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ABSTRACT

Histone methylation by lysine methyltransferase en-
zymes regulate the expression of genes implicated in
lineage specificity and cellular differentiation. While
it is known that Set7 catalyzes mono-methylation
of histone and non-histone proteins, the functional
importance of this enzyme in stem cell differentia-
tion remains poorly understood. We show Set7 ex-
pression is increased during mouse embryonic stem
cell (mESC) differentiation and is regulated by the
pluripotency factors, Oct4 and Sox2. Transcriptional
network analyses reveal smooth muscle (SM) as-
sociated genes are subject to Set7-mediated reg-
ulation. Furthermore, pharmacological inhibition of
Set7 activity confirms this regulation. We observe
Set7-mediated modification of serum response fac-
tor (SRF) and mono-methylation of histone H4 lysine
4 (H3K4me1) regulate gene expression. We conclude
the broad substrate specificity of Set7 serves to con-
trol key transcriptional networks in embryonic stem
cells.

INTRODUCTION

Together with transcription factors, histone-modifying
complexes supervise the expression of genes that are critical
for cell fate decisions and differentiation (1,2). Intrinsic to
gene regulation are a handful of critical signaling molecules
– Oct4 (octamer-binding transcriptional factor 4), Sox2
(Sry box-containing gene 2) and Nanog regulate the expres-
sion of genes in embryonic stem cells (ESCs) whilst main-

taining pluripotent cell fate (3). The promoters in ESCs are
distinctively modified by tri-methylation of histone H3 ly-
sine 4 (H3K4me3) and histone H3 lysine 27 (H3K27me3)
(4,5) that form bivalent domains critical for developmen-
tal genes (6). During ESC differentiation chromatin is sub-
ject to dynamic histone modification that precisely regulate
gene expression (7). Specific signaling stimuli regulate bi-
valent chromatin domains critical for ESC differentiation.
However, despite these recent advances, the epigenetics field
remains largely uncharted with respect to understanding the
physiological function of histone modifications (8). Uncov-
ering their function in vivo remains challenging and to this
end the extensive mapping of chromatin modifications has
identified critical domains implicated in the regulation of
developmental genes (9).

Many of the mechanistic insights into transcriptional reg-
ulation are derived from studies that have used pathway-
specific readouts to induce different cell fates in cultured
cells and other model systems subject to extracellular stim-
ulation (7,10). Of particular relevance is phenotypic switch-
ing using mESCs have led to important mechanistic in-
sights (11) and fundamental discoveries in cell differenti-
ation (6,12). While lineage specificity is directly under the
control of precise programs of chromatin modification (13),
many of the original insights into transcriptional control
have come from models of smooth muscle cell (SMC) dif-
ferentiation. SMCs do not undergo terminal differentia-
tion and maintain remarkable plasticity that can switch be-
tween phenotypic states in response to extracellular cues
(14). Markers of SMC differentiation include contractile
protein expression of smooth muscle alpha actin (ACTA2),
smoothelin, calponin (CNN1), transgelin (TAGLN) and
smooth muscle myosin heavy chain (MYH11) (15). During
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de-differentiation to the ‘synthetic’ phenotype the expres-
sion of contractile proteins is significantly reduced with re-
entry into the cell-cycle, with SMCs becoming more prolif-
erative with increased protein synthesis and migration ac-
companied with extracellular matrix secretion (16).

Since the original findings that CArG elements and
SRF binding regulate the expression of smooth muscle
(SM) genes, our understanding of phenotypic plasticity
has increased significantly (17–19). SM-associated gene
expression depends on combinatorial interactions of cis-
regulatory elements and trans-regulatory binding factors.
Myocardin (MYOCD) is a co-activator that binds SRF
at CArG sequence elements to promote RNA polymerase
II interaction and regulation of the contractile phenotype
(20). Considered one of the best-characterized mechanisms
of SMC differentiation and plasticity, CArG-SRF depen-
dent transcriptional control serves as a paradigm mech-
anism of gene activation. Indeed, much of what we have
learned about phenotypic switching has come indirectly
from studying transcription factor binding that have de-
fined the opposing actions of MYOCD that promote de-
differentiation by trans binding factors such as KLF4 and
FoxO4 (21,22). Phenotypic switching is primarily attained
at the transcriptional level, typically, SRF binds CArG
elements as a dimer to regulate the expression of genes
implicated in SMC differentiation (23). Interestingly, the
CArG-SRF interaction also participates in the regulation
of skeletal- and cardiac-muscle specific genes (24,25). A bet-
ter understanding of how SRF-CArG dependent transcrip-
tional control is necessary to clarify how this regulatory
complex is coordinated in response to upstream signaling
and the expression of cell-specific SM-associated genes. Of
major interest is context-dependent gene regulation which
are coordinated by chromatin modification and the interac-
tions of DNA bound transcriptional factors that function
together with activators and repressors to control differen-
tiation and phenotypic switching.

