were exerting 

their inhibitory effect. We detected potential binding sites for miR-212 in the 3’UTR 
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of NR4A2, therefore, we decided to demonstrate the direct inhibition of the latter by 

miR-212, through a luciferase reporter assay of the 3’UTR region. 
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DISCUSSION 

Our results provide evidence of the implication of miRNA regulation of key genes 

during monocyte-to-osteoclast. First a high throughput screening of miRNA 

expression identified 115 miRNAs that undergo expression changes. We were able to 

further validate these expression changes by qPCR in independent biological replicas, 

indicating the robustness of our screening. Moreover, we have further characterized 

the expression dynamics of two of the miRNA clusters that become more strongly 

regulated during the process: miR-212/132 and miR- 99b/let-7e/125a clusters. After 

a comprehensive analysis of several time points, the expression profile of each of the 

miRNAs showed different dynamics: miR-212/132 cluster peaked at day 2 and was 

rapidly silenced, while miR- 99b/let-7e/125a was upregulated and its expression was 

stably maintained through differentiation. 

We hypothesize that the expression dynamics that miR-212/132 cluster shows are 

more related with miRNAs important for the differentiation process, while those 

shown by miR- 99b/let-7e/125a cluster seem to be more implicated in osteoclast 

function. 
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En la presente tesis doctoral se ha analizado la desregulación epigenética en dos 

tipos celulares relevantes para la artritis reumatoide, los fibroblastos sinoviales y los 

osteoclastos. La actividad de ambos tipos celulares se encuentra exacerbada en la 

articulación de las personas artríticas, y se han empleado dos aproximaciones 

diferentes para su estudio.  

Por un lado hemos analizado los fibroblastos sinoviales, responsables de la 

degradación del cartílago en estas personas. Hemos trabajado con los fibroblastos 

sinoviales de rodillas de personas con artritis reumatoide, y los hemos comparado 

con fibroblastos control analizando la desregulación de sus perfiles de metilación de 

DNA y microRNAs, para investigar las diferencias entre los fibroblastos de pacientes y 

controles. Las diferencias en los perfiles de metilación de DNA y de expresión de 

microRNAs entre los dos grupos indican potenciales vías de señalización y genes 

desregulados en esta enfermedad. 

Por otro lado, hemos estudiado un proceso de diferenciación relevante para la 

articulación artrítica, como es la osteoclastogénesis, puesto que su sobreactivación 

es responsable de la degradación del hueso en la rodilla de estos pacientes. Hemos 

analizado in vitro qué cambios epigenéticos suceden durante la diferenciación de 

monocitos a osteoclastos. Como resultado hemos descubierto el papel dual clave del 

factor de transcripción PU.1 en el reclutamiento de la maquinaria epigenética (TET2 y 

DNMT3b) que va a modificar, en un sentido o en otro (hipometilación e 

hipermetilación) el epigenoma de los monocitos, para que se diferencien a 

osteoclastos. Conocer y caracterizar a nivel molecular qué sucede en este proceso de 

diferenciación es clave para posteriormente encontrar vías de señalización que 

potencialmente puedan ser inhibidas farmacológicamente. 

En este apartado se presentan los resultados globales de esta tesis doctoral de 

manera comentada. 

1. Análisis de metilación y del perfil de microRNAs en fibroblastos sinoviales 

aislados de pacientes con artritis reumatoide y osteoartritis 

1.1. La comparación de los patrones de metilación del DNA entre fibroblastos 

sinoviales de pacientes de AR e individuos control revela cambios: hipometilación e 

hipermetilación en genes clave para el desarrollo de la artritis 

Hemos comparado los perfiles de metilación del DNA de fibroblastos sinoviales 

extraídos de 6 pacientes con artritis reumatoide con los de 6 obtenidos de individuos 

con osteoartritis. Este tipo celular es habitualmente utilizado como control respecto 
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a artritis reumatoide aparte de por su disponibilidad, debido a que carece de 

componente inflamatorio. Se han comparado los perfiles de metilación de ambos 

grupos por medio del array de metilación 450K de Illumina. Entre los más de 1200 

genes con cambios significativos de metilación detectados, hay algunos cuya función 

en AR ha sido extensamente estudiada, como el caso de IL6R, que se encuentra 

hipometilado en RASFesta enfermedad. La hipometilación y sobreexpresión de IL6R 

juega un papel principal en la inflamación aguda y crónica de la articulación, e 

incrementa el riesgo de rotura179. Además, un fármaco empleado para el tratamiento 

de la artritis reumatoide, como es el tocilizumab (agente biológico), tiene como diana 

esta proteína180.  Otro ejemplo sería el del regulador negativo de apoptosis TNFAIP8, 

que también se hipometila, y podría explicar la mayor resistencia a la apoptosis que 

este tipo celular muestra. En dirección opuesta, hemos encontrado entre otros, dos 

genes previamente implicados en la patogénesis de la RA, como son CCR6181 y 

DPP4182.  Pero quizá lo más interesante de este tipo de análisis globales de 

metilación, es la posibilidad de identificar nuevos marcadores potenciales, cuya 

metilación se ve desregulada. Este es el caso del gen CAPN8, cuya implicación nunca 

se había descrito en RA, y su estado de metilación se mantiene firmemente entre 

todas las muestras analizadas. A nivel funcional, agrupando los genes por categorías 

GO (Gene Ontology), en los genes hipometilados y potencialmente sobreexpresados 

observamos enriquecimiento en “desarrollo de cartílago”, “regulación del 

crecimiento celular” así como “ensamblaje de adhesión focal”. Categorías comunes 

para genes hipo e hipermetilados son “diferenciación celular”, “adhesión celular” y 

“desarrollo del sistema esquelético”. Las categorías mencionadas son de especial 

relevancia dado que son precisamente los fibroblastos sinoviales los que en AR 

destruyen el cartílago, y por tanto, empeoran el sistema esquelético de las personas 

afectadas. Asimismo, hemos analizado los cambios de metilación por regiones o 

“clusters” en el genoma. Hemos visto varios genes con hasta 9 CpGs representadas 

en el array cuya metilación cambia en el mismo sentido (hipo o hipermetilados). Los 

genes HOXA11 y CD74, por ejemplo, tienen en su promotor hasta 9 CpGs 

hipometiladas cada uno. Curiosamente, los niveles de CD74 son más elevados en el 

tejido sinovial procedente de pacientes con AR183. Por lo tanto, el estado epigenético 

de su promotor podría explicar por qué se encuentra a mayores niveles en el tejido 

sinovial de estos pacientes. Los genes cuya metilación cambia de manera más 

importante y relevante para AR en el array de metilación, han sido validados por 

técnicas alternativas como la pirosecuenciación de DNA modificado con bisulfito, 

observando en todos ellos la misma tendencia observada en el estudio global con 

array. 
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1.2. Integración de los datos del array de metilación del DNA con datos de 

expresión génica de RASF y OASF 

Hemos analizado las consecuencias funcionales de los cambios de metilación, 

analizando cómo influyen en la expresión génica. Para ello hemos cruzado los datos 

generados en el array de metilación, con el de un array de expresión realizado en el 

mismo tipo de muestras de AR y controles184. Hemos detectado 208 genes cuya 

expresión potencialmente está regulada por los niveles de metilación en su DNA, 

entre los que se encuentran HOXC4, HOXA11, CAPN8 and IL6R, demostrando la 

importancia de este tipo de regulación epigenética para la expresión de genes clave 

en el desarrollo de la enfermedad. 

1.3. Análisis de microRNAs en RASF y OASF 

Aparte de la regulación transcripcional regulada por los niveles de metilación del 

DNA, otros mecanismos influyen en la funcionalidad final de estos genes. Un 

mecanismo postranscripcional de regulación de suma importancia son los 

microRNAs. Hemos analizado los cambios en sus niveles de expresión en algunas de 

las muestras de fibroblastos obtenidos de pacientes de AR y controles usadas en el 

array de metilación. Hemos encontrado tanto microRNAs que se sobreexpresan (por 

ejemplo: miR-203, miR-550) como que se silencian (miR-124, miR-503) en los 

pacientes con artritis. Dada que la principal función de los micorRNAs es regular la 

expresión de sus dianas, hemos realizado un análisis de las dianas más robustas de 

cada microRNA, y lo hemos cruzado con los datos de expresión disponibles. De esta 

manera hemos identificado varios genes cuyos niveles de expresión y por tanto, de 

funcionalidad, podrían estar regulados por microRNAs. Entre los genes cuya 

regulación podría ser llevada a cabo por microRNAs, encontramos genes como CTSC, 

KLF8 o EBF3, regualdos todos por miR625*, o ITGBL1, que se ve regualdo por miR-

551b. 

1.4 Análisis integrativo de microRNAs y metilación de DNA muestra múltiples capas 

regulatorias en genes importantes para la patogénesis de la AR: 

La regulación de la expresión génica en condiciones patológicas, así como en 

condiciones fisiológicas, depende de diversos mecanismos: factores de transcripción, 

metilación del DNA, marcas en histonas, niveles de microRNAs, etc. Además, unas 

capas pueden regular a las otras, y es el equilibrio entre unas y otras lo que provoca 

finalmente una respuesta de activación o represión. Por ello es importante analizar 

las relaciones entre diferentes capas regulatorias, como son los niveles de metilación, 

y los niveles de los microRNAs, especialmente en enfermedades complejas como es 
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la AR. Hemos realizado un análisis integrado de microRNAs y metilación de DNA, y 

hemos encontrado varios microRNAs cuya expresión parece estar controlada por los 

niveles de metilación de su promotor, dado que muestran una relación inversa entre 

su metilación y su expresión. Entre estos, se encuentra el miR-124, miR-378, etc. El 

segundo análisis integrativo que hemos realizado está basado en la posible sinergia o 

antagonismo entre estos dos niveles de regulación, y su efecto en la expresión de 

genes concretos. Hemos encontrado varios genes cuya expresión está reprimida por 

los dos mecanismos estudiados, de manera que su promotor está hipermetilado, y su 

mRNA es degradado por la mediación de algunos microRNAs, que se sobreexpresan. 

Este es el ejemplo de genes como KLF11, o EPHA4, cuya importancia en el desarrollo 

de esta patología debe ser estudiado en profundidad, dada la existencia de 

mecanismos redundantes empleados para su silenciamiento. 

1.5. Discusión de la importancia de los hallazgos presentados en el análisis de 

metilación y del perfil de microRNAs en fibroblastos sinoviales aislados de 

pacientes con artritis reumatoide y osteoartritis 

El estudio de enfermedades multigénicas complejas requiere analizar de manera 

conjunta varias capas de regulación de la expresión génica que potencialmente 

pueden desregularse de manera coordinada. Nuestro estudio supera la dificultad de 

extraer datos de un número limitado de muestras gracias a la integración de 

información de metilación, microRNAs y expresión en muestras de AR y controles. El 

análisis integrado nos ha permitido descubrir nuevos genes, cuya desregulación está 

involucrada en la patogénesis de la AR, como por ejemplo IL6R, CAPN8, CD74, CCR6, 

DPP4 o HOXC4. Hemos comprobado que la expresión aberrante de estos genes 

puede estar determinado por un patrón irregular en la metilación del DNA de sus 

genes. Aparte de a nivel transcripcional, la regulación de la expresión puede darse 

postranscripcionalmente, como es el caso de la ejercida por microRNAs. Hemos 

analizado los cambios en los niveles que suceden en fibroblastos sinoviales de AR,y 

hemos observado un gran número de microRNAs sobreexpresados (miR-550, etc.) o 

silenciados (miR-503, etc.) aberrantemente. De la misma manera tras cruzar los datos 

de expresión de microRNAs y mRNAs, hemos identificado una serie de genes 

potencialmente regulados por microRNAs. Un mismo gen puede verse afectado por 

diferentes capas de regulación. En el presente estudio hemos decidido hacer un 

análisis integrativo multifactorial en el cual en primer lugar, analizamos la regulación 

de los niveles de los microRNAs por estudiando la metilación de sus promotores. En 

segundo lugar hemos combinado los datos de metilación, microRNAs con los de 

expresión, identificando genes cuyo silenciamiento o sobreexpresión son clave para 

la patología, dado que hay varios mecanismos (metilación o microRNAs) que se 
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encargan de controlar sus niveles de expresión. En conclusión, nuestro estudio 

demuestra la importancia de investigar múltiples capas de regulación no sólo a nivel 

transcripcional, sino también a nivel postranscripcional. El uso de herramientas 

genómicas aplicadas al análisis de tipos celulares específicos provenientes de 

pacientes, nos ofrece una cantidad de información muy elevada. Es por ello que se 

hace necesario ir un paso más allá, e integrar diferentes tipos de información para 

obtener aquellos genes más relevantes involucrados en enfermedades complejas 

como es la AR.   

 

2. Estudio epigenético de la diferenciación Monocito a Osteoclasto: El factor de 

transcripción mieloide PU.1 dirige la desmetilación mediada por TET2, así como la 

metilación por parte de DNMT3b en el proceso de diferenciación de monocito a 

Osteoclasto 

2.1. La diferenciación celular y la fusión en osteoclastogénesis sucede con la 

hipometilación e hipermetilación de genes y rutas clave para la función de 

resorción ósea 

Hemos analizado los cambios de metilación que suceden en el proceso de 

diferenciación de monocito a osteoclasto, a partir de muestras pareadas procedentes 

de tres pacientes. Para ello, los niveles de metilación en el DNA genómico de estas 

muestras ha sido analizado en el array 450K de Illumina, donde se analiza el estado 

de metilación de más de 480.000 CpGs en el contexto de genes (promotor, cuerpo, 

3’UTR), islas CpG, regiones intergénicas, etc. Hemos encontrado 3515 genes cuya 

metilación cambia durante el proceso (1895 hipometilados y 2054 hipermetilados). 

Algunos de los genes hipometilados y sobreexpresados, son genes clave en la función 

del osteoclasto, y son usados de rutina como marcadores, por ejemplo la Catepsina K 

(CTSK)100 , Fosfatasa Ácida Resistente a Tartrato (TRAP o ACP5)107, Transmembrane 4 

Superfamily, member 7 (TM4SF7 o DC-STAMP)185, etc. Los cambios observados en el 

array pudieron confirmarse pirosecuenciando DNA modificado con bisulfito en 

algunos genes seleccionados, viendo una correlación excelente entre los valores 

obtenidos por ambas técnicas (R2=0.97). Hemos confirmado que los cambios de 

metilación observados no se deben a ningún mecanismo inespecífico que provoque 

una hipo o hipermetilación general del genoma, estudiando el grado de metilación de 

varias regiones repetitivas (18S, 28S, SAT2, D4Z4 y NBL2) mediante secuenciación de 

DNA modificado con bisulfito. No apreciamos cambio alguno en la metilación de 

estas regiones, por lo que concluimos que los cambios de metilación que suceden 
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durante la osteoclastogénesis son específicos de algunos promotores, claves para la 

función del osteoclasto.  

2.2. La hipometilación es independiente de replicación y conlleva cambios en 5-

hidroximetilcitosina 

Para estudiar la dinámica de los cambios de metilación en relación con los cambios 

de expresión, decidimos estudiar el proceso de diferenciación en una serie temporal. 

Para ello diferenciamos monocitos a osteoclastos de tres donantes y recogimos 

muestras de DNA y RNA durante 21 días. Al analizar la dinámica de hipometilación 

algunos genes (ACP5, CTSK, TM7SF4, TM4SF19, IL7R), comprobamos que el 60% de 

los cambios de metilación que sucedían durante el proceso, ocurrían antes del cuarto 

día. Los cambios de expresión, sucedían a la misma velocidad, o ligeramente 

retrasados a los cambios de metilación. Posteriormente realizamos un estudio de 

proliferación de estos progenitores por medio de BrdU, comprobando que en estas 

condiciones, apenas un 10% de los progenitores de osteoclastos proliferan. Por 

tanto, la hipometilación observada en ausencia de división celular ha de efectuarse 

por medio de mecanismos de desmetilación activa. Algunos de los mecanismos 

propuestos conllevan la presencia de derivados oxidados de la 5-metilcitosina, como 

la 5-hidroximetilcitosina, 5carboxilcitosina o 5-formilcitosina24, 25. Decidimos analizar 

la presencia de 5-hidroximetilcitosina en promotores que se hipometilan, y 

comprobamos que en algunos hay un incremento de este intermediario, o bien el 

intermediario ya estaba presente, predisponiendo al gen para ser hipometilado. Por 

tanto las evidencias mostradas indican que hay un proceso de desmetilación activa 

en este proceso de diferenciación, y que este se lleva a cabo a través de la oxidación 

de la metilcitosina. 

2.3. Las regiones que sufren cambios en su metilación están enriquecidas en 

motivos de unión para AP-1, NF-kB y PU.1, factores de transcripción muy 

importantes en osteoclastogénesis 

Para estudiar el enriquecimiento en motivos de unión de factores de transcripción 

alrededor de los CpGs con cambios de metilación, creamos una ventana de 500 pares 

de bases  alrededor de los mismos (+- 250pb) y analizamos las secuencias por medio 

de la herramienta TRANSFAC. Este análisis nos mostró el enriquecimiento específico, 

y altamente significativo de sitios de unión para AP-1, NF-kB y PU.1 en CpGs 

hipometilados. Curiosamente, los sitios de unión para PU.1 también están 

específicamente enriquecidos en CpGs hipermetiladas, indicando el potencial papel 

bimodal de PU.1 en este proceso de diferenciación. Para comprobar si los sitios de 
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unión potenciales de los factores de transcripción mencionados anteriormente 

estaban realmente ocupados por AP-1, NF-kB o PU.1 en genes seleccionados, 

realizamos un ChIP con c-fos (miembro de AP-1), p65 (miembro de NF-kb) y PU.1 

(miembro de la familia de factores de transcripción ETS). En todos los casos pudimos 

comprobar la presencia del factor de transcripción en varios genes, no así en 

regiones control negativas como TRDR1 (un factor testicular), SAT2 (región repetitiva) 

o MYOD1 (factor expresado en músculo). 

2.4. PU.1 recluta a DNMT3b y TET2 a genes hipermetilados e hipometilados 

respectivamente 

Para investigar el potencial papel de los factores de transcripción anteriormente 

mencionados en los cambios de metilación observados, analizamos la implicación de 

PU.1 y p-65 en el proceso. También analizamos la implicación de la enzima TET2, 

responsable de la conversión de 5metilcitosina a 5hidroximetilcitosina, 

5carboxilcitosina o 5-formilcitosina24, 30 (intermediarios en el proceso de 

desmetilación activa), así como el papel de DNMT3b, responsable de transferir 

grupos metilo de novo a la citosina. Tras comprobar por qPCR y western blot la 

expresión de los citados genes, investigamos si estas proteínas interaccionaban entre 

ellas. Para ello inmunoprecipitamos p-65 y PU.1 en muestras de osteoclastos a 0, 2 y 

4 días tras ser estimulados con MCSF y RANKL. Nuestros resultados muestran un 

reclutamiento de DNMT3b y TET2 por parte de PU.1, dotándole de un potencial 

papel bivalente en modificar el entorno epigenético del núcleo de los osteoclastos. 

