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SETDB1, a histone methyltransferase responsible for methylation of histone H3 lysine 9 (H3K9), is involved in maintenance

of embryonic stem (ES) cells and early embryonic development of the mouse. However, how SETDB1 regulates gene expres-

sion during development is largely unknown. Here, we characterized genome-wide SETDB1 binding and H3K9 trimethyla-

tion (H3K9me3) profiles in mouse ES cells and uncovered two distinct classes of SETDB1 binding sites, termed solo and

ensemble peaks. The solo peaks were devoid of H3K9me3 and enriched near developmental regulators while the ensemble

peaks were associated with H3K9me3. A subset of the SETDB1 solo peaks, particularly those near neural development–re-

lated genes, was found to be associated with Polycomb Repressive Complex 2 (PRC2) as well as PRC2-interacting proteins

JARID2 and MTF2. Genetic deletion of Setdb1 reduced EZH2 binding as well as histone 3 lysine 27 (H3K27) trimethylation

level at SETDB1 solo peaks and facilitated neural differentiation. Furthermore, we found that H3K27me3 inhibits SETDB1

methyltransferase activity. The currently identified reciprocal action between SETDB1 and PRC2 reveals a novel mechanism

underlying ES cell pluripotency and differentiation regulation.

[Supplemental material is available for this article.]

The self-renewal and pluripotency of ES cells are regulated by both
genetic and epigenetic mechanisms (Boyer et al. 2005; Surani et al.
2007; Chen and Daley 2008; Chen et al. 2008; Kim et al. 2008).
Epigenetic silencing represses developmental programs, guiding
ES cell differentiation into distinct lineages (Surani et al. 2007;
Hong et al. 2011). SETDB1, also known as ESET or KMT1E, was
identified as a key chromatin modifier required for ES cell mainte-
nance through the suppression of developmental regulators
(Bilodeau et al. 2009). Consistently, we have shown previously
that Setdb1 is essential for embryogenesis (Dodge et al. 2004). In
coordination with POU5F1, SETDB1 suppresses the trophecto-
derm cell lineage (Yuan et al. 2009; Lohmann et al. 2010).
SETDB1 was also shown to be involved in various developmental
processes (Wang et al. 2011;Mysliwiec et al. 2012) as well as silenc-
ing of endogenous retrovirus (Matsui et al. 2010; Karimi et al.
2011).

Although SETDB1 is a major histone methyltransferase
(HMT) responsible for transcription repression mainly via
H3K9me3 (Schultz et al. 2002), deletion of Setdb1 has little or no

effect on global H3K9me3 level in ES cells (Dodge et al. 2004).
Brain-specific deletion of Setdb1 leads to impaired brain develop-
ment accompanying the suppressed expression of neuronal genes
(Tan et al. 2012). Since SETDB1 is a transcription suppressor, it is
unlikely that the suppression of neuronal genes upon Setdb1 dele-
tion is directly resulted from the change of H3K9me3 mediated
by SETDB1. These observations indicated that there may be
H3K9me3 independent roles of SETDB1 in gene expression and
development regulation.

Consistent with the roles of SETDB1 in early development,
searching genome-wide SETDB1 binding sites in mouse ES cells
has indicated that SETDB1 is associated with developmental regu-
lators which are often poised as bivalent genes that are manifested
by the co-occupancy of the repressive H3K27me3 and the active
H3K4me3 methyl marks (Bilodeau et al. 2009; Yuan et al. 2009).
Moreover, SETDB1 bindings are found to overlap with the
Polycombproteins (Bilodeau et al. 2009). There is also evidence in-
dicating that SETDB1 could interact with JARID2, an interacting
protein of the PRC2 complex (Mysliwiec et al. 2012). Since PRC2
is thought to maintain ES cell pluripotency by silencing develop-
mental regulators (Margueron and Reinberg 2011), it is of impor-
tance to determine whether SETDB1 can act in coordination
with the PRC complex to regulate stem cell pluripotency and
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differentiation; and if so, whether such coordination will require
H3K9 trimethylation mediated by SETDB1.

Results

SETDB1 targets demonstrate distinct H3K9 trimethylation status

To better understand how SETDB1 regulates gene expression and
cell differentiation in ES cells, we analyzed global H3K9me3 in in-
ducible Setdb1 knockout (iKO) mouse ES cells using an H3K9me3-
specific antibody (Supplemental Fig. S1). By comparing H3K9me3
ChIP (chromatin immunoprecipitation)-seq (deep sequencing)
signals of four biological replicates from our experiment with
previous SETDB1 ChIP-seq data performed under similar condi-
tions (Yuan et al. 2009), we found, on average, only 4.7% of the
H3K9me3 signal peaks overlapping with SETDB1 binding sites, in-
dicating that a large number of H3K9me3 peaks may be attributed
to other H3K9 HMTs, such as SUV39H1/H2. For each SETDB1
binding site, we calculated the average H3K9me3 signal within
its center 2-kb window. Then we drew the distribution of the
H3K9me3 signals derived from all SETDB1 binding sites, and to
our surprise, we observed a clear bimodal distribution for each
H3K9me3 ChIP-seq biological replicate (Supplemental Fig. S2A–
D), suggesting there are two kinds of SETDB1 peaks with distinct
H3K9me3 enrichment status. We further checked the observation
using previously published H3K9me3 data sets, and three data sets
from two studies (Yuan et al. 2009; Karimi et al. 2011) also dis-
played a clear bimodal distribution (Supplemental Fig. S2E,G,H),
while one data set (Bilodeau et al. 2009) showed a unimodal pat-
tern (Supplemental Fig. S2F).

