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Resumo 

A inactivação do cromossoma X (XCI) ocorre nas femeas de mamifero e serve para 

compensar o desiquilibrio do número de genes expressos, entre femeas que contem dois 

cromosomas X e machos que contem apenas um X e um cromosoma Y (com 

aproximadamente 10x menos genes). Este processo de silenciamento é um dos examplos mais 

dramáticos de fenómenos epigenéticos em mamíferos. 

Em ratinho, XCI ocorre em duas fases durante o desenvolvimento: inactivação do cromosoma 

X paterno (a que se chama “imprinting”) no embrião durante a fase depre-implantação e nos 

tecidos extraembrionários; no estado de blastocisto nas células que darão origem ao embrião 

ocorre a reactivação do X paterno inicialmente, seguido de uma escolha aleatória entre os dois 

cromosomas X a ser inactivado [Takagi; 1975] [Okamoto; 2004]. 

Vários estudos mostraram que o processo de XCI pode ser espontaneamente racapitulado em 

células estaminais embrionárias (ESC) de ratinho. Estas possuem ambos os cromossomas X 

activos e, quando sujeitas a diferenciação, um dos X torna-se inactivo [Heard; 2006]. XCI é 

iniciada com o aumento da expressão, no Xi, de um RNA não codificante – Xist – que se 

espalha ao longo do cromossoma (em cis) formando um domínio silenciador. RNA PolII é 

excluida e algumas modificações pos-transcripcionais nas caudas amino-terminais das 

histons, que são características da eucromatina são perdidas, como H3K4me2/me3 e 

acetilação das histonas H3 e H4. De seguida, são recrutados complexos repressivos (PRC1 e 

PRC2) e depositadas marcas de repressão, tais como H3K27me3, H3K9me2, HAK20me1 e 

H2Aub. Eventos mais tardios, como o recrutamento de macroH2A e a metilação do DNA nos 

promotores dos genes do cromosoma X, contribuem para a manutenção do estado inactivo do 

Xi [Chow; 2009] (Fig.1). 

Apesar de muitos avanços terem sido feitos no estudo da XCI, os mecanismos exactos para o 

silenciamento génico permanecem por explicar. Neste trabalho, tentámos explorar as 

alterações dos estados de metilação da histona 3 lisina 4 e metilação de H3K27me3  no 

contexto de XCI. 

A perda de metilação na H3K4 é um dos primeiros eventos a ocorrer na XCI. Apesar do 

mecanismo molecular envolvido nestas alterações ser desconhecido, a rápida perda de 

H3K4me2/3 sugere o envolvimento de demetilases que removem estas marcas. 

Proteinas da família Jumonji/ARID1 – JARID1A, JARID1B e JARID1C – foram já 

identificadas como demetilases específicas para H3K4me2/3 [Christensen; 2007]. Devido à 

sua estrutura proteica e ao facto de desempenharem funções essenciais no desenvolvimento e 



T"

"

controlo da divisão celular, são consideradas boas candidatas para o papel de demetilases de 

H3K4 no processo de XCI. 

Contrariamente a H3K4me2/3, H3K27me3 é uma modificação pós-transcripcional  repressiva  

da cauda amino-terminal da histone H3. 

H3K27me3 é depositada na histona H3 pelo complexo PRC2 (Polycomb Repressive Complex 

2) e reconhecida pelo complexo PRC1, que promove a ubiquitinação de H2AK119 e 

consequente condensação da cromatina [Kingston; 2010]. Ambos os complexos repressivos 

PRC1/2 estão presentes no cromossoma Xi. No entanto, o mecanismo pelo qual são 

recrutados está ainda por esclarecer (Silva et al., 2003). 

Recentemente, 5 estudos independentes identificaram a proteina JARID2 - da família 

Jumonji/ARID1 - como parte do complexo PRC2 [Shen; 2009] [Peng; 2009] [Pasini; 2010] 

[Li; 2010] [Landeira; 2010]. No entanto, estudos funcionais geraram resultados bastante 

conflituosos relativamente ao papel do JARID2 na actividade de metiltransferase de PRC2 e 

na regulação dos níveis de H3K27me3 nos genes alvo. 

Devido à sua associação com PRC2, e possível interação com PRC1 [Eberl, resultados não 

publicados], JARID2 potencialmente poderá ter um papel chave no recrutamento destes 

complexos para o cromossoma X durante XCI."

Para explorar o papel destas proteinas, da família Jumonji/ARID1, durante a diferenciação e 

no contexto da XCI, transfectámos ESC femininas com BACs contendo um dos quatro genes 

com GFP fundido na extremidade carboxil (JARID1A/B/C e JARID2). Foram obtidas ESC 

transgénicas para todos eles excepto JARID1A, devido a um erro na inserção da GFP 

motivado pela incorrecta anotação do gene. 

Este poderoso sistema, juntamente com técnicas avançadas de microscopia, permitiu-nos 

localizar proteinas em ESC e descrever a sua cinética durante a diferenciação e XCI. 

 

Explorar o papel das demetilases de H3K4 na biologia das ESC e na XCI 

 

A análise dos padrões de expressão de JARID1B e JARID1C em ESC (não diferenciadas) 

condosiu-nos a um resultado bastante interessante. Em ESC, JARID1B-GFP (e JARID1B 

endógeno) e JARID1C-GFP apresentam uma expressão heterogénia. Curiosamente, a 

expressão de JARID1B, mas não a de JARID1C, está correlacionada negativamente com os 

níveis de H3K4me2/3 na célula. Células que expressam muito JARID1B apresentam baixos 

níveis de H3K4me2/3 e vice-versa. 
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Estes dados sugerem que os níveis de expressão de JARID1B determinam os níveis globais de 

H3K4me2/3 em ESC. Estudos funcionais, tais como knock down (KD) ou knock out (KO) 

(trabalho em colaboração) e sobre-expressão de JARID1B (através dos clones JARID1B-

GFP) podem ser realizados para tentar explorar o impacto de JARID1 e dos níveis de 

metilação de H3K4 em ESC. 

Na tentativa de perceber a razão para este mosaicismo, testamos a hipótese da expressão de 

JARID1B estar correlacionada com o ciclo celular ou ser dependente de factores de 

pluripotência, como NANOG e OCT4. Os resultados preliminares obtidos (live cell imaging e 

imunoflorescência) não suportam nenhuma destas hipóteses. A possibilidade da variação na 

expressão de JARID1B ser estocástica numa população de ESC é, para nós, a mais aceite 

[Roesch; 2010]. 

De seguida fomos investigar se JARID1B-GFP e JARID1C-GFP são recrutados para o 

cromossoma X, durante XCI. Os nossos resultados mostraram que estas proteinas não são 

recrutadas para o Xi e são perdidas com uma dinâmica semelhante à perda de H3K4me2 , 

quando analisado por técnicas de IF/RNA FISH. No entanto, o seu papel na demetilação de 

H3K4 durante a XCI não pode ser para já excluido, pois a sua associação com a cromatina 

pode ser apenas transiente ou decorrer noutra altura do processo de inactivação. Técnicas 

como ChIP e ChIP-seq nos clones GFP-tagged permitir-nos-ão verificar com mais precisão se 

estas proteinas interactuam com alguma região do cromossoma X. 

 

Explorar o papel de JARID2 na metilação de H3K27 durante a XCI 

 

Neste trabalho, observamos pela primeira vez JARID2 ser recrutado para o Xi, durante o 

processo de XCI. O recrutamento tem início no 1º dia de diferenciação, é máximo no 2º dia e 

diminui ao 4º e 6º dias. 

Para perceber se JARID2 está envolvido nas funções dos complexos repressivos PRC1 e 

PRC2 durante a XCI, foi feita uma análise comparativa das suas cinéticas de recrutamento 

para o Xi. 

A nossa análise mostrou que JARID2 e EED (membro do PRC2) estão presentes 

aproximadamente no mesmo número de domínios, enquanto que RING1B (membro do 

PRC1) é observado apenas numa pequena fracção dos domínios. No entanto, uma análise 

mais detalhada em que observamos JARID2 e EED simultaneamente, mostra que a cinética 

de recrutamento destas duas proteinas é diferente. JARID2 atinge o seu nível máximo no 2º 

dia de diferenciação e decresce ao 4º dia, enquanto que EED não atinge um nível tão elevado 
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ao 2º dia e permanece inalterado ao 4º dia. Outro resultado bastante interessante é o facto dos 

níveis de H3K27me3 aumentarem quando JARID2 diminui e PRC2 se mantem no Xi. 

Estes resultados apoiam em parte um modelo proposto no artigo [Peng; 2009]: JARID2 após 

ser recrutado para o Xi, possivelmente por ligação ao Xist RNA, iria promover a ligação de 

PRC2. Este, em complexo com JARID2, teria a sua actividade enzimática inibida e só se 

tornaria totalmente funcional (na trimetilação de H3K27) quando JARID2 é perdido do Xi. 

Estudos funcionais, com o objectivo de explorar a possível interdependência entre JARID2 e 

PRC2 no processo, já começaram a ser desenvolvidos com a criação de ESC KD para Jarid2 

e ESC KD para Suz12 (membro do PRC2). 

Neste trabalho os BACs alterados com a inserção de GFP foram utilizados em experiências de 

localização de proteinas em celulas fixas e vivas. Além disto, as linhas celulares com BAC-

GFP podem ser utilizadas para estudos de espectometria de massa para identificar complexos 

proteicos em que estão envolvidos e também para ChIP ou ChIP-seq para identificar os genes 

alvo destas proteinas [Poser; 2008]. 

Isto permitirá comprender melhor as funções destas proteinas em ESC e também na XCI se 

tiverem uma função nesse processo."

"

"
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Abstract 

X-Chromosome Inactivation (XCI) in female mammals results in transcriptional silencing of 

one of the two X-chromosomes to attain gene dosage parity between females and males. 