Estas interacciones pudieron ser confirmadas por medio de la inmunoprecipitación 

inversa. Inmunoprecipitamos TET2 y DNMT3b y confirmamos la presencia de PU.1 en 

el inmunoprecipitado de ambas proteínas. Una vez confirmada la interacción de PU.1 

con estas dos proteínas, investigamos en profundidad el papel dual de PU.1. 

Mediante una inmunoprecipitación de cromatina (ChIP) de monocitos a 0 y 2 días 

después de ser estimulados con MCSF y RANKL, analizamos el reclutamiento de TET2 

y DNMT3b por parte de PU.1 a promotores de genes que sufren cambios en sus 

niveles de metilación. En el caso de genes que se hipometilan, observamos la 

presencia de PU.1 desde el principio, y un ligero aumento a día 2. TET2, sin embargo, 

es reclutado al promotor de los genes hipometilados a día 2. Por otro lado, en genes 

que se hipermetilan, se aprecia un descenso en la ocupación de PU.1, y sin embargo 

un aumento en el reclutamiento de DNMT3b a día 2. 

2.5. El silenciamiento de PU.1 en monocitos impide la activación de marcadores de 

osteoclasto, y el reclutamiento de DNMT3b y TET2 
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Para confirmar el papel de PU.1 en el reclutamiento de maquinaria modificadora de 

la cromatina, investigamos los efectos de silenciar PU.1 en monocitos humanos 

primarios por medio de siRNAs (RNA pequeño de interferencia). Una vez confirmado 

el silenciamiento de PU.1 a nivel de mRNA mediante qPCR (alrededor de un 60% de 

silenciamiento) y proteína por medio de western blot (alrededor de un 50-60%), 

comprobamos el efecto de la ausencia de PU.1 en el proceso de diferenciación. En 

primer lugar comprobamos que la sobreexpresión de marcadores osteoclásticos 

como son la Catepsina K y la enzima TRAP, no solo se ve retrasada, sino que se 

reduce entre un 30 y un 70% a días 4 y 6. También se han analizado los cambios de 

metilación en los promotores de estos genes, observando un retraso en la 

hipometilación, que probablemente dificulte la sobreexpresión de sus tránscritos, y 

muestra la importancia de PU.1 en la consecución del epigenoma adecuado para el 

proceso de diferenciación. No sólo los genes hipometilados se ven afectados. Los 

monocitos con PU.1 silenciado, tienen dificultades a la hora de silenciar genes no 

necesarios para el osteoclasto, como es el caso de los genes CX3CR1 ó NR4A2. Su 

expresión es más elevada que en los controles, y sus niveles de metilación son 

inferiores, puesto que tardan más en ser hipermetilados. No se observaron cambios 

en dos genes control, uno que se hipometila sin PU.1 pegado a su promotor, y otro 

que permanece siempre hipermetilado. Finalmente, comprobamos el efecto del 

silenciamiento de PU.1 en el reclutamiento de DNMT3b y TET2 a los promotores de 

genes que se hipo (ACP5, TM4SF7) e hipermetilan (CX3CR1, NR4A2). Hemos 

comprobado la reducción en la ocupación de los promotores por parte de PU.1 

cuando éste se encuentra silenciado. Éste hecho trae como consecuencia una 

reducción en el reclutamiento de TET2 a los promotores de genes hipometilados, y 

una disminución de la presencia de DNMT3b a los genes hipermetilados, 

demostrando de forma inequívoca el papel central de PU.1 en el reclutamiento de 

remodeladores cromatínicos, necesarios para la correcta diferenciación de 

progenitores mieloides a osteoclastos. 

2.6. Discusión de la importancia del estudio epigenético de la diferenciación 

Monocito a Osteoclasto 

En este trabajo hemos evidenciado la importancia de la regulación a nivel 

epigenético de este proceso, tanto en el sentido de la hipometilación, como en el 

sentido de la hipermetilación. Estos cambios afectan a genes específicos importantes 

para la función de los osteoclastos maduros, y no suceden de forma inespecífica a 

nivel de todo el genoma. Gracias a los estudios de enriquecimiento de secuencias, 

hemos podido comprobar que los cambios de metilación observados en este proceso 

de diferenciación podrían estar relacionados con factores de transcripción 
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importantes para el mismo, entre los que cabe destacar el papel de PU.1. Hemos 

observado un gran número de motivos de unión a este factor de transcripción 

específicamente en regiones que se hipermetilan o que se hipometilan, indicando su 

potencial conexión con los cambios epigenéticos observados. Por este motivo, se 

analizó y confirmó la relación entre PU.1, con la maquinaria epigenética que modifica 

el estado de metilación en este proceso de diferenciación: DNMT3b y TET2. Estos 

resultados evidencian el potencial papel dual de adaptador de la maquinaria 

epigenética, usada no solo para permitir la expresión de genes osteoclásticos, sino 

también para reprimir la expresión de genes no necesarios para el tipo celular 

estudiado. Asimismo supone la primera evidencia de interacción entre PU.1 y TET2, y 

añade más conocimiento al papel de PU.1 no solo como activador transcripcional, 

sino también como represor en procesos de diferenciación complejos como la 

osteoclastogénesis. 

3. Estudio de los niveles de microRNAs revela el importante papel de los clusters 

miR-212/132 and miR- 99b/let-7e/125a en la diferenciación de monocito a 

osteoclasto 

3.1. La diferenciación celular y la fusión en osteoclastogénesis sucede con el cambio 

del perfil de expresión de microRNAs 

En este trabajo hemos evidenciado la importancia de la regulación de los microRNAs 

durante el proceso de diferenciación de osteoclastos. Cuando se analizan los niveles 

de expresión de microRNAs en diferentes puntos temporales, se aprecia un gran 

cambio en el perfil de microRNAs a tiempos tempranos, indicando que los cambios 

en microRNAs han de suceder rápidemante para que el proceso de diferenciación 

pueda llevarse a cabo de forma correcta. Además, se aprecia la presencia de ocho 

grupos de microRNAs en función de su perfil de expresión a tiempos tempranos 

(importantes para la osteoclastogénesis) y tiempos tardíos (importantes para la 

función del osteoclasto). 

3.2.  La inhibición de algunos microRNAs demuestra la importancia de los mismos 

en la diferenciación de monocitos a osteoclastos 

Se ha inhibido el efecto de los microRNAs por medio de antagomiRs, y se ha 

caracterizado el efecto que provocaban en el proceso de diferenciación. Se ha visto 

que no se retrasa la expresión de los marcadores de osteoclastos. Sin embargo, la 

expresión de algunas dianas predichas por algoritmos sí que se retrasó. 
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De los resultados obtenidos de esta tesis doctoral se puede concluir: 

1. Los fibroblastos sinoviales de artritis reumatoide tienen un perfil de 

metilación del DNA y expresión de microRNAs que los diferencia de los 

fibroblastos control, y que contribuye a explicar su comportamiento agresivo 

e invasivo. 

 

2. La existencia de procesos de desregulación epigenética afecta a genes 

importantes para el sistema inmune o la agresividad de los RASF, entre los 

que se incluyen: MMP20, RASGRF2, EGF, TIMP2, IL6R, CAPN8, TNFAIP8, 

CD74, CCR6, DPP4, HOXC4. Estos genes pueden ser usados como marcadores 

en la identificación de RASF. 

 

3. Los cambios de metilación observados en los RASF tienen relevancia a nivel 

de la expresión de los genes a los que afectan. 

 

4. Se ha descrito la desregulación a nivel de microRNAs, encontrando algunos 

ejemplos de expresión aberrante de los mismos: miR-203, miR-124, miR-503, 

miR-625*, miR-551b y miR-550. 

 

5. Existe una desregulación coordinada a varios niveles, tal como muestra  el 

análisis integrado de los datos de metilación, expresión y microRNAs 

realizado por primera vez sobre las muestras de muestras de RASF . 

 

6. Durante el proceso de diferenciación de monocito a osteoclasto hay grandes 

cambios en el metiloma. Se ha identificado hipometilación en 1895 genes e 

hipermetilación en 2054. 

 

7. Durante la osteoclastogénesis se observa la hipometilación de genes clave 

para la función del osteoclasto (CTSK, ACP5, TM7SF4) en los cuales, se 

produce una ganancia de expresión 

 

8. En el proceso de diferenciación de osteoclastos, también se observa 

hipermetilación de genes propios de otros linajes, como el gen CX3CR1, o 

receptor de la fractalina, que además, se silencia. 
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9. Los cambios de metilación sufridos en el DNA de estas células durante la 

osteoclastogénesis son específicos, y no están acompañados de pérdidas de 

metilación globales en secuencias repetititivas de distintos tipos 

 

10. La pérdida de metilación sucede de manera rápida al inicio de la 

diferenciación de los monocitos, y ocurre en ausencia de división celular. 

 

11. Durante el proceso de osteoclastogénesis varios genes se hipometilan de 

forma activa, estando implicados en este proceso derivados oxidados de la 

5meC como la 5hmeC. 

 

12. Existe un enriquecimientos en sitios de unión para factores de transcripción 

en los genes que se hipo- e hipermetilan. En concreto, se ha observado un 

enriquecimiento en sitios de unión para AP-1, NF-kB y PU.1 en regiones que 

se hipometilan, y de sitios de unión para PU.1 en las que se hipermetilan. 

Además, los sitios de unión predichos, están efectivamente ocupados por los 

factores de transcripción que los reconocen. 

 

13. Se ha descrito la interacción durante la osteoclastogénesis del factor de 

transcripción PU.1 con enzimas modificadoras de la cromatina tales como 

DNMT3b y, por primera vez con TET2. 

 

14. PU.1 y TET2 están ocupando promotores de genes que se hipometilan. Por 

otro lado, PU.1 y DNMT3b ocupan promotores de genes que se hipermetilan. 

 

15. PU.1 es clave para el reclutamiento de la maquinaria epigenética que 

hipometila (TET2) o hipermetila (DNMT3B) genes clave para la función del 

osteoclasto, dado que en su ausencia, los cambios observados suceden en 

menor grado. 

 

16. La expresión de microRNAs varía drásticamente durante el proceso de 

diferenciación de los osteoclastos. 

 

17. La inhibición del efecto de los microRNAs provoca alteraciones funcionales 

en los osteocalstos. 
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a b s t r a c t

Autoimmune rheumatic diseases are complex disorders, whose etiopathology is attributed to a crosstalk
between genetic predisposition and environmental factors. Both variants of autoimmune susceptibility
genes and environment are involved in the generation of aberrant epigenetic profiles in a cell-specific
manner, which ultimately result in dysregulation of expression. Furthermore, changes in miRNA
expression profiles also cause gene dysregulation associated with aberrant phenotypes. In rheumatoid
arthritis, several cell types are involved in the destruction of the joints, synovial fibroblasts being among
the most important. In this study we performed DNA methylation and miRNA expression screening of
a set of rheumatoid arthritis synovial fibroblasts and compared the results with those obtained from
osteoarthritis patients with a normal phenotype. DNA methylation screening allowed us to identify
changes in novel key target genes like IL6R, CAPN8 and DPP4, as well as several HOX genes. A significant
proportion of genes undergoing DNA methylation changes were inversely correlated with expression.
miRNA screening revealed the existence of subsets of miRNAs that underwent changes in expression.
Integrated analysis highlighted sets of miRNAs that are controlled by DNA methylation, and genes that
are regulated by DNA methylation and are targeted by miRNAs with a potential use as clinical markers.
Our study enabled the identification of novel dysregulated targets in rheumatoid arthritis synovial
fibroblasts and generated a new workflow for the integrated analysis of miRNA and epigenetic control.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune inflamma-
tory disease characterized by the progressive destruction of the
joints. RA pathogenesis involves a variety of cell types, including
several lymphocyte subsets, dendritic cells, osteoclasts and syno-
vial fibroblasts (SFs). In healthy individuals, SFs are essential to
keep the joints in shape, doing so by providing nutrients, facili-
tating matrix remodeling and contributing to tissue repair [1]. In
contrast to normal SFs or those isolated from patients with osteo-
arthritis (osteoarthritis synovial fibroblasts, OASFs), rheumatoid

arthritis synovial fibroblasts (RASFs) show activities associated
with an aggressive phenotype, like upregulated expression of
protooncogenes, specific matrix-degrading enzymes, adhesion
molecules, and cytokines [2]. Differences in phenotype and gene
expression between RASFs and their normal counterparts reflect
a profound change in processes involved in gene regulation at the
transcriptional and post-transcriptional levels. The first group
comprises epigenetic mechanisms, like DNA methylation, whilst
miRNA control constitutes one of the best studied mechanisms of
the second.

DNA methylation takes place in cytosine bases followed by
guanines. In relation with transcription, the repressive role of
methylation at CpG sites located at or near the transcription start
sites of genes, especially when those CpGs are clustered as CpG
islands, is well established [3]. Methylation of CpGs located in other
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regions like gene bodies is also involved in gene regulation [4,5]. At
the other side of gene regulation lie microRNAs (miRNAs), a class of
endogenous, small, non-coding regulatory RNA molecules that
modulate the expression of multiple target genes at the post-
transcriptional level and that are implicated in a wide variety of
cellular processes and disease pathogenesis [6].

The study of epigenetic- and miRNA-mediated alterations in
association with disease is becoming increasingly important as
these processes directly participate in the generation of aberrant
profiles of gene expression ultimately determining cell function
and are pharmacologically reversible. Epigenetics is particularly
relevant in autoimmune rheumatic diseases as it is highly depen-
dent on environmental effects. As indicated above, both genetics
and environmental factors contribute to ethiopathology of auto-
immune rheumatic disorders. This double contribution is typically
exemplified by the partial concordance in monozygotic twins (MZ)
[7,8]. It is of inherent interest to identify autoimmune disease
phenotypes for which the environment plays a critical role [9].
Many environmental factors, including exposure to chemicals,
tobacco smoke, radiation, ultraviolet (UV) light and infectious
agents among other external factors, are associated with the
development of autoimmune rheumatic disorders [10]. Most of
these environmental factors are now known to directly or indirectly
induce epigenetic changes, which modulate gene expression and
therefore associate with changes in cell function. For this reason,
epigenetics provides a source of molecular mechanisms that can
explain the environmental effects on the development of autoim-
mune disorders [11]. The close relationship between environment
and epigenetic status and autoimmune rheumatic disease is also
exemplified by using animal models [12]. This type of studies is also
essential for the identification of novel clinical markers for disease
onset, progression and response to treatments.

In this line, initial reports demonstrated hypomethylation-
associated reactivation of endogenous retroviral element L1 in
the RA synovial lining at joints [13]. Additional sequences have
since been found to undergo hypomethylation in RASFs, like IL-6

[14] and CXCL12 [15]. Candidate gene analysis has also enabled
genes to be identified that are hypermethylated in RASFs [16]. More
recently, DNA methylation profiling of RASFs versus OASFs has led
to the identification of a number of hypomethylated and hyper-
methylated genes [17]. With respect to miRNAs, reduced miR-34a
levels have been linked with increased resistance of RASFs to
apoptosis [18], and lower miR-124a levels in RASFs impact its
targets, CDK-2 and MCP-1 [19]. Conversely, miR-203 shows
increased expression in RASFs [20]. Interestingly, overexpression of
this miR-203 is demethylation-dependent, highlighting the
importance of investigating multiple levels of regulation and the
need to use integrated strategies that consider interconnected
mechanisms.

In this study, we have performed the first integrated comparison
of DNA methylation and miRNA expression data, together with
mRNA expression data from RASFs versus OASFs (Fig. 1) in order to
investigate the relevance of these changes in these cells and to
overcome the limitations of using a small number of samples. Our
analysis identifies novel targets of DNA methylation- and miRNA-
associated dysregulation in RA. Integration of the analysis of
these two datasets suggests the existence of several genes for
which the two mechanisms could act in the same or in opposite
directions.

2. Material and methods

2.1. Subjects and sample preparation

Fibroblast-like synoviocytes (FLSs) were isolated from synovial
tissues extracted from RA and OA patients at the time of joint
replacement in the Department of Rheumatology of Leiden
University Medical Center. All RA patients met the 1987 criteria of
the American College of Rheumatology. Before tissue collection,
permission consistent with the protocol of the Helsinki Interna-
tional Conference on Harmonisation Good Clinical Practice was
obtained. All individuals gave informed consent. Synovial tissues

Re-analysis of differentially expressed genes 
Correlation of OA and RA GEO data with 

our set of samples by qPCR

Analysis of the expression changes between 
RASF and OASF in the deregulated miRNA 

potential targets
Selection of potentially miRNA-regulated 

genes in RASF

DNA methylation levels at differentially 
expressed gene promoters

Selection of potentially DNA methylation
regulated genes in RASF and OASFs

Comparison of DNA methylation levels and 
expression changes

DNA methylation levels at miRNA 
genes (5000bp)

Correlation of the DNA methylation 
data with miRNA expression levels

Differentially methylated CpGs
Clusters of differentially methylated CpGs

Gene Ontology of differentially methylated genes
Validation of array data by pyrosequencing

Differentially expressed miRNA
Validation of miRNA expression by qPCR

Bioinformatical prediction of targets

miRNA EXPRESSION DATAEXPRESSION DATA (GEO)

DNA METHYLATION DATA

Fig. 1. Scheme depicting the strategy designed in this study where DNA methylation and miRNA data are integrated with expression array data. The grey oval areas show the type of
information that individual analysis of DNA methylation, miRNA expression and expression datasets can provide. This is listed within these grey oval areas and are described in
detail in the Results section. Between these grey oval areas, smaller elliptical panels show the type of analysis that can provide the combined information between DNA methylation
and expression datasets (left), DNA methylation and miRNA expression datasets (right), or expression and miRNA expression datasets (bottom).
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were collected during the arthroscopy, frozen in Tissue-Tek OCT
compound (Sakura Finetek, Zoeterwoude, Netherlands) and cut
into 5-mm slices using a cryotome (Leica CM 1900). Fibroblast
cultures were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum.

2.2. DNA methylation profiling using universal bead arrays

Infinium HumanMethylation450 BeadChips (Illumina, Inc.)
were used to analyze DNA methylation. With this analysis it is
possible to cover >485,000 methylation sites per sample at single-
nucleotide resolution. This panel covers 99% of RefSeq genes, with
an average of 17 CpG sites per gene region distributed across the
promoter, 50UTR, first exon, gene body, and 30UTR. It covers 96% of
CpG islands, with additional coverage in island shores and the
regions flanking them. Bisulfite conversion of DNA samples was
done using the EZ DNA methylation kit (Zymo Research, Orange,
CA). After bisulfite treatment, the remaining assay steps were
identical to those of the InfiniumMethylation Assay, using reagents
and conditions supplied and recommended by the manufacturer.
Two technical replicates of each bisulfite-converted sample were
run. The results were all in close agreement and were averaged for
subsequent analysis. The array hybridization was conducted under
a temperature gradient program, and arrays were imaged using
a BeadArray Reader (Illumina Inc.). The image processing and
intensity data extraction software and procedures were those
described by Bibikova and colleagues [21]. Each methylation datum
point was represented as a combination of the Cy3 and Cy5 fluo-
rescent intensities from the M (methylated) and U (unmethylated)
alleles. Background intensity, computed from a set of negative
controls, was subtracted from each datum point.