SMCs derived from mouse embryoid bodies display epi-
genetic changes that serve to alter chromatin structure, not
surprisingly, when assayed for transcriptional competence,
the local chromatin structure is more open at CArG-box se-
quences (26). Moreover, the characteristic binding of SRF
together with histone H3K4 dimethylation (H3K4me2) and
H3K9 acetylation (H3K9ac) enrichment are not observed
in non-SMCs. These results highlight a potential molecu-
lar basis for cell type-specific and promoter-specific patterns
of gene regulation (13). Phenotypic switching is defined by
a series of histone modifications that serve as a paradig-
matic model of SRF binding to the CArG box (27). The
de-differentiated phenotype is distinguished by compacted
CArG box chromatin that signal HDAC interaction and
the loss of SRF which is responsible for the suppression of
MYOCD transcription. This fine balance in transcriptional
control shifts to a more open chromatin structure associ-
ated with permissive histone modifications; namely, SRF
interaction and p300 binding that promotes differentiation.
Furthermore, the effectiveness of specific signaling cues can
tightly control SMC gene expression which has been shown
to rely on the capacity of transcriptional activators such as
PDGF-BB stimulation or vascular injury to regulate gene
expression (22,28). Once again, the common principle here

is context-specific and signaling-dependent transcriptional
control.

While the regulatory mechanisms implicated in cell plas-
ticity involve the coordinated actions of specific histone
tail modifications, the precise role of histone modifying
enzymes remains largely uncharted. A major gap in our
knowledge of ESC differentiation relates to mechanisms
of epigenetic control. Clearly, the identification of the en-
zymes that confer specific histone determinants that signal
the events that promote permissive and more open chro-
matin structures are essential to dissect the role of epi-
genetic signaling as a cause or consequence of ESC dif-
ferentiation. Furthermore, while the mechanisms that reg-
ulate SMC-specific transcription involve ubiquitous tran-
scription factors such as p300 and SRF, the functional im-
portance of histone methyltransferase enzymes during ESC
differentiation remain unclear. Recent experimental studies
have shown Set7-mediated mono-methylation of Sox2 sup-
presses transcriptional activity and induces degradation of
this pluripotency factor in mouse ESCs (29). The functional
importance of this repressive epigenetic mark is the control
of Sox2 stability and represents a regulatory switch that de-
termines ESC fate. Yet an important unanswered question
remains, does Set7 regulate the expression of genes by his-
tone or non-histone protein modification upon ESC differ-
entiation?

In this article, we characterize the role of the Set7 methyl-
transferase using Stem cell antigen-1 (Sca1+) cells as a
model of differentiation. We observe elevated Set7 expres-
sion and the regulation of SM-associated genes upon Sca1+
cell differentiation. We show the pluripotent transcrip-
tion factors, Sox2 and Oct4 regulate Set7 expression dur-
ing mESC differentiation. Transcriptional network analy-
sis shows the expression of genes associated with differen-
tiation are broadly regulated. More specifically, we define
the expression of SM-associated genes are significantly re-
duced in Set7 deficient cells. SM-associated gene regulation
is coordinated by the actions of the Set7 enzyme modify-
ing H3K4me1 as well as interactions with the SRF protein.
Furthermore, pharmacological inhibition of Set7 methyl-
transferase activity reduces the expression of SM-associated
genes that closely corresponds with gene expression pat-
terns derived from Set7 deficient cells. The experimental re-
sults indicate that Set7 is required for the regulation of SM-
associated gene expression. Our studies provide a frame-
work to understand stem cell commitment by the Set7 en-
zyme during ESC differentiation.

MATERIALS AND METHODS

The expanded Methods section is available in the Online
Data Supplement.

Cell culture

Mouse Embryonic Stem cells (mESCs; a gift from Dr
Mark Denham, University of Melbourne) were maintained
in stem cell medium containing Dulbecco’s modified Ea-
gles medium (DMEM) supplemented with ES qualified
fetal bovine serum (FBS), knockout serum replacement
(KSR), non-essential amino acids (NEAA), antibiotics
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(penicillin/streptomycin), �-mercaptoethanol (Gibco) and
103units/ml LIF (ESGRO, Millipore). Mouse smooth mus-
cle cells (mSMCs) isolated from aortas were cultured in
DMEM/ Nutrient Mixture F-12 (DMEM/F12) supple-
mented with FBS, NEAA and antibiotics. 293FT cells (In-
vitrogen) were cultured in DMEM supplemented with FBS,
L-glutamine and antibiotics. All cells were maintained at
37◦C with 5% CO2 incubator. (R)-PFI-2 (a kind gift by Dr
P. J. Brown, University of Toronto, Canada) was used for
inhibition of Set7 methyltransferase activity. Cell differenti-
ation and transfection experiments are described in the On-
line Data Supplement.

RNA analysis

RNA isolation and gene expression analyses were per-
formed according to protocols previously described (30–
32).