Next we examined the H3K9me3 signal within 10 kb of the
center of SETDB1 binding sites. Unsurprisingly, a significant por-
tion (2689 out of 5882; 45.7%) of SETDB1 binding sites did not
have nearby H3K9me3 signal peaks in any of four H3K9me3
ChIP-seq replicates, and those peaks were termed SETDB1 solo
peaks. Accordingly, SETDB1 binding sites with nearby H3K9me3
signal peaks in all of four H3K9me3 ChIP-seq replicates were
termed ensemble peaks (1522 out of 5882, 25.9%). Binding pro-
files of representative SETDB1 solo and ensemble peaks are shown
in Figure 1A,B. The average profile of H3K9me3 signal around
SETDB1 solo peaks indeed presented a much lower level than
that around SETDB1 ensemble peaks (Supplemental Fig. S2I–M,
O,P). We further confirmed H3K9me3 signal and SETDB1 binding
at those solo and ensemble loci by ChIP-qPCR analysis (Fig. 1C,D).
Setdb1 deletion diminished SETDB1 binding at those loci, indicat-
ing that the lack of H3K9me3 at the SETDB1 solo peaks is not due
to artifacts of SETDB1 antibody (Supplemental Fig. S3). Further
analysis of H3K9me1 and H3K9me2 status at SETDB1 solo and en-
semble peaks by ChIP-qPCR revealed that SETDB1 ensemble peaks
often had H3K9me1 and H3K9me2 signals all five SETDB1 solo
peaks tested were devoid of H3K9me2 or H3K9me1 (Supplemental
Fig. S4).

SETDB1 solo peak targets enriched for developmental regulators

To investigate the potential functional difference between SETDB1
solo and ensemble peaks, we examined their genomic distribu-
tions. SETDB1 solo peaks were highly enriched in promoter re-
gions (9.6-fold; P-value <1.0 × 10−15, Fisher’s exact test), while
the enrichment for ensemble peaks (3.0-fold; P-value: 6.0 × 10−7,
Fisher’s exact test) in promoter regions was not as strong (Fig.
2A). We further performed Gene Ontology (GO) analysis on all
SETDB1 target genes, defined as genes having transcription start

sites (TSSs) within 5 kb of a SETDB1 binding site. Consistent
with one previous study (Yuan et al. 2009), several GO categories
in neural development–related processes were significantly over-
represented. Next, we divided SETDB1 target genes into solo and
ensemble peak target genes, and we observed that biological pro-
cesses related to neural development were only specifically en-
riched for SETDB1 solo peak target genes (Fig. 2B). Consistently,
among2073 SETDB1 target genes, 150 (7.2%)were neural develop-
ment related, and 126 of themwere SETDB1 solo peak target genes.
Furthermore, among all SETDB1 peak target genes, 12 were key ES
regulators (Nishiyama et al. 2009); 11 of them were SETDB1 solo
peak target genes, suggesting that SETDB1 solo peaks represent
major roles of SETDB1 in ES regulation.

To determine whether SETDB1 regulates neural differentia-
tion inEScells,weconditionallydeletedSetdb1 inadherent cultures
for 3 d before differentiating them into the neuronal lineage using
suspension cultures. Setdb1 deletion efficiency was confirmed by
Western blot analysis (Supplemental Fig. S5). Deletion of Setdb1
by tamoxifen (Tam) dramatically increased neuronal differentia-
tion, as visualized by TUJ1 staining (Fig. 2C). Wild-type mouse
ES cells used as controls did not showany significant effect on neu-
ronal differentiation (Supplemental Fig. S6), suggesting that
enhanced neuronal differentiation observed in Setdb1 iKO cells re-
sults from the loss of Setdb1. As GO categories in neural devel-
opment were specifically enriched for SETDB1 solo peak target
genes, we hypothesized that SETDB1may regulate neural develop-
mental genes throughamechanismother thanH3K9methylation.

A subset of SETDB1 solo peaks overlap with PRC binding sites

To explore the potential regulatory mechanism of SETDB1 in
mouse ES cells, we examined the colocalization between SETDB1
and other transcription factors (TFs). In total, 43 TFs with public
ChIP-seq data sets were used (Supplemental Table S1), including
key stem cell factors (POU5F1, NANOG, SOX2) and histone or
DNAmodifying enzymes (EZH2, SUZ12, TET1). At SETDB1 ensem-
ble peaks and a subset of solo peaks (not associated with neural
development genes), binding levels for the 43 factors were slightly
above or below average (signal ratio = 1.0) (for details, seeMethods;
Supplemental Fig. S7A,B). However, at those solo peaks near genes
related to neural development, two core PRC2 members (EZH2
and SUZ12), one PRC1 core member (RNF2), and two PRC2-inter-
acting factors (JARID2 and MTF2) displayed distinctly high bind-
ing intensity (Fig. 3A), indicating that a fraction of SETDB1 solo
peaks were closely associated with PRC binding. Moreover, k-
means clustering of the five PRC components or interacting factors
showed SETDB1 solo peaks that overlapped with PRC2 (termed as
SETDB1 solo/PRC2 peaks) were accompanied by abundant proxi-
mal H3K27me3 modification (Fig. 3B,C).

SETDB1 target genes are believed to partially overlap with
SUZ12 target genes among development-related genes (Bilodeau
et al. 2009); our data further indicated that the co-occupancy of
SETDB1 and PRC2 in mouse ES cells occurs at loci without detect-
able H3K9me3 signals. To avoid the potential biases from analysis
parameters, different peak calling cutoffs for H3K9me3 (Q-value
0.001, 0.01; P-value 0.001) were applied to validate the rationality.
The looser the cutoff for H3K9me3 peak calling was, the more
stringent the standard for SETDB1 solo peaks would be. SETDB1
solo peaks were divided into three groups based on the peak
calling cutoffs of H3K9me3 data (Supplemental Fig. S8A). GO
analysis demonstrated that neural development–related biologi-
cal processes became gradually enriched in solo peak targets
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when the standard was tightened up (Supplemental Fig. S8B). In
addition, the ChIP-seq signals for H3K27me3 and PRC compo-
nents at SETDB1 solo peaks increased steadily with more stringent
cutoffs (Supplemental Fig. S9). Therefore, the existence of SETDB1
solo peaks related to neural development–related genes and co-oc-
cupied with PRC2 is reliable.