2.3. Detection of differentially methylated CpGs

Differentially methylated CpGs were selected using an algo-
rithm in the statistical computing language R [22], version 2.14.0. In
order to process Illumina Infinium HumanMethylation450 meth-
ylation data, we used the methods available in the LIMMA and
LUMI packages [23] from the Bioconductor repository [24]. Before
statistical analysis, a pre-process stage was applied, whose main
steps were: 1) Adjusting color balance, i.e., normalizing between
two color channels; 2) Quantile normalizing based on color
balance-adjusted data; 3) Removing probes with a detection p-
value > 0.01; 4) Filtering probes located in sex chromosomes; 5)
Filtering probes considered to be SNPs (single nucleotide poly-
morphisms). Specifically, the probes were filtered out using Illu-
mina identifiers for SNPs, i.e. those probes with an “rs” prefix in
their name; 6) Non-specific filtering based on the IQR (interquartile
range) [25], using 0.20 as the threshold value.

Subsequently, a Bayes-moderated t-test was carried out using
LIMMA [26]. Several criteria have been proposed to identify
significant differences in methylated CpGs. In this study, we
adopted themedian-difference beta-value between the two sample
groups for each CpG [27,28]. Specifically we considered a probe as
differentially methylated if (1) the absolute value of the median-
difference between b-values is higher than 0.1 and the statistical
test was significant (p-value < 0.05).

2.4. Identification of genomic clusters of differentially methylated
CpGs

A clustering method available in Charm package [29] was
applied to the differentially methylated CpGs. Although Charm is
a package specific for analyzing DNA methylation data from two-
color Nimblegen microarrays, we reimplemented the code to

invoke the main clustering function using genomic CpG localiza-
tion. By using this approach, we identified Differentially Methyl-
ated Regions (DMR) by grouping differentially methylated probes
closer than 500 pbs. In this analysis, the considered lists of CpGs
were those associated with a value of p < 0.01.

2.5. Bisulfite pyrosequencing

CpGs were selected for technical validation of Infinium Meth-
ylation 450K by the bisulfite pyrosequencing technique in the RASF
and OASF samples. CpG island DNA methylation status was deter-
mined by sequencing bisulfite-modified genomic DNA. Bisulfite
modification of genomic DNA was carried out as described by
Herman and colleagues [30]. 2 ml of the converted DNA (corre-
sponding to approximately 20e30 ng) were then used as
a template in each subsequent PCR. Primers for PCR amplification
and sequencing were designed with the PyroMark� Assay Design
2.0 software (Qiagen). PCRs were performed with the HotStart
Taq DNA polymerase PCR kit (Qiagen) and the success of
amplification was assessed by agarose gel electrophoresis.
Pyrosequencing of the PCR products was performed with the
Pyromark� Q24 system (Qiagen). All primer sequences are listed
in Supplementary Table 1.

2.6. Gene expression data analysis and comparison of DNA
expression and DNA methylation data

To compare expression andmethylation data, we used RASF and
OASF expression data from the Gene Expression Omnibus (GEO)
under the accession number (GSE29746) [31]. Agilent one-color
expression data were examined using LIMMA [24]. The pre-
process stage consisted of background correction, followed by
normalization. Thus, the applied background correction is
a convolution of normal and exponential distributions that are
fitted to the foreground intensities using the background intensities
as a covariate, as explained in the LIMMA manual. Next, a well-
known quantile method was performed to normalize the green
channel between the arrays and then the green channel intensity
values were log2-transformed. Values of average replicate spots
were analyzed with a Bayes-moderated t-test. Expression genes
matching methylated genes were then studied. Genes differentially
expressed between RASF and OASF groups were selected if they
met the criteria of having values of p and FDR (False Discovery Rate)
lower than 0.05 as calculated by Benjamini-Hochberg and a greater
than two-fold or less than 0.5-fold change in expression. Expres-
sion data were validated by quantitative RT-PCR. Primer sequences
are listed in Supplementary Table 1.

2.7. microRNA expression screening, target prediction and
integration with DNA methylation data

Total RNA was extracted with TriPure (Roche, Switzerland)
following the manufacturer’s instructions. Ready-to-use microRNA
PCR Human Panel I and II V2.R from Exiqon (Reference 203608)
were used according to the instruction manual (Exiqon). For each
RT-PCR reaction 30 ng of total RNA was used. Samples from OASF
and RASF patients were pooled and two replicates of each group
were analyzed on a Roche LightCycler� 480 real-time PCR system.
Results were converted to relative values using the inter-plate
calibrators included in the panels (log 2 ratios). RASF and OASF
average expression values were normalized with respect to refer-
ence gene miR-103. Differentially expressed microRNAs (FC > 2
or < 0.5) were selected.

To predict the potential targets of the dysregulated microRNAs,
we used the algorithms of several databases, specifically TargetScan
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[32], PicTar [33], PITA [34], miRBase [35], microRNA.org [36],
miRDB/MirTarget2 [37], TarBase [38], andmiRecords [39], StarBase/
CLIPseq [40]. Only targets predicted in at least four of these data-
bases and differentially expressed between RASFs and OASFs were
included in the heatmaps.

To compare the DNA methylation bead array data with the
miRNA expression levels, miRNAs were mapped to Illumina 450k
probes. For each differentially expressed miRNA we studied the
CpGs within a 5000 bp window around the transcription start site.
Using the GRCh37 assembly annotation for Illumina, the genomic
localization of probes was extracted in order to match them with
miRNA loci. Genomic features of miRNAs were taken from the
miRBase [41] and Illumina annotation was obtained from Illumi-
naHumanMethylation450K.db Bioconductor Package [41].

2.8. Gene ontology analysis

Gene Ontology analysis was done with the FatiGO tool [42],
which uses Fisher’s exact test to detect significant over-
representation of GO terms in one of the sets (list of selected
genes) with respect to the other one (the rest of the genome).
Multiple test correction to account for the multiple hypothesis
tested (one for each GO term) is applied to reduce false positives.
GO terms with adjusted P-value < 0.05 are considered significant.

2.9. Graphics and heatmaps

All graphs were created using Prism5 Graphpad. Heatmapswere
generated from the expression or methylation data using the
Genesis program from Graz University of Technology [43].

3. Results

3.1. Comparison of DNA methylation patterns between RASF and
OASF reveals both hypomethylation and hypermethylation of key
genes

We performed high-throughput DNA methylation screening to
compare SF samples from six RA and six OA patients. To this end,
we used a methylation bead array that allows the interrogation of
>450,000 CpG sites across the entire genome covering 99% of
RefSeq genes. Statistical analysis of the combined data from the 12
samples showed that 2571 CpG sites, associatedwith 1240 different
genes, had significant differences in DNA methylation between
RASFs and OASFs (median b differences > 0.10, p < 0.05) (Fig. 2A
and Supplementary Table 2). Specifically, we found 1091 hypo-
methylated CpG sites (in 575 genes) and 1479 hypermethylated
CpG sites (in 714 genes).

The list of genes differentially methylated between RASFs and
OASFs includes a number with known implications for RA patho-
genesis and some potentially interesting novel genes (Table 1). One
of the best examples is IL6R. Our results indicated that IL6R is
hypomethylated in RASFs with respect to OASFs, and that hypo-
methylation is probably associated with IL6R overexpression in
RASFs. IL6 and IL6R are factors well known to be associated with RA
pathogenesis and progression. IL6R overexpression plays a key role
in acute and chronic inflammation and increases the risk of joint
destruction in RA. Also, IL6R antibodies have recently been
approved for the treatment of RA [44]. Another interesting example
in the hypomethylated gene list is TNFAIP8, or TIPE2, a negative
mediator of apoptosis that plays a role in inflammation [45]. We
also identified CAPN8 as the gene with the greatest difference
between RASFs and OASFs. This gene has not previously been
associated with RA, although it is involved in other inflammatory
processes such as irritable bowel syndrome [46]. Conversely,

hypermethylated genes include factors like DPP4 and CCR6. DPP4
encodes a serine protease, which cleaves a number of regulatory
factors, including chemokines and growth factors. DPP4 inhibitors
have recently emerged as novel pharmacological agents for
inflammatory disease [47]. Several lines of evidence have also
shown a role for CCR6 in RA [48].

We then set out to determine whether our differentially
methylated genes could be involved in biological functions rele-
vant to RA pathogenesis. We therefore performed Gene Ontology
analysis to test whether some molecular functions or biological
processes were significantly associated with the genes with the
greatest difference in DNA methylation status between RASFs and
OASFs. The analysis was performed independently for gene lists
in the hypomethylated and hypermethylated group. We observed
significantly enriched functional processes that are potentially
relevant in the biology of SFs (Fig. 2B), including the following
categories: focal adhesion assembly (GO:0048041), cartilage
development (GO:0051216) and regulation of cell growth
(GO:0001558) for hypomethylated genes. For hypermethylated
genes, we observed enrichment in categories such as response to
wounding (GO:0009611), cell migration (GO:0016477) and cell
adhesion (GO:0007155). Hypermethylated and hypomethylated
genes shared several functional categories, such as cell differen-
tiation (GO:0030154), cell adhesion (GO:0007155) and skeletal
system development (GO:0001501) characteristic of this cell
type.

We also compared our data with those reported in a recent
study by Nakano and colleagues [17]. We found a significant
overlap of genes that were hypomethylated and hypermethylated
in both sets of samples (Supp. Fig. 1). These included genes like
MMP20, RASGRF2 and TRAF2 from the list of hypomethylated
genes, and ADAMTS2, EGF and TIMP2 from among the hyper-
methylated genes (see Supp. Fig. 1 and Table 2 in [17]). The use of
a limited set of samples in the identification of genes introduces
a bias associated with each particular sample cohort, which would
explain the partial overlap between different experiments.
However in this case, we observed an excellent overlap between
both experiments.

We also performed an analysis to identify genomic clusters of
differentially methylated CpGs, which highlighted several regions
of consecutive CpGs that are hypomethylated or hypermethylated
in RASFs compared with OASFs. Among hypermethylated CpG
clusters in RASFs we identified TMEM51 and PTPRN2. With respect
to hypomethylated genes, up to nine clustered CpGs were hypo-
methylated around the transcription start sites of HOXA11 (Fig. 2C,
left) and nine in CD74, the major histocompatibility complex, class
II invariant chain-encoding gene. CD74 levels have been reported to
be higher in synovial tissue samples from patients with RA than in
tissue from patients with osteoarthritis [49]. HOXA11 was consid-
ered another interesting gene, as HOX genes are a direct target of
EZH2, a Polycomb group protein involved in differentiation and in
establishing repressive marks, including histone H3K27me3 and
DNA methylation, under normal and pathological conditions. In
fact, additional HOXA genes were identified as being differentially
methylated between RASFs and OASFs (Table 1), suggesting that the
Polycomb group differentiation pathway may be responsible for
these differences.

To validate our analysis, we used bisulfite pyrosequencing of
selected genes (Supp. Fig. 2). In all cases, pyrosequencing of indi-
vidual genes confirmed the results of the analysis. In fact,
comparison of the bead array and pyrosequencingmethylation data
(Fig. 2C, center and right) showed an excellent correlation, sup-
porting the validity of our analysis. Additional genes that were
subjected to pyrosequencing analysis included CAPN8 and IL6R,
both of which were hypomethylated in RASFs, and DPP4 and HOXC4
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in the hypermethylated group (Fig. 2D and E). In all cases, the
analysis was validated by pyrosequencing in a larger cohort of
samples.

3.2. Integration of DNA methylation data with expression data from
RASFs and OASFs

DNA methylation is generally associated with gene repression,
particularly when it occurs at promoter CpG islands. However, DNA
methylation changes at promoters with low CpG density can also
regulate transcription, and changes in gene bodies also affect
transcriptional activity [4], although they do not necessarily repress

it. We therefore integrated our DNA methylation data with a high-
throughput expression analysis of RASFs and OASFs from a recent
study (GSE29746) [31]. To integrate expression data with our
methylation results, we first reanalyzed the expression data as
described in the Materials and Methods. Applying the threshold
criterion of a value of p < 0.01, we identified 3470 probes differ-
entially expressed between RASFs and OASFs (for which FC > 2 or
<0.6) (Fig. 3A). We then compared the results from the analysis of
the expression arrays with the DNA methylation data. Our analysis
showed that 208 annotated CpGs displayed an inverse correlation
between expression and methylation levels (Fig. 3B and
Supplementary Table 3).
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To examine the relationship between methylation and gene
expression further, we also performed an analysis focusing on the
relative position of the CpG site that undergoes a significant
change in methylation. We found that genes with a methylation
change at the TSS or the 50UTR generally exhibited an inverse
correlation between DNA methylation and gene expression
(Fig. 3C), whereby an increase in methylation tended to be
accompanied by a decrease in expression. Curiously, this rela-
tionship is positive when looking at CpGs containing probes
located at gene bodies with a significant methylation change
(Fig. 3C). Fig. 3D shows two examples of an inverse correlation
between DNA methylation and expression data.

We performed quantitative RT-PCR to investigate the expres-
sion status of several of the genes displaying a change in DNA
methylation in the set of samples used in this study. This analysis
included several of the genes mentioned above, as well as others,
like MMP2, for which increased expression in RASFs has been
described [50]. Our analysis confirmed the elevated levels for this
gene in our collection of RASFs (Fig. 3E). We also observed an
inverse correlation between DNA methylation and expression for
genes like HOXC4, HOXA11, CAPN8 and IL6R (Fig. 3F), although
genes like DPP4 did show a direct relationship. Specifically, we
found that hypermethylated DPP4 had higher levels of expression
in RASFs than in OASFs (Fig. 3F). Elevated levels for DPP4 are
compatible with the data obtained by other researchers [51].
However, it also indicates that for some genes, other mechanisms
contribute more to their expression levels than do DNA methyla-
tion changes.

3.3. miRNA screening in RASF and OASF

Changes in expression levels can certainly be due to transcriptional
control, like that determined by epigenetic changes at gene promoters,
DNAmethylation, or differences in transcription factor binding. At the
post-transcriptional level, miRNAs are recognized as being major
players in gene expression regulation. We compared the expression
levels ofmiRNAs inpooled RASFandOASF RNA samples. The screening
led to the identification of a number ofmiRNAs that are overexpressed
in RASFs with respect to OASFs, as well as downregulated miRNAs
(Fig. 4A).AmongthemostupregulatedanddownregulatedmiRNAs,we
identified several that havebeenpreviouslyassociatedwith relevant or
related events like miR-203 [20], which is upregulated in RASFs with
respect to OASFs, and miR-124, which is downregulated in RASFs [52]
(Fig. 4B). Other additional miRNAs identified in previous work in rela-
tion to RA includemiR-146a andmiR-34a (Fig. 4A). As indicated above,
the overlap with other studies highlights the robustness of our data.
However, it is likely that the analysis of a limited number of samples
introduces a bias associatedwith specific characteristics of the samples
in the studied cohort. Integrated analysis can help to identify relevant
targets. We then performed quantitative PCR to validate a selection of
themiRNAs in theentire cohort. ExamplesofmiR-625*, downregulated
in RASF, and miR-551b, upregulated in RASF, are shown in Fig. 4C.

As explained, miRNA-dependent control is associated with the
expression control of a number of targets either by inducing direct
mRNA degradation or through translational inhibition [53]. Accumu-
lated evidence has shown that most miRNA targets are affected at the
mRNA levels, and therefore comparison ofmRNAexpression array and

Table 1
Selection of genes differentially methylated and/or expressed in RASF vs. OASF, and previously described implications in RA.

Gene name Dmeth
CpG

Region Description D beta
(RA-OA)

FC express
(RA/OA)

Previously reported RA implication (ref)

CAPN8 1 Body Calpain 8 �0.52 N/A
SERPINA5 1 TSS1500 Serpin peptidase inhibitor,

clade A member 5
�0.40 N/A

FCGBP 1 Body Fc fragment of IgG binding protein �0.35 0.34 Detected in plasma sera related with
autoimmunity [56]

HOXA11 13 TSS1500 Homeobox A11 �0.30 0.40
IL6R 1 Body Interleukin 6 receptor �0.29 N/A Its ligand (IL6) is overexpressed in RA [57]
S100A14 3 TSS1500 S100 calcium binding protein A14 �0.27 N/A Involved in invasion through MMP2

(elevated in RA plasma) [50]
TMEM51 2 50UTR Transmembrane protein 51 �0.27 4.21
CSGALNACT1 3 TSS200 Chondroitin sulfate

N-acetylgalactosaminyltransferase 1
�0.22 0.48 Involved in cartilage development and

endocondral ossification [58] and [59]
COL14A1 2 Body Collagen, type XIV, alpha 1 �0.22 3.76
CD74 8 TSS1500 CD74 molecule �0.22 N/A Initiates MIF signal transduction (levels

related with RA course) [60]
TNFAIP8 3 Body Tumor necrosis factor,

alpha-induced protein 8
�0.20 3.75 Negative regulator of innate and adaptative

immunity [45]
TNFRSF8 1 BodyjTSS 1500 Tumor necrosis factor receptor

superfamily, member 8
�0.19 2.93 Its overexpression contributes to

proinflammatory immune responses [61]
KCNJ15 2 50UTRjTSS 200 Potassium inwardly-rectifying

channel, subfamily J, member 15
�0.15 5.51

CCR6 1 TSS1500 Chemokine (C-C motif) receptor 6 0.23 0.67 Migration, proliferation, and MMPs
production [62]

DPP4 1 TSS200 Dipeptidyl-peptidase 4 0.23 N/A Its inhibition increases cartilage invasion
by RASF [63]

PRKCZ 17 BodyjTSS 1500 Protein kinase C, zeta 0.25 N/A Inactivates syndecan-4 (integrin co-receptor),
reducing DC motility [64]

HLA-DRB5 3 Body Major histocompatibility complex,
class II, DR beta 5

0.26 3.16 SNP associated with cutaneous manifestations
rheumatoid vasculitis [65]

ALOX5AP 1 TSS1500 Arachidonate 5-lipoxygenase-activating
protein

0.29 N/A Deficit of this molecule ameliorates
symptoms in CIA [66]

BCL6 2 Body B-cell CLL/lymphoma 6 0.30 N/A RA synovial T cells express BCL6, potent B
cell regulator [67]

SPTBN1 2 TSS1500 Spectrin, beta, non-erythrocytic 1 0.27 0.23 Associated with CD43 abrogates T cell
activation [68]

HOXC4 13 50UTRjTSS 1500 Homeobox C4 0.4 N/A
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miRNA expression data is useful for identifying and evaluating the
impact of miRNAmisregulation at the mRNA levels.

