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Transcription factors that play key roles in regulating
embryonic stem (ES) cell state have been identified, but
the chromatin regulators that help maintain ES cells are
less well understood. A high-throughput shRNA screen
was used to identify novel chromatin regulators that
influence ES cell state. Loss of histone H3 Lys 9 (H3K9)
methyltransferases, particularly SetDB1, had the most
profound effects on ES cells. Chromatin immunoprecip-
itation (ChIP) coupled with massively parallel DNA se-
quencing (ChIP-Seq) and functional analysis revealed
that SetDB1 and histone H3K9-methylated nucleosomes
occupy and repress genes encoding developmental regu-
lators. These SetDB1-occupied genes are a subset of the
‘‘bivalent’’ genes, which contain nucleosomes with
H3K4me3 (H3K4 trimethylation) and H3K27me3 modi-
fications catalyzed by Trithorax and Polycomb group
proteins, respectively. These genes are subjected to re-
pression by both Polycomb group proteins and SetDB1,
and loss of either regulator can destabilize ES cell state.
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Embryonic stem (ES) cells provide an important model
system to study the control of early development and
hold significant potential for clinical therapies because
of their distinctive capacity to both self-renew and dif-
ferentiate into multiple lineages (Thomson et al. 1998;
Reubinoff et al. 2000; Pera and Trounson 2004; Keller
2005; Hochedlinger and Jaenisch 2006; Yang and Smith
2007). Studies of key ES cell transcription factors—
including Oct4, Sox2, Nanog, Ronin, Tcf3, and others—
have led to models for ES cell transcriptional regula-
tory circuitry that can account for several important
features of the gene expression program of these unique
cells (Boyer et al. 2005; Loh et al. 2006; Chen et al. 2008;

Cole et al. 2008; Dejosez et al. 2008; Jiang et al. 2008; Kim
et al. 2008; Marson et al. 2008; Tam et al. 2008). These
key transcriptional regulators occupy the promoters of
actively transcribed genes encoding transcription factors,
signaling components, and chromatin-modifying en-
zymes that promote ES cell self-renewal. They also oc-
cupy genes encoding a large set of developmental regula-
tors that are silent in ES cells, but whose expression is
associated with lineage commitment and cellular dif-
ferentiation. Polycomb-repressive complexes (PRCs) co-
occupy the genes encoding these developmental regula-
tors to help maintain a silent transcriptional state in ES
cells (Azuara et al. 2006; Boyer et al. 2006; Lee et al. 2006;
Stock et al. 2007; van der Stoop et al. 2008).

The regulation of chromatin structure, which includes
nucleosome remodeling and post-translational modifica-
tion of histone proteins, is necessary for the establish-
ment and maintenance of heritable gene expression
patterns during development (Workman 2006; Dunn and
Kingston 2007; Kouzarides 2007; Surani et al. 2007).
Trithorax group (TrxG) and Polycomb group (PcG) protein
complexes are key regulators of chromatin structure that
are necessary for maintenance of the ES cell gene expres-
sion program and are required for segmental identity in
the developing embryo (for review, see Schuettengruber
et al. 2007). TrxG complexes catalyze histone H3 Lys 4
trimethylation (H3K4me3) in proximity to promoters of
genes that experience transcription initiation by RNA
polymerase II. Since most genes experience some level
of transcription initiation, most promoters are occupied
by nucleosomes with histone H3K4me3 (Guenther
et al. 2007). The PcG protein complex PRC2 catalyzes
H3K27me3, which contributes to repression of genes en-
coding key developmental regulators. Disruption of PcG
function in ES cells leads to derepression of these develop-
mental genes, alteration of the ES cell transcriptional pro-
gram, and a loss of the ES cell state (Boyer et al. 2006; Lee
et al. 2006; Pasini et al. 2007; Stock et al. 2007; Jaenisch
and Young 2008; van der Stoop et al. 2008). In ES cells,
genes encoding lineage-specific developmental regula-
tors contain nucleosomes with both H3K4me3 and
H3K27me3 modifications, and have thus been called
‘‘bivalent’’ (Bernstein et al. 2006). These genes apparently
experience some level of transcription initiation, and
thus TrxG-mediated histone H3K4 methylation, but
are silenced by PcG complexes, which may occur through
repression of transcription elongation (Stock et al. 2007).