We studied the mechanisms responsible for the changes on the methylation states of two 

residues on histone 3 that occur in the early phase of XCI: the loss of an euchromatic mark, 

H3 Lysine 4 di- and tri-methylation (H3K4me2/3) and the gain of a repressive mark 

H3K27me3. The fast loss of the H3K4me2/3 marks suggests the involvement of histone 

demethylases of the Jumonji/ARID1 family, such as JARID1B and JARID1C. Another 

protein from the same family but with no demethylase activity JARID2 was described to 

interact with the H3K27me3 methyltransferase complex called PRC2 and important for its 

recruitment to chromatin, being an important candidate for the mechanism of H3K27me3 

deposition. 

To assess the potential association of these proteins in XCI, we created mouse XX embryonic 

stem cells (ESC) with BACs, containing these proteins fused to GFP to allow us to track 

protein localization in ESCs and describe their kinetics during XCI. 

We observed that JARID1B, but not JARID1C, may be a crucial H3K4 demethylase in ESC 

cells. JARID1B and C do not seem to be recruited to the Xi repetitive core, but a transient 

association to specific regions should not be discarded. 

In contrast, JARID2 was seen being recruited to the Xi. By comparing JARID2 and PRC2 

kinetics of recruitment, we propose a model whereby JARID2 at the Xi would recruit PRC2. 

PRC2 enzymatic activity would stay inhibited and, only after JARID2 depletion from the Xi, 

it would be able to fully tri-methylate H3K27. 

The use of these BAC-GFP cells lines generated, in conjunction with knockdown strategies, 

will highlight the role of those proteins in the context of XCI. 

"

&
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Introduction  

Epigenetics concerns heritable changes in gene function that do not affect DNA sequence. In 

multicellular organisms, although all cells have the same genome, different cell types have 

different epigenomes. Epigenetic mechanisms include DNA methylation, histone variants, 

histone post-translational modifications (PTMs) as well as RNA interference mechanisms and 

non-coding RNAs [1].  

In the eukaryotic nucleus, DNA is wrapped around an octamer of histones consisting of two 

H2A-H2B and two H3-H4 dimers. These nucleosomes, considered as the basic unit of DNA 

packaging in eukaryotes, are further compacted to form higher-order chromatin structures. 

However, chromatin is not simply a packaging tool. It is also a dynamically adjusted entity 

that reflects the regulatory cues necessary to program appropriate cellular pathways. In 

particular, each core histone has an amino-terminal tail that protrudes from the nucleosome 

and can be subject to PTMs, such as acetylation, methylation, phosphorylation and 

monoubiquitylation [2], by specific effectors. Together, such modifications may define what 

has been termed the histone code, and have a direct impact on basic genetic processes like 

DNA replication, transcription, repair and chromosome condensation. 

 

One common histone modification is methylation that affects arginine and lysine residues.  

Depending on which lysine (K) residue is methylated, this mark can be associated either with 

active transcription (ex. H3K4) or repression (ex.H3K27). A further layer of complexity 

concerns the fact that lysine methylation can occur in three different states: mono-, di- and tri- 

each of which can have different genomic distributions and/or functions.  

In contrast to the general stability of DNA methylation, methylation of histones has recently 

been shown to be a reversible modification that can be actively catalysed or removed by 

specific protein complexes [2].  

 

The process of X-chromosome inactivation (XCI) is considered to be one of the most striking 

examples of epigenetic regulation in mammals. It ensures X-linked gene dosage 

compensation between XX females and XY males, as the Y-chromosome has almost ten 

times less protein-coding genes than the X. Previous studies have shown that a lack of X 

dosage compensation leads to embryonic lethality, demonstrating that proper X-inactivation is 

important for survival. 
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In mice, XCI occurs in two waves during development: in the early embryo and in 

extraembryonic tissues, the paternal X chromosome is exclusively silenced; in the embryo 

proper, X inactivation is random [3] with either the maternal (Xm) or paternal (Xp) X-

chromosome being silenced. Once established, this transcriptionally inactive state is inherited 

through mitosis. Random XCI can be recapitulated in differentiating mouse XX embryonic 

stem cells (ES) cells, which are pluripotent cells derived from the inner cell mass of 

blastocysts [4]. In female ES cells, both X-chromosomes are active, but upon differentiation 

XCI is induced with a similar order of events to that found in vivo [5]. This system allows the 

successive steps of X inactivation to be followed and overcomes the problem of limited cell 

number in vivo to study the early stages of X-inactivation [4]. The initiation of XCI is 

controlled by the non-coding Xist transcript, which is upregulated on the X chromosome that 

will be inactivated, and coats the chromosome in cis inducing the formation of a 

transcriptional silent compartment, mainly consisting of repetitive DNA. As genes get 

progressively silenced, they are recruited into this compartment [4] [6].  Although the XCI 

affects most of the chromosome, some X-linked genes are known to escape. Immediately after 

Xist RNA coating, RNA POLII is depleted from the Xist domain and euchromatic histone 

modifications are lost, such as H3K4me2/me3 and histone acetylation. Shortly after, there is 

the recruitment of repressive protein complexes, such as the Polycomb proteins and the 

deposition of repressive marks like H3K27me3, H3K9me2, HAK20me1 and H2AUb on the 

X-chromosome. Following these early events, the inactive X (Xi) shifts to late replication 

timing. The histone variant macroH2A subsequently becomes enriched on the X and finally 

DNA methylation is recruited to the promoters of X-linked genes. These multiple layers of 

epigenetic modifications are believed to act in synergy to maintain the inactive state [4] 

(Fig.1). 
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Figure1: Chromatin dynamics during X-Chromosome Inactivation. In undifferentiated ES cells, both X 

chromosomes are active. During the first two days of differentiation, Xist RNA coats the X chromosome 

triggered for silencing. This is followed by depletion of RNA POLII and euchromatic histone modifications such 

as H3K4me2/3 and H3 and H4 acetylation. Repressive complexes such as PRC1, PRC2 and possibly others are 

recruited in a Xist-dependent manner and will lay down repressive marks such as H3K27me3, H2Aub, 

H4K20me1 and H3K9me2. At this point, we start observing progressive transcriptional silencing of genes and 

switch to late replication of the Xi in S phase. Later on, incorporation of the histone variant macroH2A and DNA 

methylation at 5’ end of X-linked genes are events that seem to be required to maintain the inactive state. Several 

questions remain however to be answer; for example: Are JARID1A/B/C histone demethylases involved in the 

demethylation of H3K4 methylation? Is JARID2 involved in PCR1/2 complexes recruitment and important for 

H3K27 methylation and H2A ubiquitination?  

 

Although XCI is a favorite model for epigenetic processes, the actual mechanism of gene 

silencing remains unclear. In particular we know little about the removal of active chromatin 

marks or the deposition of repressive marks on the X chromosome and how these changes 

render the chromosome inactive. We were particularly interested in the dynamic changes in 

H3K4me2/m3 loss and H3K27me3 gain – in the context of the early X-chromosome 

inactivation process. Methylation of H3K4 is normally associated with active transcription, as 

H3K4me3 and H3K4me2 are strongly enriched at active promoters, whereas H3K4me1 is 

usually associated with enhancers [7]. Rapid loss of H3K4 methylation is one of the earliest 

chromatin events during XCI. Curiously, the 3 different forms behave differently during XCI, 

with the H3K4me3 mark being lost before H3K4me2, while H3K4me1 is visibly depleted on 

both the active and Xi during ES cell differentiation [8] [da Rocha unpublished]. The 
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molecular mechanism mediating these changes is unknown. Both passive loss during 

replication or histone exchange mechanisms are possible. However, the rapid loss of the 

H3K4me2/3 marks (in just 1-2 cell cycles maximum) suggests the involvement of histone 

demethylating enzymes, which remove these marks directly. Proteins belonging to the 

Jumonji/ARID1 family, in particular the JARID1 subfamily – JARID1A, JARID1B and 

JARID1C – were recently identified as demethylases specific for H3K4me2/3 marks [9], and 

represented strong candidates as the enzymes mediating the initial H3K4 demethylation wave 

during XCI.  These JARID1 subfamily proteins are highly homologous, and contain a similar 

structure comprising: a JmjN domain, an Arid/ Bright domain that can bind to DNA, two or 

three plant homeodomains (PHD) that recognize methyl-lysine residues, and the catalytic 

JmjC domain responsible for the demethylase activity [9]. JARID1A (RBP2 or KDM5A) was 

show to interact with several proteins, such as components of the PRC2, a repressive 

complex, but also with pRb (retinoblastoma) variants that activate transcription and promote 

differentiation. Knockout (KO) mice for Jarid1A present minor phenotypes [10]. 

JARID1B (PLU-1 or KDM5B) interacts with histone deacetylases but also with pRB. Jarid1b 

has been shown to be upregulated in several different cancers [11]. For example, in melanoma 

patients was recently identified a small subpopulation of slow-cycling cells that present high 

levels of JARID1B expression. It was suggested that this subpopulation might be essential for 

continuous tumor growth as the knockdown (KD) of the protein leads to an initial acceleration 

of tumor growth followed by exhaustion [12]. 

JARID1C (SMCX or KDM5C) is transcribed from the X-chromosome and is one of the few 

genes that do not get silenced during the XCI [13]. It interacts with the REST repressive 

complex and function as a transcriptional repressor. Loss of JARID1C activity impairs REST-

mediated neuronal gene regulation, and results in X-linked mental retardation in humans [14].  

If the rapid loss of H3K4me2/3 during XCI is indeed an enzymatic process, these three 

proteins are thus strong candidates for such a role. Since very little is known about the 

differences between these three JARID1 proteins and because none of them have been 

extensively characterized during ES cell differentiation, we decided to study all of them. 

 

In contrast to H3K4me2 and me3, H3K27me3 is a repressive mark. The Polycomb group 

(PcG) protein EZH2, member of the Polycomb Repressive Complex 2 (PRC2), was shown to 

be the histone methyltransferase (HMTase) responsible for trimethylation of H3K27 [5]. This 

complex also includes the EED and SUZ12 proteins, necessary for its stability and for the 
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HMTase activity of EZH2 [15].Despite widespread agreement that H3K27me3 is crucial in 

Polycomb silencing, its mechanistic contributions are still being debated. It has been 

suggested that H3K27me3 mark contributes to gene silencing by functioning as a docking site 

for another repressive complex – Polycomb repressive complex 1 (PRC1) – which is 

responsible for H2AK119 ubiquitination and successive chromatin condensation. However 

there are evidences for other mechanisms for PRC1 recruitment independent of H3K27, 

which could vary at different targets [15]. 