To explore this aspect, we investigated the relationship
between miRNA expression differences between RASFs and
OASFs and their involvement in gene control by looking at levels
of their potential targets. To this end, we obtained a matrix with
the potential targets for each of the five miRNAs most strongly
upregulated and downregulated in RASFs relative to OASFs. We
considered bona fide putative targets those predicted by at least
four databases. As before, we used the expression microarrays
data for RASFs and OASFs generated in another study
(GSE29746) [31].

When looking at the expression levels of putative targets of
selected miRNAs we found more genes with potential effects on
the RASF phenotype. These included genes like CTSC, KLF8 or

EBF3, which are upregulated in RASFs concomitant with down-
regulation of miR625* and ITGBL1, which is downregulated in
RASF concomitant with upregulation of miR551b. Additional
putative targets included TLR4 for miR-203 and NFAT5 for miR-
124 (Fig. 4D). TLR4 is upregulated in RA and plays a key role in
the disease, whereas NFAT5 is a critical regulator of inflamma-
tory arthritis.

3.4. Integrated analysis of both miRNAs and DNA methylation
reveals multiple layers of regulation in genes relevant to RA
pathogenesis

We performed two separate analyses to explore the potential
connection betweenmiRNA and DNAmethylation control for genes
associated with the RASF phenotype.

-

-

- 0.6
- 0.4
- 0.2

0
0.2

0.4
0.6

0.8
1

C
or

re
la

tio
n 

be
tw

ee
n 

m
et

h.
 

an
d 

ex
pr

. d
iff

er
en

ce
s

Core promoter
Core promoter+1st exon
Gene body+3’UTR

0.8
1

1.2

OA RA OA RA OA RA

R
el

at
iv

e 
ex

pr
es

sio
n 

un
its

OA RA
10

11

12

13

14

15

OA RA
0.0

0.2

0.4

0.6

0.8

Be
ta

 V
al

ue
 M

et
h

A B C

D

Expression Expression Methylation 

HOXC4

50

40

20

10

0

*

30

%
M

et
h

%
M

et
h

0

20

40

60

80 * *

CpG1 CpG2

HOXA11

0

2

4

6

8

10

0

2

4

6

E

TNFAIP8

METHYLATION EXPRESSION-3.0 3.01:1

-3.0 3.01:1 -3.0 3.01:1

*****

11

12

13

14

15

16

OA RA

R
el

at
iv

e 
ex

pr
es

sio
n 

un
its

0.0

0.2

0.4

0.6

OA RA

Be
ta

 V
al

ue
 M

et
h

SPTBN1

R
elative gene Expresion/H

PR
T1

Methylation Expression

R
elative gene Expresion/H

PR
T1

60

40

20

0

*

IL6R

%
M

et
h

R
elative gene Expresion/H

PR
T1

RA
OA 

RA
OA 

%
M

et
h

50

40

20

10

0

30

**

0

2

4

6

8

****

Methylation Expression

DPP4

R
elative gene Expresion/H

PR
T1

RA
OA 

0.0

0.2

0.4

0.6

0.8

1

0.0

0.5

1.0

1.5 MMP2

RA
OA 

RA
OA 

Expression

F

METHYLATION EXPRESSION METHYLATION EXPRESSION

-

-
-

Fig. 3. Integration of DNA methylation with expression data. (A) Heatmaps including the reanalysis of expression data (GSE29746) for a collection of RASF and OASF samples. The
scale at the bottom distinguishes upregulated (red) and downregulated (blue) genes. (B) Heatmap comparison of inversely correlated expression and methylation. (C) Correlation
between differences in DNA methylation and expression of associated genes, focusing on different regions where the CpG sites are located in the probe, core promoter, core þ 1st
exon and gene body. (D) Illustrative examples of genes featuring an inverse correlation between methylation and expression. (E) Validation by quantitative RT-PCR of MMP2,
previously described as overexpressed in RASFs. (F) Examples of genes whose expression data were validated by quantitative RT-PCR.

L. de la Rica et al. / Journal of Autoimmunity 41 (2013) 6e1612

213



The first analysis focused on the potential regulation of miRNAs
by DNA methylation. DNA methylation can also repress the
expression of miRNAs, since miRNA-associated promoters are
subjected to similar mechanisms of transcriptional control as
protein-coding genes. We compared the data from the bead array
analysis with miRNA expression data. Our analysis showed 11
downregulated miRNAs, like miR-124, that were located near CpG
sites and were hypermethylated in RASFs. Only four upregulated
miRNAs were located near a CpG site hypomethylated in RASFs
(Fig. 4E).

The second analysis investigated the potential influence of DNA
methylation and miRNA control on specific targets. As explained
above, differences in expression patterns between RASFs and OASFs
could be due to altered mechanisms of control at the epigenetic
level, like DNA methylation, or at the post-transcriptional level. We
generated a list of selected genes whose expression patterns
differed significantly between RASFs and OASFs. Then we matched
the expression data with our DNA methylation data from bead
arrays andwith a selection of miRNAs that might target those genes
(as predicted at least by four databases) and that have significant
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differences in expression between RASFs and OASFs. This yielded
a list of genes potentially regulated by DNA methylation, at the
transcriptional level, and targeted by miRNAs, at the post-
transcriptional level. The list of genes comprises six groups
(Supplementary Table 4): i) downregulated genes in which hyper-
methylation concurs with overexpression of a miRNA that targets
them. Methylation and miRNA regulate in the same repressive
direction in this group; ii) downregulated genes in which hypo-
methylation is potentially overcome by co-occurrence of upregu-
lation of a miRNA that targets them. In this group, miRNA control is
potentially the predominant mechanism; iii) downregulated genes
in which hypermethylation predominates over downregulation of
miRNAs that potentially target them; iv) upregulated genes in
which hypomethylation concurs with downregulation of a miRNA
that targets them; v) upregulated genes inwhich hypermethylation
is overcome by downregulation of a miRNA that targets them, and,
vi) upregulated genes in which hypermethylation predominates
over upregulation of a miRNA that targets them. Integrated analysis
would require further validation to provide bona fide targets
determined by both regulatory mechanisms. However, this novel
approach to integrating miRNA and DNA methylation analysis
provides a new workflow for exploring the multiple layers of gene
dysregulation in RA in greater depth.

4. Discussion

In this study we have identified novel dysregulated targets in
rheumatoid arthritis (RA) synovial fibroblasts at the DNA methyl-
ation andmiRNA expression levels. By using a double approach and
integrated analysis of the DNA methylation, miRNA expression and
mRNA expression data we have established a new pipeline for
investigating the complexity of gene dysregulation in the context of
this disease when using primary samples. As indicated above,
dysregulation of gene expression arises from a combination of
factors, including genetic polymorphisms in genes associated with
regulatory roles and miRNAs, environmental factors and their
combined effect on transcription factor function and epigenetic
profiles, like DNA methylation and histone modification profiles.
Understanding the relationship between different elements of
regulation is key not only for understanding their intricate
connections within the disease but also in the higher propensity to
associated disorders [54]. DNA methylation-associated regulation
and miRNA control are major regulatory elements and provide
useful targets and markers of gene dysregulation in disease. In the
context of RASFs, a few studies have previously shown the exis-
tence of genes with DNA methylation alterations in RASFs. Most of
these have involved examining candidate genes. Examples include
the identification of the TNFRSF25 gene (encoding DDR9), which is
hypermethylated at its CpG island in synovial cells of RA patients
[16], and CXCL12 upregulated and hypomethylated in RASFs [15].
More recently, Firestein and colleagues [17] took an array-based
approach to identify hypomethylated and hypermethylated genes
in RASFs. Regarding miRNA profiling in RASFs, several studies have
demonstrated specific roles for miRNAs that are dysregulated in RA
synovial tissues [18e20,55]. However, there were no previous
systematic efforts to combine analyses of these two types of
mechanisms in the context of RA.

To the best of our knowledge, our study constitutes the first
attempt to integrate high-throughput omics data from primary
samples in the context of RA. The need of integrating several levels
of regulation is relevant for several reasons: first, from a biological
point of view, it is essential to understand the molecular mecha-
nisms underlying aberrant changes in gene expression associated
with the acquisition of the aggressive phenotype of RASFs; second,
from a more translational point of view, understanding multiple

levels of regulation of target genes that undergo dysregulation in
RA, could potentially allow to predict their behavior following the
use of specific therapeutic compounds. It can also serve to make
a better use of them as clinical markers of disease onset, progres-
sion or response to therapy.

Our analysis of individual datasets not only has allowed us to
confirm changes described by others but also to determine novel
genes with altered DNA methylation patterns, including MMP20,
RASGRF2, EGF, TIMP2 and others. Most importantly we have iden-
tified new genes that are relevant to the RA phenotype. This
includes IL6R, which is well known as an overexpressed gene in
RASFs and a target for antibody-based therapy [44]. Additional
targets include CAPN8, TNFAIP8, CD74 and CCR6. Methylation
alterations in RASFs occur at promoter CpG islands in genes like
DPP4 orHOXC4, and downstream of the TSS in genes like CAPN8 and
IL6R. This last observation is in agreement with recent reports
showing that gene expression can be also affected by methylation
changes at gene bodies [4,5]. In any case, we have found a canonical
inverse relationship between DNA methylation and expression
status for a subset of more than 200 genes. At the miRNA level,
analysis of the expression dataset has allowed us to validate
previously described miRNAs, like miR-203 and miR-124, as well as
identifying novel miRNAs, like miR-503, miR-625*, miR-551b, and
miR-550, that are potentially associated with dysregulated targets
in RASFs.

Integrative analysis has been carried out at different levels.
Firstly, the combined analysis of DNA methylation and expression
data generated a list of genes in which methylation changes were
inversely correlated with expression changes. This list of genes
potentially contains those regulated through DNA methylation in
a canonical manner, where DNA methylation associates with gene
repression (Supplementary Table 3). Secondly, we also studied the
potential relationship between expression changes and miRNA
expression changes that potentially target them (as defined by the
cumulative use of miRNA target prediction databases). In this case,
we identified a number of genes undergoing expression changes in
RASFs that are potentially targeted by concomitantly dysregulated
miRNAs.

Another level of integration is achieved by looking at genes that
may be targeted or regulated by the combined action of miRNA and
DNA methylation. Thus, we explored the potential combined effect
of miRNAs and DNA methylation in genes undergoing expression
changes in RASFs (Supplementary Table 2). Our analysis revealed
gene targets in which methylation and miRNA control possibly
concur in direction or have antagonistic effects. This classification
of genes in different groups is important because pharmacological
compounds or other experimental approaches influencing one of
the mechanism (DNA methylation) but not the other (miRNA
expression) or viceversa, would have to consider the existence of
multiple levels of regulation for interpreting the outcome of such
treatment. Finally, by looking at the potential control of miRNA
expression by DNA methylation, we identified a further regulatory
mechanism for several miRNAs, including miR-124. In this case,
hypermethylation of a specific miRNA promoter, would have
a positive effect on the expression levels of its targets, and, for
instance, pharmacological demethylation of that miRNA would
result in overexpression of the miRNA and downregulation of its
targets.

As indicated above, epigenetic profiles and miRNA expression
patterns are cell type-specific. The need to use primary samples for
the target tissue or cell type of a particular disease is usually
a limitation to performing epigenetic or miRNA analysis, given the
access to small amounts of tissue or cells that can be obtained in
most cases. The reduced number of laboratories with access to
RASFs, OASFs or SF from normal individuals is a good reflection of
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such limitation. Genetic analysis of genetically complex diseases
does not have such a limitation, since in most cases can be done
with peripheral blood. In this sense, the use of integrative
approaches to investigate epigenetic and miRNA-mediated control
of a limited set of samples overcomes partially this obstacle by
providing extra sets of data for internal validation within a small
cohort of samples and an increase of the robustness of the analysis.

In conclusion, our study highlights the need of investigating the
multiple layers of regulation at the transcriptional and post-
transcriptional levels as well as integrating the datasets during
the analysis. As targets for therapy, it is important to understand
the intricate connections between the various control mechanisms
and to consider the existence of both processes that operate in the
same direction or have antagonistic effects. The use of integrative
approaches will also be necessary for the rational design of targeted
therapies as well as for the use of different clinical markers for the
classification. In this sense, the workflow designed in this study has
allowed us to identify novel targets and their regulatory mecha-
nism in RASF and opens up a number of possibilities for future
research on epigenetics aspects on RA.
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Abstract 

Background 

DNA methylation is a key epigenetic mechanism for driving and stabilizing cell-fate 
decisions. Local deposition and removal of DNA methylation are tightly coupled with 
transcription factor binding, although the relationship varies with the specific differentiation 
process. Conversion of monocytes to osteoclasts is a unique terminal differentiation process 
within the hematopoietic system. This differentiation model is relevant to autoimmune 
disease and cancer, and there is abundant knowledge on the sets of transcription factors 
involved. 

Results 

Here we focused on DNA methylation changes during osteoclastogenesis. Hypermethylation 
and hypomethylation changes took place in several thousand genes, including all relevant 
osteoclast differentiation and function categories. Hypomethylation occurred in association 
with changes in 5-hydroxymethylcytosine, a proposed intermediate toward demethylation. 
Transcription factor binding motif analysis revealed an overrepresentation of PU.1, NF-�B 
and AP-1 (Jun/Fos) binding motifs in genes undergoing DNA methylation changes. Among 
these, only PU.1 motifs were significantly enriched in both hypermethylated and 
hypomethylated genes; ChIP-seq data analysis confirmed its association to both gene sets. 
Moreover, PU.1 interacts with both DNMT3b and TET2, suggesting its participation in 
driving hypermethylation and hydroxymethylation-mediated hypomethylation. Consistent 
with this, siRNA-mediated PU.1 knockdown in primary monocytes impaired the acquisition 
of DNA methylation and expression changes, and reduced the association of TET2 and 
DNMT3b at PU.1 targets during osteoclast differentiation. 

Conclusions 

The work described here identifies key changes in DNA methylation during monocyte-to-
osteoclast differentiation and reveals novel roles for PU.1 in this process. 

Background 
DNA methylation plays a fundamental role in differentiation as it drives and stabilizes gene 
activity states during cell-fate decisions. Recent reports have shown a close relationship 
between the participation of transcription factors during differentiation and the generation of 
cell type-specific epigenetic signatures [1-3]. Several mechanisms explain the co-occurrence 
of DNA methylation changes and transcription factor binding, including the active 
recruitment of enzymes involved in DNA methylation deposition, interference or alternative 
use of the same genomic regions. One of the best models for investigating these mechanisms 
is the hematopoietic differentiation system given the profound knowledge on the transcription 
factors implicated at different stages. Many studies have focused on hematopoiesis in order to 
learn about the type, distribution and role of epigenetic changes, particularly DNA 
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methylation during differentiation. However, the role of DNA methylation changes and the 
mechanisms participating in their acquisition in terminal differentiation processes remain 
elusive, even though these are amongst the most important since they produce functional cell 
types with very specific roles. 

A singular differentiation process within the hematopoietic system is represented by 
differentiation from monocytes (MOs) to osteoclasts (OCs), which are giant, multinucleated 
cells that are specialized in degrading bone [4]. OCs differentiate from monocyte/macrophage 
progenitors following M-CSF [5] and RANKL [6] stimulation. Osteoclastogenesis requires 
cell fusion, cytoskeleton re-organization [7] and the activation of the specific gene sets 
necessary for bone catabolism. The signaling pathways activated after M-CSF and RANKL 
induction have been extensively described, and act through TRAF-6 [8,9], immunoreceptor 
tyrosine-based activation motif (ITAM) [10] adaptors DAP12 [11] and FcRg [12] associated 
with their respective receptors, TREM-2 [13] and OSCAR, as well as calcium oscillations 
[14]. Signals end in the activation of NF-kB, MAPK and c-Jun, leading to the activation of 
NFATc1 [15], the master transcription factor of osteoclastogenesis, together with PU.1 and 
MITF [16], which is already present in the progenitors. These transcription factors bind to the 
promoter and help up-regulating OC markers such as dendritic cell-specific transmembrane 
protein (DC-STAMP/TM7SF4) [17], tartrate-resistant acid phosphatase (TRACP/ACP5) [18], 
cathepsin K (CTSK) [19], matrix metalloproteinase 9 (MMP9) [20] and carbonic anhydrase 2 
(CA2). 

OC deregulation is involved in several pathological contexts, either in the form of deficient 
function, as is the case in osteopetrosis [21], or aberrant hyperactivation, as in osteoporosis 
[22]. These cells are also involved in autoimmune rheumatic disease. For instance, in 
rheumatoid arthritis aberrantly activated OCs are major effectors of joint destruction [23]. 
Moreover, OCs cause bone complications in several diseases, such as multiple myeloma [24], 
prostate cancer and breast cancer [25], and there is also a specific tumor with OC origin, the 
giant cell tumor of bone [26]. 

In vitro generation of OCs allows this cell type to be investigated, whereas isolating primary 
bone OCs for this purpose is very difficult. MOs stimulated with RANKL and M-CSF 
generate functional OCs [27], which degrade bone and express OC markers [28]. As 
indicated, the involvement of transcription factors in this model has been well studied, 
however very few reports have analyzed the role of epigenetic changes during 
osteoclastogenesis, and these focus mainly on histone modifications [29,30]. Given the 
relationship between transcription factors and DNA methylation, we hypothesized that 
examining DNA methylation changes would provide clues about the involvement of specific 
factors in the dynamics and hierarchy of these changes in terminal differentiation. 

In this study, we compared the DNA methylation profiles of MOs and derived OCs following 
M-CSF and RANKL stimulation. We found that osteoclastogenesis was associated with the 
drastic reshaping of the DNA methylation landscape. Hypermethylation and hypomethylation 
occur in many relevant functional categories and key genes, including those whose functions 
are crucial to OC biology, like CTSK, ACP5 and DC-STAMP. Hypomethylation occurred 
early, concomitantly with transcription changes, was DNA replication-independent and 
associated with a change in 5-hydroxymethylcytosine, which has been proposed as an 
intermediate in the process of demethylation. Inspection of transcription factor binding motif 
overrepresentation in genes undergoing DNA methylation changes revealed the enrichment 
of the PU.1 binding motif in hypermethylated genes and AP-1, NF-kB and also PU.1 motifs 
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among hypomethylated genes. In fact, analysis of PU.1 ChIPseq data showed its general 
association to a high number of both hypo- and hypermethylated sites. Chromatin 
immunoprecipitation assays and immunoprecipitation experiments, suggested a potential 
novel role for PU.1 recruiting DNMT3B to hypermethylated promoters, and TET2, which 
converts 5-methylcytosine to 5-hydroxymethylcytosine, to genes that become demethylated. 
This has been demonstrated by performing siRNA-mediated downregulation of PU.1 which 
partially impaired DNA methylation, expression and recruitment of TET2 and DNMT3B to 
PU.1 targets, supporting the participation of PU.1 in the acquisition of DNA methylation 
changes at their target sites. 