Although many chromatin remodeling and modifying
activities have been described, only a few are known
to contribute to the control of ES cell state. We used
a screening approach with a shRNA library to screen
for additional chromatin regulators of ES cell state.
Loss of histone H3K9 methyltransferases as well as
PcG components was found to cause loss of ES cell
state in this screen. Further study of the H3K9 methyl-
transferase SetDB1 revealed that it contributes to re-
pression of a subset of genes encoding developmental
regulators in ES cells. These results indicate that there is
an additional layer of chromatin-mediated repression at
these developmental genes, and that H3K9me3-modified
nucleosomes are not exclusive to constitutive hetero-
chromatin.
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Results and Discussion

In order to identify chromatin regulators that may be
involved in the establishment or maintenance of cell
state, we screened murine ES (mES) cells with a shRNA
library containing four to six hairpins directed against
each of 197 chromatin regulators (Fig. 1A). ES cells were
seeded into 384-well plates, and each well was infected
with an individual lentiviral construct delivering
a shRNA targeting a chromatin regulator. After selecting
for stable integration of the shRNA construct, the cells
were fixed, and the average Oct4 staining intensity of the

cells in each well was measured. Control shRNAs target-
ing Oct4 and Stat3, positive regulators of pluripotency in
mES cells (Nichols et al. 1998; Niwa et al. 1998; Hay et al.
2004), produced cells that lost Oct4 signal, as expected
(Fig. 1B). In contrast, a control shRNA designed against
Tcf3, a negative regulator of Oct4 and Nanog (Pereira
et al. 2006; Cole et al. 2008; Tam et al. 2008), caused an
increase in Oct4 staining. To normalize for plate variabil-
ity, the average Oct4 staining intensity for the cells was
used to calculate a Z-score for each well, taking into
account values for negative control infections on each
plate (see the Supplemental Material). The majority of
the shRNAs targeting chromatin regulators produced
Z-scores that were distributed between those observed
for shRNAs targeting Oct4 and Tcf3, as expected (Fig.
1C; Supplemental Tables S1, S2).

The chromatin regulators whose knockdowns reduced
Oct4 levels nearly as profoundly as knockdown of Oct4
itself were of particular interest because many have been
implicated in gene silencing, and many of these are
associated with histone H3K9 and H3K27 methylation
(Fig. 1C; Supplemental Table S1). The chromatin regula-
tors associated with H3K9 methylation include SetDB1/
ESET, Ube2i/Ubc9, Ehmt1, and Suv39h2. Those associ-
ated with H3K27 methylation include the Polycomb
components Cbx7, Cbx8/Pc3, and Ezh2, and their iden-
tification in this screen is consistent with previous
evidence implicating Polycomb in control of ES cell state
(Schuettengruber et al. 2007). The loss of the histone
deacetylase Hdac3 and the Sin3/HDAC complex compo-
nents Sin3a and Sap18 had similar effects. The loss of
certain chromatin regulators led to increased Oct4 levels,
and these included three members of the SWI/SNF family
(Smarcd1, Arid1a, and Smarcb1) (Fig. 1C). Thus, the re-
sults of this screen implicate multiple chromatin regula-
tors in control of ES cell state.

One of the largest classes of chromatin regulators
identified in the screen was associated with histone
H3K9 methylation. From this class we selected the
SetDB1 H3K9 methyltransferase (Schultz et al. 2002;
Ayyanathan et al. 2003; Wang et al. 2003) for further
detailed study because its loss produced the most pro-
found effects on ES cell state (Fig. 1C; Supplemental Table
S1; Supplemental Fig. S1) and SetDB1-null blastocysts
have deficiencies in the inner cell mass (Dodge et al.
2004). Independent experiments demonstrated that mul-
tiple shRNAs targeting SetDB1 caused a loss in both
SetDB1 and Oct4 expression levels and a loss of normal
ES cell colony morphology (Fig. 1D,E; Supplemental Fig.
S2). SetDB1 knockdown in a second mES cell line also
resulted in a loss of Oct4 expression (Supplemental Fig.
S2). Furthermore, SetDB1 knockdown led to increased
expression of differentiation markers (Fig. 1F). These
results confirm that SetDB1 contributes to the mainte-
nance of ES cell state.

