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Embryonic stem (ES) cells are pluripotent cells with the ability to self-renew indefinitely. These unique
properties are controlled by genetic factors and chromatin structure. The exit from the self-renewing state is
accompanied by changes in epigenetic chromatin modifications such as an induction in the
silencing-associated histone H3 Lys 9 dimethylation and trimethylation (H3K9Me2/Me3) marks. Here, we
show that the H3K9Me2 and H3K9Me3 demethylase genes, Jmjd1a and Jmjd2c, are positively regulated by the
ES cell transcription factor Oct4. Interestingly, Jmjd1a or Jmjd2c depletion leads to ES cell differentiation,
which is accompanied by a reduction in the expression of ES cell-specific genes and an induction of lineage
marker genes. Jmjd1a demethylates H3K9Me2 at the promoter regions of Tcl1, Tcfcp2l1, and Zfp57 and
positively regulates the expression of these pluripotency-associated genes. Jmjd2c acts as a positive regulator
for Nanog, which encodes for a key transcription factor for self-renewal in ES cells. We further demonstrate
that Jmjd2c is required to reverse the H3K9Me3 marks at the Nanog promoter region and consequently
prevents transcriptional repressors HP1 and KAP1 from binding. Our results connect the ES cell transcription
circuitry to chromatin modulation through H3K9 demethylation in pluripotent cells.
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Embryonic stem (ES) cells possess the remarkable prop-
erties of self-renewal and pluripotency. They may be cul-
tured in vitro for an indefinite period of time while re-
taining the capacity to give rise to all cell types of the
organism (Smith 2001; Loebel et al. 2003). For this rea-
son, there has been much interest in ES cells as a source
of differentiated cell types in cell replacement therapy
(Donovan and Gearhart 2001). A key feature of the ES
cell plasticity is the maintenance of the uncommitted
“stemness” state, while being poised to enter lineage-
specific differentiation programs.

ES cells exhibit unique chromatin features (Meshorer
and Misteli 2006). In mouse ES cells, there are rapid ex-
changes of architectural chromatin proteins such as HP1
and histones H1, H2B, and H3, which might constitute a
hyperdynamic and open chromatin environment (Me-
shorer et al. 2006). Upon differentiation, the binding dy-

namics of these factors are reduced, and they tend to be
immobilized to the chromatin. In general, methylation
of the Lys 4 residue of histone H3 (H3K4) correlates with
active gene status, while methylation of histone H3K9
and K27 serve as repressive chromatin marks (Lachner
and Jenuwein 2002; Turner 2002; Martin and Zhang
2005; Kouzarides 2007). Recent studies have reported the
finding of “bivalent domains” in mouse ES cells (Azuara
et al. 2006; Bernstein et al. 2006), where nucleosomes
contain both the histone H3K4 trimethylation
(H3K4Me3) mark as well as the histone H3K27 trimeth-
ylation (H3K27Me3) mark. The occurrence of these op-
posing chromatin marks is thought to keep lineage-spe-
cific genes repressed, yet keep them poised for activation
upon differentiation. ES cell chromatin is also enriched
in active marks (methylation of H3K4 and acetylation of
H3 and H4) and deficient in silencing modifications
(methylation of H3K9) (Lee et al. 2004; Meshorer and
Misteli 2006). Differentiation of ES cells is accompanied
by global changes in histone modifications and a transi-
tion to a transcriptionally less-permissive chromatin
state characterized by a decrease in H3K4Me3 and an
elevation of H3K9 methylation. These findings suggest
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that the dynamic repression of developmental pathways
as well as the maintenance of transcriptional permissive
chromatin with a low level of H3K9 methylation in ES
cells by epigenetic processes is required for the mainte-
nance of ES cells’ plasticity and pluripotency. However,
the mechanisms and histone-modifying enzymes in-
volved in maintaining this unique ES cell epigenetic
state remain unclear. Hence, in addition to the identifi-
cation of genetic factors that influence the decision be-
tween self-renewal and differentiation (Nichols et al.
1998; Avilion et al. 2003; Chambers et al. 2003; Mitsui et
al. 2003; Elling et al. 2006; Ivanova et al. 2006; Loh et al.
2006; Matoba et al. 2006; Wang et al. 2006; Wu et al.
2006; Zhang et al. 2006; Galan-Caridad et al. 2007; Lim
et al. 2007), the roles of epigenetic regulators are also of
interest.

Jmjd1a, Jmjd2c, and several other JmjC domain-con-
taining proteins have recently been shown to be histone
demethylases (JHDMs) (Cloos et al. 2006; Fodor et al.
2006; Klose et al. 2006; Tsukada et al. 2006; Whetstine et
al. 2006; Yamane et al. 2006). JHDMs catalyze oxidative
demethylation reactions with iron and �-ketoglutarate
as cofactors (Trojer and Reinberg 2006; Shi and Whet-
stine 2007). Jmjd1a can demethylate H3K9 mono- and
dimethylation in vitro and functions as a coactivator for
androgen receptor (AR) to demethylate chromatin of
AR target genes (Yamane et al. 2006). Jmjd2c has a dif-
ferent specificity and is shown to convert H3K9 and
H3K36 from trimethylation to dimethylation (Whetstine
et al. 2006). Little is known about the role that these
JHDMs play in modulating the chromatin structure of
ES cells.

Oct4 is a POU domain-containing transcription factor
encoded by Pou5f1. In the preimplantation embryo, Oct4
expression is restricted to the inner cell mass (ICM).
Oct4 is also highly expressed in human and mouse ES
cells (Palmieri et al. 1994). In the absence of Oct4, both
in vivo (ICM) and in vitro (ES cells) pluripotent cells are
induced to differentiate into the trophoblast lineage
(Nichols et al. 1998). Thus Oct4 has an essential role in
controlling cell fate decision and maintaining pluripo-
tency in the early mammalian embryo and the ES cells.
We previously mapped the Oct4-binding sites using
chromatin immunoprecipitation (ChIP) coupled to a
paired end ditag (PET) sequencing approach (Loh et al.
2006).

In this study, we showed that genes encoding for the
histone demethylases Jmjd1a and Jmjd2c are bona fide
targets of Oct4 in mouse ES cells. Using RNA interfer-
ence (RNAi), we found that depletion of these JHDMs in
ES cells resulted in cellular differentiation, providing
evidence for their roles in the maintenance of self-re-
newal in ES cells. Furthermore, we have identified Tcl1
and Nanog to be downstream effectors of Jmjd1a and
Jmjd2c, respectively. Our data support a model in which
Oct4 up-regulates downstream histone demethylases,
which, in turn, maintain permissive histone modi-
fications with a low level of H3K9 methylation at the
promoters of genes critical for the self-renewal of ES
cells.