H3K27 methylation inhibits SETDB1-mediated H3K9

trimethylation

Given that a subset of SETDB1 solo peaks are associated with
H3K27me3 while having an undetectable level of H3K9me3 and
that SETDB1 solo and ensemble peaks display distinct H3K9me3

and H3K27me3 patterns (Supplemental Fig. S10), we hypothe-
sized that H3K27 methylation may inhibit SETDB1-mediated
H3K9 trimethylation. To test this, we performed in vitro biochem-
ical assays using recombinant nucleosomes as the substrates. Prior
to the H3K9 methylation by SETDB1, the nucleosomes were first
methylated by a five-member complex consisting of recombinant
EED, SUZ12, RBBP4, AEBP2, and a wild-type or a Y641F mutant
form of EZH2, which is known to facilitate H3K27me2-to-
H3K27me3 conversion (Yap et al. 2011). We found that H3K27
methylation by EZH2 did inhibit SETDB1 activity on H3K9 meth-
ylation (Fig. 4A); the inhibition was particularly apparent on
H3K9me3, but not on H3K9me1 or H3K9me2. Prereacted nucleo-
somes with an HMT activity-dead mutant of EZH2, however,
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Figure 1. Classification of SETDB1 targets to solo and ensemble peaks. (A) Examples for SETDB1 solo (around Atf4 promoter) peaks. (Top) Track is the
ChIP-seq profile of SETDB1 in wild-type mouse ES cells (Yuan et al. 2009). (Bottom) Track is the H3K9me3 ChIP-seq (biological replicate 1) signal in Setdb1
iKO cells (without Tam treatment). (B) Examples for SETDB1 ensemble (around Gm6792 promoter) peaks. (Top) Track is the ChIP-seq profile of SETDB1 in
wild-type mouse ES cells (Yuan et al. 2009). (Bottom) Track is the H3K9me3 ChIP-seq (biological replicate 1) signal in Setdb1 iKO cells (without Tam treat-
ment). (C) ChIP-qPCR of H3K9me3 in selected SETDB1 peak loci. Setdb1 iKO mouse ES cells underwent ChIP with H3K9me3 antibody. Anti-rabbit normal
IgG was used as a negative control. The enrichment level was normalized to input. The selected SETDB1 peak loci were marked by their nearby gene sym-
bols (Atf4, Lhx2, Ascl1 for SETDB1 solo peaks; Fam21, Gm6792, Sfi1 for SETDB1 ensemble peaks). (D) ChIP-qPCR of SETDB1 in selected SETDB1 peak loci.
Setdb1 iKO mouse ES cells underwent ChIP with SETDB1 antibody. Anti-rabbit normal IgG was used as a negative control. The enrichment level was nor-
malized to input. The selected SETDB1 peak loci were marked by their nearby gene symbols (Atf4, Lhx2, Ascl1 for SETDB1 solo peaks; Fam21, Gm6792, Sfi1
for SETDB1 ensemble peaks).
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showed no inhibition on H3K9me3 methylation by SETDB1.
These data indicate that EZH2-mediated H3K27 trimethylation in-
hibits SETDB1 activity, particularly the H3K9me2-to-H3K9me3
conversion.

To rule out the possibility that the observed inhibition of
H3K9 trimethylation was due to the depletion of S-adenosyl me-
thionine (SAM), the methyl donor for HMTs in the reaction, we
used synthetic histone H3 peptides with chemically modified
K27me3 as the substrates in the in vitro methylation assay. We
found that K27 trimethylated peptides had a significantly lower ef-
ficiency for K9 trimethylation by SETDB1 (Fig. 4B). The reduction
of H3K9me3 in the K27 methylated peptide was also confirmed
and quantified by using LC/MS analysis (Fig. 4C).

To extend our in vitro findings to in vivo, we next asked if re-
duced H3K27me3 in mouse ES cells would release suppression of
H3K9me3 at the SETDB1 solo/PRC2 peaks. We thus attenuated
EZH2 expression in the iKOmouse ES cells using an shRNA against
EZH2. The knockdown efficiency was shown in Supplemental
Figure S11. We tested four SETDB1 solo/PRC2 peaks and five
PRC2 peaks without SETDB1 binding as the control. We found
that attenuation of EZH2 reduced H3K27me3 in all of the loci test-
ed. The SETDB1 solo/PRC2 peaks indeed regained H3K9me3, but

not the PRC2 peaks without SETDB1 binding (Fig. 4D). These
data suggest that nearby inhibition of SETDB1-mediated H3K9
methylation by H3K27me3 may also take place in vivo.

SETDB1 complexes with and regulates PRC2 activity at a subset

of SETDB1 solo peaks

Next, we performed coimmunoprecipitation (co-IP) to pull down
either SETDB1 or EZH2/SUZ12 to determine if SETDB1 and PRC2
can coexist in a complex. Indeed, SETDB1 and EZH2/SUZ12 recip-
rocally pulled down one another (Fig. 5A), suggesting that SETDB1
may physically interact with the PRC2 complex at least in mouse
ES cells. As a control, in the Setdb1-deleted ES cells, we did not
detect the cocomplex (data not shown). To rule out the DNA- or
nucleosome-dependent interaction, we further performed DNase
I treatment prior to the co-IP experiment. We found that DNase
treatment did not affect the co-IP efficiency (Fig. 5A). To further
understand the SETDB1 and PRC2 interaction, we generated a
SET domain-deleted SETDB1mutant that lost the HMT enzymatic
activity. We overexpressed this mutant SETDB1 in the iKO mouse
ES cells and performed the co-IP experiments. We found that such
a SETDB1mutantwas still able to pull down the endogenous PRC2