Using immunofluorescence, the PRC2 proteins are found to be transiently recruited to the Xi 

early on in XCI in a Xist dependent fashion, during the same time window that H3K27me3 

mark appears [5]. PRC1 complex is also recruited transiently to the Xi [16] by both PRC2 

dependent and independent mechanisms and, in the absence of PRC2, is sufficient for the 

establishment of Polycomb-based memory systems in X inactivation [17]. On the other hand, 

loss of RING1B, the PRC1 component responsible for H2AK119ub, does not affect other 

marks of initiation of XCI suggesting compensation by PRC2 and/or other repressive 

complexes [18].  

Although much is known about the basic core components of the two repressive complexes, 

little is known about how they are targeted to chromatin and which proteins are involved in 

these processes. Recently, a number of studies identified JARID2 as physically interacting 

with the PRC2 complex by mass spectrometry and co-immunoprecitipation analyses [19] [20] 

[21] [22] [23]. It was observed that PRC2 could exist in two fractions, one free and one 

containing JARID2. Moreover, this protein has been reported to interact with a member of the 

PRC1 complex - CBX7 - that is enriched on the Xi [24] although the nature of this interaction 

remains unclear [Eberl, unpublished results].  

Although JARID2 belongs to the jumonji/ARID1 family –it does not have demethylase 

activity owing to aminoacid substitutions in the JmjC domain [19] [22]. Like other members 

of the family, it has a JmjN domain and an ARID domain that could potentially binds to DNA 

or RNA in a sequence-specific manner. JARID2 has been shown to colocalize extensively 

with PRC2 and H3K27me3 on chromatin [19] [20] [21] [22] [23]. The clear delay in 

differentiation shown by KO and KD ES cells suggests that JARID2 is required for proper ES 

cell differentiation, which is consistent with the embryonic lethality in Jarid2 KO mice.  

However, the exact role of JARID2 in PRC2 methyltransferase activity and in regulating the 

levels of H3K27me3 at target genes remains controversial. One report [20] suggests that ES 

cells have high levels of JARID2 expression which favor the formation of the PRC2-JARID2 
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complex. In this context, JARID2 promotes PRC2 recruitment to chromatin, but at the same 

time inhibits its enzymatic activity to some extent. This allows the genes to be kept in a 

poised state that permit subsequent gene activation during differentiation, when the levels of 

JARID2 go down. Due to its clear association to PRC2 and putative association to PRC1, 

JARID2 is a strong candidate to be implicated in the process of XCI; JARID2 might be a 

crucial protein to direct PRC2 or PRC1 towards the X-chromosome undergoing inactivation. 

Furthermore, it will be interesting to know whether the ARID domain of JARID2 could 

interact directly with Xist RNA. As the Xi is strongly enriched in H3K27me3 mark, XCI 

might provide a good and easy system to shade light into the conflicting role of JARID2 in 

the PRC2 methyltransferase activity and H3K27me3 deposition at target genes in vivo.  

 

In this project we attempt to address whether these Jumonji/ARID1 family proteins are 

recruited to the X chromosome during the onset of XCI, and whether they act as histone 

modifying effectors of transcriptional silencing and heterochromatin formation.  

To this end, we generated several female mouse ES cells expressing BACs (Bacterial 

Artificial Chromosomes) containing these proteins fused to GFP and analysed the behaviour 

of these proteins relative to the X chromosome undergoing inactivation. 

  

Results 

Generation of stable BAC transgenic female ES cell lines expressing GFP-tagged 

jumonji/ARID1 proteins  

In order to study the role of the Jumonji/ARID1 proteins during ES cell differentiation and in 

the initiation and maintenance of XCI, we generated female ES cell lines (PGK12.1 line) 

containing BACs for the four proteins (JARID1A, JARID1B, JARID1C and JARID2) tagged 

in frame in the 3’end with a GFP tag and a neomycin resistance cassette after an internal 

ribosome entry site (Sup.Fig.1). The large size of BAC transgenes ensures the presence of 

most, if not all, regulatory elements and results in expression (levels and patterns) that closely 

matches that of the endogenous genes [25].  GFP-tagged versions of JARID proteins should 

allow us to study their localization (on fixed samples and live cells), their interactions during 

ES cell differentiation and in relation to the XCI. Furthermore, they would enable us to isolate 

complexes containing these proteins and to assess their genomic locations using ChIP. 
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The BACs were engineered by our collaborator Prof. Francis Stewart (Technische 

Universitaet Dresden). Five independent colonies were grown at 30°C, DNA was prepared 

and the BAC’s integrity tested by digestion using two distinct restriction enzymes – EcoRI 

and HindIII, followed by overnight electrophoresis. In all cases, the 5 clones showed the same 

digestion profile, indicating the integrity of the BAC (see Sup.Fig.2 for example).  One clone 

in each case was amplified as a maxi-prep to obtain sufficient quantities of clean DNA for 

subsequent transfection in ES cells. Again, the integrity of the BAC obtained by maxi-prep 

was verified (Sup.Fig.2). 

The BAC DNA obtained from maxi-preps was used to transfect female ES cells (PGK12.1). 

Transfections were performed using lipofectamine, a cationic lipid. Two rounds of 

transfections were performed, first with JARID1B and C, then JARID1A and JARID2. For 

the first experiment we used two different concentrations of DNA, 50ng and 500ng to 

transfect cells at 50-70% confluency in 12-well plates (4 cm
2
). The transfected cells were 

selected by addition of 300ng/ml of neomycin. Given the high number of cell colonies 

obtained we subsequently reduced the concentration to 5ng and 50ng for the second 

transfection. The resultant colonies were isolated and grown in culture independently, as each 

colony derived from a single cell. We isolate several clones (minimum 24) for each BAC, to 

rule out phenotypic effects due to integration site rather than BAC expression (Fig.2). 

 

 

 

 

 

Figure 2: Generation of XX ES cell stable lines with BACs expressing GFP-tagged to Jumonji/ARID1 proteins. 

The BAC DNA, obtained from the Maxi-Prep, were used to transfect PGK12.1 ES cells. After selection with 

neomycin, the single colonies were isolated and transferred to a 96-well plate, where they were expanded 

separately. 

We obtained 10 ES cell clones for JARID1B-GFP, 7 clones for JARID1C-GFP, 13 clones for 

JARID2-GFP, but no clones for JARID1A due to an error in the annotation of the gene. 

Screening of transgenic ES cell clones 

In order to select the best clones for further analysis, we first screened by Western blot using 

an anti- GFP antibody to detect the GFP-tagged protein expressed (Fig.3A). This allowed us 

to choose at least 3 clones with different levels of expression, for each tagged-protein. In the 



!X"

"

case of JARID1B and JARID2, we had antibodies available against these two proteins. This 

allowed us to run another western blotting using these antibodies. Therefore, we confirmed 

that the GFP-tagged proteins were indeed JARID1B-GFP (Fig.3B) and JARID2-GFP (data 

not shown) and furthermore, we could relate the amount of GFP-tagged protein compared to 

the endogenous levels. The levels of the GFP-tagged protein obtained were the same or lower 

when compared to the endogenous protein. 

        

Figure 3: Screening of JARID1B GFP clones. A: Screening by Western Blot of the 10 survival clones using an 

!-GFP antibody (ROCHE). We chose the clone 3, with relatively low expression of JARID1B-GFP, and the 

clones 7 and 17 with higher expression for further analysis. B: Western Blot of the 3 chosen JARID1B-GFP 

clones using an !-JARID1B antibody. We can see the band of the endogenous JARID1B protein (around 180 

KDa) and the JARID1B-GFP band (arrow; around 210 KDa) not present in the control (wild type PGK ES 

cells). C: Screening by IF of the selected JARID1B-GFP clones using an !-GFP antibody. Clone 3 shows weak 

GFP signal and clone 7 has no specific nuclear staining; in contrast, clone 17 has specific euchromatic staining 

with differences of expression from cell to cell; this clone has been selected for further analysis. The expression 

pattern of JARID1B using the !-GFP closely matches the one using the !-JARID1B antibody. D: IF in wild type 

PGK12.1 cells, using the !-JARID1B antibody showing that endogenous JARID1B also exhibits mosaicism in 

terms of expression. Images acquired by Leica Upright epifluorescence microscope.  

Then we checked the expression pattern of the chosen clones by immunoflourescence (IF) 

using anti- GFP immunofluorescence versus auto-fluorescence of GFP. From the patterns of 

the GFP autofluorescence and anti-GFP IF, it was clear that the IF gave the most reliable 

results, therefore all the further fixed analysis was done using the GFP antibody (data not 
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shown). Considering the patterns of endogenous JARID1B (Fig.3D) and JARID2, we selected 

for further analysis the clones that exhibit a pattern that closely matched the endogenous one. 

In the case of JARID1C, we did not have an antibody to compare with. We end up selecting 

the clones that have a pattern similar to JARID1B staining (Fig.3C). From this analysis, we 

select 1 clone for JARID1B, 2 for JARID1C and 2 for JARID2 for further analysis. 

 

1. Exploring the role of H3K4 demethylases – JARID1B and JARID1C 

1.1.Analysis of transgenic H3K4 demethylases patterns in undifferentiated ES cells; 

Correlation between H3K4 demethylases expression and H3K4me2/3 marks 

"

We started the analysis of our JARID1B-GFP (1 clone) and JARID1C-GFP (2 clones) clones 

by studying in more detail the transgenic protein patterns in undifferentiated ES cells. Both 

JARID1B and JARID1C showed nuclear euchromatic staining, very similar to the pattern of 

H3K4me2/3 (Fig.4-5), or other euchromatic markers, characterized by diffuse staining of 

most of the nuclei but clear absence of staining at pericentromeric chromatin (DAPI dense 

regions) and nucleolus. Curiously, in undifferentiated cells we observed unexpected 

mosaicism for both JARID1B (Fig.2C and Fig.4) and JARID1C-GFP (Fig.5), with cells 

exhibiting strong GFP signals next to cells with a much weaker signal. 