Results

Oct4 regulates the expression of histone modifiers
Jmjd1a and Jmjd2c

We have previously mapped the in vivo binding sites of
an ES cell transcription factor, Oct4 (Loh et al. 2006). We
postulate that Oct4 controls the chromatin architecture
of ES cells through downstream targets that encode for
histone-modifying enzymes. Our previous ChIP-PET-
binding site mapping study revealed Oct4-binding clus-
ters within Jmjd1a and Jmjd2c genes (Supplementary
Fig. 1A,B). We confirmed that Oct4 binds to Jmjd1a and
Jmjd2c using the ChIP assay (Fig. 1A). Furthermore,
depletion of Oct4 by RNAi led to decreased Jmjd1a and
Jmjd2c expression (Fig. 1B). Depletion of two other tran-
scription factors that have been implicated in ES cell
self-renewal, Esrrb and Nanog, had no or little effect on
Jmjd1a and Jmjd2c levels compared with Oct4 depletion
(Fig. 1B; Supplementary Fig. 1C,D).

A probe was also designed based on the peak of the
Oct4-binding profile at Jmjd1a intron (Supplementary
Fig. 1A). This sequence contained two Oct4-binding sites
and was used to test the interaction with Oct4 (Fig. 1C).
Using the electrophoretic mobility shift assay (EMSA),
we showed that Oct4 in ES cell nuclear extract bound to
this probe (Fig. 1C, lanes 2–4) and that mutations intro-
duced to the two Oct4-binding sites abolished the inter-
action (Fig. 1C, lanes 6,7). We were also able to demon-
strate that ectopically expressed Oct4 in 293T cells
bound to this probe through the Oct4-binding sites (Fig.
1C, lanes 9–11,13,14). A probe derived from the Jmjd2c
intron contained an Oct4-binding site and was also
bound by Oct4 (Fig. 1D).

Next, we cloned the Jmjd1a and Jmjd2c intronic DNA
containing these Oct4-binding sites upstream of or
downstream from a luciferase reporter to test for en-
hancer activity. We observed robust enhancer activity
when these constructs were transfected into ES cells
(Fig. 1E). Importantly, the same mutations that disrupted
the in vitro Oct4/DNA interactions also abolished the
enhancer activities (Fig. 1E). Taken together, these data
show that Oct4 positively regulates the expression of
these histone demethylase genes through the intronic
Oct4 sites. Conversely, reprogramming of fibroblasts to
induced pluripotent stem (iPS) cells is accompanied by
increased expression of Jmjd1a and Jmjd2c (Supplemen-
tary Fig. 1E; Takahashi and Yamanaka 2006). Hence, the
expression of Jmjd1a and Jmjd2c is positively correlated
with the pluripotent state of ES and iPS cells.

Jmjd1a and Jmjd2c are critical regulators of ES cells

To confirm the activity of Jmjd1a and Jmjd2c in ES cells,
we depleted their expression by RNAi. We used two
short-hairpin RNA (shRNA) constructs targeting differ-
ent regions of each transcript to ensure that the effects
are specific. Both constructs were effective in reducing
the RNA and protein levels (Fig. 2A–C). As expected, the
level of H3K9Me2, but not H3K9Me3, of total cell his-
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tone H3, was increased upon Jmjd1a knockdown, indi-
cating that Jmjd1a is involved in the reversal of
H3K9Me2 of bulk chromatin in ES cells (Fig. 2B). Also as
expected, Jmjd2c depletion increased H3K9Me3, but not
H3K9Me2 (Fig. 2C). The level of H3K36Me3 was, how-

ever, not significantly affected by Jmjd2c depletion. The
lack of change in H3K36 trimethylation could be due to
redundancy of histone demethylases in ES cells or is re-
flective of the in vivo activity of Jmjd2c. These results
indicate that Jmjd1a and Jmjd2c regulate the global lev-

Figure 1. Oct4 regulates the expression of
Jmjd1a and Jmjd2c in pluripotent mouse ES
cells. (A) Oct4 binds to the intronic regions
of Jmjd1a and Jmjd2c. Real-time PCR detec-
tion of enriched fragments from ChIP assays
in ES cells using Oct4 or control antibodies.
Fold enrichment is the relative abundance of
DNA fragments at the amplified region (see
Supplementary Fig. 1) over a control ampli-
fied region. Validation of Oct4 ChIP was car-
ried out using primers specific for known
binding sites at the Oct4 enhancer locus.
GST (glutathione S-transferase) antibody
was used as a mock ChIP control. Data are
presented as the mean ± SEM. (B) Oct4
knockdown down-regulated endogenous
Jmjd1a and Jmjd2c mRNA levels. Oct4 sup-
pression in ES cells by RNAi resulted in con-
comitant reductions in endogenous Jmjd1a
and Jmjd2c. Nanog and Esrrb RNAi-trans-
fected ES cells exhibited little or no reduc-
tion in Jmjd1a and Jmjd2c mRNA. cDNAs
were prepared from the knockdown mouse
ES cells and were analyzed using real-time
PCR. The levels of the transcripts were nor-
malized against control Luc (Luciferase)
shRNA-transfected cells. After 24 h of trans-
fection, the ES cells were selected for 3 d
before harvest. Data are presented as the
mean ± SEM. (C) Oct4 binds to the intronic
sequences of Jmjd1a. EMSA was used to
analyze the interactions between Oct4 and a
27-bp double-stranded DNA probe contain-
ing the oct elements (indicated by arrows).
Both ES cell nuclear extracts and extracts
from 293 cells overexpressing Oct4 (Oct4
OE extracts) were used for EMSAs. (Lanes
3,10) EMSA with the wild-type probe de-
tected specific Oct4/DNA complexes as
confirmed by supershift analysis. (Lanes
6,7,13,14) When mutant probe was used, no
interaction was detected. The bottom panel
shows the sequence of the oct elements and
corresponding mutations (shaded) used in
this study. (D) Oct4 binds to the intronic
sequences of Jmjd2c. EMSA was used to ana-
lyze the interactions between Oct4 and a 27-
bp double-stranded DNA probe containing
the oct element (indicated by arrow). (Lanes
3,10) EMSA with the wild-type probe de-

tected a specific Oct4/DNA complex as confirmed by supershift analysis. (Lanes 6,7,13,14) When mutant probe was used, no inter-
action was detected. The bottom panel shows the sequence of the oct element and corresponding mutations (shaded) used in this
study. (E) The Oct4-bound intronic regions of Jmjd1a (a 655-bp fragment) or Jmjd2c (a 679-bp fragment) was inserted either upstream
of (Enh-Luc) or downstream from (Luc-Enh) a luciferase gene driven by an Oct4 minimal promoter. Reporters were transiently
transfected into ES cells for 3 d before measurement of luciferase activities. Enhancer constructs with mutated Oct4-binding sites
(Jmjd1a/Jmjd2c Enh-Luc Mut or Jmjd1a/Jmjd2c Luc-Enh Mut) were also tested for enhancer activity in ES cells. For each transfection,
we cotransfected a construct expressing Renilla luciferase driven by SV40 promoter to serve as an internal control. Data are presented
as the mean ± SEM.
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els of H3K9Me2 and H3K9Me3, respectively. Strikingly,
the colony morphology of ES cells was changed dramati-
cally, and the cells became flattened and fibroblast-like
upon Jmjd1a or Jmjd2c knockdown (Fig. 2D). The alka-
line phosphatase staining typical of undifferentiated ES
cells was also reduced upon knockdown of both tran-
scripts, indicative of differentiation (Fig. 2D). As target-
ing both transcripts by RNAi led to differentiation, we
performed additional control experiments to establish

the specificity of these shRNA constructs. Knockdown
of Jmjd1a did not appreciably affect Jmjd2c and vice
versa (Supplementary Fig. 2A,B). Therefore, each shRNA
set was specific for targeting the intended transcript. To
further substantiate the specificity of the Jmjd1a knock-
down experiment, we mutated two nucleotide bases in
our Jmjd1a shRNA constructs (Supplementary Fig. 3A).
These mutations abolished their silencing effects, as the
endogenous level of Jmjd1a was not affected (Supplemen-

