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SUMMARY

Self-renewal and pluripotency of embryonic stem
cells (ESCs) are established by multiple regulatory
pathways operating at several levels. The roles of his-
tone demethylases (HDMs) in these programs are
incompletely defined. We conducted a functional
RNAi screen for HDMs and identified five potential
HDMs essential for mouse ESC identity. In-depth
analyses demonstrate that the closely related HDMs
Jmjd2b and Jmjd2c are necessary for self-renewal
of ESCs and induced pluripotent stem cell generation.
Genome-wide occupancy studies reveal that Jmjd2b
unique, Jmjd2c unique, and Jmjd2b-dmjd2c common
target sites belong to functionally separable Core,
Polycomb repressive complex (PRC), and Myc regu-
latory modules, respectively. Jmjd2b and Nanog act
through an interconnected regulatory loop, whereas
Jmjd2c assists PRC2 in transcriptional repression.
Thus, two HDMs of the same subclass exhibit distinct
and combinatorial functions in control of the ESC
state. Such complexity of HDM function reveals an
aspect of multilayered transcriptional control.

INTRODUCTION

Embryonic stem cells (ESCs) are capable of indefinite self-
renewal and differentiation into all lineages. Somatic cell reprog-
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ramming to induced pluripotent stem cells (iPSCs) by defined
factors has greatly improved prospects for cellular therapies
(Takahashi and Yamanaka, 2006; Cherry and Daley, 2012).
Although much has been learned, the components that establish
and maintain ESC identity are incompletely defined.

ESC identity is maintained by activation of ESC-specific genes
and repression of lineage-specific developmental genes. This
balance of gene expression is maintained through crosstalk
between essential transcription factors (TFs) and chromatin reg-
ulators (Orkin and Hochedlinger, 2011; Young, 2011). Extensive
studies of protein-protein and protein-DNA interactions have re-
vealed distinct ESC regulatory modules, termed Core, Myc, and
Polycomb, that are essential for the entire ESC regulatory
network (Chen et al., 2008; Kim et al., 2010). The Core module
is composed of canonical ESC factors (Oct4, Sox2, and Nanog)
and their associated partners, which positively regulate ESC-
specific genes and repress lineage-specific genes (Kim et al.,
2010; Young, 2011). The Myc module, consisting of cMyc and
associated factors, is also transcriptionally active. However,
the Myc module is functionally separable from the Core module
and is activated earlier than the Core module during iPSC gener-
ation at the partial iPSC stage (Sridharan et al., 2009; Soufi et al.,
2012). The Polycomb repressive complex (PRC) module,
composed of PRC1 and PRC2 components, functions in repres-
sion of lineage-specific genes (Boyer et al., 2006; Kim et al.,
2010; Margueron and Reinberg, 2011).

Various approaches have implicated the role of chromatin reg-
ulators in self-renewal of ESCs (Fazzio et al., 2008; Hu et al.,
2009; Kagey et al., 2010). Histone demethylases (HDMs) are his-
tone-modifying enzymes, which have an opposing biochemical
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function to histone methyltransferases (HMTs). HDMs are
required for normal development and are implicated in patho-
logic states including cancers (Pedersen and Helin, 2010).
HDMs are divided into two broad classes, FAD-dependent
amine oxidases (Lsd1/Kdm1) and Fe(ll)- and a-ketoglutarate-
dependent JmjC domain-containing HDMs (Mosammaparast
and Shi, 2010). The JmjC domain-containing HDMs have a
conserved catalytic triad (H, D/E, and H), which catalyzes lysine
demethylation of histones through an oxidative reaction that
requires Fe(ll) and a-ketoglutarate as cofactors. JmjC domain-
containing HDMs are further subclassified based on their
sequence homology, domains, and substrate specificity (Agger
et al., 2008; Pedersen and Helin, 2010). Studies have proposed
roles for Jmjd1a, Jmjd2c, and Jarid1b/Kdm5b in ESC self-
renewal (Loh et al., 2007; Xie et al., 2011). However, roles of other
HDMs in ESCs remain unknown.

Here, we conducted a functional RNAi screen against all
annotated HDMs and identified five candidate HDMs essential
for mouse ESC (mESC) identity. To gain mechanistic insight,
we chose two closely related HDMs, Jmjd2b/Kdm4b and
Jmjd2c/Kdm4c, belonging to the same subclass (HDMs for
H3K9me2/me3 and H3K36me2/me3) for in-depth analysis. In
addition to their requirement in ESCs, both HDMs are required
for efficient somatic cell reprogramming. Although depletion of
either HDM generates a similar differentiation phenotype, chro-
matin occupancy studies reveal both unique and common target
sites. Jmjd2b unique, Jmjd2b-Jmjd2c common, and Jmjd2c
unique targets partition to the Core, Myc, and PRC regulatory
modules of the overall ESC network, respectively. Specifically,
we show that Jmjd2b and Nanog act through an interconnected
regulatory loop, whereas Jmjd2c assists PRC2 in full repression
at poised and repressed target genes. The dedicated and
combinatorial relationships between these two related HDMs
reveal an unsuspected level of complexity in how HDMs partic-
ipate in transcriptional control.

RESULTS

Functional RNAi Screens Reveal Candidate HDMs for
mESC Identity
Most HDMs are expressed in mESCs (Figure S1A available
online). To identify HDMs required for maintenance of the ESC
state, we performed a functional RNAi screen. We used five
different shRNA lentiviral constructs to knock down each of 20
HDMs in mESCs. The screen was scored in terms of alterations
of “ESC growth phenotype” and “colony morphology” (Fig-
ure 1A; Figure S1B; Table S1). Normally, ESCs grow as spherical
three-dimensional colonies. Upon depletion of a number of the
candidate HDMs, cells exhibited flattened morphology and
grew as a monolayer with reduced cell-cell contacts (Fig-
ure S1B), which we term a “differentiation” phenotype. A spec-
trum of differentiation phenotypes from mild to severe was
observed (Figure S1B; Table S1). For each candidate HDM, we
scored the phenotype from at least the two best individual
shRNAs. Two secondary screens were performed for validation.
All three screens reproduced the original phenotypes (Table S1).
Our functional RNAi screen identified five candidate HDMs,
namely Jmjdia (Kdm3a), Jmjd2b (Kdm4b), Jmjd2c (Kdm4c),

Utx (Kdme6a), and Jmjd6. Among these, Jmjd1a (Kdm3a) and
Jmjd2c (Kdm4c) were identified previously as having a role in
self-renewal of mouse ESCs (Loh et al., 2007). Jmjd1a, Jmjd2b,
Jmjd2c, and Jmjd6 knockdown showed moderate to severe dif-
ferentiation phenotypes, whereas knockdown of Utx showed a
more subtle phenotype (Figure S1B; Table S1). Further analyses
were performed for the candidate HDMs. Alkaline phosphatase
staining typical of pluripotent ESCs was reduced upon knock-
down of candidate HDMs compared to controls (Anti-GFP and
Empty) (Figure 1B). Pluripotency marker SSEA-1 expression
was also reduced significantly upon knockdown (Figure 1C).
We validated each by western blotting (Figure S1C), and noted
general correlation of knockdown efficiency with the extent of
differentiation. mMRNA expression and protein levels of all five
candidate HDMs were reduced upon ESC differentiation (Fig-
ures 1D and 1E). Additionally, these candidate HDMs were highly
expressed in mMESCs compared to mouse embryonic fibroblasts
(Figure S1D), consistent with crucial roles in mESC identity.