Heterogeneity in transgene expression can be due to position-effect variegation motivated by 

the local site of integration. This happens when the transgene is integrated in close proximity 

of genomic regions prone to silencing such as repetitive regions or heterochromatic regions. 

Although, we cannot rule out position-effect variegation in these clones we believe this is not 

the case. For example, in the case of JARID1B-GFP, independent male ES clones previously 

made in the lab also show this mosaicism [da Rocha et al., unpublished observations]. 

Secondly, this pattern is also surprisingly observed when we use an antibody for JARID1B in 

non-transfected wild-type ES cells (Fig.3D), although the extent of heterogeneity is less 

striking than the JARID1B-GFP clone. 

The mosaicism of these clones allowed us to ask whether the differences of JARID1B/C 

levels between cells could have an impact in their global levels of H3K4 methylation. We 

performed a double IF, using the antibody for the GFP tag and for either H3K4me1, 

H3K4me2 or H3K4me3 marks. With this experiment, we observed clearly that the strong 
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expressing JARID1B-GFP cells have lower levels of H3K4me2 and me3 and vice-versa. No 

effect was observed in relation to the H3K4me1 (Fig.4). This is consistent with the published 

results showing that JARID1B is an H3K4me2/me3 demethylase [9]. In the case of the 

JARID1C-GFP, there was no correlation between the levels of JARID1C-GFP and the global 

levels of H3K4 methylation (Fig.5).  

 

Figure 4: Negative correlation between JARID1B-

GFP and global levels of H3K4me1/2/3. IF in 

JARID1B GFP clone 17 ES cells using !-GFP 

(JARID1B) and !-H3K4me1/2/3 antibodies. 

H3K4me2 and H3K4me3, but not H3K4me1, 

staining is reduced in high JARID1B-GFP expressing 

cells. Leica Upright epifluorescence microscope.  

 

 

 

Figure 5: No correlation between JARID1C-GFP and 

global levels of H3K4me1/2/3. IF in JARID1C-GFP 

clone 1 ES cells using !-GFP (JARID1C) and !-

H3K4me1/2/3 antibodies. H3K4me1/2/3 staining 

does not change between high and low JARID1C-

GFP expressing cells. Leica Upright epifluorescence 

microscope.  

 

 

To check if the effect on H3K4 methylation was due to the slightly over-expression conferred 

by the JARID1B-GFP BAC transgene, we did the same experiment but now looking at the 

endogenous JARID1B in wild type non-transgenic ES cells. Interestingly, we obtained the 

same results, with the endogenous JARID1B levels correlating negatively with global levels 

of H3K4me2/3, but not H3K4me1 (Fig.6). This suggests that JARID1B is an H3K4 

demethylase that determines the global levels of H3K4me2/me3 in ES cells. 
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Figure 6: Negative correlation between endogenous JARID1B expression and global levels of H3K4me2/3. IF in 

wild type PGK12.1 ES cells using !-JARID1B and !-H3K4me1/2/3 antibodies. H3K4me2 and H3K4me3, but 

not H3K4me1, staining is reduced in high JARID1B expressing cells. Leica Upright epifluorescence microscope.  

 

We then decided to study the potential origins of JARID1B mosaic expression in ES cells. 

One possiblity is that JARID1B is cell cycle regulated, changing expression levels during cell 

division. Another possibility is that it is determined by pluripotent transcription factors such 

as OCT4, NANOG and SOX2 that bind to the promoter of Jarid1b [26]. It was already 

described that some of these markers like NANOG and STELLA have heterogenous 

expression levels in ES cells grown in classical conditions dependent on LIF - leukaemia 

inhibitor factor. To assess whether the levels of JARID1B expression change during the cell 

cycle two different approaches were taken. One of the approaches took advantage of the GFP 

tag. The auto-fluorescence of the JARID1B-GFP allowed us to image life cells under the 

microscope and track the fluorescent cells through the cell cycle. For our first films, we 

decided to image the cells for three hours with 20 min intervals with an exposure time of 80 

msec. With these settings we follow the behavior of some cells. In general, the cells maintain 

their GFP intensity during the experiment and did not switch between strong and low levels of 

GFP (Sup.Fig.3). In one case, we observed a strong GFP cell undergoing cell division and the 

resulting cells maintained the levels of GFP of the mother cell (Sup.Fig.3). This is suggestive 

of maintained levels of JARID1B during cell division. However, this experiment was 

preliminary and live cell imaging needs to be optimized to follow the mosaicism of the 

JARID1-GFP over longer time periods.   

We also used combined IF in wild type ES cells, using the antibody for the JARID1B protein 

and other for a post-translational histone modification that is cell-cyle dependent: the histone 

H3 serine 10 phosphorylation (H3S10P). This modification accumulates within the 
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pericentromeric heterochromatin in late G2 and then spreads to the rest of the chromatin as M 

phase approaches [27]. 

Our results did not show any correlation between JARID1B and the H3S10P patterns in WT 

XX ES cells (Fig.7). Cells with variable protein signal intensity could be seen both in 

interphase or G2. Furthermore, amongst G2 cells, we observed both high and low expressing 

JARID1B cells. In M phase JARID1B signal is weaker in all the observed cells. This might be 

due to protein dilution into the cytosol, as the nuclear envelope is lost. We did not see 

JARID1B bound to the condensed chromosomes.  

 

Figure 7: JARID1B mosaicism does not correlate with 

specific phase of the cell cycle. IF using !-JARID1B and !-

H3S10P antibodies in wild type PGKs ES cells. A: 

Interphase nuclei without H3S10P – one cell with high 

expression of JARID1B and the other with low. B and C: 

Late G2 nuclei with H3S10P at the pericentromeric 

heterochromatin – B cell with higher JARID1B expression 

then C. D and E: Nuclei about to enter mitosis (M) with 

H3S10 spreading to the rest of the chromatin – D with lower 

JARID1B expression then E. F: Nucleus in metaphase – all 

the observed cells with very low JARID1B signal. Leica 

Upright epifluorescence microscope.  

 

 

Next, we checked whether heterogenous protein expression might be correlated with the 

expression of pluripotent markers. To do this we performed double IF experiments. First we 

investigated the correlation with NANOG by using the JARID1-GFP clone 17 ES cells and an 

!-GFP (raised in mouse), plus an !-NANOG antibody. With this experiment, we observed as 

it has been published that NANOG expression is heterogeneous [28]. However this 

heterogeneity does not correlate with the heterogeneity of JARID1B expression (Fig.8A). We 

also examined WT cells to check for a correlation between NANOG and the H3K4me2 mark, 

as JARID1B correlates negatively with this mark. Again, we observed no correlation between 

NANOG and the mark (Fig.8B), suggesting that NANOG and the endogenous JARID1B do 

not seem to correlate in terms of expression. We also checked for the relation with the stem 

cell marker OCT4, although OCT4 expression has not been considered particularly mosaic, at 

least when compared to NANOG. By observing wild type PGKs ES cells, with the !-

JARID1B and !-OCT4 antibodies, no correlation of expression was found (Fig.8C). Even if 

these are preliminary results that need to be quantified, it seems that there is no obvious 
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correlation between any of the ES cell markers studied and JARID1B, both endogenous and 

transgenic.  

Figure 8: JARID1B and JARID1B-GFP mosaic 

expression do not correlate with expression of 

pluripotent markers. A: IF using !-GFP and !-NANOG 

antibodies in JARID1-GFP clone 17 ES cells. Two 

NANOG positive cells display different levels of 

JARID1B-GFP. B: IF using !-H3K4me2 and !-NANOG 

antibodies in wild type PGK12.1 ES cells. While there is 

obvious correlation between H3K4me2 and JARID1B 

(Fig3/5), there is no correlation between H3K4me2 and 

NANOG (arrow). C: IF using !-JARID1B and !-OCT4 

antibodies in wild type PGK12.1 ES cells. We can 

observed that the two Jarid1B high expressing cells are 

either positive or negative for OCT4. Leica Upright 

epifluorescence microscope. 

 

1.2.Role of H3K4 demethylases during the process of X-chromosome inactivation 

To study if there is a role for these candidate proteins during the process of XCI, we induced 

differentiation of the transgenic ES cells. During this process the Xist RNA domain, covering 

the Xi, can be seen by RNA FISH. If we combine this technique with an IF to detect the 

proteins (JARID1B or C) using the GFP antibody, we can see whether these proteins co-

localize with the Xist domain, meaning that they are recruited to the core compartment of  Xi 

and possibly have a role during XCI. To determine whether these demethylases have any 

functional role in  changing the patterns of histone modifications during XCI, we compared 

the kinetics of GFP-tagged protein recruitment with the loss of H3K4me2/3 on the Xi. The 

analysis was carried out on the early days of differentiation (day 2 and day 3 after induction), 

a time point where H3K4me2 are progressively lost from the Xi. 

After imaging and using the ImageJ program we merge all the channels (Xist RNA probe, 

DAPI, a-GFP and a-H3K4me2). We draw a line trough the nucleus that passes by the Xist 

domain, a euchromatic region, pericentric heterochromatin (marked by DAPI dense region) or 

a nucleolus (region depleted in DAPI staining), and plot the graphs correspondent to the 

signal intensity of each channel on the line. The pericentromeric chromatin and the nucleolus 

are regions where both the H3K4me2 mark and the JARID1 proteins are absent and therefore 

they work as the background.  

We considered that the protein/mark is depleted from the Xi if the values at the Xist domain 

are the same as in the pericentric heterochromatin or the nucleolus. We scored as partial 
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depleted when the levels were higher than the background but lower than the euchromatic 

levels. When levels were the same in the euchromatin and in the Xist domain, we considered 

that the protein is present in the Xi. Finally, the protein/mark is considered enriched when the 

levels at the Xist domain are higher than the levels in the euchromatin (Fig.9A).   

From day 2 to day 3, we saw a clear decrease in the presence of the H3K4me2 mark at the 

Xist domain, with most of the domains getting depleted or partial depleted at day 3 (D2: 5-15 

% of depleted domains; D3: 30-50% of depleted domains). This shows that we are placed 

during the depletion phase. We have never observed that JARID1B or JARID1C-GFP got 

enriched on the Xi as has been observed for other proteins such as PRC1 or PRC2 [5] [16]. 