Figure 2. Jmjd1a and Jmjd2c are required
for the maintenance of self-renewal of ES
cells. (A) Quantitative real-time PCR
analysis of Jmjd1a and Jmjd2c expression
after knockdown using two shRNA con-
structs targeting different regions of the re-
spective transcripts. After 24 h of transfec-
tion, the ES cells were selected for 4 d
before harvest. The levels of the tran-
scripts were normalized against control
Luc shRNA-transfected cells. Data are pre-
sented as the mean ± SEM. (B) Reduction
of Jmjd1a after RNAi-mediated knock-
down led to increased H3K9Me2. Western
blot analyses of Jmjd1a knockdown and
control ES cell lysates were carried out us-
ing anti-Jmjd1a, anti-H3K9Me2, or anti-
H3K9Me3 antibodies. Anti-histone H3
and anti-�-tubulin antibodies were used as
loading controls. (C) Reduction of Jmjd2c
after RNAi-mediated knockdown led to
increased H3K9Me3. Western blot analy-
ses of Jmjd2c knockdown and control ES
cell lysate were carried out using anti-
Jmjd2c, anti-H3K9Me2, anti-H3K9Me3, or
anti-H3K36Me3 antibodies. Anti-histone
H3 and anti-�-tubulin antibodies were
used as loading controls. (D) Jmjd1a and
Jmjd2c knockdown led to differentiation.
Flattened fibroblast-like cells were formed
after Jmjd1a or Jmjd2c depletion. For con-
trol Luc or Gfp shRNA-transfected cells,
distinct alkaline phosphatase-positive (red
staining) ES cell colonies were main-
tained. The cells were stained after 4 d of
puromycin selection. (E) Real-time PCR
analysis of ES cell-associated gene expres-
sion (left panel) and lineage-specific
marker gene expression (right panel) in
Jmjd1a knockdown ES cells. The levels of
the transcripts were normalized against
control Luc shRNA-transfected cells. Data
are presented as the mean ± SEM. (F) Real-
time PCR analysis of ES cell-associated
gene expression (left panel) and lineage-
specific marker gene expression (right
panel) in Jmjd2c knockdown ES cells. The
levels of transcripts were normalized against control Luc shRNA-transfected cells. Data are presented as the mean ± SEM. (G) Venn
diagram of overlapping and specifically up-regulated genes between Jmjd1a- and Jmjd2c-depleted ES cells. DNA microarrays were used
to profile the gene expression of these cells. The levels of transcripts were compared with control Luc shRNA-transfected cells. The
P-value for the overlap as computed using Monte Carlo simulation is <1e−08. (H) Venn diagram of overlapping and specifically
down-regulated genes between Jmjd1a- and Jmjd2c-depleted ES cells. DNA microarrays were used to profile the gene expression of
these cells. The levels of transcripts were compared with control Luc shRNA-transfected cells. The P-value for the overlap as
computed using Monte Carlo simulation is <1e−08.
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tary Fig. 3B). Cells transfected with shRNA mutants also
retained proper ES cell morphology and did not show
appreciable changes in the ES cell markers (Supplemen-
tary Fig. 3C–E). As with Jmjd1a, introduction of two
nucleotide mutations in the Jmjd2c shRNA constructs
abolished their silencing effects (Supplementary Fig.
4A,B). The cells transfected with shRNA mutants also
retained proper ES cell morphology, maintained the
same levels of ES cell markers, and showed no induction
of differentiation markers (Supplementary Fig. 4C–E).
The differentiation phenotype is specific to Jmjd1a and
Jmjd2c knockdown ES cells, as we did not observe mor-
phology changes or any reduction in Oct4 expression
when we depleted transcripts coding for other JmjC do-
main-containing proteins—Jarid2, Jarid1a, and Jhdm1
(Supplementary Fig. 5). To further characterize the
Jmjd1a- and Jmjd2c-depleted ES cells, we analyzed their
ability to form colonies in a replating assay. Transfected
cells were dissociated with trypsin and replated to allow
the ES cells to expand into colonies. Jmjd1a and Jmjd2c
knockdown reduced the number of ES cell colony-form-
ing units (CFUs) by fourfold to 19-fold compared with
control knockdown (Supplementary Fig. 6). Taken to-
gether, our results indicate that Jmjd1a and Jmjd2c are
critical for the maintenance of the self-renewal state of
ES cells. Cellular differentiation induced by Jmjd1a or
Jmjd2c knockdown was accompanied by a corresponding
reduction in certain pluripotency markers and induction
of genes associated with differentiation. Oct4, Sox2, and
Nanog were down-regulated in response to the Jmjd1a or
Jmjd2c depletion (Fig. 2E,F). It should be noted, however,
that the reduction is modest compared with the knock-
down of transcription factors such as Oct4. The ex-
pression of Tdgf1 was also not affected by Jmjd1a deple-
tion. Time-course analyses indicated that Oct4, Sox2,
and Nanog levels continued to decrease after an ex-
tended period of selection (Supplementary Fig. 7).
We also examined the expression of lineage markers (Fig.
2E,F). Interestingly, Jmjd1a and Jmjd2c knockdown cells
expressed markers of different lineages. For instance,
Jmjd1a depletion induced the mesodermal marker
Brachyury, while Jmjd2c depletion induced the endo-
dermal markers Gata4 and Gata6. Knockdown of
either transcript induced the expression of Msx1, Fgf5,
and Cdx2 (Fig. 2E,F). Hence, the resulting cells were
likely to be composed of multiple differentiated cell
types. To understand the molecular basis of the JHDMs’
requirements in ES cell maintenance, we used Illumina
gene expression microarrays to identify potential down-
stream target genes. One-hundred-sixty-five and 311
genes were up-regulated in Jmjd1a and Jmjd2c knock-
down cells, respectively, while 45 of these genes were
common between the two (Fig. 2G; Supplementary
Table 1). On the other hand, 155 and 502 genes were
down-regulated in Jmjd1a and Jmjd2c knockdown
cells, respectively. Fifty-five of these genes were com-
monly down-regulated (Fig. 2H). Taken together, these
data show that Jmjd1a and Jmjd2c may have overlapping
but distinct roles in regulating gene expression in ES
cells.