Results 

Cell differentiation and fusion in osteoclastogenesis are accompanied by 
hypomethylation and hypermethylation of key functional pathways and genes 

To investigate the acquisition of DNA methylation changes during monocyte-to-osteoclast 
differentiation we first obtained three sets of matching samples corresponding to MOs 
(CD14+ cells) from peripheral blood and OCs derived from the same CD14+ cells, 21 days 
after the addition of M-CSF and RANKL. The quality of mature, bone-resorbing OCs 
obtained under these conditions was confirmed by several methods, including the presence of 
more than three nuclei in TRAP-positive cells (in some cases, up to 40 nuclei per cell were 
counted), the upregulation of OC markers, such as CA2, CTSK, ACP5/TRACP and MMP9, 
and downregulation of the monocytic gene CX3CR1 (Additional file 1). At 21 days, over 
84% of the nuclei detected in these preparations could be considered to be osteoclastic nuclei 
(in polykaryons, nuclei and not cells were counted) (Additional file 1). We then performed 
DNA methylation profiling using bead arrays that interrogate the DNA methylation status of 
> 450,000 CpG sites across the entire genome covering 99% of RefSeq genes. Statistical 
analysis of the combined data from the three pairs of samples revealed that 3515 genes (8028 
CpGs) displayed differential methylation (FC � 2 or FC � 0.5; FDR � 0.05). Specifically, we 
identified 1895 hypomethylated genes (3597 CpG sites) and 2054 hypermethylated genes 
(4429 CpGs) (Figure 1A and Additional file 2). Changes corresponding to the average three 
pairs of monocytes/osteoclasts (Figure 1B) were almost identical to the pattern obtained for 
each individual pair of samples (Additional file 3), highlighting the specificity of the 
differences observed. 
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Figure 1 High-throughput methylation comparison between monocytes (MOs) and 
derived osteoclasts (OCs). (A) Heatmap including the data for three paired samples of MOs 
(MO D1, D2, D3) and their derived OCs (OC D1, D2, D3) harvested on day 21. The heatmap 
includes all CpG-containing probes displaying significant methylation changes (8028 in total 
with FC � 2 or FC � 0.5; p � 0.01 and FDR � 0.05) (Additional file 2). Scale shown at the 
bottom, whereby beta values (i.e. the ratio of the methylated probe intensity to the overall 
intensity, where overall intensity is the sum of methylated and unmethylated probe 
intensities) ranging from 0 (unmethylated, blue) to 1 (completely methylated, red). (B)
Scatterplot showing the mean methylation profile of three matching MO/OC pairs. Genes 
with significant differences (FC > 2, FDR < 0.05) in averaged results from the three pairs of 
samples are highlighted in red (hypermethylated) or blue (hypomethylated). (C) Distribution 
of differentially methylated CpGs among genomic regions (promoter, gene bodies, 3�UTR 
and intergenic) in different subsets of CpGs (hypomethylated, hypermethylated). (D) Gene 
ontology enrichment analysis of hypomethylated and hypermethylated CpGs showing the 
most important categories. (E) Technical validation of the array data by bisulfite 
pyrosequencing of modified DNA. BS pyrosequencing of three representative 
hypomethylated genes (ACP5, CTSK and TM7SF4) and one hypermethylated gene (CX3CR1) 
from the array data are shown. A representation showing the excellent correlation between 
array data (beta values) and pyrosequencing data (% methylation) including the data for the 
four genes (right panel). (F) Cluster analysis of contiguous differentially methylated regions 
(< 500 bp). Two examples of regions with more than nine consecutive CpGs differentially 
methylated are shown. (G) Analysis of methylation levels in repetitive elements (Sat2, D4Z4, 
NBL2) and ribosomal RNA genes (18S and 28S regions) as obtained from bisulfite 
sequencing analysis. 

Over a third of the differentially methylated CpG-containing probes (33% for 
hypomethylated CpGs, 45% for hypermethylated CpGs) mapped to gene promoters, the best-
described regulatory region for DNA methylation, although DNA methylation changes also 
occurred at a similar scale in gene bodies (51% for hypomethylated CpGs, 40% for 
hypermethylated CpGs) (Figure 1C). Gene ontology analysis of hypomethylated CpGs 
revealed significant enrichment (FDR � 0.05) for a variety of functional categories of 
relevance in OC differentiation and function (Figure 1D). We observed very high 
significance for terms like immune response (FDR = 4.25E-25) and signal transduction (FDR 
= 1.45E-21), but also more specific categories such as ruffle organization (FDR = 9.91E-2), 
calcium ion transport (FDR = 4.6E-2) and OC differentiation (FDR = 1.94E-1). In the case of 
hypermethylated genes, we also found highly significant enrichment of signal transduction 
(FDR = 4.09E-17), and enrichment of categories related to other hematopoietic cell types, 
suggesting that hypermethylation and associated silencing take place in gene sets that become 
silent in differentiated OCs (Figure 1D). Together, these data indicate that DNA 
hypomethylation is targeted to genomic regions that are activated during osteoclastogenesis, 
and hypermethylation silences alternative lineage genes that are not expressed in OCs. 

Remarkably, among the group of hypomethylated genes (Additional file 2), we identified 
changes in several of the archetypal OC genes near their transcription start sites. For example, 
CTSK, the lysosomal cysteine proteinase involved in bone remodeling and resorption, is 
hypomethylated more than 60%. The ACP5/TRACP gene is hypomethylated around 47%. 
Finally, TM7SF4, which encodes for DC-STAMP, a seven-pass transmembrane protein 
involved in signal transduction in OCs and dendritic cells, undergoes 59% hypomethylation. 
We also observed significant hypomethylation at the osteoclast-specific transcription factor 
gene NFATC1, although in this case hypomethylation occurred at CpG sites located in its 
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gene body region. Conversely, CX3CR1, an important factor for MO adhesion to blood 
vessels that is downregulated during osteoclastogenesis, displayed an increase in methylation 
of over 28% (Additional file 2). 

To confirm that differences in DNA methylation identified between MOs and OCs were 
robust, we carried out bisulfite genomic pyrosequencing of the aforementioned selection of 
genes, looking at CpG sites corresponding to the oligonucleotide probe represented in the 
methylation array. In all cases, bisulfite pyrosequencing confirmed the results of the beadchip 
array (Figure 1E and Additional file 4). This analysis showed a very close correlation 
between the array and the pyrosequencing data (R2 = 0.9707) (Figure 1E). 

We also investigated the coordinated hypomethylation or hypermethylation of adjacent CpGs 
by analyzing the different sequence window lengths (from 500 bp to 1,000,000 bp). With the 
largest sequence windows we were able to observe the coordinated hypermethylation of 
multiple CpGs across several genes, like those in the HOXA gene cluster. However, the 
majority of CpGs undergoing coordinated methylation changes were identified within the 
single gene level. By analyzing CpGs that are concomitantly deregulated within a 500-bp 
window, we identified several genes displaying coordinated hypomethylation or 
hypermethylation of many CpG sites (Additional file 5). Among these, we identified several 
CpG clusters in genes potentially involved in OC function and/or differentiation, including 10 
CpGs at the promoter of the TM4SF19 gene, also known as OC maturation-associated gene 4 
protein, and 9 CpGs in the gene body of ARID5B, the AT-rich interactive domain 5B (MRF1-
like) (Figure 1F). 

To examine the specificity of the DNA methylation changes further we performed bisulfite 
sequencing of repetitive elements (Sat2, D4Z4 and NBL2 repeats) and ribosomal RNA genes 
(Figure 1G and Additional file 3). We also performed genome-wide amplification of 
unmethylated DNA Alu repeats (AUMA), the most common family of repetitive elements 
that are present in tandem or interspersed in the genome [31]. These experiments showed no 
significant DNA methylation changes in any of these repetitive elements (Additional file 3), 
reinforcing the notion of the high specificity of hypomethylation and hypermethylation of the 
identified gene sets. 

Hypomethylation is replication-independent and involves changes in 5-
hydroxymethylcytosine 

To investigate the dynamics of DNA methylation in relation to gene expression changes we 
first examined how DNA methylation changes are associated with expression changes and 
then compared the dynamics of DNA methylation and expression changes. 

We used osteoclastogenesis expression data (available from the ArrayExpress database under 
accession number E-MEXP-2019) on 0, 5 and 20 days [32]. Our analysis showed that most 
changes occurred within the first 5 days, since the expression changes between 0 and 5 days 
were very similar to those observed between 0 and 20 days, and very few genes changed 
between 5 and 20 days (Figure 2A and Additional file 6). The 0-to-20-day comparison 
showed that 2895 genes were upregulated (FC > 2; FDR < 0.05) and 1858 were 
downregulated (FC < 0.5; FDR < 0.05). We found different relationships between DNA 
methylation changes and gene expression (Figure 2B). An inverse relationship between DNA 
methylation and gene expression was mainly observed for changes occurring in CpGs in the 
proximity of the TSS and within the first exon (Figure 2C) and it was less frequent in those at 
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gene bodies and 3�UTR (Figure 2C). Comparing DNA methylation and expression data 
revealed that 452 genes were both hypomethylated and overexpressed and 280 genes were 
both hypermethylated and repressed at the selected thresholds (Additional file 7). We 
selected a panel of 10 genes from those undergoing hypomethylation and hypermethylation to 
investigate the dynamics of DNA methylation and expression changes, and performed 
bisulfite pyrosequencing and quantitative RT-PCR over the entire osteoclastogenesis for three 
sets of samples (Figure 2D). We found that the promoters of genes like ACP5, CTSK, 
TM7SF4 and TM4SF19 rapidly became hypomethylated following RANKL and M-CSF 
stimulation (Figure 2D, top). In fact, around 60% of the entire range of hypomethylation 
occurred between days 0 and 4. Changes in mRNA levels occurred at a similar pace or, in 
some cases, in an even more gradual manner and were slightly delayed with respect to 
changes in DNA methylation. In contrast, hypermethylated genes like PPP1R16B, CD6 and 
NR4A2 (Figure 2D, bottom) displayed loss of expression before experiencing an increase in 
DNA methylation, highlighting the different dynamics and mechanisms involved in 
hypomethylation and hypermethylation events. 
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Figure 2 Dynamics of DNA methylation and its relationship with expression changes. 
(A) Heatmap showing expression levels on 0, 5 and 20 days for genes displaying significant 
methylation and expression changes (4753 in total with FC � 2 or FC � 0.5; p � 0.01 and 
FDR � 0.05). (Additional file 7). (B) Scatterplots showing the relationship between the log2-
transformed FC in expression and the log2-transformed FC in DNA methylation. 62% of the 
hypomethylated genes are overexpressed (in blue); 55% of the hypermethylated genes are 
repressed (in red). (C) Correlation between methylation and expression data (slope from the 
linear regression between DNA methylation differences versus expression differences) for all 
differentially methylated genes organized by genomic location (first exon, TSS, 5�UTR, gene 
body, 3�UTR). (D) DNA methylation and expression dynamics of selected loci during 
monocyte-to-osteoclast differentiation. Methylation percentage determined by bisulfite 
pyrosequencing. Quantitative RT-PCR data relative to RPL38. DNA methylation and 
expression data are represented with a black and a red line respectively. (E) BrdU assay 
showing the percentage of replicating cells at different times. From days 1 to 4, only 9.46% 
of cells divide. (F) Effects of 5azadC treatment (50 nM, 500 nM) on osteoclastogenesis 
monitoring ACP5, CTSK, and CX3CR1 levels and TRAP staining over time. (G) Workflow 
for testing the presence of 5 hydroxymethylcytosine in hypomethylated genes. DNA was 
treated with a 5hmC-specific glucosyltransferase. Cytosines bearing a 5-hydroxymethyl are 
protected against MspI digestion, and the surrounding region can be amplified by qPCR. 
When no 5hmC is present, glucose is not transferred to C, DNA is cleaved at CCGG sites, 
and there is less qPCR amplification. Several controls are used to set the 0% and 100% 
content of 5hmC. (H) 5hmC content in several of the CpGs that are rapidly demethylated 
after RANKL and M-CSF stimulation of OC precursors. 

It is well established that osteoclastogenesis occurs in the absence of cell division. We tested 
the levels of cell division in our monocyte-to-osteoclast differentiation experiments by 
treating cells with BrdU pulses. Consistent with previous observations, fewer than 9.8% were 
found to be BrdU-positive between 1 and 4 days, confirming the virtual absence of 
replication (Figure 2E and Additional file 8). This implies that the large DNA methylation 
changes observed in this time period are independent of DNA replication. This conclusion is 
also supported by the fact that treatment with 5-Aza-2�-deoxycytidine (5azadC), a 
pharmacological compound that results in replication-coupled DNA demethylation [33], had 
no significant effect on osteoclastogenesis (Figure 2F). 

The existence of DNA methylation changes in the absence of replication is particularly 
significant for genes undergoing demethylation, given the controversy around active DNA 
demethylation mechanisms. In this context, recent studies have drawn attention towards a 
family of enzymes, the Tet proteins, which convert 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) [34,35] and other modified forms of cytosine, 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) [36]. 5hmC, 5fC and 5caC may 
represent intermediates in an active demethylation pathway that ultimately replaces 5mC with 
cytosine in non-dividing cells [37,38]. To establish the potential involvement of these 
mechanisms, we here focused on the 5hmC levels at early time points in several of the genes 
that are hypomethylated during osteoclastogenesis, using a method that cleaves DNA that has 
C, 5mC, but not the glucosyl-5hmC produced as a result of treatment with the 5-
hydroxymethylcytosine specific glucosyltransferase enzyme (Figure 2G). For several genes 
that become hypomethylated, like ACP5 and TM4SF19, we observed an initial increase in 
5hmC levels followed by a slight but significant decrease (Figure 2H). In other genes, like 
TM7SF4 and CD59, of there were high levels of 5hmC before the addition of RANKL/M-
CSF as if these genes were already primed for demethylation. In any case, our results 
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suggested the participation of hydroxymethylation, and therefore the activity of Tet proteins, 
in genes that undergo a reduction in DNA methylation. 

Sequences undergoing DNA methylation changes are enriched for binding 
motifs for AP-1, NF-kB and PU.1, key transcription factors in 
osteoclastogenesis 

Different studies have recently shown that transcription factor binding events are associated 
with changes in the DNA methylation profiles and the response to different situations 
[2,39,40]. To address this further, we first investigated the potential overrepresentation of 
transcription factor binding motifs among the sequences undergoing DNA methylation 
changes during OC differentiation using the TRANSFAC database and focusing on a region 
of 500 bp around the CpG sites identified as undergoing hypomethylation or 
hypermethylation. We noted highly significant overrepresentation of a small selection of 
transcription factor binding motifs for genes that undergo hypomethylation or 
hypermethylation (Figure 3A). We observed that the overrepresentation of binding motifs 
was very specific to the direction of the DNA methylation change (hypomethylation or 
hypermethylation). 

Figure 3 Association of transcription factors with DNA methylation changes during 
moncoyte to OC differentiation. (A) Significant enrichment of predicted TF (TRANSFAC 
motif) in hypo-/hypermethylated CpG sites regions. A 500-bp window centered around the 
hypo-/hypermethylated CpG sites was tested. The name of the transcription factor binding 
motif, the p-value and the TF family are provided. Below we show three of the motifs that 
have a higher representation in this analysis (B) Diagrams showing the percentage of hypo-
/hypermethylated CpGs with AP-1, NF-kB and PU.1 binding sites relative to the total number 
of hypo-/hypermethylated CpGs. (C) Quantitative ChIP assays showing the binding of three 
selected transcription factors (p65 NF-kB subunit, Fos and PU.1 to target genes selected by 
the presence of the putative binding motifs according to the TRANSFAC analysis). Samples 
were analyzed at 0 ad 2 days after RANKL/M-CSF stimulation. We used Sat2 repeats and the 
TRDR1 MyoD1 promoter as negative control sequences. 

In the case of hypomethylated genes, we observed highly significant enrichment of binding 
motifs of the AP-1 family and NF-kB subunits (Figure 3A). We also observed enrichment of 
PU.1 (FDR 1.07E-12). In fact, 39% of all hypomethylated genes had binding motifs for AP-
1, 15% genes had NF-kB binding motifs and another 15% genes had binding motifs for PU.1 
or other ETS-related factors (PU.1 alone, 9%) (Figure 3B). As aforementioned, these three 
groups of TFs play critical roles in osteoclastogenesis [41]. For instance, c-Fos, a component 
of the dimeric TF AP-1, regulate the switch between monocytes/macrophages and OC 
differentiation. Fra-1 is downstream to c-Fos, whereas PU.1 and NF-kB are upstream. NF-kB 
is critical in the expression of a variety of cytokines involved in OC differentiation. In the 
case of hypermethylated genes, we identified even greater enrichment of the binding motifs 
of ETS-related transcription factors, especially PU.1 (Figure 3A). In fact, the PU.1 binding 
motif is present in 15% of all hypermethylated genes (Figure 3B). Other motifs of ETS-
related transcription factors from our list of hypermethylated genes included SPIB, ESE1, 
ETS1, ETS2 and others (Figure 3A). Much lower or insignificant levels of enrichment were 
obtained for AP-1 family members and NF-kB subunits among the hypermethylated genes. 
Previous studies have shown that genes that become methylated during hematopoietic 
differentiation are characterized by ETS transcription factors [2]. This appears to be 
particularly relevant in monocytic differentiation [1]. Interestingly, most of the reports about 
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the role of PU.1 in osteoclastogenesis are associated with the activation of osteoclast-specific 
genes. However, in relation with methylation changes, PU.1 appears to be better correlated 
with those changes in the direction of repression. Overall, the analysis of transcription factor 
motifs showed that several of the factors associated with osteoclastogenesis had a significant 
overrepresentation of their binding motifs among the sets of hypo-and hypermethylated genes 
(Additional file 9). 

To confirm the association of some of these factors with genes that become hypo- and 
hypermethylated we performed chromatin immunoprecipitation (ChIP) assays with a 
selection of transcription factors including PU.1, the NFkB subunit p65 and c-Fos, given their 
known role in osteoclastogenesis as well as the presence of binding motifs for them around 
hypo- and hypermethylated genes (in the case of c-Fos, it was chosen as a component of the 
dimeric TF AP-1). To select candidate genes we considered genes with motifs for these three 
factors among the list of hypo- and hypermethylated genes. For instance, genes that become 
hypomethylated and have binding sites for p65 include CCL5, IL1R and TNFR5SF. In the 
case of transcription factor c-Fos, we looked at genes that become hypomethylated like IL7R,
CD59 and IL1R. In the case of PU.1, we chose key genes with PU.1 binding near the 
differentially methylated CpG, including ACP5 and TM4SF7 (hypomethylated) and CX3CR1
(hypermethylated). ChIP assays demonstrated the interaction of these factors with most of the 
aforementioned promoters, even before the stimulation with M-CSF and RANKL (Figure 
3C), as if these genes were primed by these factors in monocytes. No binding was observed 
in control sequences like Sat2 repeats and the MYOD1 and TDRD1 promoters. Interestingly, 
in the case of PU.1, with both hypo- and hypermethylated genes displaying binding at 0 days, 
genes becoming demethylated showed a slight increase in PU.1 binding, whereas 
hypermethylated genes showed a slight decrease in PU.1 association (Figure 3C). 