Protein analysis

Protein extraction, immunoprecipitation, immunoblotting
and methyltransferase activity assay analysis were per-
formed according to protocols previously described (31,32).

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed according to protocols pre-
viously described (31,33). In brief, cells were cross-linked
with 1% formaldehyde for 10 min and then quenched
with 0.125M glycine for 10 min. Cell pellets were resus-
pended in SDS Lysis buffer (1% SDS, 10 mM EDTA,
50 mM Tris-HCl, pH 8.0 and proteinase inhibitor cock-
tail) and sonicated for 30 min at 30 s intervals us-
ing a Bioruptor (Diagenode). A total of 4 �g of pre-
cleared chromatin with Dynabeads protein A (Invitrogen)
was immunoprecipitated using anti-OCT4, anti-H3K4me1,
anti-H3K4me3 (Abcam), anti-H3K4me2, anti-H3K27me3,
anti-H3K9/K14ac, anti-H4ac, anti-CTCF, anti-rabbit IgG
(Millipore), anti-SOX2, anti-STAT3 (Cell Signaling Tech-
nology) or anti-SRF (Santa Cruz) antibodies. Quantifi-
cation of the immunoprecipitated DNA was performed
by qPCR and data are calculated as relative to the IgG-
negative control and represented as enrichment of im-
munoprecipitated DNA samples corrected against the input
DNA.

Statistical analysis

Statistical analyses was performed using GraphPad Prism
6.0 (San Diego, CA, USA). Statistical significance was eval-
uated by Student’s t-test. A P-value less than 0.05 were con-
sidered significant. Error bars on all figures are represented
as a standard error of the mean (SEM).

RESULTS

Set7 activation in Sca1+ cell differentiation from mESCs

Mouse embryonic stem cells (mESCs) were differentiated
in culture by removal of leukemia inhibitory factor (LIF).
Stem cell antigen-1 positive (Sca1+) progenitor cells were

isolated by cell sorting (34) (Figure 1A). We observed dis-
tinct morphological changes to mESCs with reduced al-
kaline phosphatase (ALP) staining consistent with Sca1+
cell differentiation (Figure 1B). The expression of pluripo-
tency genes OCT4, SOX2 and NANOG were reduced and
the expression of SM-associated genes increased in differ-
entiated Sca1+ cells (Supplementary Figure S1 and Figure
1C). Gene expression changes in mESC and Sca1+ cells
were determined by RNA-Sequencing (RNA-Seq). We ob-
served 1307 up-regulated and 997 down-regulated genes
upon Sca1+ cell differentiation (Figure 1D). Gene set en-
richment analysis (GSEA) showed increased expression of
genes related to extracellular matrix organization and mus-
cle contraction (Supplementary Figure S2). We also ob-
served activation of SM-associated genes upon Sca1+ cell
differentiation (Figure 1E). Consistent with the observed
changes in gene expression, immunoblotting experiments
confirm increased expression of SMA, TAGLN and CNN1
proteins (Figure 1C). These results suggest that Sca1+ cells
are committed toward the SM lineage. Because histone
modifying enzymes play a critical role in lineage differen-
tiation we examined their expression. Set7 was upregulated
upon Sca1+ cell differentiation (Figure 1F). Consistent with
RNA-Seq analysis, the expression of Set7 mRNA and pro-
tein were also elevated (Figure 1G and H). The expression
of HDAC7, which is a marker of SMC differentiation (35),
was also increased in Sca1+ cells.

Oct4 and Sox2 regulate Set7 expression in stem cells

LIF signaling maintains mESC pluripotency. The removal
of LIF from the media pushes mESC differentiation for-
ward and reduces ALP positive cells (Supplementary Fig-
ure S3A). Reduced Oct4 and Sox2 gene expression was in-
versely correlated with Set7 gene expression (Supplemen-
tary Figure S3B). Conversely, Sca1+ cells stimulated by LIF
for 4 days increased expression of Oct4, Sox2, Nanog and
Stat3 and suppressed Set7 expression (Supplementary Fig-
ure S3C). We observed no significant change in Set7 expres-
sion by LIF stimulation in SMCs (Supplementary Figure
S3C). Based on these results, we postulate Set7 expression is
subject to regulation by Oct4, Sox2 and Nanog upon mESC
differentiation.

Next, we analyzed transcription factor binding sites
(TFBS) in the Set7 promoter using the JASPAR CORE
database (http.//jaspar.genereg.net). We identified three
putative binding sites in the Set7 promoter located at R1 for
CTCF (−11 to −132), R2 for OCT4/SOX2 (−149 to −303)
and R3 for STAT3 (−277 to −381) (Figure 2A). These sites
are highly conserved with 95% homology between mouse
and human sequences (Supplementary Figure S4). A con-
trol region R4 (−880 to −1018) was also assessed that does
not contain these binding sites.