Both Jmjd2b/Kdm4b and Jmjd2c/Kdmd4c Are Required
for ESC Identity and Efficient Somatic Cell
Reprogramming/iPSC Generation

We selected two closely related candidate HDMs of the same
subclass, Jmjd2b and Jmjd2c, for in-depth study (Agger et al.,
2008). As depletion of either leads to an apparently similar differ-
entiation phenotype, we suspected that their comparison might
uncover insights into their nonredundant roles and possibly their
relationship to each other.

We first determined that Jmjd2b and Jmjd2c restore the
normal ESC growth and colony morphology in Jmjd2b-deficient
and Jmjd2c-deficient ESCs (Figure S1E). Indeed, full-length
Jmjd2b and Jmjd2c restored the normal ESC growth phenotype,
ESC colony morphology, and also SSEA-1 expression (Figures
S1F and S1G). However, catalytic domain (JmjC)-containing
Jmjd2b and Jmjd2c (1-333 aa) and catalytic mutants (JmjC
domain-containing catalytic triad [H, D/E, and H]) of Jmjd2b
and Jmjd2c achieved only partial rescue (Figures S1F and
S1G), suggesting that the full length of Jmjd2b and Jmjd2c,
as well as their catalytic residues, is required for self-renewal
of mESCs.

Next, we tested the role of Jmjd2b and Jmjd2c in somatic re-
programming. Depletion of Jmjd2b and Jmjd2c showed reduced
numbers of iPSC colonies compared to control knockdown, as
scored by colony morphology and SSEA-1-positive colonies
(Figure 1F), which is reminiscent of the effects of knockdown
of all H3K9 demethylases (Chen et al., 2013). Taken as a whole,
the functional assay demonstrates that Jmjd2b and Jmjd2c are
required for efficient somatic reprogramming induced by Oct4-
Sox2-Kl4-Myc and establishment of the ESC-like state.

Jmjd2b/Kdm4b and Jmjd2c/Kdm4c Are Required for
Self-Renewal of mESCs

We next conducted gene expression profiling upon depletion of
Jmjd2b and Jmjd2c compared to control (Anti-GFP) knockdown.
Gene expression profiling revealed that 1,787 genes were differ-
entially expressed by >2-fold upon depletion of Jmjd2b and
Jmjd2c (Figure 2A, left; Table S3). The gene cluster down-
regulated upon knockdown displayed higher expression in
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undifferentiated ESCs compared to differentiated ESCs; con-
versely, the gene cluster upregulated upon knockdown showed
reduced expression in undifferentiated ESCs (Figure 2A, right;
Figure S2A).

Expression of individual ESC-specific and lineage-specific
genes from Jmjd2b and Jmjd2c depleted cells revealed
reduced ESC-specific gene expression and enhanced expres-
sion of differentiation genes (Figures 2C and 2D; Figures S2B
and S2C). We observed modest downregulation of ESC-specific
genes, including Nanog, Esrrb, Kif4, and Tbx3, in Jmjd2b- or
Jmjd2c-depleted cells. In addition, specific knockdown of
Jmjd2b and Jmjd2c did not affect expression of other HDMs
of the same subclass. We observed upregulation of several
lineage-specific genes upon depletion of Jmjd2b or Jmjd2c,
such as Brachyury (T), Pitx2, Fgf8, Wnt, and Fgf5 for mesoendo-
derm/mesoderm, Otx2, Nestin, Pax6, Fabp7, and Zic1 for ecto-
derm/neuroectoderm, and Cdx2 for trophoectoderm (Figures 2C
and 2D; Figures S2B and S2C).

Gene ontology (GO) and Ingenuity Pathway Analysis (IPA) of
the upregulated genes revealed significant enrichment for
several developmental processes and related signaling path-
ways, whereas the downregulated genes correlated with
several metabolic pathways, including glycolysis and gluconeo-
genesis (Figures S2D and S2E; Table S5). Furthermore, gene
set enrichment analyses (GSEAs) demonstrated that Jmjd2b
and Jmjd2c depletion significantly repressed the “undifferenti-
ated” ESC state and enhanced the “differentiation” state (Fig-
ures 2E and 2F; Figure S2F; Table S4), including changes in
several developmental signaling pathway gene sets (Fig-
ure S2G). In these analyses, we observed a similar overall
pattern of global gene expression upon depletion of Jmjd2b
or Jmjd2c. However, the total number of differentially ex-
pressed genes differed between Jmjd2b and Jmjd2c knock-
down cells (Figure 2B), raising the possibility that Jmjd2b and
Jmjd2c function through common and distinct mechanisms in
self-renewal of ESCs.

Differential Distribution of Genome-wide Targets of
Jmjd2b/Kdm4b and Jmjd2c/Kdm4c in mESCs

To dissect mechanisms by which Jmjd2b and Jmjd2c function,
we determined their genome-wide DNA chromatin occupancy
using chromatin immunoprecipitation sequencing (ChlIP-seq).
Due to the lack of suitable antibodies, we generated biotinylated
versions of Jmjd2b and Jmjd2c in mESCs (Figures S3A and S3B)
and performed in vivo biotinylation-mediated ChIP-seq (Bio-

ChIP-seq) (Kim et al., 2008, 2009, 2010); 16,807 and 18,025
significantly enriched binding peaks were identified for Jmjd2b
and Jmjd2c, respectively (Table S6). Despite their close relation-
ship, we observed differential genome-wide distribution of
Jmjd2b and Jmjd2c peaks. Jmjd2b peaks are distributed to
the promoter (~40%), intergenic (~32%), and gene body regions
(~28%), whereas Jmjd2c mostly occupies promoter regions
(~70%) compared to ~20% binding at intergenic and ~11% at
gene body regions (Figure 3A). Jmjd2b and Jmjd2c share
~40% common peaks/targets (Figure 3B). We further classified
targets as “dmjd2b-dmjd2c common,” “dmjd2b unique,” and
“Jmjd2c unique” (Figure 3B). Interestingly, the majority of
Jmjd2b-Jmjd2c common and Jmjd2c unique targets are distrib-
uted at promoter regions (~77% and ~65%, respectively),
whereas Jmjd2b unique targets predominantly localized to
gene body regions (~42%) and intergenic regions (~48%), and
only ~10% to promoter regions (Figure 3B).

Next, we compared the occupancy of Jmjd2b and Jmjd2c
with four metagenes, groups of genes with correlated expres-
sion (high, moderate, low, and very low) in mESCs. Further ana-
lyses showed that the majority of Jmjd2b-Jmjd2c common
targets and Jmjd2b unique targets are occupied at promoters
and distal regions, respectively, and correspond to highly ex-
pressed genes, whereas the majority of Jmjd2c unique targets
are occupied at the promoters of moderately, as well as lowly,
expressed genes (Figure S3C). These initial observations reveal
distinct distributions and functions of Jmjd2b and Jmjd2c in
mESCs.

Jmjd2b/Kdm4b Unique, Jmjd2c/Kdm4c Unique, and
Jmjd2b/Kdm4b-Jmjd2c/Kdm4c Common Target
Regions Belong to Different Regulatory Modules of
mESCs

To explore the significance of Jmjd2b-Jmjd2c common, Jmjd2b
unique, and Jmjd2c unique targets, we correlated occu-
pancy maps with histone marks (H3K4me1/3, H3K9me2/me3,
H3K27me3, H3K36me2/me3, and H3K27ac), components of
the PRC2 complex (Ezh2 and Suz12), ESC-related TFs (Oct4,
Nanog, Sox2, and KIf4), and associated transcription factors
and chromatin regulators (cMyc, E2F1, p300, Med1, and
Med12). As the majority of the Jmjd2b unique targets mapped
to “nonpromoter” regions (Figure 3B), we generated ChIP-seq
intensity heat maps around the summit of all three peak sets,
which were further classified into “promoter” and “distal” re-
gions. We found that the three target classes associated with

Figure 1. Functional RNAi Screens Reveal Candidate HDMs for mESC Identity

(A) Schematic diagram representing the outline of the RNAi screen.