To gain insight into the role of SetDB1 in control of ES
cell state, we used chromatin immunoprecipitation
(ChIP) coupled with massively parallel DNA sequencing
(ChIP-Seq) to identify genes that are occupied by this
regulator. We used an antibody whose specificity was
confirmed by ChIP and Western blot analyses (Supple-
mental Fig. S3). The ChIP-Seq results revealed that
SetDB1 occupies the core promoter regions of 2232 genes
(Supplemental Table S3). Approximately 48% of these
showed evidence of active transcription (occupancy by

Figure 1. Identification of chromatin regulators of ES cell state. (A)
Outline of the screening protocol. mES cells were seeded without
a mouse embryonic fibroblast (MEF) feeder layer into 384-well
plates. The following day, wells were infected with individual
lentiviral shRNAs targeting chromatin regulators. Infections were
done in quadruplicate on separate plates. Five days post-infection,
cells were fixed and stained with Hoechst and for Oct4. Cells were
identified based on the Hoechst staining, and the average Oct4
staining intensity was quantified using Cellomics software. (B)
Representative images from control wells on a 384-well plate.
(OSI) Average Oct4 staining intensity of the cells in the well. (C)
Selected genes whose shRNAs have large effects on Oct4 staining
intensity. Z-scores for Oct4 staining intensity were calculated as
described in the Supplemental Material. (D) Validation with multi-
ple SetDB1 shRNAs. mES cells were infected with the indicated
shRNA, and Oct4 expression level and SetDB1 knockdown effi-
ciency were evaluated by real-time quantitative PCR (qPCR). (E)
SetDB1 knockdown causes reduced Oct4 protein levels and changes
in colony morphology. mES cells were infected with the indicated
shRNA and stained with Hoechst and for Oct4. (F) SetDB1 knock-
down causes up-regulation of differentiation markers. mES cells
were infected with SetDB1 shRNA #1, and the expression level of
the indicated differentiation marker relative to a shRNA GFP
control infection was quantified by real-time qPCR.
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RNA polymerase II and nucleosomes with methylated
H3K79 and H3K36), whereas 52% appeared to be tran-
scriptionally repressed (Fig. 2A). It was striking that the
repressed genes were significantly enriched for regulators
of development (Fig. 2B,D), while active genes were
enriched for gene expression and metabolism (Fig.
2B,C). The association with repressed genes encoding
developmental regulators led us to ask whether these
genes were also occupied by PcG proteins. Indeed,
SetDB1 and PRC subunit Suz12 are frequently colocal-
ized in the ES cell genome; 38% of the repressed genes
occupied by SetDB1 were also occupied by PcG subunit
Suz12 (Fig. 2E,F). These results demonstrate that SetDB1
and PcG co-occupy a common set of repressed genes
involved in developmental regulation, which may ex-
plain why both regulators were identified in the shRNA
screen described above.

SetDB1 has been implicated in transcriptional repres-
sion through H3K9me3 (Schultz et al. 2002; Wang et al.
2003), so we used ChIP-Seq to identify genes occupied by
nucleosomes containing H3K9me3. The specificity of the
antibodies used in this experiment was confirmed by
using competition assays with modified peptides (Sup-
plemental Fig. S4). The results revealed that histone
H3K9me3-modified nucleosomes occupy repetitive DNA

elements located in constitutive heterochromatin, as
described previously (Supplemental Tables S4, S5;
Mikkelsen et al. 2007). The results also revealed that
substantially more euchromatic genes are occupied by
H3K9me3-modified nucleosomes than detected previ-
ously in ES cells (Supplemental Fig. S4; Supplemental
Table S3; Mikkelsen et al. 2007). Essentially all of the
2127 euchromatic genes occupied by H3K9me3 were also
occupied by histone H3K4me3 (Fig. 3A), consistent with
evidence that most genes in ES cells have H3K4me3-
modified nucleosomes (Kim et al. 2005; Guenther et al.
2007). About half of the genes occupied by H3K9me3
were also occupied by histone H3K27me3 (Fig. 3A).
SetDB1 binding was detected at ;22% of the genes
occupied by histone H3K9me3 (Supplemental Fig. S5).
The imperfect overlap between H3K9me3 and SetDB1
occupancy is not surprising because this H3K9 modifi-
cation is catalyzed by other methyltransferases, and de-
methylation may occur at some sites. Approximately
half of SetDB1-bound and H3K9me3-occupied genes
showed a decrease in H3K9me3 following SetDB1 knock-
down, suggesting that SetDB1 is in part responsible for
H3K9me3 at this set of genes (Supplemental Fig. S6).