To identify important regulatory regions, we cloned the
Set7 promoter (1.3 kb upstream from the transcriptional
start site) into the luciferase vector and created the deletion
derivatives by site-directed mutagenesis (Figure 2B, left).
These vectors were transfected into mESCs and assayed for
transcription by assessing luciferase activity. We identified
the 80-bp region with the OCT4/SOX2 binding site at R2 is
an essential element for Set7 expression (Figure 2B, right).



Nucleic Acids Research, 2016, Vol. 44, No. 19 9209

Figure 1. Set7 is up-regulated during Sca1+ cell differentiation. (A) Schematic representation of the experimental procedure for Sca1+ cell differentiation.
Mouse ESCs were cultured without LIF on gelatin-coated dishes for 4 days. Sca1+ cells were isolated by magnetic activated cell sorting (MACS) using anti-
Sca1 immunomagnetic beads, followed by incubation with growth medium for 7 days. (B) Morphological changes of mESC differentiation to Sca1+ cells.
Upper panel indicates the representative phase contrast images of mESC and Sca1+ cells. Loss of alkaline phosphatase (ALP) staining was observed during
differentiation (Bottom panel). Original magnification, 40X. (C) Protein expression profiles derived from mESC and Sca1+ cells. Immunoblot analysis of
cell lysates prepared from mESC and Sca1+ cells was performed using antibodies specific to OCT4, SOX2, NANOG, STAT3, SMA, Transgelin (TAGLN),
Calponin (CNN1) and MYH11. GAPDH was used for protein loading control. The results shown represent three independent experiments. (D) Genome-
wide expression analysis for mESC differentiation to Sca1+ cells. RNA-Sequencing (RNA-Seq) was performed from mESC and Sca1+ cells. MA plots
show the Log2 fold change (LogFC) and Log2 counts per million (LogCPM) derived from mESCs and Sca1+ cells. Significant changes in expression (up-
and down-regulated genes with a P-value < 0.05) are highlighted in red. (E) Gene set enrichment analysis (GSEA) of Sca1+ cell differentiation based on
tissue type (smooth muscle, adipose, heart, muscle, brain, kidney, liver, blastocyte and bone marrow). A positive Enrichment Score (ES) indicates gene sets
up-regulated in Sca1+ cells. # FDR q-value = 0.01. (F) RNA-Seq identifies differentially expressed genes in mESC and Sca1+ cells that are implicated in
histone tail modification. Signal shown represents the LogFC of normalized read counts of genes in Sca1+ cells. (G) Increased Set7 and Hdac7 expression in
Sca1+ cells. mRNA levels of the histone methyltransferase (Set7), demethylase (Lsd1, Kdm5b) and deacetylase (Hdac7) were assessed by quantitative RT-
PCR (qRT-PCR) using Gapdh as the internal control. Gene expression was normalized against mESCs. (H) Protein expression of histone modifiers during
Sca1+ cell differentiation. Immunoblot analysis of cell lysates prepared from mESC and Sca1+ cells was performed using antibodies specific to SET7,
KDM5B, LSD1, HDAC7 and PRMT5 (left panel). GAPDH was used as a loading control. The results shown are a representative of three independent
experiments. Quantification of SET7 and HDAC7 protein levels in mESC and Sca1+ cells (right panel). Protein blotting signals were quantified by an
infrared imaging system. Data are presented as a ratio SET7 and HDAC7 relative to GAPDH signal. Error bars represent the standard error of the mean
of at least three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 2. Pluripotent factors Oct4 and Sox2 regulate Set7 expression in mESCs. (A) Schematic illustration of the Set7 proximal promoter region. Mouse
Set7 gene is located on chromosome 3qC. Putative binding sites of three transcription factors; CTCF (R1 at −11 to −132 bp), OCT4/SOX2 (R2 at −149
to −303 bp), STAT3 (R3 at −277 to −381 bp) and negative control region (R4 at −880 to −1018 bp) are located upstream of the transcriptional start site
(TSS) of the Set7 (Setd7) gene. (B) Identification of the Oct4 and Sox2 binding element necessary for Set7 transcription in mESCs. The reporter constructs
(left panel) were generated and transfected into mESCs. Luciferase activity was measured using the FLUOstar Omega (BMG Labtech). Data are expressed
as the relative response ratio (RRR%) that quantifies the ratio of the Luciferase firefly luminescence/Renilla luminescence of the experimental reporter
activity relative to the control reporter activity. (C) Deletion of the Oct4/Sox2 binding site activates Set7 transcription. Reporter constructs (1.3, 1.0, 0.7
and 0.3) were deleted for the Oct4/Sox2 binding sites and transfected into mESCs. Luciferase activity was normalized against cells transfected with the
reporter constructs with wild-type (WT) Set7 promoter. (D) Reduced binding of OCT4 and SOX2 on the Set7 gene promoter following LIF removal.
Soluble chromatin was isolated from mESCs stimulated with (black) or without LIF (white) for 4 days, and immunopurified with antibodies that recognize
CTCF, OCT4, SOX2, STAT3, H3K4me3 and H3K27me3. qPCR was performed to assay quantitative binding relative to the IgG-negative control. The
level of enrichment is shown as the percentage of corrected input. (E) Knockdown of OCT4 reactivates Set7 expression. mESCs were transfected with
siRNA targeted to the Oct4 transcript. Immunoblot analysis was performed using anti-OCT4, SOX2, SET7 and GAPDH antibodies (left panel). mRNA
levels of Set7, Oct4, Sox2 and Nanog genes were quantified by qRT-PCR using Gapdh as the internal control (right panel). Gene expression was normalized
against cells transfected with non-target control (NTC). (F) Overexpression of OCT4 and SOX2 down-regulates Set7 gene expression. Sca1+ cells were
transfected with HA-tagged OCT4 (HA-OCT4) and SOX2 (HA-SOX2) constructs followed by protein and RNA isolation after 48 h. Immunoblot analysis
was performed using anti-HA, OCT4, SOX2, SET7 and GAPDH antibodies (left panel). Set7 gene expression was assessed by qRT-PCR using Gapdh as
the internal control (right panel). Gene expression was normalized against the vector control. Error bars represent the standard error of the mean from
three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Furthermore, we showed that deletion of the OCT4/SOX2
binding site increased luciferase activity in mESCs (Figure
2C). These results imply that Set7 expression is subject to
regulation by promoter elements that recognize the pluripo-
tent factors Oct4 and Sox2 during mESC differentiation.