(B) Alkaline phosphatase staining of mESCs upon knockdown of candidate HDMs. The scale bar represents 20 um.

(C) SSEA-1 staining of mMESCs upon knockdown of candidate HDMs. SSEA-1-positive cells were quantified through fluorescence-activated cell sorting, and the
percentage of mean fluorescent intensity of candidate HDMs is represented. Data are represented as mean + SEM; n = 3; p values were calculated using t test;
***p < 0.0001, **p < 0.001, *p < 0.01.

(D) Real-time PCR analyses of candidate HDMs at different time points during ESC differentiation. mRNA expression was normalized by actin, and expression
levels are shown in differentiated ESCs relative to undifferentiated ESCs for each gene. Data are represented as mean + SEM; n = 3; p values were calculated
using t test; ***p < 0.0001, **p < 0.001, *p < 0.01.

(E) Western blot analyses of candidate HDMs at different time points during ESC differentiation.

(F) SSEA-1 staining of iPSC colonies from Empty (control) and Jmjd2b and Jmjd2c knockdown cells. Data are represented as mean + SEM; n = 3; p values were
calculated using t test; ***p < 0.0001.

See also Figure S1.
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different histone marks and transcription factors. Jmjd2c unique
targets strongly overlapped with bivalent marks (both
H3K4me3 and H3K27me3 marks), and also with components
of the PRC2 complex (Ezh2 and Suz12) at promoter and distal
target loci (Figure 3C; Figure S3E). Approximately 80% of Ezh2
and Suz12 targets overlapped with Jmjd2c targets genome-
wide (Figure 3D). Additionally, H3K36me3 and RNA Pol Il occu-
pancy was reduced at Jmjd2c unique promoter and distal
target loci (Figure 3C; Figure S3E), suggesting that the majority
of Jmjd2c unique targets are poised or repressed. In contrast,
Jmjd2b-Jmjd2c common and Jmjd2b unique targets showed
reduced occupancy of H3K27me3, Ezh2, and Suz12 and gain
of H3K4me3, H3K36me3, and RNA Pol Il occupancy both at
promoters and distal target loci (Figure 3C; Figure S3E), indi-
cating that these targets are transcriptionally active. Notably,
we found that binding of ESC-Core transcription factors Nanog
and Sox2 but not Oct4 was strongly biased toward Jmjd2b
unique targets rather than the other two peak sets at both pro-
moter and distal regions (Figures 3E and 3F). This was further
supported by peak overlap analysis (Figure 3G). Nonetheless,
H3K27ac, H3K4me1, p300, mediator (Med1, Med12), and
KIf4 binding sites overlapped with both Jmjd2b unique and
Jmjd2b-Jmjd2c common targets, and targets of cMyc and its
associated factor E2f1 showed significant overlap with
Jmjd2b-Jmjd2c common target genes at promoter and distal
target loci (Figures 3E-3G).

For a global view of Jmjd2b unique, Jmjd2c unique, and
Jmjd2b-Jmjd2c common targets along with transcription factors
and histone marks, we collated genome-wide targets. Hierarchi-
cal clustering tree and heat map representation of occupancy
correlation revealed three distinct ESC regulatory modules:
Polycomb, Myc, and Core, as described previously (Kim et al.,
2010). Jmjd2c unique targets segregated to the Polycomb mod-
ule, whereas Jmjd2b unique and Jmjd2b-Jmjd2c common target
genes correlated to the Core and Myc modules, respectively,
which were interconnected by targets of mediators Med1 and
Med12 (Figure 3H).

To determine whether genes targeted by Jmjd2b and Jmjd2c
correlate with different functions as predicted by the correlation
of common targets with distinct modules, we performed GO
analysis. Jmjd2b-dmjd2c common target genes were highly
enriched for transcriptional regulation, DNA binding, and cell-
cycle-related terms, whereas Jmjd2b and Jmjd2c unique targets
related to nucleosome assembly and several development pro-
cesses, respectively (Figure S3F). In addition, IPA demonstrated
that Jmjd2b-dmjd2c common target genes were closely related
to DNA damage and many cancer-related pathways, such as

p53, PISK-AKT, and ESC pluripotency (Figure S3G), consistent
with the Myc module (Kim et al., 2010). Meanwhile, Jmjd2c
unique target genes were mainly associated with several
neuronal signaling pathways (Figure S3G), compatible with
association of the PRC2 module with development. Taken
together, these data provide evidence that Jmjd2b and Jmjd2c
act individually and combinatorially through different regulatory
cassettes in MESCs.

Jmjd2b/Kdm4b and Jmjd2c/Kdm4c Interact with Key
Components of Different Regulatory Modules

Nuclear factors that exhibit common targets often physically
associate (Kim et al., 2010). Therefore, we examined physical
interactions between Jmjd2b and Jmjd2c with core compo-
nents of each regulatory module. Coimmunoprecipitation (co-
IP) with Ezh2 antibody revealed an association of Jmjd2c and
components of the PRC2 complex (Ezh2, Suz12, Jarid2) (Fig-
ure 3l). In contrast, other Kdm4 family members, Jmjd2a,
Jmjd2b, and Jmjd2d, did not coimmunoprecipitate with Ezh2.
Conversely, co-IP with Jmjd2c antibody confirmed interaction
between Jmjd2c and members of the PRC2 complex, but not
with key components (Nanog and Sox2) of other regulatory
modules (Figure 3l). The interaction between Jmjd2c and
PRC2 components is specific, as Jmjd2c does not interact de-
tectably with the PRC1 subunit Bmi1. Jmjd2c does not interact
with Jmjd2b (Figure 3I). We further examined whether stability of
the PRC2 complex is affected upon depletion of Jmjd2c, and
the converse. The level of Ezh2 protein was unaffected upon
depletion of Jmjd2c; moreover, the level of Jmjd2c protein
was unaltered upon Ezh2 depletion (Figure S3H). Finally, co-IP
of Jmjd2b revealed association with Oct4, Nanog, and cMyc,
but not with Ezh2 and Suz12 of the PRC2 complex (Figure 3J).
These data strengthen the functional relationship between
Jmjd2b and Jmjd2c with their central components of different
ESC regulatory modules.

To explore molecular changes upon depletion of Jmjd2b
and Jmjd2c, we examined global histone marks, including
H3K9me2/me3 and H3K36me2/me3, the putative substrates of
the Jmjd2b and Jmjd2c demethylases (Cloos et al., 2006; Agger
et al., 2008). We did not observe significant global changes,
including H3K9me2/me3 and H3K36me2/me3 (Figures S3l and
S3J). To examine potential redundant function of Jmjd2b and
Jmjd2c for these histone modifications, knockdown of both
Jmjd2b and Jmjd2c was performed (Figure S3K). An increased
level of global H3K9me3 was observed (Figure S3L). This finding
implies redundant or overlapping roles among the members of
the same subclass.

Figure 2. Jmjd2b/Kdm4b and Jmjd2c/Kdm4c Are Essential for mESC Identity

(A) Hierarchical clustering of gene expression profiles from Anti-GFP (control) and Jmjd2b (Jmjd2b-1 and Jmjd2b-4 shRNAs) and Jmjd2c (Jmjd2c-1 and Jmjd2c-2
shRNAs) depleted cells. The average fold change from two different shRNAs was calculated. The heat map represents the z score of expression values, whereas the
red curve shows the relative expression changes of these cluster genes between undifferentiated and differentiated ESCs smoothed by a moving window of size 50.
(B) Venn diagrams representing overlapping up- or downregulated genes between Jmjd2b and Jmjd2c depleted cells.