On the contrary, we observed that from day 2 to day 3 the levels of the proteins on the Xi 

decrease with a very similar kinetics of the H3K4me2 loss (JARID1B clone 17- D2: 10% 

depleted, D3:45% depleted; JARID1C clone 1- D2: 25% depleted, D3: 40% depleted) 

(Fig.9B). From these experiments, we cannot conclude whether JARID1B/C have a role in 

early phases of XCI, but if it has, it might be very early, very localized (for example, at the 

promoters of X-linked genes) and/or transient.  

 

Figure 9: Kinetics of 

JARID1B/C protein 

recruitment compared to 

the loss of H3K4me2/3 

on the Xi. Xist RNA-

FISH and double IF (!-

GFP and !-H3K4me2) 

in JARID1B-GFP clone 

17 and JARID1C-GFP 

clone 1 during ES cell 

differentiation (D2-3; 

+RA). A: Example of 

JARID1C clone 1, at 

day 2, depleted for both 

protein and mark. Each 

graph represents the 

signal intensity of each 

correspondent channel. Red square – Xist domain, blue square - 

pericentric heterochromatin. B: Percentage of Xist domains scored 

in each category: D- depleted, P- partial depleted, N- non 

depleted/present at the Xist domain compared to a pericentric 

chromatin or nucleolus. Leica Upright epifluorescence microscope. 
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2. Exploring the role of JARID2 in H3K27 methylation during XCI 

"

After exploring the role of JARID1 proteins in erasing H3K4 methylation from the XCI, we 

look at the role of the close related protein JARID2 in the establishment of repressive marks 

such as H3K27me3. The JARID2-GFP ES cells were successfully created and allow us to 

perform live cell imaging. However, because we had a commercial antibody for JARID2 

available, for most of our analysis we used wild type ES cells for IF or IF/FISH experiments. 

2.1.Analysis of transgenic JARID2 pattern in undifferentiated ES cells 

In undifferentiated transgenic ES cells, the patterns observed using the anti-GFP and the anti-

JARID2 were very similar, except for some very bright spots observed with the JARID2 

antibody (Fig.10). These bright spots are probably not JARID2, as we were using a polyclonal 

antibody that could be recognizing unspecific proteins. The staining of JARID2 is nuclear, 

and interestingly, we observed cells where JARID2 protein is strongly associated with 

pericentromeric chromatin and some where the protein is diffuse throughout the nucleus with 

no preference to the pericentromeric chromatin (Fig. 10). These same patterns were observed 

when looking at JARID2-GFP cells by live cell imaging (Sup.Fig.4). Interestingly, contrary to 

JARID1B or C, we observed that JARID2-GFP binds to mitotic chromosomes during cell 

division in ES cells. 

 

Figure 10: Immunoflourescence using !-GFP and !-JARID2 antibodies in JARID2- GFP clone 12 ES cells. The 

staining is very similar between the antibodies with a heterogenous pattern of expression. Arrow- bright spots 

observed only with the !-JARID2. Leica Upright epifluorescence microscope. 

 

2.2.Role of JARID2 during the process of X-chromosome inactivation; Kinetics of 

JARID2 relatively to H3K27m2/3, PRC2 and PRC1 

To check whether JARID2 is recruited to the X chromosome undergoing inactivation and, if 

so, what is it kinetics of recruitment comparing to H3K27m2/3, PRC2 and PRC1, we 

performed an IF/RNA FISH in differentiating ES cells. We differentiated wild type ES cells 

until day 2 (D2), D4 and D6. Then, we made 4 independent experiments where we used 
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antibodies against JARID2, H3K27me2/3, EED (PRC2 complex member) or RING1B (PRC1 

complex member), and hybridized with the Xist RNA probe to detect the Xi (Fig.11). 

 

 

Figure 11: Kinetics of JARID2 recruitment to the Xi 

compared to H3K27m2/3, PRC2 and PRC1. Xist RNA-

FISH and IFe (!-JARID2, !-H3K27me2/3, !-EED and 

!-RING1B independently) in wild type PGK12.1 at day 

2,4 and 6 (+RA for 2 days). Leica Upright 

epifluorescence microscope. 

 

 

With this experiment we saw for the first time that JARID2 co-localizes with the Xist RNA 

domain, being recruited to the X-Chromosome during XCI. This was also observed in the 

JARID2-GFP lines generated when we used !-GFP antibody (data not shown). We scored the 

number of Xist domains that were enriched for JARID2 and the other proteins and for the 

mark, at the 3 different time points. By looking to the resulted graph we saw that the majority 

of the domains (93%) are enriched for JARID2 at D2. This number decreases to about 50% at 

D4. At D6, the number of Xist domains with JARID2 is maintained but the intensity of the 

signal seems to be much weaker when compared to D4.   

How did this compare to the recruitment of PRC1 and PRC2 and deposition of H3K27me3 

mark? We observed that at D2, approximately 70% of Xist domains have EED and 

H3K27me2/3 enrichment. This is slightly lower than JARID2 at this stage. As expected, 

H3K27me2/3 gets more enriched at D4 (95%) and D6 (90%). EED on the other hand stays 

constant from D2 to D4 (70%), unlikely JARID2 that gets lower at D4, but eventually is 

reduced at d6 (20%), as has been reported before [5]. 
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We scored far fewer domains enriched for the RING1B protein,, with around 30% of Xist 

domains enriched at D2 and progressively reduced by D4 (10%) and D6 (5%). Similar 

profiles have been described for PRC1 members before. This first set of data was obtained by 

looking independently at the different proteins recruitment into the Xi. This data suggests that 

perhaps JARID2 recruitment might occur prior and independently of PRC2 recruitment in the 

Xi. This is actually a very important question in the epigenetic field not yet addressed:  how 

does JARID2 recruits PRC2 to the chromatin? Does JARID2 goes in complex with PRC2 or 

does it go independently and then induces PRC2 recruitment? To better understand this 

kinetics of recruitment we did a double IF/Xist RNA FISH to look simultaneously at the 

recruitment of JARID2 and EED (PRC2 member) in same Xist-coated X-chromosome in wild 

type LF2 at day 1-5 (Fig.12). 

 

Figure 12: Kinetics of JARID2 and EED recruitment to the XCI at D1-5. A: Xist RNA-FISH and double IF (!-

JARID2 and !-EED) in wild type LF2 at day 1-5 (+RA for 2 days). B: Percentage of Xist domains enriched (+) 

or depleted (-) for EED and JARID2. C: Relative enrichment of EED and JARID2 at the Xist domain compared 

to the rest of the nucleus, at D1, D2 and D4. Zeiss Upright Apotome microscope. 

 

We scored by eye (blind scoring), for each of the 5 days, how many domains were enriched 

for JARID2 and EED (Fig.12B). With this analysis we saw that the majority of the domains 

were either enriched for both the proteins or without them. Double-enriched domains account 

for 55% of domains at D1 and this number increases to around 70% from D2 to D4, 

decreasing drastically at D5. Interestingly, we saw that at day1, 19% (n=32) and at D2 12% 
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(n=100) of the domains were enriched only for JARID2, a number higher than for EED only 

enriched domains (D1 3%; D2 0%), Therefore, even though most of the domains are both 

enriched by JARID2 and EED there is the potentiality to have domains uniquely bound by 

one of the factors, with potentially JARID2 anticipating the recruitment of PRC2. 

During this analysis it became evident that the intensity of enrichment of JARID2 and EED 

has changed during differentiation and, even in the double enriched domains, there were 

differences in the intensity of enrichment of both proteins.  After imaging the cells at D1, 2 

and 4 of differentiation, we decided to measure the intensity of each channel at the Xist 

domain compared to the average staining of the nucleus after substracting the background out 

of the nucleus (Fig.12C). In average, EED is 1.2 times more enriched in the Xist at D1 and 1.5 

times more at D2 and 4. JARID2 at D1 is about 1.5 times more enriched in the Xist, but at D2 

the enrichment is of almost 3 times more, decreasing at D4 to D2 times. It seems therefore, 

that even though most of the times PRC2 and JARID2 do colocalize in the Xi, they seem to 

have a different kinetics of enrichment at the Xist domain.  

From these experiments, it seems that JARID2 is recruited early on during XCI, at the same 

time or even slightly earlier than PRC2. However, the dynamics of JARID2 recruitment 

differs from PRC2:  JARID2 is strongly recruited at Day2 and reduces afterwards, while EED 

enrichment is maintained constant for longer time and eventually gets reduced. 

 "

Discussion 

To explore the role of Jumonji/ARID1 family during ES cell differentiation in the context of 

the X-chromosome inactivation, we transfected female ES cells with four different GFP-

tagged BACs (JARID1A/B/C and JARID2).  We successfully obtained transgenic ES cells for 

all of them, except for JARID1A, due to the fact that GFP was not successfully targeted to the 

3'end of the gene because of an error in the annotation of this gene.   

The use of BACs for transgenesis enabled the expression of the transgenes from their native 

genomic environment, thus resembling the endogenous levels. These BAC constructs, tagged 

with GFP, were used for protein localization in both fixed and live cell analyses (Sup.Fig.1) 

The molecular data potentially obtained from these approaches, when complemented with 

loss of function data is often sufficient to unravel the molecular role of a protein of interest.  
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1. Exploring the role of H3K4 demethylases in the ES cell biology and XCI 

During X-chromosome inactivation, the loss of H3K4me2/3 is one of the earliest events. This 

is a very fast and well organized process, justifying the possible involvement of H3K4 

demethylases. JARID1A, B and C were already described as capable of H3K4me2/3 specific 

demethylation, being good candidates for the wave of H3K4me2/3 demethylation during 

initiation of XCI. 

The analysis of XX ES cell clones expressing JARID1B and JARID1C tagged to GFP was 

our first approach to address the role of these demethylases in the XCI. While characterizing 

their expression prior to differentiation, we observed a very interesting result. JARID1B-GFP 

(and endogenous, which excludes transgenic variegation problems) and JARID1C-GFP 

exhibit heterogenous expression in ES cells; this heterogeneity allowed us to observe that 

JARID1B expression, but not JARID1C-GFP, correlates negatively with the H3K4me2/3 

marks.(fig.4-6) This data suggests that JARID1B levels in ES cells can determine the global 

levels of H3K4 methylation. This is not the case for JARID1C and unfortunately we could not 

test for JARID1A. In any case, it is clear that JARID1B levels affect H3K4me2/3 marks, as 

this is observed even during the normal variation within wild type ES cells grown in classical 

conditions. Since H3K4me2/3 are very well described active marks of transcription that are 

deposited at promoters, JARID1B might have important implications in ES cell biology. 