Because specific deletion mutants regulate Set7 tran-
scription we assessed binding of STAT3, OCT4, SOX2
and CTCF at R1, R2, R3 and R4 sites by chromatin im-
munoprecipitation (ChIP) assays. Soluble chromatin de-
rived from mESCs show reduced OCT4 and SOX2 bind-
ing at the R2 site of the Set7 promoter following LIF re-
moval (Figure 2D). No significant changes were observed
for STAT3 and CTCF binding (R1 for CTCF and R3 for
STAT3). Interestingly, R2 and R3 are enriched with both
H3K4me3 and H3K27me3, which are though to partici-
pate in forming a bivalent chromatin domain (6). We ob-
served increased H3K4me3 and reduced H3K27me3 at the
Set7 promoter following LIF removal (Figure 2D). Hav-
ing shown OCT4 and SOX2 bind the Set7 proximal pro-
moter, we investigated functional activity in mESCs using
Oct4 siRNA, because Oct4 and Sox2 cooperatively interact
to regulate gene expression (36). We confirm Set7 activa-
tion is associated with suppressed Sox2 and Nanog expres-
sion in Oct4KD (knockdown) cells (Figure 2E). Next, we
used transient over expression experiments in Sca1+ cells to
determine whether OCT4 and SOX2 suppresses Set7 gene
expression. While the expression of Nanog and Rex1 genes
were increased (data not shown), transient overexpression
of OCT4 and SOX2 reduced Set7 expression in Sca1+ cells
(Figure 2F). Taken together, the results of these experiments
using loss or gain of function cell models suggest Set7 ex-
pression is subject to regulation by OCT4 and SOX2.

Set7 dependent transcriptional regulation in a model of
mESC differentiation

Because precisely regulated patterns of transcription un-
derlie cell differentiation, we investigated the functional
role of Set7 using lentivirus-mediated shRNA knockdown
(31) (Set7KD, Supplementary Figure S5A). We selected
the most effective shRNA target for Set7 protein knock-
down from five shRNA constructs (Supplementary Fig-
ure S6). RNA-Seq identified 1507 down-regulated and 619
up-regulated genes subject to regulation by Set7 (Figure
3A). We compiled a list of genes implicated in differen-
tiation by profiling transcripts derived from mESC and
Sca1+ cells. The expression of differentiation-associated
genes in Sca1+ cells was reduced by almost half (49.5%)
when compared to Set7KD cells (Figure 3A). GSEA identi-
fied differentiation-associated genes were broadly regulated
in Set7 deficient cells (Figure 3B). More specifically, the ex-
pression of SM-associated genes was significantly down-
regulated in Set7KD cells (Supplementary Figure S5B). We
also observe a subset of canonical SM-associated genes sup-
pressed in Set7KD cells (Figure 3C). Consistent with RNA-
Seq data we confirm reduced expression of Acta2, Cnn1 and
Tagln in Set7KD cells by qRT-PCR (Figure 3D and Sup-
plementary Figure S5C and S5D). Conversely, Set7 over-
expression in Sca1+ cells increased SM-associated gene and
protein expression (Figure 3E and Supplementary Figure
S5E). While previous reports have shown that PDGF stim-

ulation induces SMC differentiation (34,35) we found no
association with the activation of SM-associated genes in
Set7KD Sca1+ cells (Figure 3D). Finally, we show a direct
role for Set7 using shRNA in regulating the expression of
SM-associated genes in mouse aortic SMCs (Supplemen-
tary Figure S7).