Jmjd1a regulates the expression of Tcl1 through
demethylation of H3K9Me2

We reasoned that Jmjd1a and Jmjd2c could positively
control the expression of candidate target genes
through modulation of H3K9Me2 and H3K9Me3 lev-
els. Because of the differentiation phenotype we ob-
served upon Jmjd1a or Jmjd2c depletion, we also hy-
pothesized that the genes controlled by Jmjd1a and
Jmjd2c could be self-renewal regulators. Among the
down-regulated genes identified by global gene expres-
sion profiling of Jmjd1a knockdown cells (Fig. 3A;
Supplementary Table 1) are Tcl1, Tcfcp2l1, and Zfp57.
These genes are preferentially expressed in pluripo-
tent ES cells (Ivanova et al. 2002; Ramalho-Santos et al.
2002). We validated the down-regulation of these
genes using real-time PCR (Fig. 3B; Supplementary Fig.
8). Tcl1, a gene encoding for a cofactor of the Akt1 ki-
nase, is of particular interest as it has been shown to
regulate self-renewal of ES cells (Ivanova et al. 2006;
Matoba et al. 2006). We depleted Tcl1 using two differ-
ent shRNA constructs (Supplementary Fig. 9). Con-
sistent with a previous report, we found that Tcl1 is
required to maintain the undifferentiated state of ES
cells (Ivanova et al. 2006). Similar to Jmjd1a-depleted
cells, differentiated markers (Fgf5, Mxs1, and Brachyury)
were induced upon Tcl1 knockdown (Supplementary
Fig. 9). To test if Jmjd1a regulates H3K9Me2 of chro-
matin associated with Tcl1, we used a ChIP assay to
measure the level of H3K9Me2 at the promoter region. A
series of primer pairs was used to interrogate this region
(Fig. 3C). Interestingly, we detected an increase of
H3K9Me2 at the Tcl1 promoter upon Jmjd1a deple-
tion (Fig. 3D). Our two shRNA constructs showed the
same effect and did not alter the level of H3K9Me3,
indicating that this is a specific role of Jmjd1a (Fig. 3D).
Knockdown of Jmjd2c did not alter the H3K9Me2
or H3K9Me3 level to the same extent as Jmjd1a
depletion, further demonstrating the predominant
modulation of H3K9Me2 at the Tcl1 promoter by
Jmjd1a (Fig. 3D). As knockdown by RNAi will have in-
direct effects, we sought further evidence to confirm
the action of Jmjd1a. To this end, we performed a ChIP
assay using two independently generated anti-Jmjd1a
antibodies. The result showed that Jmjd1a was bound
to the Tcl1 promoter (Fig. 3E). In contrast, Jmjd2c
showed only a very low or near background level of
binding (Fig. 3F). Furthermore, the depletion of Jmjd1a
using either shRNA construct abolished the Jmjd1a
ChIP signal, indicating that the antibodies specifically
recognized Jmjd1a (Fig. 3G). We and others have
shown that the Tcl1 promoter is bound by Oct4
(Loh et al. 2006; Matoba et al. 2006). Next, we asked if
the increase in H3K9Me2 affects Oct4 occupancy. The
ChIP assay showed that the Oct4 binding at the
Tcl1 promoter but not at the Oct4 enhancer, Tdgf1
and Rif1 loci, was abolished by Jmjd1a depletion
(Fig. 3H,I). The loss of Oct4 binding is a likely
cause for the down-regulation of Tcl1 upon Jmjd1a deple-
tion.
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Tcl1 is a downstream effector of Jmjd1a in regulating
ES cells maintenance

If Tcl1 is a key effector of Jmjd1a, one would predict that
overexpression of Tcl1 will rescue the effects of Jmjd1a
knockdown. To test this hypothesis, we cotransfected a
Tcl1 expression plasmid with control, Jmjd1a, Jmjd2c,
or Oct4 shRNA constructs. ES cells cotransfected with a
vector control plasmid and Jmjd1a, Jmjd2c, or Oct4
shRNA constructs underwent differentiation based on
the morphology changes, loss of ES cell colonies, and
alkaline phosphatase staining (Fig. 4A). However, cells
cotransfected with Tcl1 and Jmjd1a shRNA expression

plasmids were found to retain ES cell morphology and
alkaline phosphatase expression (Fig. 4A). The depletion
of Jmjd1a was equally efficient in the control and Tcl1-
overexpressing ES cells (Fig. 4B). This excludes the pos-
sibility that the phenotypic differences were due to in-
sufficient depletion of Jmjd1a. In contrast, the degree of
rescue by Tcl1 in Jmjd2c-depleted cells was less pro-
nounced. Consistent with the morphology data, we ob-
served a smaller reduction in ES cell markers and less
induction of differentiation markers in Tcl1-rescued
cells (Fig. 4C,D). Jmjd2c-depleted cells showed little res-
toration of Oct4, Sox2, or Nanog expression (Supplemen-
tary Fig. 10A). The expression of Msx1 but not Fgf5 was

Figure 3. Jmjd1a regulates expression of
Tcl1 through demethylation of H3K9Me2.
(A) Microarray heat map depicting expres-
sion changes of selected ES cell-associated
genes (Ivanova et al. 2002; Ramalho-San-
tos et al. 2002; Mitsui et al. 2003) after
Jmjd1a knockdown. The gene expression
levels were mean-centered to show their
relative changes, and the genes were or-
dered according to their mean fold
changes. (B) Jmjd1a positively regulates
the expression of Tcl1. The expression of
Tcl1 was analyzed after depletion of
Jmjd1a using two shRNA constructs. After
24 h of transfection, the ES cells were se-
lected with puromycin for 4 d before har-
vest. The levels of the transcripts were
normalized against control Luc (Lucifer-
ase) shRNA-transfected cells. Data are
presented as the mean ± SEM. (C) Sche-
matic showing the locations of the ampli-
cons (black bars labeled 1–3) used to detect
ChIP-enriched fragments over the Tcl1
promoter. Amplicons are numbered in or-
der relative to their sites along the gene.
The open box represents an exon. (D)
Analysis of H3K9Me2/Me3 modifications
along the Tcl1 promoter by ChIP. ES cells
were transfected with Luc (control)
shRNA, Jmjd1a shRNA 1, Jmjd1a shRNA
2, or Jmjd2c shRNA 1. Fold enrichment is
the relative abundance of DNA fragments
detected by real-time PCR at the amplified
region over a control amplified region and
normalized with control Luc. GST anti-
body was used as a ChIP control. Data are
presented as the mean ± SEM. (E) Jmjd1a
interacts with the Tcl1 promoter region.
ChIP assays were performed with two dif-
ferent anti-Jmjd1a antibodies. A primer
pair targeting amplicon 3 was used. GST
antibody was used as a ChIP control. Data
are presented as the mean ± SEM. (F)
Jmjd2c ChIP and real-time PCR showed no
enrichment over the Tcl1 promoter region.
Data are presented as the mean ± SEM. (G) Knockdown of Jmjd1a abolished the ChIP signal derived from anti-Jmjd1a antibody. ES cells
were transfected with control Luc shRNA, Jmjd1a shRNA 1, or Jmjd1a shRNA 2. Data are presented as the mean ± SEM. (H) ChIP
analysis showed that Oct4 binding to the Tcl1 promoter was diminished upon Jmjd1a depletion. ES cells were transfected with control
Luc shRNA, Jmjd1a shRNA 1, or Jmjd1a shRNA 2. A primer pair targeting amplicon 3 was used. Data are presented as the
mean ± SEM. (I) Oct4 binding at Oct4 enhancer and Tdgf1 and Rif1 loci was not affected in Jmjd1a depletion. Data are presented as
the mean ± SEM.
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reduced, indicating incomplete rescue by Tcl1 (Supple-
mentary Fig. 10B). Taken together, our Tcl1 rescue result
indicates that Tcl1 can compensate for the loss of
Jmjd1a. In addition, we screened the promoter regions of
six other genes for Jmjd1a-dependent modulation of the
H3K9Me2 level (Supplementary Table 2A) and detected
Jmjd1a-dependent H3K9Me2 demethylation at Tcfcp2l1
and Zfp57. We also confirmed that Jmjd1a associates
with these two promoters by ChIP assay (Supplementary
Fig. 8). The data support a role of Jmjd1a in positively
regulating these pluripotency-associated genes by de-
methylation of H3K9Me2 at their promoters. As we did
not detect any changes in the H3K9Me2 level of Oct4
and Nanog promoter regions by ChIP, this indicates that
not all differentially regulated genes are subject to
Jmjd1a-mediated H3K9Me2 demethylation (Fig. 5;
Supplementary Fig. 11). Using the two criteria of Jmjd1a
occupancy and Jmjd1a-dependent change in the
H3K9Me2 level, we conclude that Tcl1, Tcfcp2l1, and
Zfp57 are direct targets of Jmjd1a.