Figure 2. SETDB1 solo and ensemble peaks display distinct biological functions. (A) Genomic distribution of SETDB1 solo and ensemble peaks. We de-
fined regions from 2 kb upstream of the TSS to 2 kb downstream from the TSS as promoters (blue bars), from 2 kb downstream from the TSS to the tran-
scription termination sites (TTS) as gene bodies (red bars), and all other genomic regions as intergenic regions (green bars). (B) GO analysis on all SETDB1
target genes (blue bars), SETDB1 solo target genes (red bars), and SETDB1 ensemble target genes (green bars). Fisher’s exact test and Benjamini correction
were performed. (C) Setdb1was deleted in iKOmouse ES cells by Tam treatment, and ES cells were induced for neural differentiation in suspension cultures
for 8 d. Immunostaining for TUJ1 (red) was used to assess neuronal cell formation. Cultures were costained with Nestin (green) and DAPI (blue). Note that
more neural differentiation, as manifested by TUJ1-positive cells, was seen in Setdb1-deleted iKO cells compared with the DMSO control. (Insets) Small-
magnitude images for a complete view of the embryoid bodies (EBs). Bars, 50 μm. (Insets) Bars, 100 μm.
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complex (Fig. 5B). This observation suggested that the interaction
between SETDB1 and PRC2 does not require the SET domain.
Identification of the protein domain(s) of SETDB1 necessary for
this interaction warrants further investigation.

We next hypothesized that SETDB1 may regulate solo/PRC2
peak targets by modulating PRC2 activity. We first compared ge-
nome-wide H3K27me3 levels upon Setdb1 deletion. We found
that loss of Setdb1 caused a moderate decrease in H3K27me3 level
at SETDB1 solo/PRC2 peaks compared with PRC2 peaks without
SETDB1 binding (P-value: 2.79 × 10−7, two-sample Welch’s t-test)
(Fig. 5C; Supplemental Fig. S12). We next examined four
SETDB1 solo/PRC2 peaks in Setdb1 iKO mouse ES cells using
ChIP-qPCR. Setdb1 deletion resulted in significantly reduced
EZH2 binding at these loci (Fig. 5D), along with significant loss
of H3K27me3 (Fig. 5E). However, in wild-type D3 control mouse
ES cells, the addition of Tam did not reduce EZH2 binding or
H3K7me3 level at these loci (data not shown). To further confirm
that this reduction is specific to the SETDB1 binding,we did in par-
allel similar EZH2 and H3K27me3 ChIP-qPCR analyses on five
randomly selected PRC2 peak loci without SETDB1 binding. We

found that Setdb1 deletion did not reduce the EZH2 binding (Fig.
5F) or H3K27me3 (Fig. 5G) level at those loci. To test if loss of
SETDB1 would reactivate the expression of the SETDB1 solo/
PRC2 genes, we carried out a large-scale RT-qPCR analysis. Out
of 96 neural development–related genes that were SETDB1 solo/
PRC2 peak targets, we randomly selected 49 (51.0%) SETDB1
solo/PRC2 genes and examined their expression upon Tam treat-
ment by RT-qPCR. We found that Setdb1 deletion reactivated the
expression of 44 out of 49 genes. As a control, we did not see con-
sistent changes for randomly selected PRC2 target genes without
SETDB1 binding (Fig. 5H).

To determine if the reduced EZH2 binding and H3K27me3
following Setdb1 deletion did not result fromgeneral protein desta-
bilization caused by Setdb1 depletion, we examined the total EZH2
protein amount upon Setdb1 deletion. We found that Setdb1 dele-
tion did not affect the total EZH2 or SUZ12 protein level
(Supplemental Fig. S13); global H3K27me1, me2, and me3 levels
remained unaffected as well. Together, these data suggest that
SETDB1 regulates a subset of SETDB1 solo/PRC2peaks bymodulat-
ing PRC2 activity.

Figure 3. SETDB1 solo peaks overlap with PRC complex. (A) Relative binding intensity of 43 TFs at all neural development–related SETDB1 solo peak loci.
All 43 TFs have public ChIP-seq data inmouse ES cells (Supplemental Table S1). The value of base pair count/peak length for all neural development–related
solo peaks was further divided by the corresponding average level of all SETDB1 peaks for each TF. These ratios were used to depict the deviation from the
average binding intensity across all SETDB1 peaks, whichwasmarkedwith the horizontal line. (B) In the panel, 2689 SETDB1 solo peak loci were clustered to
two groups by k-means according to binding intensities of SETDB1, H3K9me3 (biological replicate 1), H3K27me3 (biological replicate 1), EZH2, SUZ12,
RNF2, JARID2, and MTF2. In the clustering, each line represents a genomic location around a SETDB1 binding site (±2.5 kb). The color scale indicates nor-
malized ChIP-seq enrichment level from bigWig files generated by MACS2. (C) An example of SETDB1 solo/PRC2 peak locus (around Ascl1 promoter).
SETDB1 (black track) (Yuan et al. 2009), H3K9me3 (blue track; biological replicate 1), H3K27me3 (purple track; biological replicate 1), EZH2 (light green
track) (Peng et al. 2009), and SUZ12 (dark green track) (Peng et al. 2009) ChIP-seq profiles.
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Discussion

In the present study, we found that substantial SETDB1 targets
indeed have very low H3K9me3. To corroborate our findings, we
also reanalyzed the genome-wide distribution of SETDB1 and
H3K9me3 signals in mouse ES cells using data reported in three
previous studies(Bilodeau et al. 2009; Yuan et al. 2009; Karimi
et al. 2011). Data sets from two studies also showed a general bimo-
dal distribution of H3K9me3 signals in all SETDB1 peaks, indicat-
ing there was a subset of SETDB1 peaks with low H3K9me3 signal,
but the concept and mechanism of the SETDB1 solo peaks were
not addressed in those studies (Yuan et al. 2009; Karimi et al.
2011). Another study revealed the coexistence of SETDB1 binding
and H3K9me3 enrichment as an overall pattern (Bilodeau et al.
2009). In that study, most euchromatic genes with H3K9me3 sig-
nal peaks also showed strong H3K4me3 signals (Bilodeau et al.
2009; Lohse et al. 2013). As H3K4me3 and H3K9me3 marks were
considered to be mutually exclusive with each other (Wang et al.