SM-associated genes are subject to Set7-mediated methyl-
transferase activity

Serum response factor (SRF) regulates smooth muscle gene
expression by interacting with myocardin at the conserved
CArG (CC(A/T)6GG) binding motif (19,26). We assessed
known CArG elements involved with SMC differentiation
in Set7KD cells using GSEA (37). We found a strong as-
sociation for CArG-containing SRF binding sites (FDR q-
value = 0.01) (Figure 4A).

Studies show di-methylation of H3K4 (H3K4me2) at
CArG-containing promoters of SM-associated genes reg-
ulate SRF complexes during development (13,26). Fur-
thermore, SRF binding at CArG sites is mediated by the
MADS box-domain that contains the target amino acid
motif (GRHKPST) (K > R) (S > KYARTPN) K (lysine
for methylation is underlined) as a putative target for Set7
enzyme (30,38). We hypothesized the regulation of SM-
associated genes was subject to Set7-mediated modification
of histone and non-histone proteins, specifically, H3K4 and
SRF.

ChIP assays were performed for SRF, H3K4me1,
H3K4me2, H3K9/14ac and H4ac (pan-acetylation) at the
CArG-containing sites of the Cnn1, Tagln, Acta2 and
Myh11 genes. Chromatin derived from Set7KD Sca1+
cells was significantly reduced for SRF binding at CArG-
containing sites (Figure 4B). We also observed reduced
H3K4me1 at CArG-containing sites for the Tagln and
Acta2 genes in Set7KD cells (Figure 4B). While H3K4me2
is as an epigenetic mark found on the promoters of SM-
associated genes (26), we observe no significant change at
CArG-containing sites. This is also the case for H3K9/14ac
and H4ac in Set7KD cells. Taken together, these results sug-
gest Set7 may regulate H3K4me1 and SRF cooperatively on
the Tagln and Acta2 genes. Whereas, Set7-mediated SRF
binding on the Cnn1 and Myh11 genes is independent of
H3K4me1 modification.

Having demonstrated recruitment of SRF at CArG-
containing elements is subject to Set7 mediated regula-
tion, we investigated direct protein-interaction by immuno-
precipitation using Flag-tagged Set7 (Flag-Set7) and HA-
tagged SRF (HA-SRF). Reciprocal immunoprecipitation
(Re-IP) experiments demonstrated Set7 interacts with SRF
(Figure 4C). We show the specificity of our optimized Re-
IP assays for the epitopes using IgG controls. We also in-
vestigated whether SRF protein was subject to the methyl-
writing ability of the Set7 enzyme using specific methyl-
transferase activity assay (31). Consistent with the mech-
anism of SRF recruitment at SM-associated genes (Figure
4B), we confirm the methyltransferase activity derived from
immunopurified Set7 can methylate SRF substrate protein
(Figure 4D). Taken together, our data indicate Set7 regu-
lates histone and non-histone proteins implicated in the reg-
ulation of SM-associated gene expression.
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Figure 3. Genome-wide expression analysis shows Set7 as a positive regulator for smooth muscle associated genes. (A) Table summarising the expression of
differential mRNA transcripts derived from mESC and Sca1+ cells in response to differentiation (adjusted P-value < 0.01) versus mRNA transcripts that
were differentially expressed in Set7KD Sca1+ cells (adjusted P-value < 0.01). The percentages shown are genes associated in Sca1+ cell differentiation.
(B) GSEA was used to determine transcriptional changes in Set7KD Sca1+ cells highlighting different tissue types (smooth muscle, adipose, heart, muscle,
brain, kidney, liver, bone marrow and blastocytes). A negative Enrichment Score (ES) indicates down-regulated gene sets in Set7KD Sca1+ cells. # FDR
q-value = 0.01. (C) Heatmap of SM-associated genes differentially expressed in Set7KD Sca1+ cells. Signal shown represents the Log2 of normalized
values of all samples. Genes in red are up-regulated and those shown in green are down-regulated. (D) Gene expression changes observed in Set7KD
Sca1+ cells as a positive regulator of SM gene expression independent of PDGF-BB stimulation. Set7KD Sca1+ cells were stimulated with PDGF-BB in
culture for 14 days. Assessment of gene expression was performed using qRT-PCR for lysine modifiers, pluripotency markers and SM-associated genes in
Set7KD Sca1+ cells (red bar) and Set7KD + PDGF-BB (blue bar) normalized against non-target control cells (black line). Gapdh was used as the internal
control. (E) Overexpression of Set7 induces the expression of SM-associated genes in Sca1+ cells. Gene expression was assessed by qRT-PCR for histone
modifiers, pluripotency markers and SM-associated genes in Sca1+ cells overexpressing FLAG-tagged Set7 (red bar) normalized against the empty vector
(black line). Gapdh was used as the internal control. *P < 0.05, **P < 0.01 and ***P < 0.001.
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presented as mean ± SD, n = 3.