Jmjd2c regulates the expression of Nanog through
demethylation of H3K9Me3

To extend our study to Jmjd2c, we examined the
H3K9Me3 status of Jmjd2c-regulated genes. Our marker
gene analysis and microarray result showed that the ex-

pression of Nanog was reduced upon Jmjd2c depletion
(Fig. 5A; Supplementary Table 1). Nanog is a key tran-
scription factor important for the maintenance of pluri-
potency and self-renewal of ES cells (Chambers et al.
2003; Mitsui et al. 2003). Nanog expression was reduced
to 50% upon Jmjd2c depletion (Fig. 2F), suggesting that
there could be a Jmjd2c-dependent mechanism of regu-
lating Nanog. Using a ChIP assay, we scanned the pro-
moter region of Nanog (Fig. 5B). Upon knockdown using
two shRNA constructs against Jmjd2c, we detected in-
creased levels of H3K9Me3 to >2.5-fold at region 3 (Fig.
5C). This effect is specific to Jmjd2c, because knock-
down of Jmjd1a did not result in an increase in
H3K9Me2 or H3K9Me3 levels (Fig. 5C). The H3K9Me3
status at the promoter regions of nine other genes
(Supplementary Table 2B) was, however, not affected by
Jmjd2c depletion, indicating that Jmjd2c specifically
regulates the chromatin associated with the Nanog pro-
moter. Next, we asked if Jmjd2c is bound to the region
that showed the greatest induction of H3K9Me3 upon
Jmjd2c depletion. With two independently generated
anti-Jmjd2c antibodies, we were able to detect Jmjd2c
binding at the Nanog promoter (Fig. 5D). ChIP using an
anti-Jmjd1a antibody showed no binding (Fig. 5E). The
binding of Jmjd2c was abolished by either of our two
Jmjd2c shRNA constructs, further showing that the

Figure 4. Tcl1 is the key downstream ef-
fector of Jmjd1a responsible for maintain-
ing ES cells’ self-renewal. (A) Enforced
Tcl1 overexpression (OE) could rescue the
differentiation phenotype induced by
Jmjd1a depletion. ES cells were transfected
with a Tcl1-overexpressing vector and
challenged with shRNA directing against
various transcripts (Jmjd1a, Jmjd2c, or
Oct4). The cells were stained for alkaline
phosphatase activity, and the morpholo-
gies were examined by microscopy after 4 d
of puromycin selection. Note the mor-
phological rescue and the maintenance of
alkaline phosphatase-positive colonies in
Jmjd1a shRNA-treated cells. Little or no
morphological rescue was observed when
the cells were challenged with Jmjd2c or
Oct4 shRNA, respectively. (B) Jmjd1a was
similarly depleted both in Tcl1-overex-
pressing and control ES cells. Quantitative
real-time PCR analysis of Jmjd1a expres-
sion after knockdown using two shRNA
constructs cotransfected into ES cells with
either control or Tcl1-overexpressing vec-
tor. The levels of the transcripts were nor-
malized against control plasmid-trans-
fected cells. Data are presented as the
mean ± SEM. (C) Enforced Tcl1 over-
expression reduced the down-regulation of
Sox2 and Nanog upon Jmjd1a depletion.
The levels of the transcripts were nor-
malized against control plasmid trans-
fected cells. Data are presented as the

mean ± SEM. (D) Enforced Tcl1 overexpression compensated for the Jmjd1a loss of function by reducing the induction of differentia-
tion markers Fgf5, Msx1, and Brachyury. Data are presented as the mean ± SEM.
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ChIP signal is specific to Jmjd2c (Fig. 5F). Hence, the
increase in H3K9Me3 level after Jmjd2c knockdown
could be explained by the binding of Jmjd2c. As Nanog is
a direct target gene for Oct4, we examined the Oct4 oc-
cupancy at the proximal promoter of Nanog. The ChIP
assay showed that Oct4 binding at the Nanog promoter
(Fig. 5G) was not affected by Jmjd2c depletion. H3K9Me3
can serve as a binding site for the transcriptional repres-
sor protein HP1 in the silencing of gene expression (Ban-
nister et al. 2001). We used a ChIP assay to test if the
increase in H3K9Me3 levels over the Nanog promoter
after Jmjd2c depletion leads to recruitment of the HP1-
�/KAP1 corepressor complex (Ryan et al. 1999). Upon
knockdown using two shRNA constructs against

Jmjd2c, we detected an increase in HP1-� binding of up
to twofold (Fig. 5H). Unlike Jmjd2c-depleted cells, we
did not observe increased HP1-� after Jmjd1a knock-
down in ES cells (data not shown). The ChIP assay also
showed that the binding of corepressor KAP1 was in-
duced after depletion of Jmjd2c (Fig. 5I). Taken together,
these results suggest that Jmjd2c positively regulates
Nanog by preventing H3K9 trimethylation and the bind-
ing of HP1/KAP1 complex on its promoter.