PU.1 recruits DNMT3b and TET2 to hypermethylated and hypomethylated 
genes 

To investigate the potential role of the aforementioned transcription factors in the acquisition 
of DNA methylation changes we chose PU.1 and NF-kB (p65 subunit) as two representative 
examples. We first checked their expression levels during osteoclastogenesis, by carrying out 
qRT-PCR and western blot assays. mRNA and protein analysis (Figure 4A and 4B) both 
confirmed the expression of these factors. PU.1 revealed an increase at the mRNA levels, 
although there was no change at the protein level. In the case of p65 NF-kB we only observed 
a clear increase at the protein level (Figure 4B). In parallel, we also confirmed the presence of 
DNMT3b, a de novo DNA methyltransferase, and the Ten eleven translocation (TET) protein 
TET2, as enzymatic activities potentially related with DNA demethylation (Figure 4A and 
4B). TET proteins are responsible for conversion of 5mC in 5hmC [34], 5fC and 5cac [36]. 
Recent evidences support a role for TET-dependent active DNA demethylation process 
[42,43]. We focused on TET2 given their high levels in hematopoietic cells of myeloid origin 
[44,45]. Also, we have recently reported that TET2 plays a role in derepressing genes in pre-
B cell to macrophage differentiation [44], and recent data shows that TET2 is required for 
active DNA demethylation in primary human MOs [45]. In fact TET1 and TET3 were 
undetectable in western blot (not shown) and qRT-PCR evidenced their low levels in this cell 
type (Figure 4A, only shown for TET1). 
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Figure 4 Interactions between PU.1 and DNTM3b and TET2 and association with 
promoters undergoing DNA methylation changes. (A) Quantitative RT-PCR analysis for 
CTSK, PU.1, p65 NF-kB, TET1, TET2 and DNMT3B during osteoclastogenesis. (B) Western 
blot for the same factors indicated above. (C) Immunoprecipitation experiment of p65 and 
PU.1 with DNMT3B and TET2 at 0, 2 and 4 days after RANKL and M-CSF stimulation. IgG 
used as a negative control. Reciprocal immunoprecipitation experiments in the bottom panel. 
(D) Quantitative ChIP assays showing PU.1, TET2 and DNMT3b binding to hypomethylated 
genes (ACP5, TM7SF4, TM4SF19) and hypermethylated genes (CX3CR1, NR4A2), all direct 
PU.1 targets, and a negative control (MYOD1 promoter) without PU.1 target sites. The 
experiment was performed with three biological triplicates but only one experiment is shown. 
T-student test comparing binding of each antibody between 0 d vs 2 d was performed: * 
corresponds to p-value < 0.05; ** means p-value < 0.01; *** means p-value < 0.001. (E)
Examples showing PU.1 binding (from ChIPseq data, GSE31621) to the region neighbouring 
hypo- and hypermethylated CpGs. The PU.1 binding motif location is presented as a 
horizontal blue dot and the CpG displaying differential methylation (Illumina probe) between 
MO and OC is marked with a red bar. (F) Analysis of ChIPseq analysis for PU.1 and 
comparison to TRANSFAC predictions. Top panel: proportion of the CpG-containing probes 
displaying DNA methylation changes that have peaks for PU.1 binding in the same 500 bp 
window. Diagrams are separated in the hypo- and hypermethylated sets and in promoter and 
distal regions (gene bodies, 3�UTR and intergenic regions). Bottom panel, Venn diagrams 
showing the overlap of PU.1 targets from ChIPseq data (GEO accession number: GSE31621) 
in MOs and TRANSFAC prediction for PU.1, both using a window of 500 pb centered by the 
CpG displaying significant methylation changes. 

The confirmed binding of factors like PU.1 and the p65 subunit of NF-kB to hypo- and 
hypermethylated genes (Figure 3C) raised the possibility of their potential direct interaction 
with factors involved in maintaining the DNA methylation homeostasis. Some of these 
interactions have already been explored. For instance, PU.1 physically interacts with the de 
novo DNA methyltransferases DNMT3A and DNMT3B [46]. Such an interaction, if it 
occurred in osteoclastogenesis, could provide a potential mechanism to explain how PU.1 
target genes become hypermethylated. One would expect that these transcription factors 
could also interact with factors participating in demethylation processes. Our previous results 
suggested the existence of 5hmC enrichment in genes that become hypomethylated, and 
therefore it is reasonable to test whether NF-kB p65 and PU.1 interact with Tet proteins, the 
enzymes catalyzing hydroxylation of 5mC. 

We therefore tested the recruitment by NF-kB p65 and PU.1 of both DNMT3b and TET2 by 
carrying out immunoprecipitation assays with osteoclastogenesis samples 0, 2 and 4 days 
after stimulation with M-CSF and RANKL. Our results showed that PU.1 directly interacted 
with both DNMT3b and TET2 (Figure 4C). It is plausible that these two interactions may 
involve different subpopulations of PU.1, for instance with specific post-translational 
modifications like Ser phosphorylation. However, we did not address this aspect at this point. 
In the case of NF-kB, we did not observe binding with either of these factors (Figure 4C). 
This could perhaps be explained by the fact that p65 is shuttling back to the cytoplasm much 
of the time. 

To confirm the interaction between PU.1 and DNMT3b and TET2, we performed reciprocal 
immunoprepitation experiments with anti-DNMT3b and anti-TET2. These confirmed the 
direct interaction with PU.1 (Figure 4C). Our results suggested that PU.1 may play a dual 
coupling transcription factor that can interact with the DNA methyltransferases and enzymes 
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perhaps participating in, or leading to, demethylation. It is likely that other factors participate 
in the recruitment of these enzymes, however at this stage we focused on PU.1 because of its 
ability to bind both DNMT3b and Tet2 and its association with both hyper- and 
hypomethylated sequences. 

We then investigated the dual role of PU.1 in recruiting TET2 and DNMT3b to promoters. 
To this end we performed chromatin immunoprecipitation assays with PU.1, TET2 and 
DNMT3b in MOs at 0 and 2 days following stimulation with M-CSF/RANKL. We amplified 
gene promoters with predicted binding sites for PU.1 that become both demethylated (ACP5,
TMS7SF4 and TM4SF19) as well as hypermethylated (CX3CR1 and NR4A2) and used a non-
target of PU.1 (MYOD1) as negative control. Our analysis showed binding of PU.1 at both 0 
and 2 days (Figure 4D). For genes that become hypomethylated, we observed an increased 
recruitment of TET2 at these promoters after 2 days, whereas DNMT3b was initially enriched 
but its association with these promoters was lost after M-CSF and RANKL stimulation 
(Figure 4D). In genes that become hypermethylated (CX3CR1 and NR4A2), we also observed 
association of PU.1 at both 0 and 2 days. However we again observed a slight decrease at 2 
days together. We also observed increased recruitment of DNMT3b at 2 days after M-CSF/ 
RANKL stimulation. We did not observe association of PU.1, DNMT3b and TET2 in the 
negative control for PU.1 binding, the MyoD promoter. 

To evaluate the extent to which hypo- and hypermethylated genes correlate with PU.1 
occupancy, we used our DNA methylation data and PU.1 ChIPseq data (GSE31621) obtained 
in MOs [1]. Most of the individual example genes previously analyzed displayed PU.1 
binding overlapping or in the proximity of the CpG sites undergoing a methylation change 
(Figure 4E). To systematize the analysis we used a window of 500 bp centered around the 
CpG displaying DNA methylation changes. Under these conditions we found that 10.7% of 
all hypomethylated CpGs located in promoter regions genes and 25.1% of all 
hypermethylated CpGs located in promoter regions had PU.1 peaks within this 500 bp 
window (Figure 4F). These numbers were similar when focusing on CpGs located in distal 
regions (Figure 4F). We also compared the ChIPseq data to the prediction by TRANSFAC 
analysis and observed that the overlap between the two sets of list was around 20.6% for 
hypomethylated genes and 46.9% for hypermethylated genes, again using the same 500 bp 
for both datasets (Figure 4F). These analyses reinforced the notion of PU.1 associated with a 
high number of genes undergoing DNA methylation changes, however it also reveals the 
weakness in the predictive power of TRANSFAC motif searches and the need of 
experimental validation of its results. 

Dowregulation of PU.1 in MOs impairs activation of OC markers, 
hypomethylation and recruitment of DNMT3b and TET2 

To investigate a potential causal relationship between PU.1 and DNA methylation changes in 
monocyte-to-osteoclast differentiation we investigated the effects of ablating PU.1 expression 
in MOs. We therefore downregulated PU.1 levels in MOs using transient transfection 
experiments with a mix of two siRNAs targeting exon2 and the 3�UTR of PU.1 (Figure 5A). 
In parallel, we used a control siRNA. Following transfection we stimulated differentiation 
using RANKL/M-CSF. In these conditions, we checked by qRT-PCR and western blot the 
effects on PU.1 levels at 1, 2 , 4 and 6 days following RANKL/M-CSF stimulation of MOs 
and confirmed the PU.1 downregulation close to 60% (Figure 5B and 5C). We then observed 
that the upregulation of genes like ACP5 and CTSK (both PU.1-direct targets) was partially 
impaired (Figure 5D). In the case of genes like CX3CR1 and NR4A2 we determined that 
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downregulation was also impaired in PU.1-siRNA treated MOs. Interestingly, we also 
analyzed two genes that are not direct PU.1 targets, one upregulated and hypomethylated 
during osteoclastogenesis (PLA2G4E) and a second one, highly methylated, that does not 
experience DNA methylation changes during OC differentiation (FSCN3). PU.1-siRNA 
treatment had only small effects on gene expression changes during osteoclast differentiation 
(perhaps due to indirect effects) when compared to control siRNA, confirming the specificity 
of the changes observed for the other genes (Figure 5D, bottom). 

Figure 5 PU.1 has a direct role in leading DNA methylation changes at their targets. (A)
Scheme depicting the two regions of the SPI1 gene (PU.1) (exon 2 and 3�UTR) targeted by 
the two siRNAs used in this study. (B) Effects of siRNA experiments on PU.1 levels at 1, 2, 4 
and 6 days as analyzed by qRT-pCR (C) Effects of siRNA experiments on PU.1 levels at 1, 
2, 4 and 6 days as analyzed by western blot (D) Effects of PU.1 downregulation on 
expression and methylation of PU.1-target genes that become demethylated (ACP5, CTSK), 
genes that become hypermethylated (CX3CR1, NR4A2) and non pU.1 target genes, 
PLA2G4E, which becomes also overexpressed and demethylated, and FSCN3, which is 
hypermethylated and does not undergo loss of methylation during osteoclastogenesis (E)
ChIP assays showing the effects of PU.1 downregulation in its recruitment, together with 
TET2 and DNMT3b binding to the same genes. Data were obtained at 0, 2 and 6 days after 
M-CSF /RANL stimulation. To simplify the representation negative control assays with IgG 
for each time point have been substracted to the experiments with each antibody. We have 
used the MYOD1 promoter as a negative control (data without substracting the background is 
presented in Additional file 10). The experiment was performed with three biological 
triplicates but only one experiment is shown. Error bars correspond to technical replicates. 
Some of them are smaller than the data point icon. T-student test was performed: * 
corresponds to p-value < 0.05; ** means p-value < 0.01; *** means p-value < 0.001. 

We then tested the effects of PU.1 downregulation in DNA methylation changes. We looked 
at both PU.1-target genes that become hypomethylated and hypermethylated. In both cases, 
we observed that downregulation of PU.1 impaired the acquisition of DNA methylation 
changes, in contrast with the changes observed for control siRNA-treated MOs (Figure 5D). 
In the case of TM7SF4, one of the key genes undergoing hypomethylation, we did not detect 
an effect of PU.1 downregulation on its DNA methylation dynamics (Additional file 10). 
However, this could perhaps be explained because this gene undergoes changes before 
downregulation of PU.1 by siRNA is effective, within day 1 (Additional file 10) and suggests 
the participation of other factors in this process. At any rate, the observed effects only 
occurred in PU.1 targets. It did not affect genes that are not targeted by PU.1 (PLA2G4E, 
FSCN3). In the case of PLA2G4E, PU.1-siRNA treatment did not impair the loss of 
methylation that occurred in the control experiment. For FSCN3, we observed no loss of 
methylation in any case (Figure 5D). 

Finally, we compared the effect of PU.1 downregulation in the recruitment of DNMT3b and 
TET2 to hyper- and hypomethylated promoters (Figure 5E and Additional file 10). As 
expected, we observed that PU.1 dowregulation resulted in a decrease of the levels of PU.1 
associated with the promoters of both hypo- and hypermethylated genes. Most importantly, it 
also reduced the association of DNMT3b and TET2 reinforcing the notion of the role of these 
factors and their association with PU.1 in the DNA methylation changes occurring at these 
CpG sites (Figure 5E). The time course analysis (at 2 and 6 days) of these results also 
revealed a complex dynamics for the PU.1, TET2 and DNMT3b interactions with their target 
genes, particularly in the case of hypermethylated genes. It is possible that perturbation of 
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PU.1 levels could be compensated by additional factors that participate in the acquisition of 
DNA methylation changes of these genes. These aspects will need to be further investigated. 

Discussion 
Our results provide evidence of the participation of transcription factors, focusing on PU.1, in 
determining changes in DNA methylation during monocyte-to-osteoclast differentiation. 
First, a detailed analysis of the sequences undergoing DNA methylation changes produced 
evidences of the participation of several transcription factors, given the specific 
overrepresentation of certain motifs in hypo- and hypermethylated genes. This initial analysis 
was validated in several candidate genes and using ChIPseq data for human primary 
monocytes [1]. Second, further analyses on one these candidate transcription factors, PU.1, 
and manipulation of its levels revealed a novel role for this factor in mediating DNA 
methylation changes during osteoclastogenesis, by direct binding of both DNMT3B and 
TET2. 

In general, DNA methylation changes in differentiation or any other dynamic process are of 
interest for two reasons: 1) these changes are generally associated with gene expression 
changes, particularly when associated with promoters or gene bodies, and reveal aspects 
intrinsic to identity and function of the corresponding cell types. 2) they can be considered as 
epigenetic footprints that, despite not necessarily being associated with an expression or 
organizational change, reveal a change in the milieu of a particular CpG and therefore can be 
used to trace the participation of specific transcription factors or other nuclear elements in 
that environment/neighborhood. This information can then be used to reconstruct cell 
signaling events, transcription factors involved and mechanisms participating in 
differentiation. In this sense, our data show that DNA methylation changes are involved in 
the differentiation dynamics and stabilization of the OC phenotype since they are 
concomitant with, or even precede, expression changes. These data are closely correlated 
with gene expression changes, and a majority of genes that undergo hypomethylation or 
hypermethylation at their promoters or gene bodies also experience a change in expression, 
although the relationship varies between different gene sets. Finally, gene ontology analysis 
reveals that all relevant functional categories and the majority of key genes for differentiation 
or the activity of functional OCs undergo DNA methylation changes and that genes within all 
relevant functional categories undergo DNA methylation changes.. 

Our study suggests that both hypomethylation and hypermethylation events are equally 
important. Hypomethylation events, in many cases associated with gene activation, affect 
genes that are specific to this differentiation process or are related with the function of 
differentiated OCs. In contrast, the identity of genes affected by hypermethylation events is 
less closely correlated with OC function, given that most of them are related with gene 
repression. In fact, we found that hypermethylation affects genes that are specific to other 
cellular types. Given that osteoclastogenesis involves cell fusion and the generation of highly 
polyploid cells, we had speculated whether the existence of redundant copies of genetic 
material could lead to massive gene repression, and the silencing of extra copies. However, 
hypermethylation does not seem to be predominant over hypomethylation. The two activities 
are very specific to particular gene sets and there are no indications of changes in repetitive 
elements. 
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A number of transcription factors are essential for OC formation. Some of these factors are 
involved in various differentiation processes. Among these, PU.1, c-Fos, NF-kB and other 
factors are essential for osteoclastogenesis. In fact, NF-kB and PU.1-deficient mice show a 
macrophage differentiation failure, and osteoclastogenesis is inhibited at an early stage of 
differentiation. c-Fos is a component of the dimeric TF AP-1, which also includes FosB, Fra-
1, Fra-2, and Jun proteins such as c-Jun, JunB, and JunD. Other key factors involved in OC 
differentiation include CEBPalpha [47] and Bach1[48]. Osteoclastogenesis also depends on 
the activity of more specific transcription factors like NFATc1 and MITF. Interestingly, the 
analysis of the presence of transcription factor binding sites in sequences that undergo DNA 
methylation changes shows a significant enrichment in binding motifs of transcription factors 
that are key in OC differentiation, some of which we have validated for a selection of 
putative target genes. 

One of the most interesting factors in this process is the ETS factor PU.1. In fact, PU.1 is the 
earliest molecule known to influence the differentiation and commitment of precursor 
myeloid cells to the OC lineage. PU.1 functions in concert with other transcription factors, 
including c-Myb, C/EBPa, cJun and others, to activate osteoclast-specific genes. 

Our results reveal two hitherto undescribed roles for PU.1 in the context of monocyte-to-OC 
differentiation. First, we have identified the association of PU.1 with genes that become 
repressed through hypermethylation and describe its direct interaction with DNMT3b in the 
context of osteoclastogenesis. Second, we identify a novel interaction between PU.1 and 
TET2 and their association with genes that become demethylated. Our study shows that PU.1 
may act as a dual adaptor during osteoclastogenesis, in the directions of hypomethylation and 
hypermethylation. This is compatible with previous data on genome wide DNA methylation 
profiling comparing cell types across the hematopietic differentiation system where an 
overrepresentation of ETS transcription factor binding sites was found [2]. In monocyte-to-
osteoclast differentiation, PU.1 is best known for its role in the activation of osteoclast-
specific genes. However, studies in other models have previously shown that PU.1 can 
participate in the repression of genes in concert with elements of the epigenetic machinery. 
For instance, PU.1 is known to generate a repressive chromatin structure characterized by 
H3K9me3 in myeloid and erythroid differentiation [49]. Also, PU.1 has been shown to act in 
concert with MITF to recruit corepressors to osteoclast-specific in committed myeloid 
precursors capable of forming either macrophages or OC [50]. Moreover, previous studies 
have shown that PU.1 can form a complex with DNMT3a and DNMT3b [46]. However, this 
is the first report where the association between PU.1 and DNMTs in association with gene 
repression is shown in this context. 

Moreover, our findings constitute the first report where the binding of PU.1 to TET2 has been 
described. Several recent reports have pointed at TET2-mediated hydroxylation of 5-
methylcytosine as an intermediate step towards demethylation [51] and our data shows 
changes in 5hmC at genes that become demethylated in osteoclastogenesis, reinforcing the 
possibility that PU.1-mediated recruitment of TET2 is leading to 5hmC-mediated 
demethylation. However the detailed mechanisms that couple hydroxylation of 5mC and 
demethylation are still object of debate. 