9214 Nucleic Acids Research, 2016, Vol. 44, No. 19

Figure 5. Pharmacological inhibition of Set7 methyltransferase activity at-
tenuates the expression of SM-associated genes. (A) Chemical structure of
the Set7 inhibitor, (R)-PFI-2. (B) Inhibition of SRF and H3K4 methyla-
tion by the (R)-PFI-2 compound. A total of 5 �M of (R)-PFI-2 was added
in each reaction and the activity assessed. Flag-Set7 activity is presented
as fold-change normalized to DMSO control. A total of 2 nmol of H3K4
peptide was used as a control substrate. (C) Set7 inhibitor (R)-PFI-2 at-
tenuates expression of SM-associated genes. Sca1+ cells (upper panel) and
mouse aortic SMCs (lower panel) were incubated with 20 �M (R)-PFI-2
for 2 days. DMSO was used as a vehicle control. mRNA levels of histone
modifiers and SM-associated markers were assessed by qRT-PCR using
Gapdh as the internal control. Gene expression was normalized against
DMSO control. Error bars represent the standard error of the mean of at
least three independent experiments. *P < 0.05, **P < 0.01 and ***P <

0.001.

Pharmacological Set7 inhibition reduces the expression of
SM-associated genes

Since (R)-PFI-2 is a selective inhibitor of Set7 methyltrans-
ferase activity (39), we investigated the effect of enzymatic
inhibition by this compound on SM-associated gene ex-
pression (Figure 5A). We demonstrate significant inhibition
of Set7 enzymatic activity using the (R)-PFI-2 compound
on SRF recombinant protein as well as the H3K4 peptide
substrates (Figure 5B). To show Set7-mediated regulation
of SM-associated gene expression, we exposed Sca1+ cells
and mouse aortic SMCs with (R)-PFI-2 (20�M) for 2 days.
Sca1+ cell viability and cytotoxicity did not significantly
change with (R)-PFI-2 exposure (Supplementary Figure
S8). The Set7 inhibitor reduced the expression of SM-
associated genes such as Acta2, Tagln, Cnn1 and Myh11
in Sca1+ cells (Figure 5C). In parallel experiments, we con-
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Figure 6. Schematic illustration of Set7 dependent transcriptional net-
work in mESC differentiation. In its repressed and undifferentiated state,
the Set7 promoter is characterized with a bivalent domain and enriched
with OCT4 and SOX2. Following ESC differentiation OCT4 and SOX2
are released from the Set7 promoter for transcriptional activation associ-
ated with H3K4me3. Increased Set7 protein promotes the broad expres-
sion of differentiation-associated genes (SMC, Heart, Adipose, Muscle
and Brain). The results of experimental studies performed here indicate
Set7-dependent control of SM-associated genes by SRF methylation and
H3K4me1.

firmed Set7-mediated regulation of SM-associated genes in
mouse aortic SMCs using (R)-PFI-2. The experimental re-
sults show the pharmacological Set7 inhibitor regulates the
expression of SM-associated genes.

Figure 6 illustrates the proposed mechanistic events asso-
ciated with the regulation of Set7 by OCT4 and SOX2 upon
ESC differentiation. Our study highlights the importance
of Set7 methyltransferase activity regulating SM-associated
genes by histone and non-histone substrates.

DISCUSSION

In the present study, we have shown that Set7 is regulated
by the pluripotent transcription factors, Oct4 and Sox2 dur-
ing mESC differentiation. In contrast to other histone mod-
ifiers, the expression of Set7 is significantly up-regulated
in Sca1+ cells as well as embryoid bodies, myoblast and
human ESC differentiation (29,40,41). While these results
suggest that Set7 has a role in differentiation we still do
not know the regulatory machineries and epigenetic deter-
minants that segregate and define different cell fates. Be-
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cause the Set7 promoter has a very high CpG rich region
we did investigate regulation by DNA methylation. How-
ever, we did not detect changes in the methylation status
of the Set7 promoter during mESC differentiation (data
not shown). Oct4 and Sox2 are critical for stem cell differ-
entiation (3) and Set7-mediated methylation regulates the
Sox2 switch during early embryonic development (29). We
show the binding of Oct4/Sox2 is critical for Set7 gene reg-
ulation. Our studies suggest gene expression controlled by
H3K4me1, as well as Sox2, might be important regulatory
events during ESC differentiation. In a separate publica-
tion that compliments the study results presented here, Oct4
knockdown dramatically up-regulates Set7 expression in
human ESCs (42). We speculate the inactivation of Set7 by
Oct4 and Sox2 is important for ESC maintenance. Whether
Set7 coordinates the expression of other downstream fac-
tors necessary for differentiation remains unknown and an
area for future investigation.