2001), this might imply the possible lack of antibody specificity
in that exceptive data set. It was recently reported that the non-
PRC2 functions of EZH2may play important roles for its oncogen-
ic functions (Xu et al. 2012), suggesting that the disparity between
HMTs and their respective canonical histone methylations may
represent a novel and general epigenetic mechanism.

Based on theH3K9me3profiles generated by ourChIP-seq ex-
periment, we categorized SETDB1 binding sites into ensemble and
solo peaks. The average profile of H3K9me3 signal around SETDB1
solo peaks presented a much lower level than that around SETDB1
ensemble peaks. SETDB1 peak targets are enriched for develop-
ment-related genes (Bilodeau et al. 2009; Yuan et al. 2009). An es-
timated 10% of genes in ES cells are occupied by PRC2, including
many developmental regulators. Consistent with this, we found
that a subset of SETDB1 solo peaks overlap with PRC2 targets
with abundant H3K27me3. That subset of SETDB1 peaks contains
a higher percentage and longer length of CpG islands than other
SETDB1 peaks (data not shown), suggesting more and longer

Figure 4. H3K27 methylation inhibits SETDB1-mediated H3K9 methylation. (A) In vitro methylation assay was performed using recombinant nucleo-
somes. The recombinant nucleosome was first reacted with EZH2 (1:1 mixture of wild-type and the Y641F mutant EZH2 protein together with EED,
RBBP4, AEBP2, and SUZ12) to induce H3K27 methylation. Recombinant human SETDB1 protein was then added to the reaction for 4 h at room temper-
ature. The reaction was measured by Western blot analysis using antibodies against various H3K9 methyl marks, as well as H3K27 methyl marks. SETDB1
Western blot analysis confirmed the equal amount of the SETDB1 protein in the reaction. (B) Chemically modified H3 (1-84aa) peptides were used as the
substrates in the in vitro methylation assay with SETDB1. Peptides with H3K27me3 modification (lane 3) showed reduced H3K9 trimethylation by SETDB1
in vitro compared to H3K27me0 peptides (lane 2). A peptide with K9 mutated to R was used as the control (lane 1). (C) The end products of the peptide-
based, in vitromethylation assaywere quantified by LC/MS analysis. The percentage of the variousmodificationswas shown in the stack bar graphs. The left
and right plots correspond to the product from the peptide substrate with (lane 3 in B) or without H3K27me3 (lane 2 in B) modification, respectively. Note
that the H3K9me3 production is dramatically reduced when the H3K27me3 peptide was used as the substrate. (D) Setdb1 iKO cells were infected with a
lentiviral shRNA against Ezh2 or control scramble shRNA. The chromatin was immunoprecipitatedwith antibodies against H3K27me3 or H3K9me3 histone
marks. The data are normalized to the control shRNA samples. Four representative SETDB1 solo/PRC2 loci were analyzed by qPCR using the immunopre-
cipitated DNA. The selected SETDB1 solo/PRC2 peak loci were marked by their nearby gene symbols (Ascl1, Lhx2, Foxa1, andNr2f1). Five PRC2 peaks with-
out SETDB1 binding were used as the control. The selected PRC2 peak loci without SETDB1 binding were marked by their nearby gene symbols (Faah,
Pou3f1, Tcfap2e, Rnf220, and Foxo6).

Fei et al.

1330 Genome Research
www.genome.org



CpG islandsmay afford a greater opportunity for cobinding of oth-
er TFs.We further showed that SETDB1 complexes with PRC2. Our
data indicate that SETDB1 solo/PRC2 peak targets are themost sig-
nificantly enriched group for neural development genes, which
supports the observation that inactivation of Setdb1 leads to en-
hanced neurogenesis competence in mouse ES cells.

Long noncoding RNAs, active TF binding, and DNA-binding
proteins have been implicated in the poorly understood process of
PRC2 recruitment to specific loci (Plath et al. 2003; Rinn et al.
2007; Mendenhall et al. 2010; Rapicavoli et al. 2011). JARID2, a

substoichiometric subunit of the PRC2 complex that can directly
bind to DNA, is thought to be involved in PRC2 recruitment
(Peng et al. 2009; Herz and Shilatifard 2010). We showed obvious
enrichments of two PRC2 coremembers, EZH2 and SUZ12, as well
as JARID2 and MTF2, at the loci of a fraction of the SETDB1 solo
peaks but not ensemble peaks. Deletion of Setdb1 reduced both
the binding of EZH2 to SETDB1 solo/PRC2 peaks and the presence
of H3K27me3marks at those loci. Therefore, SETDB1mayhelp tar-
get the PRC2 complex to developmental regulators through stoi-
chiometric regulation. However, such speculation needs further