Many of the 2232 genes bound by SetDB1 showed some
evidence of H3K9me3 occupancy, as seen in the heat map
in Fig 3B, but the highest density of histone H3K9me3
was found in the promoter regions of SetDB1-bound genes
that are co-occupied by both H3K4me3 and H3K27me3,
which frequently encode developmental regulators. Fig-
ure 3, C–F, shows how SetDB1 and histones H3K9me3,
H3K27me3, and H3K4me3 occupy a subset of these
developmental genes. It is evident from these and other
gene tracks (Supplemental Fig. S7) that SetDB1 tends to
occupy promoter regions. The methyltransferase was also
found in regions that lack an annotated start site but have
histone H3K4me3 and thus evidence suggesting tran-
scription initiation (Fig. 3C,D). Histone H3K9me3 was
found predominantly at promoters, but was also observed
at lower levels throughout genes. We conclude that
SetDB1 and histone H3K9me3 occupy a subset of the
key developmental genes previously shown to be re-
pressed by PcG proteins (Supplemental Table S3).

If SetDB1 and histone H3K9me3 contribute to repres-
sion of a set of genes encoding developmental regulators,
loss of SetDB1 should lead to derepression of these genes.
Indeed, knockdown of SetDB1 caused increased expres-
sion of a significant (P < 10�14) fraction of genes occupied
by SetDB1 and enriched for nucleosomes containing
H3K9me3, H3K4me3, and H3K27me3 (Fig. 3G). These
results argue for the presence of an additional layer of
repression mediated by SetDB1 and H3K9me3 at a subset
of developmental regulators previously thought to be
repressed only by PcG proteins (Fig. 4). These results also
suggest that derepression of developmental regulators
following loss of SetDB1 may be responsible, at least in
part, for destabilizing ES cell state. However, it is possible
that a function of SetDB1 at active genes (Fig. 2A; Wang
et al. 2008; Loyola et al. 2009) might also be important for
maintenance of ES cell state.

The stability of cell state relies on the silencing of genes
encoding regulators of other cell states. The ability to
modify cell state holds great promise for regenerative med-
icine and makes it even more critical to understand how
cell state is regulated (Jaenisch and Young 2008; Murry
and Keller 2008). Chromatin regulators such as the

Figure 2. SetDB1 occupies genes encoding developmental regula-
tors in mES cells. (A) Binding density of regions surrounding the
transcriptional start site (65 kb) of 2232 genes bound by SetDB1.
Genes were classified as active if they were enriched for RNA
polymerase II, H3K79me2, and H3K36me3, and repressed if they
lacked such evidence. (B) Gene Ontology (GO) analysis of genes
occupied by SetDB1 that were categorized as active or repressed in
mES cells. (C,D) SetDB1, RNA polymerase II, and histone
H3K79me2, H3K36me3, H3K4me3, and H3K27me3 modification
profiles for an actively transcribed gene (Mycn), an oncogene, and a
repressed gene (Irx3), a homeodomain-containing transcription fac-
tor that is involved in spatially prepatterning the neural system. (E)
Heat map showing colocalization frequency of SetDB1 and PRC
subunit Suz12, together with other key ES cell transcriptional regu-
lators. Colors in the heat map reflect the colocalization frequency of
each pair of regulators (blue means more frequently colocalized).
Regulators were clustered along both axes based on the similarity in
their colocalization with other regulators. (F) Venn diagram repre-
sentation of repressed genes occupied by SetDB1 and Suz12.
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PcG proteins contribute to the maintenance of cell type-
specific gene expression states by establishing a repressed
but poised transcriptional state at genes encoding devel-
opmental regulators (Bernstein et al. 2006; Boyer et al.
2006; Bracken et al. 2006; Lee et al. 2006; Schuettengruber
et al. 2007). Negative control of these developmental reg-
ulators is essential for maintenance of a stable cell state
because expression of transcription factors that produce
cell type-specific gene expression programs can cause cells
to acquire new states. Our results implicate histone H3K9
methyltransferases in maintenance of cell state, and show
that one of these, SetDB1, functions by contributing to
repression of many of the same developmental regulatory
genes that are occupied by PcG proteins.