(C and D) Gene expression analyses for ESC-specific genes and lineage-specific differentiation genes from Jmjd2b and Jmjd2c depleted cells. Gapdh and actin
were used as internal controls. Data shown are averaged from three biological replicates. Data are represented as mean + SEM; n = 3; p values were calculated

using ANOVA; p < 0.01.

(E and F) GSEA of a differentially expressed gene set of Jmjd2b and Jmjd2c depleted cells. NES, normalized enrichment score; p, nominal p value.

See also Figure S2.

Molecular Cell 53, 32-48, January 9, 2014 ©2014 Elsevier Inc. 37



Genome-wide peak distribution

9
32.8% 19.3%
« Promoter o « Promoter
= Exon « Exon
Intron Intron _
18% « Intergenic region « Intergenic region
o

Jmjd2b genome-wide peaks (16087) Jmjd2c genome-wide peaks (18025)

C

Jmjd2b & Jmjd2c promoter target loci

3 ] -
5 - T I
= : 3 [
: L[
Jmjd2b-Jmjd2c common |- b i
8 } - 1
5 !
o 5
1
4
Jmjd2b uniquel- G

Jmjd2c unique|-

Jmid2b  Jmjd2c  H3K4med H3K27med H3K9me2 H3KIme3 H3K36me2H3K3Gme3 Ezh2  Suzi2  Poi2 Input

Molecular Cell

Functions of Jmjd2b and Jmjd2c in Mouse ESCs

Peak overlap

8732

Jmidzb Jmid2c

d

Jmjd2b unique (~60%)

10.3%

3.5% N

29.5%

10466

Jmjd2b & Jmjd2c common (~40%)

556
901
6096 3052

6707
11022
Jmjd2b/

Jmjd2c

T~

Jmjd2c unique (~60%)

14.5%

« Promoter
« Exon
Intron
- Intergenic region

0/

Jmjd2c

Jmjd2b cMyc
E Jmjd2b & Jmjd2c promoter target loci . F Jmjd2b & Jmjd2c distal target loci
- =% T T T 6
- i = Jmjd2b-Jmjd2c common IS o I 5N IS | ? t'
.21 i 5 55 AN MR 55
Pl L
Jmjd2b-Jmjd2c commonf- i =1 B 5
B T
I [3 45 45
? 2 3 "
Jmjd2b unique N = : ; ﬁ N Jmjd2b unique [ : 4
] i i 1 35 I i 35
f | ! i
v 1 i
{ i { : s s
¥ | | t i
i 8 g I : e 25
Jmjd2c uniquel- 5 H r $ f k. 4 i —
i ] : :
i SRR ARRE LR : '- H :
i i | 1 i Jmjd2c unique |- Bh ! -4
i i | } H 15 ! 15
1 k i { ! H 3 §
i 8 SRR i i E I i ! i
i P i i i 1 2 s . I g L i ] i L i 1
H3K27ac H3K4me! Nanog ~ Octd ~ Sox2  P300  Medl Med12  Tet! Kif4 cMyc E2f1 H3K27ac H3K4mei Nanog  Octd  Sox2 P300  Medl Medi2  Tet! Kifa. cMyc E2f1
H ¢ <
N Q5" 0
9 So & S o S o &
ﬁ;ﬁ T N \‘57 < N \& © _ N \& ©
] | Anti-Ezh2 —— |Anti-Ezh2 —  —]Anti-Oct4
— - Anti-Suzi2 - — |Anti-Suz12 — | Anti-Nanog
- Anti-Jarid2 Anti-Sox2™
Anti-Jarid2 .
= | al e Anti-Jmjd2b Anti-Myc
— «=|Anti-Jmjd2c/Kdm4c Anti-Gen5
> Anti-Bmit o ek
l— Anti-Jmjd2b/Kdma4b Anti-Jmjd2b/Kdm4b
S [ | Anti-Nanog* E
—_— Anti-Jmjd2a/Kdm4a EAmi-Ezhz

All Peaks.

Fmjd2b_Jmjdzc Common
HaKame3_Only
HaK27ac_Promoter
p300_Promoter

Myc module E2ft
Zix

chyc

L nhlyc
Medi2

Med1

K4

Tofcp2lt

r Jmid2b_unique
HaKame1

P300_Distal
HaKz7ac_Distal

Core module Narog
Sox2

Octa

- Smadt
Stat3

Molecular Cell 53, 32-48, January 9, 2014 ©2014 Elsevier Inc.

-02 0.1 [

38

EAmi-ijdzd/Kdmétd

|:|Anti-3uz12

(legend on next page)



Molecular Cell
Functions of Jmjd2b and Jmjd2c in Mouse ESCs

Jmjd2b/Kdm4b and Nanog Act through an
Interconnected Regulatory Loop

To interrogate potential molecular mechanisms of Jmjd2b
action, we generated ChlIP-seq data sets of Nanog, Oct4, and
cMyc, as well as histone marks H3K4me3, H3K27me3,
H3K36me3, H3K9me3, and H3K27ac from both control (Anti-
GFP) and Jmjd2b-depleted ESCs. We calculated the log, ratio
(M value) of ChlP-seq intensities between the two cell types
using MAnorm, a quantitative comparison algorithm (Shao
et al., 2012). The vast majority of Nanog binding peaks were
reduced >2-fold upon Jmjd2b knockdown (corresponding to
M value < —1) (Figure 4A; Table S7). As Jmjd2b unique targets
predominantly occupy distal regions, we assessed H3K27ac
occupancy at distal regions from control and Jmjd2b depleted
cells. Global occupancy of H3K27ac was unchanged at both
promoter and distal regions upon depletion of Jmjd2b (Fig-
ure 4B). Further analyses showed that global Nanog occupancy
was not dependent on Jmjd2b occupancy (Figure 4C), although
global Nanog occupancy was reduced significantly upon deple-
tion of Jmjd2b, suggesting other mechanisms by which Jmjd2b
regulates Nanog binding.

To investigate how Jmjd2b impinges on the Nanog regulatory
pathway, we examined expression of Nanog upon Jmjd2b
knockdown and observed significant reduction of Nanog, but
not Oct4, expression (Figures 4D and 4E). Subsequently, we
examined binding of Jmjd2b, Jmjd2c, Nanog, Oct4, mediators
(Med1 and Med12), and H3K27ac specifically at the Nanog
locus, and observed loss of Nanog binding selectively at its
enhancer locus upon Jmjd2b knockdown (Figure 4F). Similarly,
reduction or loss of Nanog binding was also found at regulatory
regions of several of its downstream target genes, including both
ESC-specific (KIf4 and Tbx3) and lineage-specific genes (Lefty1
and Otx2) upon knockdown of Jmjd2b (Figure 4G; Figures S4A-
S4C). Next, we determined whether Nanog regulates Jmjd2b
expression; surprisingly, we found that expression of Jmjd2b
was also reduced upon depletion of Nanog (Figure 4H) and
that occupancy of Nanog was reduced at the Jmjd2b locus in
Jmjd2b knockdown cells (Figure 4l), suggesting that Jmjd2b
and Nanog control each other through a regulatory loop. Further-
more, we compared global gene expression changes upon
knockdown of Jmjd2b, Jmjd2c, Oct4, and Nanog. We observed