Figure 5. SETDB1 modulates H3K27 methylation and EZH2 binding. (A) Coimmunoprecipitation (co-IP) was performed to validate SETDB1 and PRC2
correlation. Nuclear proteins of SETDB1 iKO-ES cells were extracted for IP with SETDB1, EZH2, and SUZ12 antibodies. IgG was used as a negative control.
Western blot analysis was performed with SETDB1, EZH2, and SUZ12 antibodies. Cell cytoplasmic and nuclear fractions were used as the input controls.
(Left) co-IP results without DNase treatment; (right) those with DNase treatment prior to the IP procedure. (B) 3xFLAG-tagged, full-length wild-type or SET
domain-deleted SETDB1 was transfected into iKOmouse ES cells. Nuclear proteins were extracted for IP using the antibodies for SETDB1 or EZH2. IgG was
used as a negative control. (C ) H3K27me3 level variation at all ±10-kb regions of EZH2 peak loci before and after Setdb1 iKO (biological replicate pair 1).
Only EZH2 peaks with enriched H3K27me3 signal before Tam treatment were included in this analysis. Those EZH2 peaks were divided into two categories
based on the overlap status with SETDB1 binding: with SETDB1 binding (431 peaks) andwithout SETDB1 binding (13,138 peaks). Two-sidedWelch’s t-test
was performed for the change of H3K27me3 between the two groups; (∗∗∗) P < 0.001. Supplemental Figure S12 showed the results using biological rep-
licate pair 2. (D) ChIP-qPCR of EZH2 in selected SETDB1 solo/PRC2 peak loci upon Setdb1 knockout. Chromatin of Setdb1 iKO ES with or without Tam
treatment was treated with anti-EZH2 antibody. The selected SETDB1 solo/PRC2 peak loci were marked by their nearby gene symbols (Ascl1, Lhx2,
Foxa1, and Nr2f1). (E) ChIP-qPCR of H3K27me3 in selected SETDB1 solo/PRC2 peak loci upon Setdb1 knockout. Chromatin of Setdb1 iKO ES with or with-
out Tam treatment was treated with anti-H3K27me3 antibody. (F ) ChIP-qPCR of EZH2 in selected PRC2 peak loci without SETDB1 binding upon Setdb1
knockout. Chromatin of Setdb1 iKO ES with or without Tam treatment was treated with anti-EZH2 antibody. The selected PRC2 peak loci without SETDB1
binding were marked by their nearby gene symbols (Faah, Foxo6, Rnf220, Pou3f1, and Tcfap2e). No reduction of EZH2 binding was observed. (G) ChIP-
qPCR of H3K27me3 in selected PRC2 peak loci without SETDB1 binding upon Setdb1 knockout. Chromatin of Setdb1 iKO ESwith or without Tam treatment
was treated with anti-H3K27me3 antibody. No reduction of H3K27me3 enrichment was observed. (H) Setdb1 iKO ES cells were treated with or without
Tam for 3 d. Setdb1 expression level was detected by qPCR for knockout efficiency confirmation. The expression level of the 49 SETDB1 solo/PRC2 peak
target neural development–related genes was examined by RT-qPCR analysis. Ten PRC2 target genes without SETDB1 binding were used as the negative
control. Please note that while there is significant reactivation of the SETDB1 solo/PRC2 peak target genes related to neural development (P-value <0.05,
paired t-test) as a group, there is no consistent change of the PRC2 target genes without SETDB1 binding.
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experimental validation. The co-occupancy of SETDB1 solo peaks
with JARID2, which modulates H3K9 methylation at the Notch1
(Mysliwiec et al. 2012), and with the PRC2 complex suggests an
important role for JARID2 in coordinating gene silencing by
H3K9 and H3K27methylationmediated by SETDB1 and PRC2, re-
spectively. This mechanism may contribute to the fine-tuning of
gene expression that is critical for ES differentiation.

Histone modifications are often combinatory context depen-
dent; cross-talk between different forms of epigeneticmodulations
adds another layer to the complexity of epigenetic regulation (Lee
et al. 2010). Histone methylation itself may be affected bymethyl-
ation status of nearby residues (Binda et al. 2010; Schmitges et al.
2011; Yuan et al. 2011). Although the general mechanism of
SETDB1 solo peak generation remains elusive, our findings that
H3K27me3 inhibits H3K9 trimethylation by SETDB1 suggest
that, at least, a subset of the SETDB1 solo peaks may result from
nearby inhibition by H3K27me3 at SETDB1 solo/PRC2 loci.
Moreover, there is a general dip of the average H3K27me3 pro-
file at the peak of SETDB1 solo/PRC2 targets (data not shown).
The H3K9me3/H3K27me3 cross-talk of histone methylation
at nearby residues adds to the previously identified antagonism
between H3K4me3 and H3K9me3 (Binda et al. 2010), as well
as H3K27me3 and H3K4me3 (Schmitges et al. 2011) /
H3K36me2/3 (Yuan et al. 2011). Further investigation is needed
to elucidate the origination of the SETDB1 solo peaks without
PRC2 binding, as well as the recruitment mechanism of SETDB1
to the ensemble and solo peaks.

Both SETDB1 and PRC2 are thought to maintain ES cell plu-
ripotency by silencing developmental regulators (Boyer et al.
2006; Lee et al. 2006). ES cells with PRC2 core subunits deleted
can remain undifferentiated, suggesting other factors may act in
coordination with the PRC2 complex to maintain ES cell pluripo-
tency (Pasini et al. 2007; Chamberlain et al. 2008; Margueron
and Reinberg 2011). H3K27me3 was found to be associated with
facultative heterochromatin, which is highly developmentally
regulated, while H3K27me1 is associated with constitutive hetero-
chromatin (Peters et al. 2003). It was recently reported that
SETDB1 could play an important role in establishing and/or main-
taining H3K9me3, H3K27me3, and DNAmethylation at some ret-
rotransposon loci and also function as an essential regulator in
controlling proviral gene expression prior to the onset of de
novo DNA methylation in the prenatal germline (Liu et al.
2014). Our results indicated the existence of PRC2-dependent dep-
osition ofH3K27me3 at SETDB1 solo peak regions, andwepropose
that SETDB1 acts in coordination with PRC2 to suppress develop-
mental regulators, which may also contribute to the transition of
the facultative heterochromatin to the constitutive heterochroma-
tin, a process important for the cells to become terminally differen-
tiated during development. Our current findings may shed light
on a novel mechanism underlying stem cell pluripotency and dif-
ferentiation regulation.