The manipulation of PU.1 levels by using siRNAs has shown that PU.1 has a direct role in 
recruiting DNMT3b and TET2 to its target promoters, as well as showing how impaired 
association of PU.1 results in defective acquisition of DNA methylation changes in both 
directions as well as reduced effect on gene expression changes. Therefore, our data reveal a 
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novel role of PU.1 as a dual adaptor with the ability to bind both epigenetically repressive 
and epigenetically activating events and targeting DNA methylation changes in both 
directions (Figure 6). The incomplete impairment of DNA methylation and expression 
changes, as well as partial loss of Tet2 and DNMT3b following PU.1 knock-down indicates 
that additional transcription factors are also participating in this process. In future studies, it 
will also be interesting to identify the mechanisms that operate in the specific recruitment of 
PU.1-TET2 to genes that become demethylated, and to determine how PU.1-DNMT3b is 
recruited to genes that become hypermethylated. It is likely that specific transcription factors 
play a role, and specific post-translational modifications in PU.1 may participate in the 
coupling of its associated complexes to specific factors. In this context, Ser phosphorylation 
of PU.1 has already been shown to play a role in its recruitment to promoters [52] and could 
also participate in discriminating interaction with epigenetic modifiers. 

Figure 6 Model showing a simplified diagram proposing the recruitment of TET2 and 
DNMT3b by PU.1 to its target genes that become hypo- or hypermethylated 
respectively during osteoclastogenesis. Genes that become hypomethylated exchange PU.1-
DNMT3b by PU.1-TET2 (although whether pre-existing subpopulations of these associations 
may exist or, alternatively, post-translational or another mechanisms may mediate exchange 
of TET2 and DNMT3b. This is not elucidated at present). TDG is likely to mediate 
conversion of 5hmC/5fmC/5caC to demethylated cytosine. Hypermethylated genes 
experience an increase in the binding of DNMT3b as differentiation to OCs is triggered. 

Our study has allowed us to identify key DNA methylation changes during OC differentiation 
and has revealed an implication of PU.1 in the acquisition of DNA methylation and 
expression changes as well as identifying novel interactions with DNMT3b and TET2. 

Conclusions 
Our study of the DNA methylation changes in monocyte-to-osteoclast differentiation reveals 
the occurrence of both hypomethylation and hypermethylation changes. These changes occur 
in the virtual absence of DNA replication suggesting the participation of active mechanisms, 
particularly relevant for hypomethylation events, for which the mechanisms are still subject 
of debate. Also, when comparing the dynamics of DNA methylation and expression changes, 
hypomethylation occurs concomitant or even earlier than expression changes. In contrast, for 
the majority of genes becoming hypermethylated, hypermethylation follows expression 
changes. Hypomethylation takes place in relevant functional categories related with OC 
differentiation and most of the genes that are necessary for OC function undergo 
hypomethylation including ACP5, CTSK and TM7SF4 among others. The analysis of 
overrepresentation of transcription factor binding motifs reveals the enrichment of specific 
motifs for hypomethylated and hypermethylated genes. Among these, PU.1 and other ETS-
related binding motifs are highly enriched in both hypomethylated and hypermethylated 
genes. We have demonstrated that PU.1 is bound to both hypo- and hypermethylated 
promoters and that it is able to recruit both DNMT3b and TET2. Most importantly, 
downregulation of PU.1 with siRNAs not only shows a reduction in the recruitment of these 
two enzymes to PU.1 target genes but also results in a specific reduction in the acquisition of 
DNA methylation and expression changes at those targets. Our results demonstrate a key role 
of PU.1 in driving DNA methylation changes during OC differentiation. 
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Materials and methods 

Differentiation of OCs from peripheral blood mononuclear cells 

Human samples (blood) used in this study came from anonymous blood donors and were 
obtained from the Catalan Blood and Tissue Bank (Banc de Sang i Teixits) in Barcelona as 
thrombocyte concentrates (buffy coats). The anonymous blood donors received oral and 
written information about the possibility that their blood would be used for research purposes, 
and any questions that arose were then answered. Prior to obtaining the first blood sample the 
donors signed a consent form at the Banc de Teixits. The Banc de Teixits follows the 
principles set out in the WMA Declaration of Helsinki. The blood was carefully layered on a 
Ficoll–Paque gradient (Amersham, Buckinghamshire, UK) and centrifuged at 2000 rpm for 
30 min without braking. After centrifugation, peripheral blood mononuclear cells (PBMCs), 
in the interface between the plasma and the Ficoll–Paque gradient, were collected and washed 
twice with ice-cold PBS, followed by centrifugation at 2000 rpm for 5 min. Pure CD14+ cells 
were isolated from PBMCs using positive selection with MACS magnetic CD14 antibody 
(Miltenyi Biotec). Cells were then resuspended in �-minimal essential medium (�-MEM, 
Glutamax no nucleosides) (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine 
serum, 100 units/ml penicillin, 100�g/ml streptomycin and antimycotic and supplemented 
with 25 ng/mL human M-CSF and 50�ng/ml hRANKL soluble (PeproTech EC, London, UK). 
Depending on the amount needed, cells were seeded at a density of 3 · 105 cells/well in 96-
well plates, 5 · 106 cells/well in 6-well plates or 40 · 106 cells in 10 mm plates and cultured 
for 21 days (unless otherwise noted); medium and cytokines were changed twice a week. The 
presence of OCs was checked by tartrate-resistant acid phosphatase (TRAP) staining using 
the Leukocyte Acid Phosphatase Assay Kit (Sigma–Aldrich) according to the manufacturer’s 
instructions. A phalloidin/DAPI stain allowed us to confirm that the populations were highly 
enriched in multinuclear cells, some of them containing more than 40 nuclei. We used several 
methods to determine that on day 21 almost 85% of the nuclei detected were “osteoclastic 
nuclei” (in polykaryons, nuclei and not cells were quantified). OCs (TRAP-positive cells with 
more than three nuclei) were also analyzed at the mRNA level: upregulation of key OC 
markers (TRAP/ACP5, CA2, MMP9 and CTSK) and the downregulation of the MO marker 
CX3CR1 were confirmed. 

Treatment of MOs with 5-aza-2-deoxycytidine 

In some cases we performed monocyte-to-osteoclast differentiation experiments in the 
presence of different subtoxic concentrations of the DNA replication-coupled demethylating 
drug 5-aza-2-deoxycytidine (at 50 nM, 500 mM) for 72 h. 

Visualization of OCs with phalloidin and DAPI staining 

PBMCs or pure isolated CD14+ cells were seeded and cultured in glass Lab-Tek Chamber 
Slides (Thermo Fisher Scientific) for 21 days in the presence of hM-CSF and hRANKL. OCs 
were then washed twice with PBS and fixed (3.7% paraformaldehyde, 15 min). Cells were 
permeabilized with 0.1% (V/V) Triton X-100 for 5 min and stained for F-actin with 5 U/mL 
Alexa Fluor® 647-Phalloidin (Invitrogen). Cells were then mounted in Mowiol-DAPI 
mounting medium. Cultures were visualized by CLSM (Leica TCP SP2 AOBS confocal 
microscope). 
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DNA methylation profiling using universal bead arrays 

Infinium HumanMethylation450 BeadChips (Illumina, Inc.) were used to analyze DNA 
methylation. This array allows interrogating > 485,000 methylation sites per sample at single-
nucleotide resolution, covering 99% of RefSeq genes, with an average of 17 CpG sites per 
gene region distributed across the promoter, 5�UTR, first exon, gene body and 3�UTR. It 
covers 96% of CpG islands, with additional coverage in CpG island shores and the regions 
flanking them. DNA samples were bisulfite converted using the EZ DNA methylation kit 
(Zymo Research, Orange, CA). After bisulfite treatment, the remaining assay steps were 
performed following the specifications and using the reagents supplied and recommended by 
the manufacturer. The array was hybridized using a temperature gradient program, and arrays 
were imaged using a BeadArray Reader (Illumina Inc.). The image processing and intensity 
data extraction software and procedures were those previously described [53]. Each 
methylation data point is obtained from a combination of the Cy3 and Cy5 fluorescent 
intensities from the M (methylated) and U (unmethylated) alleles. Background intensity 
computed from a set of negative controls was subtracted from each data point. For 
representation and further analysis we used both Beta values and M values. The Beta-value is 
the ratio of the methylated probe intensity and the overall intensity (sum of methylated and 
unmethylated probe intensities). The M-value is calculated as the log2 ratio of the intensities 
of methylated probe versus unmethylated probe. The Beta-value ranges from 0 to 1 and is 
more intuitive and was used in heatmaps and in comparisons with DNA methylation 
percentages from bisulfite pyrosequencing experiments, however for statistic purposes it is 
more adequate the use of M values [54]. 

Detection of differentially methylated CpGs 

The approach to select differentially methylated CpGs was implemented in R [55], a well-
known language in statistical computing. In order to process Illumina Infinium 
HumanMethylation450 methylation data, we used the methods supplied in limma [56], 
genefilter, and lumi [57] packages from Bioconductor repository. Previous to statistical 
analysis, a pre-process stage is applied, the main steps are: 1) Color balance adjustment, i.e., 
normalization between two color channels; 2) Performing quantile normalization based on 
color balance adjusted data, and 3) variance filtering by IQR (Interquartile range) using 0.50 
for threshold value. Subsequently, for statistical analysis, eBayes moderated t-statistics test 
was carried out from limma package [56]. Specifically, a paired limma was performed as 
designed in IMA package [58]. To choose significant differences in methylated CpGs several 
criteria have been proposed. In this study, we considered a probe as differentially methylated 
if (1) has a fold-change >2 for hypermethylated and <0.5 hypomethylated) and (2) the 
statistical test was significant (p-value < 0.01 and FDR < 0.05). 

Identification of genomic clusters of differentially methylated CpGs 

A clustering method was applied to the differenced methylated CpGs from charm package 
[59]. We re-implemented the code to invoke the main clustering function using genomic CpG 
localisation: identify Differentially Methylated Regions (DMRs) by grouping differentially 
methylated probes (DMPs). The maximum allowable gap between probe positions for probes 
to be clustered into the same region was set to 500 bp. It has been shown that in many cases 
methylation changes are observed over a range of CpGs, which may be identified for instance 
at shores close to Transcription Starting Sites. We considered that DMR are more robust 
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signals than DMPs. In this analysis, the considered list of CpGs attains a p-value below 0.01 
and FDR < 0.05. 

Bisulfite sequencing and pyrosequencing 

We used bisulfite pyrosequencing to validate CpG methylation changes resulting from the 
analysis with the Infinium HumanMethylation450 BeadChips. Bisulfite modification of 
genomic DNA isolated from MOs, OCs, and samples from time course or PU.1-knockdown 
experiments was carried out as described by Herman et al. [60]. 2 �l of the converted DNA 
(corresponding to approximately 20–30 ng) were then used as a template in each subsequent 
PCR. Primers for PCR amplification and sequencing were designed with the PyroMark® 
Assay Design 2.0 software (Qiagen). PCRs were performed with the HotStart Taq DNA 
polymerase PCR kit (Qiagen), and the success of amplification was assessed by agarose gel 
electrophoresis. PCR products were pyrosequenced with the PyromarkTM Q24 system 
(Qiagen). In the case of repetitive elements (Sat2, D4Z4, NBL2 and 18S rRNA and 28 rRNA) 
we performed standard bisulfite sequencing of a minimum of 10 clones. Results from 
bisulfite pyrosequencing and sequencing of multiple clones are presented as a percentage of 
methylation. All primer sequences are listed in Additional file 11. Raw data for bisulfite 
sequencing of all samples is presented in Additional file 4. 

Gene expression data analysis and comparison of DNA expression data versus 
DNA methylation data 

In order to compare expression data versus methylation data, we used CD14+ and OC 
expression data from ArrayExpress database [61]) under the accession name (E-MEXP-2019) 
from a previous publication [32]. Affymetrix GeneChip Human Genome U133 Plus 2.0 
expression data was processed using limma [56] and affy [62] packages from bioconductor. 
The pre-processing stage is divided in three major steps: 1) background correction, 2) 
normalization, and 3). reporter summarization. Here, the expresso function in affy package 
was chosen for preprocessing. Thus, the RMA method [63] was applied for background 
correction. Then, a quantile normalization was performed. In addition, we introduced a 
specific step for PM (perfect match probes) adjustment, utilizing the PM-only model based 
expression index (option ‘pmonly’). And finally, for summarization step, the median polish 
method was taken. Next, as previously in the methylation analysis, a variance filtering by 
IQR (Interquartile range) using 0.50 for threshold value was executed. After preprocessing, a 
statistical analysis was applied, using eBayes moderated t-statistics test from limma package. 
Subsequently, expression genes matching to methylated genes were studied. Genes 
differentially expressed between MOs and Mo-OCs groups were selected with a criteria of p-
value lower than 0.01 and False Discovery Rate (FDR) lower than 0.05 as calculated by 
Benjamini-Hochberg and a fold-change of expression higher than 2 or lower than 0.5. 
Validation of expression data was performed by quantitative RT-PCR. All primer sequences 
are listed in Additional file 11. 

Gene ontology analysis 

Gene ontology (GO) was analyzed with the FatiGO tool [64], which uses Fisher’s exact test 
to detect significant over-representation of GO terms in one of the sets (list of selected genes) 
with respect to the other (the rest of the genome). Multiple test correction to account for the 
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multiple hypotheses tested (one for each GO term) was applied to reduce false positive 
results. GO terms with adjusted values of p < 0.05 were considered significant. 

Analysis of transcription factor binding 

We used the STORM algorithm [65] to identify potential overrepresentation of transcription 
factor motifs in the 500 bp region around the center of the hypomethylated/hypermethylated 
CpG sites (as well as for all other CpGs-containing probes contained in the array) assuming 
cutoff values of p = 0.00002 (for hypo-/hypermethylated probes) and 0.00001 (for all other 
probes), using position frequency matrices (PFMs) from the TRANSFAC database 
(Professional version, release 2009.4) [66]. Enrichment analysis of predicted TF in the probes 
of significant hypomethylated probes (n = 421) was conducted using GiTools ([67]; [68]). 
We calculated two-tailed probabilities, and a final adjusted FDR p-value (with 0.25 cutoff) 
was considered statistically significant. 

We downloaded PU.1 ChIPseq data for CD14+ MOs generated by Michael Rehli’s 
laboratory [1] from the Gene Expression Omnibus (GSE31621). The genomic locations of 
the calculated peaks were mapped to GRCh37.p10 human alignment obtained from Biomart 
[69], by using bedtools (intersect function) in order to obtain the PU.1 occupied genes. To 
determine whether a given CpG (from the Illumina bead array) was positive for PU.1 
binding, we used the same 500 bp window used for TRANSFAC analysis. 

Graphics and heatmaps 

All graphs were created using Prism5 Graphpad. Heatmaps were generated from the 
expression or methylation data using the Genesis program (Graz University of Technology) 
[70]. 

BrdU proliferation assays 

BrdU was used at a final concentration of 300 �m, as previously described. On the days 
specified, BrdU pulsing solution was added to each well for 2 to 4 days. For confocal 
microscopy of monocyte-to-osteoclast differentiation samples, CD14+ cells were seeded on 
Millicell EZ 8-well glass slides (Millipore) and cultured in differentiation media. At different 
times BrdU was added to the medium and after 2–4 days cells were fixed (4% 
paraformaldehyde, 30 minutes, RT), permeabilized (PBS-BSA-Triton X-100 0,8%, 10 
minutes, RT) and treated with HCl 2N for 30 minutes. After DNA opening, HCl was 
neutralized by two 5- minute washes with NaBo (0.1M, pH 8.5) and two 5-minutes washes 
with PBT. Cells were incubated with anti-BrdU antibody (18 h at 4°C, 1:1000 dilution) and 
an anti-mouse Alexa-568 conjugated antibody was added to visualize the BrdU-positive 
nuclei. A phalloidin incubation step and Mowiol-DAPI mounting media were used. 

Transfection of primary human MOs 

We used two different Silencer® select pre-designed siRNAs against human PU.1 (one 
targeting exon 2 and another targeting the 3�UTR) and a Silencer® select negative control to 
perform PU.1 knockdown experiments in peripheral blood MOs. We used Lipofectamine 
RNAiMAX Transfection Reagent (Invitrogen) for efficient siRNA transfection. mRNA and 
protein levels were examined by quantitative RT-PCR and western blot at 1, 2, 4 and 6 days 
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after siRNA transfection. In this case MO samples were prepared by incubating PBMCs in 
plates in �-MEM without serum for 30 min and washing out the unattached cells. Under these 
conditions over 80% are MOs. This alternative protocol was used for increased viability 
following transfection. These experiments were performed with three biological replicates. 

Chromatin immunoprecipitation (ChIP) assays and immunoprecipitation 
experiments 

Immunoprecipitation was performed by standard procedures in CD14+ cells at 0, 2 and 4 
days after treatment with M-CSF and RANKL. Cell extracts were prepared in 50 mM Tris–
HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% Triton-X-100 and protease cocktail inhibitors 
(Complete, Roche Molecular Biochemicals). Cellular extracts and samples from 
immunoprecipitation experiments were electrophoresed and western blotted following 
standard procedures. 

For chromatin immunoprecipitation (ChIP) assays, CD14+ at 0, 2 and 4 days after treatment 
with M-CSF and RANKL were crosslinked with 1% formaldehyde and subjected to 
immunoprecipitation after sonication. ChIP experiments were performed as described [44]. 
Analysis was performed by real-time quantitative PCR. Data are represented as the ratio of 
the bound fraction over the input for each specific factor. We used a mouse monoclonal 
antibody against the TET2 N-t for ChIPs and a rabbit polyclonal antibody against TET2 for 
western blot. For DNMT3b we used a rabbit polyclonal against amino acids 1–230 of human 
DNMT3b (Santa Cruz Biotechnology). We also used a rabbit polyclonal against the C-t of 
PU.1 (sc-352, Santa Cruz Biotechnology), a rabbit polyclonal against the N-t of c-Fos (sc-52, 
Santa Cruz Biotechnology) and a rabbit polyclonal against the C-t of NF-kB p65 (sc-372, 
Santa Cruz Biotechnology). IgG was used as a negative control. Primer sequences were 
designed to contain either predicted or known TF binding (from TRANSFAC or ChIPseq 
data) as close as possible from the CpG undergoing methylation changes. Primer sequences 
are shown in Additional file 11. These experiments were performed with three biological 
replicates. 

5hmC detection 

5hmC was analyzed using the Quest 5-hmC Detection system (Zymo). Genomic DNA was 
treated with a specific 5hmC glucosyltransferase (GT) or left untreated (No GT, 0% 5hmC). 
DNA was then digested with MspI (100U) at 37°C overnight, followed by column 
purification. The MspI-resistant fraction (bearing the glucosile group, and therefore the 
original 5hmC) was quantitated by qPCR using primers designed around at least one MspI 
site (CCGG), and normalized to the amplification of the same region in the original DNA 
input. The amplification obtained in the untreated (no GT, MspI sensible) was then 
substracted to the samples in order to calculate the level of 0% 5hmC. The resulting values 
were the percentage of 5hmC present in each of the samples. Primer sequences are shown in 
Additional file 11. 