Interestingly, Jarid1b-/- mice died early in development (around e5.5-e7.5), a period when the 

first embryonic lineages are being specified and gastrulation is taking place (Guenatry et al., 

unpublished results).  

Functional studies, such as knock down (KD) or knock out (KO) experiments in ES cells 

(ongoing work in colaboration), as well as overexpression of JARID1B, in JARID1B-GFP 

clones, could also be used to assess the impact of changes in H3K4 methylation levels on ES 

cell biology and their differentiation potencial. Furthermore, the use of JARID1B-GFP lines 

could be used to identify the protein complex that JARID1B is part of, by mass-spectometry 

analysis and to do native ChIP and ChIP-seq to identify its targets. 

Trying to understand the reason for the mosaicism observed in ES cells, we tested the 

hypothesis of JARID1B expression (both endogenous and transgenic) being correlated with 

the cell cycle or dependent on pluripotency factors like NANOG and OCT4. From our 

preliminary results, none of these hypotheses seems to be valid (fig.7-8; Sup.Fig.3).  
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However, to completely rule out an association with cell cycle, more tests should be done, 

such as, live cell imaging for longer periods of time,  IF using other cell cycle markers for 

other phases of the cell cycle or for example, synchronize cells by using drugs to arrest the 

them in the same phase of the cell cycle.. Furthermore, sorting cells by GFP signal intensity 

would allow us to compare any molecular markers between the two ES cell populations (low 

and high JARID1B-GFP expression). 

Also, although no correlation was observed with NANOG or OCT4, it could still be possible 

that it varies according to other ES cell markers, such as STELLA that normally shows 

variegation (our attempts with STELLA antibody did not work). Anyway, we favor the 

hypothesis that actually the variation of JARID1B is stochastic within a population of cells, 

with cells expressing differential levels but in overall maintained a certain threshold of 

expression within a population of stem cells. Heterogeneity of JARID1 expression has been 

recently documented [12]. A subpopulation of slow-cycling melanoma cells expressing 

JARID1B was described to be essential for continuous tumor growth. Furthermore, the 

expression of JARID1B seems to be dynamically regulated, as JARID1B-negative cells can 

become positive over time.  

To test whether these heterogenous patterns of JARID1B observed in ES cell are simply 

differences in the degree of stemness modulated by environmental conditions, we could grow 

ES cells in 2i medium [28]. This medium, based on the inhibition of two signaling pathways, 

MEK/ERK and GSK3, is thought to homogenize the ES cell population in a true “ground 

state” stage. To confirm this hypothesis, we would expect to lose the JARID1B variegation 

and get an homogenous population, as observed for NANOG.  However, if this is not 

observed, stochastic expression of JARID1B might be indeed the reason for the heterogenous 

population. 

We then asked whether JARID1B and JARID1C are recruited to the X-chromosome 

undergoing inactivation. Our results show that these proteins were not only non enriched at 

the Xi, but also got depleted from the Xist RNA domain, with a similar kinetics to the 

H3K4me2 mark (Fig.9). However, this does not rule out a role for these proteins in H3K4 

demethylation of the Xi, as they may associate only transiently with Xi chromatin. 

To further explore whether, where and when these histone demethylases might have a 

possible role on the Xi, we could evaluate the association of JARID1B/C with the Xi at 

different stages of differentiation, for example earlier. Our approach looking at the 
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colocalization of these proteins with the Xist domain will only give us insights into the H3K4 

demethylation occurring on the Xist-coated compartment of the X-chromosome, which is 

composed mainly by repetitive DNA.  The genes are recruited progressively to this 

compartment as they are being inactivated [6]. Native CHIP and ChIP-seq experiments in the 

GFP-tagged clones, would allow us to assess whether these proteins interact with any region 

of the Xi, and specifying which ones. 

 

2. Exploring the role of JARID2 in H3K27 methylation during XCI 

In this work, we observed for the first time JARID2 being recruited to the X-Chromosome 

undergoing inactivation, in XX ES cells expressing JARID2 tagged to GFP, and then in wild 

type XX ES cells using an antibody specific to JARID2. We started seeing this recruitment at 

D1 of differentiation. The number of enriched domains, as well as the intensity given by the 

antibody signal, got maximum at D2, and at D4 and 6 got less and less present at the Xi 

(Fig.11-12).  

Trying to address whether JARID2 has a crucial role in PRC1 and PRC2 functions during the 

XCI, we made a comparative analysis of their kinetics of recruitment towards the Xi. 

Our analysis had shown that JARID2 and EED (PRC2) colocalize in approximately the same 

number of domains, while RING1B (PRC1) is observed in just a small fraction of domains 

(fig.11). However, when looking more closely to the dynamics of the recruitment of JARID2 

vs. EED, we observed that the kinetics is surprisingly different, with JARID2 been highly 

enriched at D2 and decreasing at D4, while EED is not so strongly recruited at D2 but stays 

unchanged to D4 (fig.12). 

These preliminary results obtained point out for a model where JARID2 is recruited to the Xi 

early on in differentiation. Because we see a few domains with JARID2 at D1 and D2 but not 

EED, JARID2 recruitment could be, at least in some part, independent and prior to PRC2. 

PRC2 would then be recruited to the Xi guided by JARID2.  

As JARID2 possesses an ARID domain (AT-rich interaction domain), it could potentially 

bind to DNA or RNA in a sequence-specific manner. It will be interesting to determine 

whether JARID2 can actually bind to Xist RNA and whether this might be the mechanism that 

brings PRC2 to the Xi and results in subsequent accumulation of H3K27me3 mark. In fact, 

PRC2 has been documented to bind the RepA transcript, a 1.6 Kb non-coding RNA within 
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Xist that might be important to Xist induction. It will be interested to determine whether this is 

mediated by JARID2. Another intriguing result we obtained was the fact that H3K27me3 

increased, when JARID2 decreases, while PRC2 stays on the Xi (fig.11). It seems that, after 

the recruitment of PRC2, JARID2 must be lost from the X-chromosome, in order for the 

PRC2 repressive complex to be fully active and trimethylate H3K27. In order to explore the 

possibilities of this model, in part supported by Peng et al. 2009 [20], functional studies 

already started to be done. We had successfully created ES cells KD for Jarid2 and cells KD 

for Suz12, a PRC2 complex member (collaboration with R. Margueron, Curie Institut and K. 

Helin, BRIC, Copenhagen). The analysis of the ES cells KD for Jarid2 will allow us to see 

whether the lost of JARID2 would have an impact in the recruitment of PRC2 (and also 

PRC1) towards de Xi. This impact could be seen in a global level (IF/Xist RNA FISH) or in a 

sequence specific manner (native ChIP and ChIP-seq). Changes in the H3K27me3 levels 

could be also monitored.  

On the other hand, the loss of PRC2, in the Suz12 KD ES cells, will allow the study of the 

free portion of JARID2 (not bound to PRC2), and test whether this is stable enough to get 

recruited to the Xi, keeping the same kinetics of enrichment observed in the wild type. 

Both KD systems would allow the study of a possible interdependency between JARID2 and 

PRC2 in the H3K27 methylation, not only during XCI, but also elsewhere during 

differentiation of ES cells, which has not yet been addressed. 

 

With this work, we hope to have contributed to the study of the early epigenetic events during 

initiation of XCI. We successfully generated female ES cell clones expressing GFP-tagged 

proteins from the Jumonji/ARID1 family, thought to be key players in some of the chromatin 

remodeling events. This powerful system, together with some techniques of cell imaging, 

allowed us to track protein localization in ES cells and describe their kinetics during 

differentiation and XCI. We discovered that JARID1B is a crucial H3K4 demethylase in ES 

cells; JARID1B and C do not seem to be recruited to the Xi repetitive core. We also observed, 

for the first time, JARID2 being recruited to the Xi. By comparing JARID2 and PRC2 

kinetics of recruitment, we propose a model whereby JARID2 would be recruited to the Xi in 

a Xist-dependent manner; guiding the PRC2 complex to the Xi, and then JARID2 enrichment 

is reduced to allow for fully functional tri-methylation of the H3K27. (Fig13) 
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Figure 13: We propose a model whereby JARID2 at the Xi would recruit PRC2. PRC2 enzymatic activity would 

stay inhibited and, only after JARID2 depletion from the Xi, it would be able to fully tri-methylate H3K27. 

Exploring the potentialities of this tag system, by isolating complexes containing these 

proteins or address their location at target sites by ChIP experiments, would allow important 

steps to be given in the direction of fully understand these mechanisms. 

 

Material and methods 

1. Preparation of Jumonji/Arid1-GFP BAC DNA for transfection 

1.1.Glycerol stock of Escherichia coli  (E.coli) transformed with BAC DNA 

We received BACs containing the four members Jumonji/Arid1 family tagged to GFP at their 

carboxyl end using BAC recombineering [25] from the laboratory of Prof. Francis Stewart 

(Technische Universitaet Dresden. In order to store these BACs at long term, we decided to 

make glycerol stocks of these E. coli containing the GFP-tagged BACs. We picked 5 single 

colonies from the LB agar plates for each BAC and inoculate them in 5 mL LB cultures with 

the appropriate antibiotics (15ug/ml of kanamycin and 15ug/ml chlorophenicol) and grew 

cultures overnight (o/n) at 30°C. To 1.5ml of the bacterial culture, we added 0.5ml of sterile 

60% glycerol and vortexed the mixture and stored at –80°C.  

1.2.BAC Mini-prep 

From the rest of the liquid bacterial culture (3.5ml), we made BAC DNA extraction as 

following: after spin and pouring off media, the bacterial pellet formed was resuspended in 

solution I (50 mM glucose, 25mM Tris-HCl, 0.5M EDTA) and lysed by adding the solution II 

(20%SDS, 4N NaOH) and mixing the tube very gently to allow only the BAC DNA and not 

the bacterial DNA to be released. The precipitation was done by adding the neutralization 
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solution III (5M KOAc, 11.5% glacial acetic acid) and gently inverting several times to mix. 