Methods

Cell culture

Conditional Setdb1 ablation mouse embryonic stem cells (iKO ES
cells) were generated as previously described (Lohmann et al.
2010). Both the iKO and the wild-type D3 ES cells (purchased
from ATCC) were cultured feeder-free in 60-mm or 100-mm tissue
culture dishes (Corning) at 37°C with 5% CO2. The culture surface
was precoated with 0.1% (w/v) gelatin (Sigma) in PBS. The ES cell

culture medium consists of Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 15% fetal bovine serum (Invitrogen),
1 mM glutamine, 0.1 mM β-mercaptoethanol, 0.1 mM nonessen-
tial amino acid, 50 U/mL penicillin plus 50 µg/mL streptomycin,
and 1000 units ESGRO (LIF; Millipore). To induce the deletion of
Setdb1, cells were treated with 2.5–5 μM Tam (Sigma), with
DMSO used as the solvent control.

Mouse ES cell–derived neural differentiation

iKO ES cells were pretreated with 2.5 μMTam (Sigma) for 3 d to in-
duce Setdb1 deletion. Pretreated ES cells were trypsinized and dis-
persed into single-cell suspension for embryoid body (EB) culture
in 60- or 100-mm ultralow adhesion dishes (Corning). Cells were
plated at a concentration of 2.5 × 104 cells/mL in mouse ES cells
mediumwithout ESGRO (LIF). For in vitro inducedneural differen-
tiation, EB cultures were switched to neural precursor cell culture
medium (NP medium) on day 3. Serum-free NP medium contains
DMEM/F12 (Invitrogen), N2 (1%) and B27 (2%; Invitrogen), bFGF
(20 ng/mL; Invitrogen), and EGF (20 ng/mL; R&D). After 5 more
days in serum-free culture, differentiated EBs were fixed in 4%
paraformaldehyde for 15 min at room temperature and processed
for immunofluorescence.

Immunofluorescence

Immunofluorescence was performed following standard proce-
dures. Briefly, cells were permeabilized for 10 min in 0.2% Triton
X-100 in PBS after fixation. Then cells were blocked with 2.5%
BSA in PBS for 30min at room temperature and incubatedwith pri-
mary antibody overnight at 4°C. Primary antibodies used in the
studies were NESTIN (1:100; Millipore, no. IHCR1006-6), TUJ1
(1:200; Sigma, no. T2200), and H3K9me3 (1:500; Active Motif,
no. 39161). After washing, cells were incubated with the appropri-
ate secondary antibodies conjugated with Alexa546 (1:1000;
Invitrogen, no. A11035) or Alexa488 (1:1000; Invitrogen, no.
A21202) for 1 h at room temperature. Cell nuclei were labeled by
DAPI staining (0.5 μg/mL; Sigma). Cells were then washed in PBS
and mounted for examination under a fluorescence microscope.

Coimmunoprecipitation

Co-IP experimental procedures were performed following the pro-
tocol of nuclear complex co-IP kit (Active Motif, no. 54001). The
nuclear complex was collected for IP using antibodies against
SETDB1 (Santa Cruz, no. 66884), EZH2 (Cell Signaling, no.
3147), and SUZ12 (Cell Signaling, no. 3737). Post-IP protein G
beads were washed three times with 1× wash buffer, and proteins
were eluted with 2× SDS-loading buffer. Samples were then incu-
bated for 10 min at 99°C before being loaded for SDS-PAGE.

In vitro methylation assay

SAM was purchased from USB. The mononucleosome was pre-
pared essentially according to the protocol described by Luger
et al. (1999). The H3K27 methylated modified nucleosome was
produced according to the protocol described by Simon et al.
(2007). Briefly, histone H2A, H2B, H3, and H4 was expressed,
refolded, and purified, respectively. Core histone was then recon-
stituted and purified to homogeneity by size-exclusion chroma-
tography. The 147-bp wisdom 601 DNA was prepared and
purified by standard protocol. The nucleosome was then reconsti-
tuted and further purified by gel filtration to homogeneity. The
quality of the nucleosomes was assured by LC/MS analysis, as
well as histone methylation assessment using several histone
HMTs on specific histone marks. For the in vitro methylation
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assay, 10 µM SAM and 0.4 µM recombinant nucleosome were first
mixed with 2 µM EZH2 (in a five-member complex containing
EZH2, EED, SUZ12, RBBP4, andAEBP2) in the assay buffer contain-
ing 20mMTris (pH 8), 0.01%Tween-20, 10mMMgCl2, and 1mM
DTT. The reactions were allowed to proceed at room temperature
for 4 h before 0.2 µM SETDB1 was added to the reaction for
H3K9methylation. After 4 more hours of incubation at room tem-
perature, the reactionwas stopped for analysis byWestern blot. For
the peptide-based assay, synthetic peptides (1 µM, Histone H3,
1-84aa) with or without K27 trimethyated chemically were incu-
bated with 2 µM SETDB1 only under the same reaction conditions
as the nucleosome assay. The quality of the peptide with or with-
out chemically modified histone methylation was confirmed by
LC/MS analysis prior to the reaction.

Western blot analysis

Samples were collected directly in 1× NuPAGE LDS sample buffer
with 1× sample reducing buffer (Invitrogen) and denatured for 5
min at 95°C before being centrifuged for 5 min at 13,200 rpm.
Supernatants were electrophoresed on a 4%–12% Tris-HCl gel
and transferred to nitrocellulose membrane (Invitrogen). After
blocking with superblock T20 blocking buffer (Thermo
Scientific), the membrane was incubated with primary antibody
overnight at 4°C and, subsequently, with HRP-conjugated second-
ary antibody (1 h at room temperature). The signalwas detected us-
ing ECL (Pierce). The following primary antibodies were used:
anti-SETDB1 (Santa Cruz, no. 66884; 1:1000), anti-Histone 3
(Cell Signaling, no. 9715; 1:1000), anti-H3K9me3 (Active Motif,
no. 39161; 1:1000), anti-H3K27me2 (Cell Signaling, no. 9728;
1:1000), anti-H3K27me3 (Millipore, 07-449; 1:1000), anti-EZH2
(Cell Signaling, no. 3147; 1:1000), anti-SUZ12 (Cell Signaling, no.
3737;1:1000), andanti-GAPDH(SantaCruz,no.137179; 1:10000).