While specific signaling cues can tightly stimulate tran-
scription, reciprocal regulation has been shown to involve
lysine specific methyl-writing and methyl-erasing activities.
Infact, this robustness represents a unique balance of co-
regulators that extend the functional cooperativity such as
those mediated by Set7 and the lysine-specific demethylase
1, LSD1, in regulating HIF-1� transcription (43). Further-
more, the post-translational modification of histone H3 ly-
sine 4 by Set7 methyltransferase regulates myogenic pro-
moters during skeletal muscle differentiation (40). The ex-
pression of skeletal muscle gene targets is coordinated by
cooperative competition of Set7 and Suv39h1 for MyoD
regulation. This is primarily attained at the transcriptional
level with Set7 competing with Suv39h1 for the binding of
target sequences. In this study, we show the expression of
SM-associated genes is segregated by the modification of hi-
stone and non-histone substrates conferred by Set7 methyl-
transferase activity.

The broad substrate specificity of Set7 to regulate the
stability of non-histone proteins also serves to control nu-
clear processes during embryonic development. Indeed, this
is highlighted in mice lacking Set7, with early embryonic
lethality (44). While that study went onto to show p53 is
subject to Set7 mediated methylation, the role of the lysine
methyltransferase during embryogenesis remain poorly un-
derstood. A key challenge to understand the physiological
role of Set7 is characterizing the regulatory function dur-
ing development: in the skeletal muscle example described
previously, differentiation occurs by Set7 mediated activa-
tion (40). Other studies have shown tissue-specific activa-
tion of the Set7 gene during �-cell development is depen-
dent on the (pancreatic and duodenal homeobox 1) PDX1
transcription factor (45) with the capacity to reprogram en-
docrine cells (46). Studies investigating p53-dependant tran-
scriptional regulation show the homozygous knockout of
the Set7 allele in mice are viable, which is at odds with an
earlier study (44), without causing marked consequences on
tumor suppressor activity (47,48). While explanations for
the discordant experimental results remain unclear, further
studies are required to characterize the role of the lysine
methyltransferase during embryogenesis to investigate the
mechanistic link between the Set7 enzyme with differentia-
tion and smooth muscle function.

While our network analysis suggests SM-associated genes
are under Set7 regulation, a previous study showed that
CArG-box containing SM-associated genes are enriched
for H3K4me2 and regulated directly by SRF (26). Given
the requirement for SRF in regulating skeletal muscle
growth and maturation (49), we speculate that Set7 cooper-
atively regulates transcription by context-dependent mech-
anisms. For example, we observe asymmetric modification
of H3K4me1 and H3K4me2 at CArG-box chromatin. This
is primarily observed on Tagln and Acta2 promoters with
reduced H3K4me1 and SRF binding in Set7KD Sca1+
cells. Whereas, Cnn1 and Myh11 genes show indistinguish-
able H3K4me1 and H3K4me2 at CArG box-sequences,
these genes are dependent on SRF interaction for tran-
scriptional control. This unique interplay between SRF at
CArG-box chromatin and the asymmetric enrichment of
histone modifications highlight distinguishable regulatory
events mediated by Set7 at SM-associated genes.

Despite some of the fundamental advances already dis-
cussed, a major gap in our knowledge relates to the dy-
namic yet subtle sequestration of Set7 between cellular com-
partments. Not surprisingly, cellular position is central to
lysine substrate activity, which is subject to specific extra-
cellular signals. The effectiveness of these signaling cues
relies on their capacity to robustly control Set7-mediated
methylation. With little known of the subcellular local-
ization of specific macromolecular complexes, Set7 mono-
methylates Yap at K494 (Yes-associated protein) to pro-
mote cytoplasmic localization by the Hippo pathway (50).
Interestingly, in high-density embryonic fibroblasts, Set7 is
predominantly cytoplasmic, which is consistent with other
studies (31). This is intriguing because human endothelial
cells stimulated by hyperglycemia alters the subcellular lo-
cality and this is associated with distinguishable histone
and non-histone regulatory events. While these (33,51) and
other studies indicate biochemical properties as a glycemic
sensor (52), nuclear accumulation with specific nucleoso-
mal preferences highlights dynamic Set7 activity. This fas-
cinating link with extracellular signaling also carries with
it precise instructions for Set7 activity that include broad
substrate specificity (30). While H3 is mono-methylated at
K4 to regulate the expression of some SM-associated genes,
understanding how SRF methylation is regulated by Set7
is an area of future investigation. The MADS box-domain
of SRF which recognizes CArG binding sites, contains the
F161-SKRK-T166 motif and is implicated in the regulation
of SM-associated genes (26). We have shown that (R)-PFI-
2 inhibits Set7 methyltransferase activity against the SRF
protein substrate and suppresses SM-associated gene ex-
pression. Since, a subset of genes is associated with asym-
metric methylation, this suggests methylation of H3K4 and
SRF is a dynamic process and studies examining aspects of
demethylation may provide clues to the control of cytoplas-
mic and nuclear location.
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