It was centrifuged for 15 min, 13000 rpm at 4°C. The supernatant was transferred to a new 1.5 

mL eppendorf tube and we added RNAse (10 mg/ml Fermentas) to ensure the RNA digestion. 

The DNA was separated from proteins by addiction of a Phenol: Chloroform (1:1) solution. 

The resulted upper aqueous layer that contains the DNA was transferred to a new tube and a 

centrifugation just with chloroform was done to remove any excess phenol. DNA was 

precipitated by adding salt (3M NaOAc or 5M NH4OAc pH 7.5) and 100% EtOH. The DNA 

pellet was washed with 70% EtOH to remove the salt, and then resuspended in 50-100 "l of 

double distilled H2O (ddH2O). DNA concentration was measured in the Nanovue (using 

ddH2O as a blank); Concentration was given in "g/"L.  

1.3.DNA digestion and electrophoresis 

The DNA obtained from the mini-prep (5-10 "L) was digested independently with the 

restriction enzymes EcoRI and HindIII (10-15U) for at least 5h. We then run the digestion 

fragments over-night at 80 Volts by electrophoresis in a 0.8% agarose gel and compared the 

DNA bands obtained for each clone.  

1.4.Maxi-prep                                                                                                                                                        

To recover the bacteria from glycerol stocks, we scraped the frozen surface of the culture with 

a sterile inoculating loop, and then immediately plated the bacteria onto an LB agar plate 

containing the appropriate antibiotics (15ug/ml of kanamycin and 15ug/ml chlorophenicol). 

The plates were incubated over-night at 30°C. In the following day, one bacteria clone was 

picked up and cultured in 250ml liquid LB with the same antibiotics over-night at 30°C. We 

spinned down the bacteria at 6000rpm for 15 min at 4°C. After discarding the supernatant, the 

bacteria pellet was resuspended in 24 ml of the buffer S1 (50ml Tris-HCl, 10ml EDTA, 

100ug/ml RNAse A, pH 8). Then, we added 24ml of Lysis buffer S2 (200 mM NaOH, 1% 

SDS) to the suspension and mixed the tube very gently to allow only the BAC DNA and not 

the bacterial DNA to be released. Then we added 24 ml of pre-cooled neutralization buffer S3 

(2.8 M KAc, pH 5.1) to the suspension and mixed the lysate very gently. The suspension was 

centrifuged for 5 min, 6000 rpm at 4°C. We allowed the column to empty by gravity flow and 

discarded the flow-through. To filter the suspension we placed a NucleoBond folded filter in a 

large funnel for support. The filter was pre-wet with a few drops of buffer N2 (100 mM Tris, 

15% Ethanol, 900mM KCl, 0.15% Triton X-100 pH 6.3). For the binding, we loaded the 

cleared lysate onto the NucleoBond column and allowed the column to empty by gravity 

flow. The column was washed twice with 18ml of buffer N3 (100 mM Tris, 15% Ethanol, 
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1.15 M KCl, pH 6.3) and the flow-through discarded. We poured 15 ml of elution buffer N5 

(100 mM Tris, 15% Ethanol, 1 M KCl, pH 8.5) through the column to dissolve the DNA. 

Then, we added 11 ml of isopropanol to precipitate the DNA. We centrifuged at 13000 rpm 

for 50min at 4°C, using the JS-13.1 rotor. The pellet dried at room temperature by inverting 

the tube into a tissue of paper for 1h. Finally, we dissolve the DNA with 100ul of clean dH2O 

by incubating at 55°C until the pellet was dissolved. DNA concentration was measured in the 

NanoVue (use ddH O as a blank). We then did the digestion of the BAC DNA from the Maxi-

prep, using the restriction enzyme EcoRI, and compared the pattern of bands with the 

matching mini-prep of the same glycerol stock. We run both Maxi and Mini-prep in the same 

electrophoresis gel using the same conditions as described for the mini-preps above. 

2. Cell lines: 

ES cells used: Pgk12.1 (Penny et al., 1996) and LF2 (derived by Prof. Austin Smith, Univ. of 

Cambridge, UK) – These are both XX ES cell lines, that grow in feeder-independent manner 

with well-established and well-studied dynamics of XCI (Chaumeil et al., 2002 and 2006). 

3. Generation of stable BAC-GFP ES cell lines for the Jumonji/ARID1 genes 

3.1.ES cell transfection with BAC DNA 

We plated PGK12.1 cells (5x10
5
cells) in a 12-well plate the day before transfection. On the 

next day, with the cells at approximetely 70-80% of confluency, we changed the ES medium 

4 hours before transfection. Then we prepared mix A (5ng/50ng/500ng BAC and Optimem to 

a final volume of 250"l) in the hood without light. Mix B (10"l lipofectamin and 240"l 

Optimem) was also prepared in the hood without light, mixed and incubated at RT for 5 min. 

We mixed the mix A and added to the mix B, mixed the solution and incubated at RT for 20 

min. We then mixed the solution again and added to the cell plate, slowly mixed and 

incubated o/n. Early the following day, we changed the medium to clean out the 

lipofectamine. We trypsinized the cells 2-3 hours later, plated them into a P10 round plate and 

left them overnight without selection. On the next day, we started the selection with neomycin 

(300 ng/ml). The selection medium with neomycin was changed every day in the following 3 

days and then every 2-3 days, waiting for the formation of ES clones.   

3.2.Picking clones   

The colonies were picked from the P10 round plate when their size were about 0.5mm i.e. just 

visible by eye from underneath the plate. We prepared around 24 wells in a 96-well plate with 

20"l of trypsin and the same number of wells with 50"l of 0.1% gelatin. We washed the cells 
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with 1xPBS. With a p20 we took 20"l of trypsin and put it over the cell colony. The colony 

was taken and put into the 96-well plate. After 8 colonies were taken, we put medium into the 

P10 round plate and left it in the incubator for a few minutes not to allow the de-hydratation 

of the cells. We added 200"l of ES cell medium with neomycin to the colonies picked up, 

mixed the cells to disaggregate and transfered to the pre-gelatinized wells. The ES cell 

medium was changed every day. When they got to 80% of confluence the cells were 

transferred sequentially to a 24-well plate/12-well plate/6-well plate and finally transferred to 

a 25 cm
2
 flask. We froze half of the cells and made pellet of the other half for protein 

extraction (kept at –80°C). 

4. Protein lysates and Western Blotting 

After the pellet was washed in 1X PBS, it was resuspended in lysis buffer (Tris-HCl 50 mM, 

Glycerol 10%, NaCl 150 mM, NP40 0.5%, MG132 10 "M, DTT 2 mM, anti-protease tablets). 

We waited 30 min on ice and bursted the cells with an 1ml syringe (needle 20G), repeating 

several times. After 1 hour incubation, at 4°C on a rotating wheel (7 rpm), we centrifuged for 

5 min, 12 000 g at 4°C.  

We put in a 0.5ml tube the cellular lysate and # of its volume of loading buffer (4% SDS, 

10% 2-$-mercapethanol, 20% glycerol, 0.004% bromophenol, 0.125M Tris-HCl, pH 6.8). The 

samples were denaturated at 98°C for 5min and put immediately on ice. The gel used for 

running was the pre-made NuPAGE 4-12% Bis-tris Gel, 1.0mm X10 well (Invitrogen). After 

the apparatus was set up, we filled the recipient with the Running Buffer (50ml MOPS SDS 

Running Buffer 20x -Invitrogen and 950ml H2O) and load the gel, with the samples and one 

well with Novex Sharp Protein Standard protein ladder (Invitrogen). We run 10min at 100V 

and then changed to 200V, at 4°C for ~2-3hr. The transfer was done to a nitrocellulose 

membrane (Whatman, PROTRAN nitrocellulose Transfer Membrane, Pore size: 0.45um) 

using the Transfer Buffer (12.1g Trizma, 14.4g Glycine, 50ml of MeOH in 950ml of dH2O). 

We checked the protein loading transferred by Ponceau S staining. After washing the 

membrane with PBST (1x PBS with 0.05% Tween 20), it was placed in blocking solution 

(5% Milk PBST) on a rotating rocker, for at least 30 min at room temperature (RT). This 

blocked non-specific binding. The membrane was incubated with the primary antibody 

(specific for the protein of interest) overnight at 4°C (see table). We then washed the 

membrane with PBST at RT (3-5 min each) and incubated it with a HRP-coupled secondary 

antibody, diluted in blocking solution for at least 1hr, at RT. We washed the membrane with 

PBST and proceed to the chemiluminescent detection according to the manufacturer 
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instruction, using the ECL Plus Western Blotting Detection Reagents - GE Healthcare. The 

western blot signal was detected by the LAS – 4000 min luminescent image analyzer.  

5. IF (Immunoflourescence) and IF-RNA FISH (fluorescence in situ hybridization) 

5.1. IF 

Undifferentiated or differentiating ES cells were grown on gelatin-coated coverslips for at 

least 24-48 hours. We washed in 1X PBS and fixed in freshly made, filter-sterile 3% 

paraformaldehyde/1X PBS for 10 minutes at RT. After washed in 1X PBS, we permeabilized 

with 1X PBS/0.5% Triton X-100 (containing the RNAse-inhibitor, 2mM Vanadyl 

Ribonucleoside Complex, in case of a subsequent RNA-FISH) on ice for 4 minutes. We wash 

in 1X PBS and block in 1X PBS/1% BSA (Gibco) (or 1xPBS/5% gelatin –Sigma in the case 

of IF/RNA FISH) for 15 minutes at RT and incubated with primary antibody diluted in 1X 

PBS/1% BSA (or 1x PBS/5% gelatin containing 0.4U/"l RNAGuard in case of a subsequent 

RNA-FISH), for 45 minutes at RT in dark, humid chamber. After washing in 1X PBS (3x for 

5min each), we incubated with secondary antibody (diluted in the same the solutions as 

above) for 45 minutes, at RT, in dark and humid chamber. In the case of a double IF 

experiment, high affinity purified secondary antibodies were used to minimize cross-species 

reactivity. After 1x PBS washes, in the case of IF, we did DNA counterstaining (1X PBS 

containing 0.2mg/ml DAPI) and then washed again in 1X PBS. We mounted the coverslip on 

a slide in glycerol based mounting medium. 