Nanog is a downstream effector of Jmjd2c
in regulating ES cell maintenance

To determine if Nanog is a downstream effector of
Jmjd2c in the maintenance of ES cells, we treated a

Figure 5. Jmjd2c regulates expression of
Nanog through demethylation of
H3K9Me3. (A) Microarray heat map plot
depicting expression changes of selected ES
cell-associated genes (Ivanova et al. 2002;
Ramalho-Santos et al. 2002; Mitsui et al.
2003) after Jmjd2c knockdown. The gene
expression levels were mean-centered to
show their relative changes, and the genes
were ordered according to their mean fold
changes. (B) Schematic showing the loca-
tion of the amplicons (black bars labeled
1–5) used to detect ChIP-enriched frag-
ments over the Nanog promoter. Ampli-
cons are numbered in order relative to their
sites along the gene. The open box repre-
sents an exon. (C) Analysis of H3K9Me2/
Me3 modifications along the Nanog pro-
moter region by ChIP. ES cells were trans-
fected with Luc (control) shRNA, Jmjd2c
shRNA 1, Jmjd2c shRNA 2, or Jmjd1a
shRNA 1. Fold enrichment is the relative
abundance of DNA fragments detected by
real-time PCR at the amplified region over
a control amplified region and normalized
with control Luc. GST antibody was used
as a ChIP control. Data are presented as the
mean ± SEM. (D) Jmjd2c associates with
the Nanog promoter region. ChIP assays
were performed with two different anti-
Jmjd2c antibodies. A primer pair targeting
amplicon 3 was used. GST antibody was
used as a ChIP control. Data are presented
as the mean ± SEM. (E) ChIP analysis
showed no enrichment of Jmjd1a over the
Nanog promoter region. A primer pair tar-
geting amplicon 3 was used. Data are pre-
sented as the mean ± SEM. (F) Knockdown
of Jmjd2c abolished the ChIP signal derived
from anti-Jmjd2c antibody. ES cells were
transfected with control Luc shRNA,
Jmjd2c shRNA 1, or Jmjd2c shRNA 2. A
primer pair targeting amplicon 3 was used. Data are presented as the mean ± SEM. (G) ChIP analysis showed Oct4 binding to the Nanog
promoter remained unchanged upon Jmjd2c depletion. ES cells were transfected with control Luc shRNA, Jmjd2c shRNA 1, or Jmjd2c
shRNA 2. A primer pair targeting amplicon 5 was used. Data are presented as the mean ± SEM. (H) ChIP analysis showed that HP1-�
binding to the Nanog promoter was increased upon Jmjd2c depletion. ES cells were transfected with Luc shRNA (control), Jmjd2c
shRNA 1, or Jmjd2c shRNA 2. A primer pair targeting amplicon 3 was used. Data are presented as the mean ± SEM. (I) ChIP analysis
showed that KAP1 binding to the Nanog promoter was increased upon Jmjd2c depletion. ES cells were transfected with Luc shRNA
(control), Jmjd2c shRNA 1, or Jmjd2c shRNA 2. A primer pair targeting amplicon 3 was used. Data are presented as the mean ± SEM.
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Nanog-overexpressing ES cell line (Loh et al. 2006) with
shRNAs against Jmjd2c. Interestingly, the two Jmjd2c
shRNA constructs were unable to induce efficient differ-
entiation as alkaline phosphatase-positive ES cell colo-
nies were readily obtained (Fig. 6A). The depletion of
Jmjd2c was equally efficient in the control and Nanog-
overexpressing ES cells (Fig. 6B); this excludes the pos-
sibility that the phenotypic differences were due to in-
sufficient depletion of Jmjd2c. Depletion of Jmjd1a in
the Nanog-overexpressing ES cells showed more differ-
entiation than Jmjd2c-depleted cells (Fig. 6A), suggesting
that Nanog could not compensate for the loss of Jmjd1a.
The rescued phenotype in Nanog-overexpressing cells
was also supported by marker gene analyses. The levels
of Oct4, Sox2, and Tdgf1 remained relatively unchanged
(Fig. 6C), while the induction of differentiation mark-
ers such as Fgf5 and Msx1 was also reduced in Nanog-
overexpressing ES cells as compared with control ES
cells (Fig. 6D). Consistent with the morphology data,
Jmjd1a knockdown cells showed no restoration of ES
cell markers and little or no reduced expression of dif-
ferentiation markers (Supplementary Figure 12). These
results demonstrate that Nanog is able to rescue the
knockdown effects of Jmjd2c depletion. Altogether, our
finding provides mechanistic explanations for how
Jmjd1a and Jmjd2c maintain the undifferentiated state of
ES cells.

Discussion

Genetic network and epigenetic landscape in ES cells

During the process of ES cell division, the choice be-
tween self-renewal or differentiation is decided by the
complex interplay between signaling pathways, tran-
scription factor networks, and epigenetic processes. Re-
cent studies have begun to define key players in the tran-
scriptional factor networks of mouse ES cells (Nichols et
al. 1998; Avilion et al. 2003; Chambers et al. 2003; Mit-
sui et al. 2003; Elling et al. 2006; Ivanova et al. 2006; Loh
et al. 2006; Matoba et al. 2006; Wang et al. 2006; Wu et
al. 2006; Zhang et al. 2006; Galan-Caridad et al. 2007;
Lim et al. 2007). Alongside genetic factors, epigenetic
mechanisms such as methylation of histones could also
have important roles in maintaining self-renewal and
pluripotency of ES cells.

In this study, we place two genes encoding JHDMs as
downstream targets of Oct4, a critical regulator of pluri-
potency in ES cells. Oct4 binds to the regulatory regions
of Jmjd1a and Jmjd2c as shown by the in vivo ChIP
and in vitro EMSA assays. Significantly, both knock-
down and reporter assays confirm that Oct4 is a positive
regulator of the JHDMs. It is interesting to note that
JMJD1A is also bound by OCT4 in human ES cells (Boyer
et al. 2005); this could indicate evolutionary conserva-
tion of an important regulatory function. Apart from the

Figure 6. Nanog is the key downstream
effector of Jmjd2c responsible for main-
taining ES cells’ self-renewal. (A) Overex-
pression of Nanog can rescue differentia-
tion phenotype induced by Jmjd2c deple-
tion. ES cells with constitutive Nanog
overexpression (Loh et al. 2006) were chal-
lenged with shRNA directing against
various transcripts (Jmjd2c, Jmjd1a, or
Oct4). The cells were stained for alkaline
phosphatase activity, and the morpho-
logies were examined by microscopy.
Note the morphological rescue and the
maintenance of alkaline phosphatase-
positive colonies in Jmjd2c shRNA-
treated cells. Little or no morphological
rescue was observed when the cells were
challenged with Jmjd1a or Oct4 shRNA,
respectively. (B) Jmjd2c was similarly de-
pleted both in Nanog-overexpressing and
control ES cells. Data are presented as
the mean ± SEM. (C) Overexpression of
Nanog reduced the down-regulation of
Oct4, Sox2, and Tdgf1 upon Jmjd2c deple-
tion. The levels of the transcripts were
normalized against control plasmid-trans-
fected cells. Data are presented as the
mean ± SEM. (D) Enforced Nanog overex-
pression compensated for the Jmjd2c loss
of function by reducing the induction of
differentiation markers Fgf5 and Msx1.
Data are presented as the mean ± SEM.
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JHDMs identified from the present study, Oct4 may also
regulate genes encoding chromatin-modifying com-
plexes in both human (e.g., SET, SMARCA, and MYST)
(Boyer et al. 2005) and mouse ES cells (Ehmt1, Smarcad1,
Myst2) (Loh et al. 2006). This suggests that Oct4 may
govern the chromatin state of pluripotent ES cells by
regulating the expression of genes directly involved in
the epigenetic systems.