Materials and methods

A detailed description of all materials and methods can be found

in the Supplemental Material.

Chromatin regulator shRNA screen

High-throughput RNAi screening was performed at the Broad Institute

RNAi Platform (Moffat et al. 2006). mES cells were seeded at a density of

1500 cells per well in 384-well plates; wells were infected with an

individual lentiviral shRNA construct targeting a chromatin regulator,

treated with puromycin to select for stable integration of the shRNA, and

cross-linked with 4% paraformaldehyde 5 d post-infection. Following

staining with Hoechst and for Oct4, wells were imaged with an ArrayScan

HCS Reader (Cellomics). Cells were identified with Cellomics software

based on the Hoechst staining. After identification, the average Oct4 pixel

intensity was quantified, and an average was calculated for all cells

identified in the well.

Antibodies, ChIP, sequencing, and microarray analysis

Antibodies for H3K9me3 (Ab8898 [Abcam]; and Up07-442 [Upstate Bio-

technologies]) and SetDB1 H-300 (sc-66884, Santa Cruz Biotechnologies)

were used. Data for RNA polymerase II, H3K36me3, H3K79me2,

H3K4me3, H3K27me3, nMyc, cMyc, Oct4, Sox2, Nanog, and TCF3 in

Figure 3. Genes encoding developmental regulators are often occu-
pied by SetDB1 and at least three histone modifications. (A) Venn
diagram representation of genes occupied by nucleosomes modified
with histone H3K4me3, H3K27me3, and H3K9me3. Approximately
half of the genes that are occupied by both H3K4me3 and H3K27me3
are also occupied by H3K9me3. (B) Histone modifications in promoter-
proximal regions of 2232 genes bound by SetDB1 surrounding the
transcriptional start site (65 kb). A set of developmental regulator
genes are enriched for SetDB1 binding and nucleosomes containing
H3K9me3, H3K27me3, and H3K4me3. (C–F) SetDB1 and histone
H3K4me3, H3K27me3, and H3K9me3 occupancy profiles for Gata2,
Isl2, Lhx1, and the Hoxd cluster. (G) Expression profiles showing
changes in gene expression in SetDB1 knockdown cells relative to
control shRNA cells. Red and green represent Log2 transformed probe
signal levels. Genes occupied by histone H3K9me3, H3K27me3, and
H3K4me3 are shown as blue lines. Genes up-regulated upon SetDB1
knockdown were 3.6-fold enriched (P < 10�14) for H3K4me3/
H3K27me3/H3K9me3 occupancy (32 out of 164), while down-
regulated genes were not enriched (16 out of 256).

Figure 4. Model for transcriptional regulation by SetDB1. A model
of core ES cell regulatory circuitry is shown with a subset of genes
occupied by the transcription factors and chromatin regulators
depicted in the diagram. The interconnected autoregulatory loop is
shown to the left. Active genes are shown at the top right, and
inactive genes are shown at the bottom right. Transcription factors
are represented by dark-blue circles, and PcG complexes and SetDB1
are indicated by a red circle. Gene promoters are represented by red
rectangles, gene products are indicated by orange circles, and
miRNA promoters are represented by purple hexagons.
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mES cells were described previously (Mikkelsen et al. 2007; Chen et al.

2008; Marson et al. 2008; Seila et al. 2008). Expression analyses were

carried out with Agilent DNA microarrays. ChIP-Seq experiments and

analysis were performed as described previously (Guenther et al. 2008;

Marson et al. 2008) in the Supplemental Material. All microarray

and ChIP-Seq data from this study have been submitted to the GEO

database (GSE18371).
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