5.2.IF - RNA FISH 

Follow IF protocol up to PBS washes after the secondary antibody. Then, we did a post-

fixation for 10 minutes, at RT in 3% PFA/1X PBS, and washed in 1X PBS 3 times and then 2 

times in 2X SSC (freshly made from a sterile 20X stock). We deposited the denatured probe 

(check below in the preparation of FISH probe section) onto a RNAse-free glass slide and 

then placed the coverslip onto the drop, cell-side down. Hybridization was done overnight at 

37°C in a dark and humid chamber (with 50% formamide/2xSSC). We washed in 50% 

formamide/2X SSC (adjusted to pH 7.2-7.4), at 42°C, and then in 2X SSC at 42°C. After we 

did the DNA counterstaining (2 minutes in 2X SSC containing 0.2mg/ml DAPI), it was 

washed in 2X SSC and the coverslips  were mounted on a slide in glycerol-based mounting 

medium. 

Preparation of FISH probe: The Xist probe was generated from the mouse Xist clone p510, a 

19 Kb genomic fragment that was subcloned from a lambda phage into the pBluescript using 
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NotI restriction enzyme, widely use by different scientific groups in the field (Chaumeil et al., 

2002 and 2006). The labeling of the probe was done by nick translation following the 

protocol: for a volume of 50"l we added H2O, 1 "g DNA, 2.5 "l of 0.2mM Spectrum red –

conjugated dTTP, 5"l of 0.1mM dTTPs, 10 "l of 0.1mM dNTP mix,5"l of 10x Nick 

translation buffer, 8-10"l of nick translation buffer) and incubated overnight at 15°C. We 

stopped the reaction and inactivated the enzyme by freezing at – 20°C.  

Prior to use the probe, we precipitated 3 "l of probe with 1"l of salmon sperm (to minimize 

the background by masking the repetitive part of the probe), 1/10 of 3M NaAc and 3x EtOH 

100% per coverslip. Then we washed the pellet in 70% ethanol (to remove unincorporated 

nucleotides) and dried it using speed vac. The pellet was resuspended thoroughly in 

formamide (6"l per coverslip) by pipetting and incubating at 37°C for at least 15 min.  Probe 

was denatured for 7 minutes at 75°C and put immediately on ice. Add 6"l of 2x hybridization 

buffer per coverslip (4x SSC, 20% dextran sulfate, 2mg/ml BSA, 40mM VRC).  

The coverslips were analysed in 3 different microscopes: Leica Upright epifluorescence 

microscope; Zeiss Upright Apotome microscope; Deltavision. The images were processed 

and analysed using ImageJ software (NIH).  
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Annexes 

Supplementary figures  

 

 

 

 

 

 

Sup.Fig. 1: Schematic representation of the GFP-tagged BACs used in this study. The C-terminal tag that 

consists of: EGFP, enhanced green fluorescent protein for localization and immunopurification; P, PreScission 

protease cleavage site for native elution; S, S-peptide for a second affinity-purification step; T, tobacco etch 

virus (TEV) protease cleavage site for a second native elution step. The tag is followed by an internal ribosome 

entry site (IRES) in front of the neomycin resistance gene. In addition, a short bacterial promoter (gb3) drives the 

expression of the neomycin-kanamycin resistance gene in E. coli. 
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Sup.Fig. 2: Example of JARID1B-GFP BAC DNA restriction digestion analysis. A: Electrophoresis showing a 

similar pattern of bands between the 5 clones, when using the EcoRI or the HindIII restriction enzymes. B: 

Electrophoresis showing cleaner bands obtained from Maxi-prep (M), when compared to Mini-prep (m) from the 

same clone, using the EcoRI restriction enzyme. 
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Sup.Fig. 3: JARID1B-GFP expression stability during the cell cycle. Live cell imaging of the JARID1B-GFP 

clone 17. Total of 2:20hrs, with 20min of interval between acquisitions. We can see a cell (arrow), with high 

JARID1B-GFP expression undergowing division resulting in two daughter cells with approximately the same 

levels of expression. A and B: cell in interphase/G2. C: cell prior to mitosis (G2). D-F: cell in mitosis without 

nuclear envolope. G: Two daughter cells at the end of anaphase. H: Two individual daughter cells. DeltavisionE.  
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Sup.Fig. 4: Live cell imaging on JARID2-GFP clone 12. Total of 3:45hrs, with 45min of interval between 

acquisitions. A: Two cells with JARID2-GFP associated with pericentromeric chromatin. C-F: We can see a cell 

dividing, giving rise to two daughter cells (arrow). C: cell in interphase/G2. D: cell in metaphase with JARID2-

GFP colocalizing with the condensed chromosomes. E: Two daughter cells at the end of anaphase. F: Two 

individual daughter cells. DeltavisionE.  
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ES cell protocols 

"

5.1- Mediums: 

ES cell medium (50 ml): ß-mercapto-ethanol (stock: 10
-3

) 100 "l; LIF (leukaemia inhibitor 

factor) (stock: 10
7
U/ml) 5 "l; FBS (foetal calf or bovine serum) 7.5 ml (15%); DMEM 

medium: (Dulbecco’s modified eagle’s medium; Sigma 500 ml D6429) 45 ml; selectable 

marker neomycin (300 "g/ml) was used when cells were cultured under selection. 

Differentiation medium (50 ml): ß-mercap-ethanol (stock: 10
-3

) 100 "l; FBS 5 ml (10%); 

DMEM medium 45 ml; retinoic acid (stock: 10-3 M) was added to the differentiation medium  

during the two first days of differentiation in a 2 "l to 10 ml ratio; selectable marker 

neomycin (300 "g/ml) was used when cells were cultured under selection. 

5.2-  Defrosting ES cells (from liquid nitrogen tank): 

The ES cell vial from the nitrogen tank was taken and put at 37ºC immediately to defrost. We 

mixed around 3 ml of ES cell medium with the content of the defrosted vial and transferred to 

the 15ml tube. After spinned down for 5 min at 950 rpm, we aspirated the supernatant, added 

5ml of ES cell medium and very gently re-suspended the cells. We then moved it to a 25 cm
2
 

flask, previously incubated with 0.1% gelatin, and incubated at 37°C, 8% CO2 over night.  

5.3- Re-plating cells 

Cells are ready to be re-plated when they are reaching 70-80% confluency. We prepared 

plates with 0.1% gelatin and changed the medium with new medium at least 2 hours before 

re-plating. After the medium was taken out and washed with 1x PBS, we added 1 ml of 

trypsin (0.5% Trypsin EDTA 1x GIBCO 25300) (in 25 cm
2
 flasks) and incubated at 37°C for 

7 min. We added 4 mL of ES cell medium (to block the trypsin) and re-mix the medium up 

and down strongly to allow cells to detach from each other. We then added the cell 

suspension to the flask(s) and incubated at 37°C 8% CO2. 
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5.4- Freezing ES cells: 

Cells are ready to be frozen when they are reaching 70%-80% confluency. We changed the 

medium with new medium at least 2 hours before freezing. We proceeded with the same 

protocol of trypsinization as described for re-plating the cells. But instead of plating the cells, 

we transferred the cells to a 15ml conical tube and centrifuge at 950rpm for 5 min. The 

medium was removed, and 1.5 ml of the freezing medium (45 mL FBS + 5 ml of DMSO – 

dimethyl sulfoxide) was added to the cell pellet and very gently mixed. We transfered into 

freezing vials and moved to -80°C (at least o/n) and then to the liquid nitrogen tank. 

5.5- Preparation of the cells for IF and FISH experiments: 

We prepared the coverslips by submerging it on EtOH, passing by the flame, put into the 6-

well plates and then add 0.5 ml of 0.1% gelatin. ES cells in T25 plates have their medium 

changed 2 hours prior to be seeded in the coverslips. Trypsination and cell re-suspension were 

done as described previously. After the number of cells were counted using a cell counter (Vi-

Cell XR, Beckman Coulter), we added the volume of cells depending on how long they will 

stay in culture (Day 0: 2x10
5
, Day 1 of differentiation: 2x10

5
; Day 2: 1x10

5
; day 3: 8x10

4
, day 

4: 4x10
4
; day 5: 2x10

4
) into the 6-well plate with 2 ml of ES cell medium. On the day after, 

the medium was changed. In case of the differentiation protocol, this was changed to the 

differentiation medium and this was repeated every day, at the same time of the day until the 

time of the IF or IF/FISH experiment. 

Antibodies 

"

Antibody GFP JARID1B H3K4me1,2,3 H3K4me2 JARID2 EED 

Raised in mouse rabbit mouse rabbit rabbit mouse 

From ROCHE 
Gift of J.Taylor-

Papidimitriou 

CosmoBIO 

 
Upstate/Millipore Abcam 

Gift of A. 

Otte 

Application 
IF (1/50); 

WB (1/1000) 

IF (1/500); 

WB (1/1500) 
IF (1/200) IF (1/200) 

IF (1/500); 

WB (1/2000) 
IF (1/8) 

 

Antibody RING1B H3S10P OCT4 NANOG !-Tubulin 
Raised in mouse mouse mouse rabbit mouse 

From MBL 
Upstate/Mi

llipore 
Chemicon Abcam Oncogene 

Application IF (1/200) IF (1/250) IF (1/300) IF (1/100) WB (1/5000) 
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Live cell imaging 

"

ES cells (JARID1B clone 17 and JARID2 clone 12) were seeded on 3 12mm coverslips in 6-

well plate for one or two days in ES cell medium.  

All images were acquired with 0.3 "m Z-stack intervals, deconvolved and analysed with the 

Deltavision® microscope system (Applied Precision). For JARID1B we used a GFP exposure 

time of 0.08ms for l 3:00hrs, with 20 min of interval between acquisitions. For JARID2 we 

used a GFP exposure time of 0.07ms and the film was in total 8:15hrs, with 45 min of interval 

between acquisitions.  
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