the highest correlation of global gene expression changes
between Jmjd2b and Nanog knockdown samples (Figure 4J).
Genes differentially expressed upon knockdown of Nanog signif-
icantly overlapped with differentially expressed genes following
Jmjd2b depletion (Figure 4K), indicating that their regulatory
pathways are tightly interconnected. Further analyses revealed
that the combined binding targets of Jmjd2b and Nanog
highly correlated with Jmjd2b-depleted downregulated genes,
whereas Nanog-only binding targets were correlated with
Jmjd2b-depleted upregulated genes (Figure 4L). These findings
are consistent with the prior observation that Nanog acts combi-
natorially in target gene activation but binds alone or with few
other proteins at repressed or nonexpressed targets (Kim
et al., 2008). Taken together, our data argue that Jmjd2b and
Nanog act through highly interconnected regulatory pathways.
To test this further, we performed rescue experiments with full-
length Jmjd2b, the catalytic domain (JmjC) of Jmjd2b (1-333 aa),
a catalytic mutant (HTE>ATA) of Jmjd2b, and full-length Nanog in
Jmjd2b-deficient ESCs (Figures S1F, S4L and S4M). Full-length
Jmjd2b fully rescued Nanog expression, and vice versa, in
Jmjd2b-deficient ESCs, whereas the catalytic domain (JmjC)-
containing Jmjd2b (1-333 aa) and the catalytic mutant
(HTE>ATA) of Jmjd2b only partially rescued Nanog expression
(Figures S4L and S4M), which is correlated with the restored
ESC growth phenotype and SSEA-1 expression (Figure S1F).
Our findings fail to replicate a prior report that Jmjd2c binds at
the Nanog promoter and regulates Nanog expression through
H3K9me3 levels (Loh et al., 2007). We observed Jmjd2b occu-
pancy at the Nanog locus, but did not detect a change in
H3K9me3 at this locus upon depletion of Jmjd2b (Figure S4D).
Moreover, we observed significant reduction of Nanog expres-
sion and occupancy at target genes (Nanog, Kif4, Otx2) upon
depletion of Jmjd2b but not upon depletion of Jmjd2c (Fig-
ure S4E), suggesting Jmjd2b-Nanog interconnected regulation.

Jmjd2c/Kdm4c Assists PRC2 in Repression in mESCs

Jmjd2c associates with the PRC2 complex, and targets of
Jmjd2c in chromatin correlate with the PRC2 regulatory module.
To gain insight into these relationships, we performed ChlP-
seq of Oct4, Nanog, Ezh2, cMyc, H3K4me3, H3K27me3,
H3K36me3, and H3K9me3 in both control (Anti-GFP) and

Figure 3. Genome-wide Mapping of Jmjd2b/Kdm4b and Jmjd2c/Kdm4c in mESCs by ChIP-Seq

(A) Pie charts showing genome-wide peak distribution of Jmjd2b and Jmjd2c.

(B) Venn diagram showing the number of Jmjd2b and Jmjd2c overlapped and unique peaks. Pie charts represent the distribution of Jmjd2b unique, Jmjd2c
unique, and Jmjd2b-Jmjd2c common peaks.

(C and E) Heat maps showing the ChIP intensities of selected histone marks, TFs, and chromatin regulators including components of PRC2 and RNA Pol Il at
the +5 kb regions around the peak summit of Jmjd2b unique, Jmjd2c unique, and Jmjd2b-Jmjd2c common promoter target loci.

(D and G) Venn diagram showing the peak overlaps between Jmjd2b, Jmjd2c, and the other factors Ezh2, Suz12, Nanog, and cMyc.

(F) Heat map showing the ChIP intensities of histone marks, TFs, and chromatin regulators at the +5 kb regions around the peak summit of Jmjd2b unique, Jmjd2c
unique, and Jmjd2b-Jmjd2c common target loci at distal regions.

(H) Correlation map of binding loci showing the degree of co-occupancy between selected histone modifications, TFs, chromatin regulators, and three peak sets
defined by the combination of Jmjd2b and Jmjd2c as described in (B). Here, the color scale represents the Pearson correlation coefficient, and the clustering tree
is derived from hierarchical clustering.

(I) Coimmunoprecipitation using antibodies against Ezh2, Jmjd2c, and IgG. Endogenous Ezh2 and Jmjd2c were immunoprecipitated from nuclear extracts of
mESCs, and their interacting partners were analyzed by western blot using antibodies as shown on the right. Asterisks indicate unspecific interactions.

(J) Jmjd2b antibody was used to immunoprecipitate endogenous Jmjd2b from nuclear extracts of mMESCs, and its interacting partners were analyzed by western
blot using antibodies. The asterisk indicates unspecific interactions.

See also Figure S3.
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Jmjd2c knockdown mESCs. Quantitative comparison indicated
that none of these factors demonstrated a significant global
change of binding intensity (Figure 5A; Table S7), suggesting
that the predominant effect of Jmjd2c depletion is restricted to
a subset of genes.

Genes that displayed increased expression upon Jmjd2c
knockdown were composed principally of developmentally
regulated genes (Figures S2D and S2E). Because this class is
highly enriched in bivalent marks (and the presence of Ezh2) in
ESCs, we compared the binding of Ezh2/H3K27me3 and Jmjd2c
at the promoter region of these genes. We observed highly sig-
nificant co-occupancy of Jmjd2c and Ezh2 at these Jmjd2c-
depleted upregulated genes (Figure 5B). Yet neither Jmjd2c
nor Ezh2 alone significantly occupies these upregulated genes,
suggesting that Jmjd2c and Ezh2 act combinatorially in gene
repression and that Jmjd2c exerts a direct gene regulatory influ-
ence through occupancy of these promoters (Figure 5B). More-
over, Jmjd2c knockdown did not significantly alter occupancy of
Ezh2/H3K27me3 at Jmjd2c-depleted upregulated genes (Fig-
ure 5C; Figure S5A), indicating that Ezh2 alone is insufficient to
repress these upregulated genes and requires Jmjd2c for full
repression. Further study of several developmental genes,
Pitx2, Fgf5, Wnt3, T, and Olig3 that were strongly upregulated
in Jmjd2c knockdown cells, showed that indeed these gene
loci are occupied by both Jmjd2c and Ezh2. However, the bind-
ing of Ezh2 and the presence of H3K27me3 were largely
“invariant” at these loci upon depletion of Jmjd2c (Figures 5D
and 5F; Figures S5B and S5C). Thus, although recruitment of
PRC2/Ezh2 and H3K27me3 deposition are independent of
Jmjd2c, full repression associated with PRC2 at these targets
requires Jmjd2c.

Jmjd2c/Kdm4c and PRC2 Block Transcription at PRC2
Target Genes

Because the H3K27me3 mark is largely unchanged at upregu-
lated genes upon Jmjd2c depletion (Figures 5C-5F; Figure S5A),
we speculated that Jmjd2c might affect other aspects of PRC2-
mediated repression. Recent studies indicate that bivalent
genes bound by PRC2 exhibit RNA Pol Il pausing at proximal

promoters with reduction of productive transcriptional elonga-
tion (Min et al., 2011), thereby providing another mechanism of
repression. Through co-IP, we observed that both Ezh2 and
Jmjd2c interact with pausing factors (NelfA and Spt5), as well
as with components of the core transcription machinery involved
in initiation and elongation, including unphosphorylated RNA Pol
Il (RNAP) (initiation), RNA Pol Il Ser-5p (RNAP-S5p) (initiation),
RNA Pol Il Ser-2p (RNAP-S2p) (elongation), Cdk9 (initiation),
Ctr9 (component of Pafic elongation complex), and cMyc (initi-
ation; involved in pause release) (Peterlin and Price, 2006; Rahl
et al., 2010; Nechaev and Adelman, 2011) (Figure S6A). Further-
more, full-length Jmjd2c, as well as its catalytic domain (1-333
aa), interacted with Ezh2, RNAP, and Cdk9 (Figure S6B).