Amplification of UnMethylated Alus (AUMA) 

This method, aiming at amplifying unmethylated Alus, was performed as described [31,39]. 
Products were resolved on denaturing sequencing gels. Bands were visualized by silver 
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staining the gels. AUMA fingerprints were visually checked for methylation differences 
between bands in different samples. 
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Additional files 

Additional_file_1 as PDF
Additional file 1 M-CSF and RANKL-induced monocyte-to-osteoclast differentiation. (A) 
Visualization of the formation of the actin ring and the generation of polykaryons in 
monocyte (MO) to osteoclast (OC) differentiation with phalloidin and DAPI staining. (B) 
TRAP (Tartrate resistant acid phosphatase-OC marker) staining in MO and OC preparations, 
showing this activity only in OCs. (B) Determination of the typical percentage of osteoclastic 
nuclei present in the preparations used for the experiments; over 84% efficiency was 
achieved at 21 days. (C) Upregulation of OC specific markers (CA2, CTSK, MMP9, ACP5) 
was checked by qPCR; downregulation of a monocyte specific gene (CX3CR1) was also 
monitored. 

Additional_file_2 as XLSX
Additional file 2 List of hypomethylated and hypermethylated genes during monocyte to 
osteoclast differentiation (FC < 0.5 (hypomethylated, sheet 1) or FC > 2. 

Additional_file_3 as PDF
Additional file 3 (A) Scatterplots showing DNA methylation profiles of matching MO/OC 
pairs. Genes with significant differences (FC > 2, FDR < 0.05) in averaged results from three 
samples are highlighted in red (hypermethylated) or blue (hypomethylated). Three panels 
corresponding for each of the three individual comparisons of MO/OC pairs (D1, D2 and D3) 
are shown. (B) Bisulphite sequencing analysis of repetitive sequences performed on 
monocytes (day 0) and osteoclasts (day 21) from three different donors (donor A, donor B 
and donor C), showing no relevant differences in the DNA methylation levels. (C) AUMA 
(Amplification of Unmethylated Alus) analysis of two independent monocyte-to-osteoclast 
differentiation experiments. Graphs correspond to the scanned intensities of the bands 
obtained with two different sets of primers. No significant differences are observed. 

Additional_file_4 as DOCX
Additional file 4 Individual raw data corresponding to bisulfite pyrosequencing and standard 
bisulfite sequencing of individual MO and OC samples (Figure 1E), time course methylation 
data (Figure 2D, E) and PU.1 siRNA experiments (Figure 5D). Data are presented as supplied 
by PyroMark® Assay Design Software 2.0 for PyroMark Q96 MD (Qiagen), which 
automatically generates methylation percentages in a datasheet format. 

Additional_file_5 as DOCX
Additional file 5 Clusters of consecutive CpGs hypomethylated (−) or hypermethylated (+) 
in OC vs MO. 

Additional_file_6 as XLSX
Additional file 6 Differentially expressed genes between Mos, OC samples at 5 days and OC 
samples at 20 days after RANKL/M-CSF stimulation (FC > 2, FC < 0.5; FDR < 0.05). 

Additional_file_7 as XLSX
Additional file 7 List of genes with an inverse relationship between DNA methylation and 
expression change (FC < 0.5 or FC > 2; FDR < 0.05 for both DNA methylation and 
expression data). 
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Additional_file_8 as PDF
Additional file 8 (A) Scheme showing the BrdU pulses added to monocytes differentiating 
into osteoclasts. (B) Representative immunofluorescence images at the selected time points 
showing BrdU positive cells. (C) Representation of the time scale where DNA demethylation 
occurs during osteoclast differentiation, together with the cell division observed at later time 
points. 

Additional_file_9 as PDF
Additional file 9 Osteoclast differentiation scheme showing transcription factors that are 
known to be involved in monocyte-to-osteoclast differentiation. We have in red or blue the 
presence of binding motifs for those factors (according to TRANSFAC analysis) among the 
sequences surrounding the CpGs that become hypo- or hypermethylated. Those arising from 
our analysis are highlighted in red and blue (associated with hypermethylation and 
hypomethylation, respectively). 

Additional_file_10 as PDF
Additional file 10 (A) ChIP assays showing the effects of PU.1 downregulation in its 
recruitment, together with TET2 and DNMT3b binding to the same genes. Data were 
obtained at 0, 2 and 6 days after M-CSF/RANL stimulation. (B) We have used the MYOD1 
promoter as a negative control. (C) Effects of PU.1 downregulation on expression and 
methylation of PU.1-target gene TM7SF4. 

Additional_file_11 as XLSX
Additional file 11 List of primers. 
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a  b  s t r a  c t

PRAME  is a  tumor  associated  antigen  (TAA)  of particular  interest  since  it is widely  expressed by  lymphoid
and  myeloid malignancies.  Several studies  have  associated  high PRAME  RNA levels  with  good prognosis
in  acute  myeloid  leukemia  (AML).  PRAME  expression is regulated at the  epigenetic  level.  For  this rea-
son  inhibitors  of  DNA  methylation,  such  as 5-azacytidine, can modulate  the  expression  of this  TAAs. In
the  current  study  we analyzed  the  effect  of 5-azaC  on the  expression  of PRAME in blasts  versus  CD34+
cells  from  healthy  donors  in  an attempt  to increase  its expression, thus  inducing a  potential  target  for
therapeutic  strategies.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Preferentially expressed antigen of  melanoma (PRAME) was first
isolated as a  human melanoma antigen by cDNA expression cloning
using melanoma-reactive cytotoxic Tcells (CTL) [1,2]. PRAME is  a
tumor associated antigen (TAA) of  particular interest since it is
widely expressed by  lymphoid and myeloid malignancies [3,4] and
solid tumors, including melanomas, sarcomas, head and neck can-
cers, small-cell lung carcinomas and renal cell cancers [1,2]. In
normal tissues, PRAME expression has been reported in  testis and
low levels are found in endometrium, ovaries and adrenals [1,2].

Regarding myeloid leukemias, it has been reported that PRAME
is overexpressed in acute myeloid leukemia (AML) compared with
blood and bone marrow healthy donors [4–8]. These studies have
associated high PRAME RNA levels with good prognosis in some
AML subtypes, especially those with favorable cytogenetics, i.e.,
t(8;21) [7] or t(15;17) [5] and normal karyotype [8]. In  addition,
several authors have suggested that PRAME could be  used as a

∗ Corresponding author at: Hematology Unit, Instituto de Biomedicina de Sevilla
(IBIS)  Hospital Universitario Virgen del Rocío/CSIC/Universidad de Sevilla, Avda
Manuel Siurot s/n 41013, Sevilla, Spain. Tel.: +34 955 013260; fax: +34 955 013265.

E-mail  address: josea.perez.simon.sspa@juntadeandalucia.es (J.A. Pérez-Simón).

target for anticancer T-cell therapy [9,10]. However, Steinbach et al.
have shown that PRAME gene is also expressed, although at a
lower intensity, in CD34+ stem cells from healthy donors, which
might constitute a problem for its application as a  target in tumor
immunotherapy [11].

Epigenetic  events represent the main mechanism regulating
the expression of PRAME including DNA  methylation of sev-
eral promoter regions [12,13]. In fact, a  correlation between
hypomethylated CpG dinucleotides in  TAA promoters (i.e. MAGE,
GAGE or  PRAME) and their overexpression has been found in  neo-
plastic cell lines and tissues [13–15] however, no information on
both selected cells from patients with AML  and CD34+ cells from
healthy donors are available. Inhibitors of DNA methylation, such
as 5-azacytidine [16,17] can reverse this epigenetic event suggest-
ing a  potential use in cancer therapy by inducing TAAs expression.
Perhaps you can introduce here a  comment on the use of DNA
methyltransferase inhibitors in  the treatment of myeloid malig-
nances and its implications in relation with PRAME.

In  the current study, we  have compared the expression and
methylation pattern of PRAME in blast cells from AML  patients
versus selected CD34+ stem cells from healthy donors. We found
that the promoter region is  highly methylated in  normal CD34+
cells compared to  blasts and this pattern correlates with higher
expression of  PRAME in blasts. Further, after treating cells with

0145-2126/$ –  see front matter ©  2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2012.02.030
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5-azaC we observed that the level of  PRAME methylation was
reduced in  AML patients which correlated with an  increase in the
expression of PRAME. By contrast, in  CD34+ normal cells the effect
of 5-azaC on the methylation pattern of the promoter of PRAME was
significantly lower.

2. Patients and methods

2.1.  Patients and healthy stem cell donors

Eight  samples from healthy donors and eleven bone marrow samples from AML
patients were obtained, after written consent of patients and donors.

2.2. Cell cultures

CD34+ stem cells from healthy donors were isolated using the AutoMACS sys-
tem  (Miltenyi Biotec, bergisch Gladbach, Germany) according to  the manufacturer’s
instructions.  The purity of the stem cells was >95% as determined on a FACSCalibur
flow  cytometer (Becton Dickinson Bioscience).

Mononuclear cells from AML  bone marrow samples were obtained by  Ficoll-
Hypaque  density gradient. Mononuclear cells were stained with a  four-color
combination  of monoclonal antibodies (MoAbs) conjugated with the  following
fluorochromes:  fluorescein isothiocyanate (FITC), phycoerithrin (PE) and allo-
phycocyanin (APC). Specific antibodies were purchased from Becton Dickinson
Bioscience  (BDB) Pharmingen (San Jose, CA). The following combinations were used:
CD45FITC/AnexinaPE/7AAD/CD33APC or CD45FITC/AnexinaPE/7AAD/CD34APC,
depending on  blasts phenotype. After this procedure, leukemic cells were isolated
with  a flow cytometer, equipped with its accompanying software (FACSAria and
FACSDiva, respectively, Becton Dickinson Biosciences).

The  purity of the isolated cell populations was evaluated after acquiring blasts
corresponding  to each FACS-sorted cell fraction (FACSAria flow cytometer) and it
was  higher than >95% in all  cases.

CD34+ stem cells and blasts were washed and cultured for four days under
standard  conditions in RPMI 1640 l-glutamine (2 mM),  penicillin (100 UI/mL) and
streptomycin (10 mg/mL) plus 10% human AB serum (Sigma). 1 �M 5-azacytidine
(Sigma)  was added at day  1 and then every 24  h  during the four days of culture [16].

2.3. RNA extraction, retro-transcription and quantitative PCR

Total  RNA was isolated using the DNA/RNA Micro Kit (Qiagen, Valencia, CA) fol-
lowing the protocol for animal and human cells. One �g of RNA was  retrotranscribed
by  using the High Capacity cDNA Reverse Transcription Kits (Applied Biosystems).
The  quantification of PRAME expression was performed using the Step One Plus
Real-Time PCR System and TaqMan® Gene Expression Assays (Applied Biosys-
tems)  according to the manufacturer’s instructions. Relative quantification was
calculated using the equation 2−��Ct where �Ct = Ctgen − CtABL1 and ��Ct  = �Ct
sample  – �Ct control at 0 h  of  incubation [18].

2.4. Analysis of gene promoter methylation: bisulfite sequencing

The  CpG island DNA methylation status was determined by  sequencing
bisulfite-modified  genomic DNA (Applied Biosystems 3730 DNA Analyzer). Bisul-
fite modification of genomic DNA was carried out as described by  Herman et al.
[19]. For the CpG island present at PRAME promoter, primers were designed using
the Methyl Primer Express v1.0 program (Applied Biosystems). (Primers F: ATTTTTT-
TAGAGGGTTTGGGAG R: TTCCCAAAACTTTCTAAAACCC).

2.5. Statistical analysis

Statistical analyses were performed using the SPSS software program (SPSS 15.0,
Chicago, IL). The Wilcoxon two-sample paired signed rank test was used to  compare
different gene expressions between 5-azaC treated or untreated samples at different
time-points. p-Values less than 0.05 were considered significant.

3. Results and discussion

3.1.  PRAME expression and methylation status in AML blasts and
CD34+  cells from healthy donors

First, we compared PRAME mRNA expression of blast cells from
11 AML  patients at diagnosis versus CD34+ stem cells from 8
healthy donors by  RT-PCR. As shown in Fig. 1, PRAME is  signifi-
cantly overexpressed in blasts compared with normal CD34+ cells
(700 ± 1102 vs. 1.8  ± 2.5 p  = 0.002).

While few studies have been reported analyzing PRAME expres-
sion in cell lines, the information using primary AML  cells is  scanty.
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Fig. 1.  PRAME gene expression in CD34+ cells from healthy donors and in  blast cells
from AML patients.

On  the other hand, Steinbach et al. [11] showed that PRAME is
expressed by CD34+ stem cells, which might constitute a prob-
lem for the use of this antigen as a target in  immunotherapy.
In contrast, Greiner et al. [20] reported that CD34+ cells do not
express PRAME. These inconsistent results could be explained
since authors used different qualitative PCR protocols. In the cur-
rent study we show that PRAME is overexpressed in leukemic
cells as compared to  CD34+ cells so that it could be used as a
therapeutic target. Strictly speaking, qRT-PCR provides informa-
tion about the levels of mRNA (not even about transcription
rate/activity). A western blot showing the levels of  PRAME would
be necessary.

Next, in order to  test whether the methylation status of PRAME
correlates with PRAME mRNA levels, we analyzed PRAME pro-
moter from blast cells and CD34+ cells from healthy donors. We
observed an inverse correlation between PRAME mRNA levels and
methylation status as shown in  Fig. 2A. Using a  500-fold the mean
of PRAME expression in  healthy donors as cut-off, patients with
low PRAME gene expression levels (patients 1–4) showed a trend
towards a higher percentage of methylated CpG (median 37.5%,
range 29–44.5) as compared to cases with high PRAME expres-
sion (patients 5–7, median of methylated CpG 6.0%, range 5.6–34.0,
p =  0.08). Of note, we found a statistically significant association
between PRAME expression and the degree of methylation in  the
promoter of PRAME among both AML  samples and healthy donors
(r = −0.77, p = 0.010; Spearman correlation; Fig. 3).

Interestingly, CpG 13 (marked with an asterisk in  Fig. 2A)
showed a very good correlation between methylation status and
PRAME gene expression levels. Thus, we confirmed that there is  a
good correlation between PRAME methylation promoter, particu-
larly CpG13, and PRAME expression. In this regard, Ortmann et al.
[14] have previously reported a  good correlation between PRAME
intron1 hypomethylation status and PRAME overexpression in AML
patients and Roman-Gomez et al. [13] have described an associ-
ation between low methylation of PRAME exon2 and high gene
expression. By contrast, there is  only one study in which methy-
lation status has been evaluated in the PRAME promoter region in 4
childhood AML  samples, peripheral blood samples from healthy
donors and K-562, U-937 and HL-60 cell lines [15]. In the lat-
ter study it was observed that PRAME promoter is methylated in
peripheral blood from healthy donors, in  AML  patients and in the
cell line U-937 in which PRAME expression is  negative, whereas
this region is demethylated in  high PRAME expressers cell lines
(K-562 and HL-60) [15]. However, the methylation status of the
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Fig. 2. (a)  PRAME promoter methylation status in AML patients and in healthy donors. (b) PRAME gene expression and methylation status in AML  patients and healthy donors
cells  treated and non-treated with 1  �M 5-azacytidine.

promoter region was not evaluated neither in selected blasts from
AML  patients nor  in  CD34+ cells from healthy donors. In  the present
study we show that PRAME promoter is demethylated specifically in
the same CpG site as reported by  Schenk et al. [15] in leukemic cells
from PRAME-positive patients. Additionally, in  leukemic cells from
PRAME-negative patients and in  CD34+ cells from healthy donors
this region is  methylated and PRAME expression is  lower. This lat-
ter finding has not  been previously reported and explains the lower
expression of  PRAME in  normal cells compared to blasts and sup-
ports the use of PRAME as a therapeutic target in AML  patients.

3.2.  Treatment of blast cells from AML  patients and selected
CD34+ stem cells from healthy donors with 5-azaC

To evaluate the effect of a  hypomethylating agent (such as
5-azaC) on PRAME gene expression, we treated blast cells and
CD34+ cells with 5-azaC. We  observed a  trend towards a  reduc-
tion in methylated CpGs in  cells treated with 5-azaC (percentage
of methylation, median 21.6%, range 5–37.8) (Fig. 2B) compared
to non-treated control (percentage of methylation, median 34%,
range 5.6–44.5, p  =  0.09) (Fig. 2A). Interestingly, those cases with

a  lower expression of PRAME, i.e. those, with a higher percentage of
methylation in  PRAME promoter, showed the higher differences in
methylation pattern prior to  and after treatment with 5-azaC (27.2%
vs. 37.5%, p  = 0.068). By contrast, in  healthy donor cells, no differ-
ences were observed between 5-azaC-treated and non-treated cells
(median 45 vs. 43.5%, p = 0.6). These results could suggest that the
effect of 5-azaC could be  leukemia-specific, which a higher effect on
AML  blasts in comparison to healthy cells. Thus, this study demon-
strated for the first time that PRAME is  overexpressed in primary
leukemic cells but not in  CD34+ normal cells after treatment with
5-azaC 1 �M. Although further studies are needed to explain this
selective effect, the induction of PRAME overexpression in leukemic
cells without affecting CD34+ cells provides a potential selective
target for immunotherapy. Furthermore, considering the role of
leukemic stem cells on relapse even after allogeneic transplantation
[21], it would be  interesting to evaluate the expression of PRAME
in this cell subset and the effect of 5-azaC in  order to improve
the efficacy of the immune response especially in the transplant
setting.

In conclusion we show that 5-azaC induces overexpression of
PRAME in  blast cells from AML patients with no effect on CD34+

257



898 S. Gutierrez-Cosío et al. /  Leukemia Research 36 (2012) 895– 899

PRAME
expression

% PRA ME
Promoter
Methylation

*

1μM-5-azaC
PRAME

8,519,7

1,0137,8

69,021,6

1082, 332,3

223,622,9

A
M

L 
PA

TI
EN

TS

662,7

1172,85.0

9,4

0,345,7

1,043.0

0,645,3H
EA

LT
H

Y 
C

O
N

TR
O

LS

Fig. 2. (a) PRAME promoter methylation status in AML  patients and in healthy donors. (b) PRAME gene expression and methylation status in AML  patients and healthy donors
cells  treated and non-treated with 1 �M 5-azacytidine.

50
AML
HD

TIPO
Spearman correlation=-0.77;  p=0.010

40

30

%
 M

et
hy

la
tio

n

20

10
8

PRAME expression

160012008004000

6

Fig. 3. Correlation between PRAME methylation status and PRAME expression in
AML patients and in healthy donors.

cells from healthy donors, suggesting that PRAME could be used as
a target in tumor immunotherapy.
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