The repressive histone mark, H3K9 methylation, is
maintained at a low level in ES cells. In contrast, differ-
entiated cell types exhibit elevated levels of H3K9 meth-
ylation (Meshorer et al. 2006), which suggests a role for
histone H3K9 demethylases in maintaining a transcrip-
tionally permissive chromatin state. Removal of the
JHDMs results in an elevation of global histone H3K9Me
level, suggesting that the JHDMs play active roles in
maintaining transcriptionally permissive chromatin in
pluripotent ES cells. The up-regulation of these JHDMs
in ES cells may explain the low level of repressive H3K9
methylation. However, it is not clear if the low global
level of H3K9 methylation is required for the mainte-
nance of the “stemness” state of ES cells.

Roles of Jmjd1a and Jmjd2c in the maintenance
of the ES cell self-renewal

Previous studies have investigated the role of histone
methylases in ES cells or early embryonic development.
Setdb1 and Ezh2 knockout embryos show early embry-
onic lethality (embryonic day 3.5–4.5 [E3.5–E4.5]) and are
defective in outgrowth of the ICM (O’Carroll et al. 2001;
Dodge et al. 2004). It is not clear, however, if Setdb1 or
Ezh2 is required to maintain the self-renewal of ES cells.
G9a-null embryos survive until E9.5, but G9a knockout
ES cells showed compromised differentiation processes
(Tachibana et al. 2002). Similarly, while Suz12−/− ES
cells (Pasini et al. 2007) can be established and expanded
in tissue culture, the ability to give rise to proper differ-
entiation is impaired.

In this study, we showed that ES cells depleted of
Jmjd1a and Jmjd2c lost their distinctive colony mor-
phologies and gave rise to fibroblast-like cells. Moreover,
the knockdown cells were not able to efficiently form
colonies in secondary replating assays. Differentiation
induced by the depletion of these JHDMs led to the loss
of pluripotency and self-renewal. Apart from these
JHDMs, no other histone-modifying enzyme has been
shown to be important in the maintenance of self-re-
newal of ES cells (Niwa 2007). Transcription regulators
promote self-renewal through different mechanisms.
These mechanisms may involve inhibition of differen-
tiation or promoting proliferation (Niwa 2007). We pro-
vided evidence that Jmjd1a and Jmjd2c maintain the
“stemness” state of ES cells through regulating down-
stream genes that encode for self-renewal regulators
(Chambers et al. 2003; Mitsui et al. 2003; Ivanova et al.
2006; Matoba et al. 2006).

Previous work has shown that Jmjd1a demethylates
H3K9Me2 of LamB1 and Stra6 in F9 embryonic carci-
noma cells (Yamane et al. 2006). Knockdown of Jmjd1a

in F9 cells also slightly reduces the expression of Oct4,
Sox2, and Nanog (Yamane et al. 2006). We showed that
Jmjd1a prevents the promoter regions of pluripotency-
associated genes (Tcl1, Tcfcp2l1, and Zfp57) from H3K9
dimethylation (Fig. 7). An increase in H3K9 dimethyl-
ation is correlated with a reduction in the expression of
the target genes, indicating that Jmjd1a positively regu-
lates their expression. Oct4 recruitment to the Tcl1 pro-
moter was reduced in the Jmjd1a knockdown ES cells. It
is likely that the increased H3K9Me2 limited the access
of Oct4 to the oct element of the Tcl1 promoter region.
Thus we have identified a novel mechanism by which
Jmjd1a maintains the pluripotent epigenetic state of a
key regulator of ES cells. Tcl1, a gene encoding for a
cofactor of the Akt1 kinase, is of interest as it has been
shown to regulate self-renewal of ES cells (Ivanova et al.
2006; Matoba et al. 2006). Interestingly, forced expres-
sion of Tcl1 can rescue the differentiated phenotype
brought about by the knockdown of Jmjd1a, but not
Jmjd2c. Moreover, most of the pluripotent and differen-
tiation markers’ levels were restored in the Tcl1 rescue
experiments. This suggests that Tcl1 is the dominant
target of Jmjd1a in regulating self-renewal. However, we
observed that the Tcl1 rescue was only partial, as some
differentiated cells were still observed. Thus it is pos-
sible that other Tcl1-independent mechanisms exist for
Jmjd1a in regulating the self-renewal of ES cells. Further
analysis using genome-wide ChIP will be important to
define other regulatory targets of Jmjd1a that could be
important in ES cell biology.

Overexpression of the Jmjd2 family of JHDMs has
been shown to demethylate H3K9Me3-enriched pericen-
tric heterochromatin and cause delocalization of HP1-�
(Cloos et al. 2006; Fodor et al. 2006; Klose et al. 2006).
Here, we show that Jmjd2c is involved in regulating the
euchromatin H3K9Me3 status of a key pluripotency
gene, Nanog. Our result also suggests that the specific
demethylation of H3K9Me3 by Jmjd2c at the Nanog pro-
moter may prevent the binding of transcription corepres-
sors such as HP1 and KAP1. Forced expression of Nanog

Figure 7. Model for the maintenance of self-renewal of ES cells
by Jmjd1a and Jmjd2c. Schematic showing the interplay of Oct4
with Jmjd1a and Jmjd2c in sustaining ES cells’ self-renewal. In
ES cells, Oct4 up-regulates the levels of Jmjd1a and Jmjd2c.
Jmjd1a and Jmjd2c maintain Tcl1 and Nanog by demethylation
of the repressive H3K9Me2 and H3K9Me3 marks, respectively.
Notably, Tcl1 and Nanog are both downstream targets of Oct4.
With differentiation, the down-regulation of Jmjd1a and Jmjd2c
(dashed arrows) results in an elevation of the repressive
H3K9Me2/Me3 modifications and reduced expression of down-
stream genes.
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can rescue the knockdown effects of Jmjd2c. However, as
seen in the Tcl1 rescue, overexpressing Nanog does not
completely rescue the Jmjd2c knockdown effect. This
could indicate the presence of other Nanog-independent
mechanisms downstream from Jmjd2c in the mainte-
nance of self-renewal of ES cells.

A series of recent studies reported that ectopic expres-
sion of four transcription factors alone (Oct4, Sox2,
c-Myc, and Klf4) is able to reprogram somatic cells to the
pluripotent stem cell state (Takahashi and Yamanaka
2006; Maherali et al. 2007; Okita et al. 2007; Wernig et
al. 2007). These remarkable studies demonstrate that the
genetic program and epigenetic landscape of stem cells
can be restored in differentiated cells. We postulate that
some of these reprogramming factors may be able to up-
regulate histone modifiers such as Jmjd1a and Jmjd2c to
assist in the resetting of the epigenetic landscape of so-
matic cells. In the present study, we identified two novel
nodes in the Oct4 transcription regulatory network, ex-
tending from Jmjd1a and Jmjd2c to Tcl1 and Nanog, re-
spectively (Fig. 7). Hence, these state-specific demethyl-
ases appear to directly regulate a distinct set of genes.
This is also the first example of an ES cell transcription
factor regulating a novel pathway that specifies the epi-
genetic status of pluripotency-associated genes.