To gain further insights into the mechanistic role of Jmjd2c and
Ezh2 in RNA Pol Il pausing, we examined three sets of genes
defined by promoter occupancy of Jmjd2b, Jmjd2c, H3K4me3,
and H3K27me3: Jmjd2b-Jmjd2c common active genes
(H3K4me3-only), Jmjd2c unique active genes (H3K4me3-only),
and all H3K27me3 repressed genes (including both bivalent
and H3K27me3-only genes, most of which are PRC2 target
genes and overlap with Jmjd2c target genes) (Figure 6A; Fig-
ure S3D). Jmjd2b-Jmjd2c common active genes showed
strong binding of transcription initiation factors, including
RNAP, RNAP-S5p, NelfA, Spt5, and cMyc at the transcription
start site (TSS), as well as strong occupancy of factors
associated with elongation, including RNAP-S2p, Ctr9, Spt5,
H3K36me3, and H3K79me2 at gene bodies (Figure 6A). Binding
of these transcription initiation and elongation factors at Jmjd2c
unique active genes was reduced compared to Jmjd2b-Jmjd2c
common active genes. In addition, repressed genes bound by
Jmjd2c and PRC2 (H3K27me3) showed dramatic loss of binding
of these factors at the TSS and gene bodies (Figure 6A), indi-
cating that they are indeed poised/repressed in mESCs. Further-
more, comparing the expression levels among these three
sets of genes confirmed that they exhibit significantly different
levels of expression, which are themselves correlated with occu-
pancy of transcription initiation and elongation factors (Fig-
ure 6B). Specifically, we observed that combined PRC2/Jmjd2c
target genes are occupied by RNAP, RNAP-S5p, NelfA, and

Figure 4. Jmjd2b/Kdm4b and Nanog Act through an Interconnected Regulatory Loop

(A) Box plots of the log, fold changes of binding intensities between Anti-GFP (control) and Jmjd2b knockdown (KD) ESCs for Nanog, Oct4, cMyc, H3K27ac,
H3K4me3, H3K27me3, H3K36me3, and H3K9me3. Red crosses correspond to outliers.

(B) Box plot of the log, fold changes of H3K27ac marks at its promoter and distal targets from Anti-GFP (control) and Jmjd2b KD cells.

(C) Box plot of the log, fold changes of Nanog binding intensities with or without Jmjd2b occupancy in Anti-GFP (control) and Jmjd2b KD cells.

(D) mRNA expression levels of Jmjd2b, Nanog, and Oct4 from Anti-GFP (control) and Jmjd2b KD cells. Transcript levels were normalized using Gapdh. Data are
represented as mean + SEM; n = 3; p values were calculated using t test; **p < 0.001, *p < 0.01.

(E) Western blot analyses of Nanog and Oct4 from Jmjd2b (using two individual shRNAs) and Jmjd2c and Anti-GFP (control) depleted cells.

(F and G) Genomic tracks of ChIP intensities of factor and histone mark binding at Nanog and Kif4 loci.

(H) MRNA expression levels of Jmjd2b, Jmjd2c, Oct4, and Nanog from Nanog KD and Anti-GFP KD (control) cells. Transcript levels were normalized using Gapdh.
Data are represented as mean + SEM; n = 3; p values were calculated using t test; **p < 0.001, *p < 0.01.

(I) Genomic tracks of ChlIP intensities of factor and histone mark binding at the Kdm4b/Jmjd2b locus. Jmjd2b shows no enrichment of its binding at its own locus.
(J) Clustering patterns of global gene expression changes by logs ratio in Jmjd2b, Jmjd2c, Nanog, and Oct4 depleted cells relative to their corresponding controls.
Colors and numbers represent the Pearson correlation coefficient.

(K) Venn diagram of overlapped up- or downregulated genes in Jmjd2b and Nanog knockdown cells.

(L) p values represent enrichment of overlap between up- or downregulated genes in Jmjd2b knockdown cells compared to Anti-GFP (control) knockdown cells
and target genes occupied by either Jmjd2b or Nanog or both in mESCs (see Supplemental Experimental Procedures for the definition of Jmjd2b and Nanog ChlIP
target genes). The height of the bars represents a —log10-transformed p value, derived from right-tailed Fisher’s exact test, and the dotted line corresponds to a
p value of 0.01, above which overlap will be considered as significantly enriched.

See also Figure S4.
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Figure 5. Jmjd2c/Kdm4c Assists PRC2 in Repression in mESCs

(A) Box plots of the log, fold change of binding intensities between Anti-GFP (control) and Jmjd2c depleted cells for Nanog, Oct4, Ezh2, cMyc, H3K4me3,
H3K27me3, H3K36me3, and H3K9me3. Red crosses correspond to outliers.

(B) p values represent enrichment of overlap between up- or downregulated genes from Jmjd2c knockdown cells compared to Anti-GFP (control) knockdown
cells and target genes occupied by either Jmjd2c or Ezh2 or both in mESCs at promoters. The height of the bars represents —log10-transformed p value derived
from right-tailed Fisher’s exact test, and the dotted line corresponds to a p value of 0.01.

(legend continued on next page)
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Spt5 at the promoter regions but not with elongation factors
(RNAP-S2p, Ctr9, H3K36me3, and H3K79me?2) at gene bodies,
suggesting that these poised/repressed genes are probably
paused with RNA Pol Il (Figure 6A) (Nechaev and Adelman,
2011). We observed that cMyc occupancy directly correlated
with transcription of two sets of active genes but not with
PRC2 target genes (Figure 6A), consistent with a role for cMyc
in active transcription through RNA Pol Il pause release at
actively transcribed genes in mESCs (Rahl et al., 2010). These
data point to a role for Jmjd2c in transcriptional repression,
most likely through blocking of RNA Pol Il recruitment and/or
pausing of RNA Pol Il at Jmjd2c-occupied PRC2 target genes.

Next, we examined occupancy of selected factors and histone
marks involved in transcription initiation and elongation in
Jmjd2c and control (Anti-GFP) knockdown cells. Global occu-
pancy of these factors and histone marks did not differ signifi-
cantly between these cells (Figure 5A; Figure S6C; Table S7).
We then used a quantitative comparison method to discover fac-
tors whose binding is altered significantly at Jmjd2c-depleted
up- and downregulated genes (see Supplemental Experimental
Procedures for detailed methods). Jmjd2c depleted upregu-
lated genes reveal significantly higher binding of RNAP, RNAP-
S5p, RNAP-S2p, Ctr9, and H3K36me3 mark (a mark associated
with transcription elongation), whereas Jmjd2c-depleted down-
regulated genes showed reduced occupancy of these factors
and histone marks (Figure 6C; Figure S6D). Moreover, we
observed increased and decreased occupancy of transcription
initiation and elongation factors at specific upregulated and
downregulated gene loci, respectively, upon Jmjd2c depletion
(Figures 6D-6l; Figures S6E-S6H), indicating correlation be-
tween occupancy of the transcription machinery and gene
expression. We demonstrate that Jmjd2c and Ezh2 co-occupy
significantly at Jmjd2c-depleted upregulated genes compared
to downregulated genes (Figure 5B) and that these upregulated
genes display increased binding of transcription machinery fac-
tors and histone marks upon depletion of Jmjd2c, suggesting
that Jmjd2c directly regulates these upregulated genes. On the
other hand, no correlation was observed between Jmjd2c occu-
pancy and Jmjd2c-depleted downregulated genes (Figure 5B),
indicative of indirect regulation of these genes through Jmjd2c.
Taken together, these data indicate that Jmjd2c is required in
ESCs for full repression by PRC2 at poised/repressed develop-
mental genes.