RNA isolation and real-time RT-PCR

RNA was extracted using RNeasy mini kit (Qiagen). RNA quality
was confirmed by Nanodrop. Real-time RT-PCR analysis was per-
formed on an ABI prism 7900 sequence detection system using
the SYBR green PCRmaster mix (Applied Biosystems). The relative
expression for each genewas normalized againstGapdh. The prim-
er sequences are listed in Supplemental Table S2.

Chromatin immunoprecipitation

Mouse Setdb1 iKO-ES cells were treated with Tam for 3 d. Cells were
then treated with fresh culture medium containing 1% formalde-
hyde for 10 min and washed twice with ice-cold PBS containing
protease inhibitors. Cell pellets were resuspended in SDS lysis buff-
er also containing protease inhibitors (200 µL lysis buffer for every
1 × 106 cells) and incubated on ice for 10 min. Cell lysate was son-
icated (15W for 10 sec, six times) to shear DNA to lengths between
100 and 500 bp. Subsequently, ChIP was performed according to
the ChIP assay kit (Millipore17-295) instructions using antibodies
against SETDB1 (Santa Cruz, no. 66884), EZH2 (Millipore, no. 17-
662), H3K27me3 (Millipore, no. 07-449), and H3K9me3 (Active
Motif, no. 39161). Eluted DNAwas used for PCR, qPCR, or deep se-
quencing. For ChIP-qPCR analysis, the relative binding level of
each gene was normalized against input. Primer sequences are list-
ed in Supplemental Table S2. For ChIP-seq libraries, 10 ng of input
chromatin DNA or ChIP DNA was processed using the ChIP-seq
sample prep kit (Illumina). Gel-purified ChIP-seq library DNA
was further purified by phenol-chloroform extraction and ethanol
precipitation andwas processed for cluster generation, 15-cycle se-
quencing, and sequence analysis using Illumina HiSeq. The sum-

mary of generated ChIP-seq data sets is listed in Supplemental
Table S3.

Bioinformatics analyses

Analysis of ChIP-seq data sets

ChIP-seq reads were aligned to mouse genome (mm9) using
Bowtie (version 0.12.7; parameter -m 1) (Langmead et al. 2009),
and only uniquely mapped reads (or read pairs) were kept. Peak
calling was performed using MACS2, a new version of MACS
(Zhang et al. 2008), with a q-value cutoff of 0.01. If there were
more than one read mapped to the same location in the Bowtie-
generated BAM files, only onewas kept in the peak calling process.
An additional parameter, “broad,” was set for wide peak detection
of histone marks H3K9me3 and H3K27me3. SETDB1 ChIP-seq
data were derived from GEO (GSE17642) (Yuan et al. 2009), and
5882 peakswere detected. A cis-regulatory element annotation sys-
tem (CEAS) was used to get genome-wide peak distribution. The
overlap ratio was defined by BEDTools (Quinlan and Hall 2010),
and two binding sites were considered to overlap when they had
at least 1 bp in common. For each ChIP-seq data set, a bigWig
file was generated by MACS2 (with parameter -B; the values in
the bigWig file were the extended reads pileup at every bp). In
this study, the bigWig file was used to indicate the signals of a giv-
en histone mark (or TF) across the genome.

In this study, four types of metrics were applied for ChIP-seq
data set quality control. First, as both H3K9me3 and H3K27me3
are repressivemarks, their ChIP-seq signals should be anti-correlat-
ed with gene expression level. One public RNA-seq data set in
mouse ES cells (GSM1499144) was used to divide the genes into
three categories based on their FPKM values: low (0–10), moderate
(10–100), and high (>100). For each H3K9me3 or H3K27me3
ChIP-seq biological replicate generated in this study, the average
signal profiles across gene bodies for each gene category were
drawn, as shown in Supplemental Figure S14, A through
H. Second, the distribution of fold enrichment scores for each
ChIP-seq data set was displayed in updated Supplemental Figure
S14, I through J. Third, the library complexity for each ChIP-seq
data set was calculated using the definition in the study by
Landt et al. (2012), and the values were shown in Supplemental
Table S3. Last, the signal correlations between our ChIP-seq data
sets and public H3K9me3 or H3K27me3 ChIP-seq data sets in
mouse ES cells were calculated, as shown in Supplemental Figure
S15.

Measurement of the level of cobinding between SETDB1 and other factors

In total, 43 TFs (Supplemental Table S1) were selected for assaying
their cobinding with SETDB1 loci. For each factor, we defined the
signal ratios at every SETDB1 peak as their total reads counts first
divided by the corresponding lengths of peak region and then by
the average value for all SETDB1 peaks.

H3K27me3 variation for EZH2 before and after Setdb1 iKO

EZH2 peaks (Supplemental Table S1) were also detected byMACS2
with the same parameters mentioned above. Those EZH2 peaks
with enriched H3K27me3 signal before Tam treatment were
then included in this analysis. The resulting peaks were further di-
vided into two categories based on the status of whether SETDB1
overlapped or not. Every single site was extended to 10 kb, and
the ratio of per base sequence coverage for mapped H3K27me3
reads was calculated based on H3K27me3 profiles upon Setdb1
deletion and then plotted against the respective peak groups.
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Two-sided Welch’s t-test was performed for the change of
H3K27me3 between the two groups.

GO enrichment analysis

SETDB1 target genes were defined as genes (RefSeq ID) having TSSs
within 5 kb of a SETDB1 peak. All GO enrichment analyses were
performed by the functional annotation tool from DAVID (http
://david.abcc.ncifcrf.gov/), and all P-values were generated by a
modified Fisher’s exact test and then corrected by Benjamini-
Hochberg correction.

Data access

The ChIP-seq data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE62666.
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