Materials and methods

Cell culture and transfection

Feeder-free E14 mouse ES cells were cultured at 37°C with 5%
CO2. All cells were maintained on gelatin-coated dishes in Dul-
becco’s modified Eagle’s medium (DMEM; GIBCO), supple-
mented with 15% heat-inactivated fetal bovine serum (FBS;
GIBCO), 0.055 mM �-mercaptoethanol (GIBCO), 2 mM L-glu-
tamine, 0.1 mM MEM nonessential amino acid, 5000 U/mL
penicillin/streptomycin, and 1000 U/mL LIF (Chemicon), as de-
scribed previously (Chew et al. 2005). Transfection of shRNA
and overexpression plasmids was performed using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s in-
structions. Briefly, 2 µg of plasmids were transfected into ES
cells on 60-mm plates for RNA and protein extraction. For the
ChIP assay, 18 µg of plasmids were transfected into ES cells on
150-mm plates. Puromycin (Sigma) selection was introduced 1 d
after transfection at 1.0 µg/mL, and maintained for 4 d prior to
harvesting. For the replating assay, after 3 d of puromycin se-
lection, shRNA-transfected cells were trypsinized and resus-
pended in medium. Ten-thousand cells were plated onto newly
gelatin-coated 60-mm plates to form secondary ES cell colonies.
After 4 d, emerging colonies were stained for alkaline phospha-
tase activity. For all the data shown (unless indicated other-
wise), the cells were harvested and analyzed after 4 d of puro-
mycin selection. Detection of alkaline phosphatase, which is
indicative of the undifferentiated state of ES cells, was carried
out using a commercial ES Cell Characterization Kit from
Chemicon (catalog no. SCR001).

RNAi assay

shRNA constructs were designed as described previously (Chew
et al. 2005). Two shRNA constructs each for Jmjd1a and Jmjd2c
were designed to target 19-base-pair (bp) gene-specific regions.
The oligonucleotides used for Jmjd1a and Jmjd2c shRNA con-

structs are shown in Supplementary Figures 3A and 4A. These
oligonucleotides were cloned into pSuperpuro (BglII and HindIII
sites; Oligoengine). The pSuperpuro plasmid carries a puromy-
cin gene driven by a PGK promoter. We used pSuperpuro con-
structs expressing shRNA against Luciferase (Firefly) or Green
fluorescent protein (Gfp) as controls. These constructs were ef-
fective in knocking down coexpressed Luciferase or Gfp; there-
fore, they produced effective small interfering RNAs (siRNAs)
in ES cells.

RNA isolation, reverse transcription, and real-time
PCR analysis

Total RNA was extracted using Trizol (Invitrogen) and was pu-
rified with an RNeasy minikit (Qiagen). cDNA synthesis was
performed with 1 µg of total RNA using the SuperScript II kit
(Invitrogen) according to the manufacturer’s instructions. En-
dogenous mRNA levels were measured by real-time PCR analy-
sis based on SYBR Green detection with the ABI Prism 7900HT
machine (Applied Biosystems). Results were normalized with
�-actin. The real-time PCR primers are available on request.

Protein extraction and Western blotting

Histones were extracted using the acid extraction method.
Briefly, cells were scraped from culture dishes in chilled PBS,
centrifuged, and washed once with ice-cold PBS. Cell pellets
were then incubated in Triton extraction buffer (PBS, 0.5% Tri-
ton X-100, 2 mM PMSF) for 10 min on ice. Pellets were resus-
pended in 0.2 N HCl overnight for the extraction of histone.
Total protein extracts were prepared by lysing cells in SDS load-
ing buffer. Total protein (40 µg) or histone (5 µg) was separated
by SDS-PAGE and transferred to PVDF membrane. The mem-
brane was probed with either anti-H3K9Me2 (ab7312; Abcam),
anti-H3K9Me3 (ab8898; Abcam), anti-Jmjd1a (amino acids
1–400 of mouse Jmjd1a raised in rabbit), or anti-Jmjd2c (amino
acids 351–551 of mouse Jmjd2c raised in rabbit). Anti-H3
(ab1791; Abcam) or anti-�-tubulin was used as loading control.

Microarray

mRNAs derived from Jmjd1a shRNA 1-, Jmjd2c shRNA 1-, and
Luc shRNA-treated ES cells were reverse-transcribed, labeled,
and analyzed using the Illumina microarray platform (Sentrix
Mouse-6 Expression BeadChip version 1.0). Arrays were pro-
cessed as per the manufacturer’s instructions. Three biological
repeats of the profiles (each for control and knockdown of the
two genes) were used to generate statistically significant gene
lists. Rank Invariant normalization was used to normalize the
microarrays. Significance analysis of microarrays (SAM) was
used to select differentially expressed genes. The differentially
expressed genes were selected based on the following three cri-
teria: fold change (FC) > 1.5 for up-regulated, FC < 0.6 for down-
regulated; q value < 2%; and detection probability >0.99 in at
least all three samples of any one group (control or treatment).
Microarray data will be uploaded to a public microarray re-
source site. To compute the nominal P-value for the overlapping
gene lists, we performed Monte Carlo simulation as described
previously (Loh et al. 2006)

ChIP assay

ChIP assay was carried out as described previously (Loh et al.
2006). Briefly, cells were cross-linked with 1% (w/v) formalde-
hyde for 10 min at room temperature, and formaldehyde was
then inactivated by the addition of 125 mM glycine. Chromatin
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extracts containing DNA fragments with an average size of 500
bp were immunoprecipitated using anti-Oct4 (sc-8628; Santa
Cruz Biotechnology), anti-Sox2 (sc-17320; Santa Cruz Biotech-
nology), anti-H3K9Me2 (ab7312; Abcam), anti-H3K9Me3
(ab8898; Abcam), anti-Jmjd1a Ab1 (amino acids 1–300 of mouse
Jmjd1a raised in rabbit), anti-Jmjd1a Ab2 (amino acids 1–400 of
mouse Jmjd1a raised in rabbit), anti-Jmjd2c Ab1 (amino acids
523–702 of mouse Jmjd2c raised in rabbit), anti-Jmjd2c Ab2
(amino acids 351–551 of mouse Jmjd2c raised in rabbit), anti-
HP1-� (MAB3448; Chemicon), or anti-KAP1 (ab22553; Abcam)
antibodies. Anti-GST (sc-459; Santa Cruz Biotechnology) or
anti-GFP (sc-9996; Santa Cruz Biotechnology) antibodies were
used as mock ChIP controls. Quantitative PCR analyses were
performed in real time using the ABI PRISM 7900 sequence
detection system and SYBR green master mix. Threshold cycles
(Ct) were determined for both immunoprecipitated DNA and
known amount of DNA from input sample for different primer
pairs. Relative occupancy values (also known as fold enrich-
ments) were calculated by determining the immunoprecipita-
tion efficiency (ratios of the amount of immunoprecipitated
DNA to that of the input sample) and were normalized to the
level observed at a control region, which was defined as 1.0. The
coordinates for the control region, which is downstream from
the Nanog gene, is chr6:123352993–123353158 (mm5 genome
build). For all the primers used, each gave a single product of the
right size, as confirmed by agarose gel electrophoresis and dis-
sociation curve analysis. The real-time PCR primers are avail-
able on request.
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