DISCUSSION

Jmjd2b/Kdm4b and Jmjd2c/Kdm4c Belong to Distinct
Regulatory Modules in mESCs

Depletion of either Jmjd2b or Jmjd2c leads to ostensibly similar
differentiation phenotypes and comparable overall global gene
expression patterns in ESCs (Figures 1B and 2; Figure S1B).
However, global chromatin occupancy studies of Jmjd2b and

Jmjd2c demonstrate that each occupies numerous unique and
common targets and correlates with functionally distinct regula-
tory modules. Jmjd2b unique, Jmjd2b-dmjd2c common, and
Jmjd2c unique targets partition to the Core, Myc, and PRC reg-
ulatory modules of the overall ESC network, respectively (Fig-
ure 3H). Thus, these closely related HDMs subserve specialized
targets, in part relating to their combinatorial partitioning. Meta-
gene analyses provide further support that occupancy of Jmjd2b
and Jmjd2c unique and common targets is correlated with the
pattern of gene expression in mESCs (Figure S3C). Protein-
protein interaction studies corroborate that Jmjd2b and Jmjd2c
physically interact with distinct regulators, specifically Jmjd2b
with factors of the Core pluripotency network and Jmjd2c with
components of the PRC2 complex (Figures 31 and 3J). Therefore,
we speculate that combinatorial binding patterns of HDMs
across the genome will be critical for understanding regulatory
programs in cell-type-specific transcriptional regulation.

Jmjd2b/Kdm4b, Jmjd2c/Kdm4c, and Histone
Modifications

Combinations of histone modifications play a crucial role in gene
regulation (Zhou et al., 2011). Jmjd2b and Jmjd2c are classified
as H3K9me2/3 and H3K36me2/3 HDMs (Agger et al., 2008;
Cloos et al., 2006). As H3K36me2/me3 and H3K9me2/3 are
indicative of divergent transcriptional outcomes, it is possible
that Jmjd2b and Jmjd2c function differently in a cell-type-
specific and context-dependent manner. A relatively low level
of H3K9me3 correlates with the highly active and open ESC
and iPSC genome (Meshorer and Misteli, 2006; Soufi et al.,
2012). Recent studies also demonstrate that depletion of all
H3K9 demethylases, including Jmjd2b and Jmjd2c, significantly
inhibits reprogramming of pre-iPSCs to iPSCs. Conversely,
depletion of the H3K9 methyltransferase Setdb1 leads to highly
efficient reprogramming, indicating that removal of H3K9me3 is
essential for establishment of the ESC/iPSC state (Chen et al.,
2013). In this study, we did not observe significant changes in
“global” histone levels or occupancy, including H3K9me2/3
and H3K36me2/3 marks, upon depletion of either Jmjd2b or
Jmjd2c (Figures 4A and 5A; Figures S3l and S3J). However, dou-
ble knockdown of Jmjd2b and Jmjd2c led to an increased level
of global H3K9me3 (Figures S3K and S3L), suggesting a redun-
dant function in ESCs. We also monitored the effects of Jmjd2b
and Jmjd2c depletion on histone marks (H3K4me3, H3K27me3,
H3K9me3, and H3K36me3) at several “individual” loci. For
Jmjd2b-Jmjd2c common active genes, we observed reduction
of H3K4me3 and H3K36me3 occupancy at several active gene
loci, such as Kif4, Tbx3, and Esrrb, upon depletion of either
Jmjd2b or Jmjd2c (Figure 7; Figures S4F-S4K and S7A-S7C).
In the context of Jmjd2b-Nanog interconnected regulation, we
did not observe any significant change of H3K9me3 at the Nanog
locus and its downstream target genes upon depletion of
Jmjd2b. However, we observed occupancy changes at several

(C) p values represent enrichment of overlap between up- or downregulated genes from Jmjd2c knockdown cells compared to Anti-GFP (control) knockdown
cells and the promoter target genes of Ezh2 in these two cell types. The p value represents the same as in (B).
(D-F) Genomic tracks of ChlP-seq intensities of Jmjd2c, Ezh2, and histone marks in both Anti-GFP (control) and Jmjd2c KD cells at selected upregulated gene

loci upon Jmjd2c depletion (Pitx2, Fgf5, and Wnt3).
See also Figure S5.
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discrete loci for H3K4me3 (e.g., Nanog, Kif4, Tbx3, and Esrrb
promoters) and H3K36me3 (e.g., Kif4, Tbx3, and Otx2 gene
bodies) (Figure 7; Figures S4F-S4K). Interestingly, we found
that some of the Jmjd2b-Jmjd2c common active genes are the
downstream targets of Nanog, suggesting a fraction of common
targets is regulated through the Jmjd2b-Nanog regulatory loop
(Figures 4G and 7; Figures S4A-S4C and S7A-S7C). On the
other hand, with respect to the role of Jmjd2c in PRC2-mediated
repression, we observed that the upregulated genes upon
Jmjd2c depletion are significantly co-occupied by Jmjd2c and
Ezh2, and that Jmjd2c assists PRC2 in full repression at these
poised/repressed genes (e.g., Fgf5, Pitx2, Pax6) through tran-
scription repression (Figure 5B). Moreover, these upregulated
genes showed significantly increased binding of the transcrip-
tional machinery (RNAP, RNAP-S5p, RNAP-S2p, Ctr9) and his-
tone marks, especially H3K36me3 (an elongation mark), but
not other histone marks upon depletion of Jmjd2c (Figures 6C—
6l and 7; Figures S6D-S6H), indicative of a link between
Jmjd2c-PRC2 and transcription elongation. This supports a pre-
vious observation in which Polycomb-like-PRC2 recognizes
H3K36me3 and silences active chromatin regions for mainte-
nance of ESC pluripotency (Cai et al., 2013).

Our study reveals unexpected outcomes of the histone deme-
thylase function of Jmjd2b and Jmjd2c and its substrate speci-
ficity. However, rescue studies demonstrate that catalytic
activity of Jmjd2b and Jmjd2c is indeed required for self-renewal
of ESCs. Moreover, our findings indicate a complex interplay
between various histone modifications and/or that Jmjd2b and
Jmjd2c may have additional roles beyond histone targets.
Recent studies have indicated that Jmjd2b is an integral part
of the MLL2 complex that deposits the H3K4me3 mark, and
H3K9me3 is a prerequisite of H3K4me3 deposition for ERa-acti-
vated gene transcription (Shi et al., 2011), suggesting crosstalk
between histone modifications.

Jmjd2b/Kdm4b and Jmjd2c/Kdm4c Act through Distinct
and Combinatorial Pathways in mESCs

As a core pluripotency factor, Nanog functions together with
other Core transcription factors (such as Oct4 and Sox2) to posi-
tively regulate their expression through autoregulatory loops, as
well as occupy and activate ESC-specific genes and repress
lineage-specific genes to maintain the ESC state (Young,
2011). We demonstrate that Jmjd2b is involved in the regulation
of Nanog expression and occupancy of its downstream target
genes. Moreover, Nanog regulates Jmjd2b expression that is

important for maintenance of Nanog expression through a feed-
back loop (Figures 4A-4l and 7).

In contrast, Jmjd2c physically interacts with components of the
PRC2 repressive complex, and its targets correlate with the PRC
regulatory module (Figure 3). Furthermore, PRC2 requires Jmjd2c
for full repressive function (Figure 5). Although the molecular de-
tails of PRC2-mediated gene repression remain incomplete, pre-
vious studies implicate several mechanisms in the control of tran-
scriptional output including the recruitment block of RNA Pol Il, as
well as promoter-proximal pausing of RNA Pol Il at PRC2 target
genes (Boyer et al., 2006; Lee et al., 2006; Min et al., 2011). Our
data suggest that Jmjd2c may influence PRC2 activities for both
RNA Pol Il recruitment and pausing at PRC2/Jmjd2c targets (Fig-
ures 6A-6C; Figures S6A-S6D). High co-occupancy of Jmjd2c-
Ezh2 at Jmjd2c-depleted upregulated genes (Figure 5B) and
increased distribution of RNAP, RNAP-S5p, RNAP-S2p, Ctr9,
and H3K36me3 at these Jmjd2c/PRC2-targeted upregulated
genes in Jmjd2c-depleted cells (Figures 6C-6l; Figures S6D-
S6H) argue persuasively for the role of Jmjd2c in transcriptional
repression. Therefore, Jmjd2c is required for the full repressive
function of PRC2 at PRC2/Jmjd2c common target genes in ESCs.

Global Jmjd2b and Jmjd2c targets are differentially distrib-
uted. However, Jmjd2b and Jmjd2c share ~40% common
targets (Figure 3B). These common targets are associated with
active genes and belong to Myc modules (Figure 3). Jmjd2b
and Jmjd2c do not physically interact with each other, but both
Jmjd2b and Jmjd2c can physically interact with cMyc (Figure 3J;
Figure S6A). Nevertheless, occupancy of cMyc is not signifi-
cantly changed globally or locally upon depletion of either
Jmjd2b or Jmjd2c (Figures 4A and 5A; Figure S7). Interestingly,
we found that some of the Jmjd2b-Jmjd2c common active
genes (KIf4, Tbx3, and Esrrb) are downstream targets of Nanog
and its occupancy was reduced at these loci upon depletion of
Jmjd2b, suggesting a fraction of common targets is regulated
through the Jmjd2b-Nanog regulatory loop. We observed reduc-
tion of H3K4me3 and H3K36me3 at these common target genes
upon depletion of either Jmjd2b or Jmjd2c (Figures S4 and S7)
suggesting, indeed, that Jmjd2b and Jmjd2c combinatorially
regulate these active gene loci.

We present a model in Figure 7 that summarizes our findings
regarding how Jmjd2b and Jmjd2c exert both distinct and
combinatorial functions in ESC identity (Figure 7). Our study sug-
gests that exploration of combinatorial roles of HDMs with other
chromatin regulators, transcription factors, and histone marks
will elucidate multilayered regulatory networks in ESC biology.

Figure 6. Jmjd2c/Kdm4c and PRC2 Block Transcription at PRC2 Target Genes

(A) Heat map showing the ChlP-seq densities of selected factors, histone marks, and a different modified form of RNA Pol Il (RNAP, RNAP-S5p, and RNAP-S2p)
at the +5 kb regions around the TSS of promoters of Jmjd2b-Jmjd2c common active genes, Jmjd2c unique active genes, and all H3K27me3 target genes.
(B) Box plot of gene expression values of Jmjd2b-Jmjd2c common active genes, Jmjd2c unique active genes, and all H3K27me3 target genes.

(C) Significance of binding changes of profiled factors at differentially expressed genes in Jmjd2c KD cells relative to Anti-GFP (control) KD cells. p values were
calculated by using Kolmogorov-Smirnov test to compare the global distribution of log, fold changes of ChIP intensities (M values inferred by MAnorm) of each
factor at its peak loci associated with up- or downregulated genes relative to those with nondifferentially expressed genes as control. Significant p values (<0.01)
are marked in red or green; otherwise they are labeled as nonsignificant (NS).

(D, F, and H) Genomic tracks represent ChlP intensities of transcription initiation and elongation factor binding in Jmjd2c KD and Anti-GFP (control) KD cells at
Jmjd2c depleted upregulated (Pitx2, Pax6) and downregulated (K/f4) gene loci.

(E, G, and l) Genomic tracks represent the log, fold change of binding intensities at each peak locus between selected pairs of ChIP-seq data sets shown in (D),
(F), and (H), which is referred by M values derived by the MAnorm model. For further description, please see the figure legends of Figures S6F and S6H.

See also Figure S6.

Molecular Cell 53, 32-48, January 9, 2014 ©2014 Elsevier Inc. 45



Molecular Cell
Functions of Jmjd2b and Jmjd2c in Mouse ESCs

Jmjd2b/Kdm4b unique target genes (Active Genes)

Nanog target genes (KIf4, Esrrb, Tbx3, Jmjd2b
Otx2, Lefty1) Nanog target genes

Jmjd2b
depletion
—

Jmjd2c/Kdm4c unique target genes (Poised/ Repressed Genes)

RNAp
AR o suz12 RNAp
& suzi2 W o Jmijd2c < EED RNAp @ ctro cro
Xfe] i H
&@ —" EED s deiet,lon Qib*‘ EZH2 AnAREER RNAP-S5p (b\@@ RNAP-S2p RNAP-S2p
i i o EZH2 ~ %\n}ﬁo o & &
& -~ &
o Fgf5, Pitx2, Pax6 o€
& &
Jmjd2b/Kdm4b & Jmjd2c/Kdm4c common target genes (Active Genes)
N
+b=‘(\® \(3:\

Jmijd2b &
depletion p@&
Ve
~
Jmjd2c Soxa Ot &
Kif4, Esrrb, Tbx3 depleti RNAp &
epletion E F1‘
ESC state Differentiated state

Figure 7. The Working Model of Jmjd2b/Kdm4b and Jmjd2c/Kdm4c in mESCs

Jmjd2b is generally associated with active genes, whereas Jmjd2c is associated with poised/repressive genes. However, we found that most of the active genes
are occupied by both Jmjd2b and Jmjd2c. We propose a model in which Jmjd2b and Jmjd2c work distinctly and combinatorially. Blue thick and thin lines
correspond to higher and lower levels of transcription, respectively. The black dotted line represents lower binding of Nanog to its target genes upon depletion of
Jmjd2b.

See also Figure S7.

EXPERIMENTAL PROCEDURES Lentiviral Production and RNAi Screen

Individual shRNA constructs were used for lentiviral production. We used five
ESC Lines and Culture different shRNA lentiviral constructs to knock down each of 20 histone deme-
Mouse ESC lines were maintained in ES medium as documented in Supple-  thylases in mESCs. mESCs were seeded in 48-well plates and infected with in-
mental Experimental Procedures. dividual shRNA lentiviruses, and the screen was scored in terms of alterations

46 Molecular Cell 53, 32-48, January 9, 2014 ©2014 Elsevier Inc.



Molecular Cell
Functions of Jmjd2b and Jmjd2c in Mouse ESCs

of ESC colony morphology. A detailed protocol of lentiviral production and
infection of MESCs is available in Supplemental Experimental Procedures.

Gene Expression Analysis
mRNA profiling of knocked down samples was performed using Affymetrix
mouse genome 430 2.0 arrays. See Supplemental Experimental Procedures.

ChiP

Bio-ChIP and native antibody ChIP were performed as described elsewhere
(Kim et al., 2008, 2009). Detailed procedures and lists of antibodies are avail-
able in Supplemental Experimental Procedures.

ChIP Sequencing and Library Generation

Purified ChIP DNA was used to prepare lllumina multiplexed sequencing
libraries. A New England BioLabs Next Generation Sequencing kit was used
to prepare the libraries.

ChIP-Seq Data Analysis

Peaks were called using MACS, a peak-finding algorithm to identify regions of
ChlP-seq enrichment over background (Zhang et al., 2008). Detailed analyses
are available in Supplemental Experimental Procedures.

Coimmunoprecipitation
Nuclear extracts were prepared from J1 mouse ESCs (Kim et al., 2010) and
immunoprecipitated using specific antibodies.

ACCESSION NUMBERS

The cDNA microarray and ChIP-seq data have been deposited in the Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession
number GSE43231.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and seven tables and can be found with this article online at
http://dx.doi.org/10.1016/j.molcel.2013.11.011.
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