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Acetylated histone H3K56 interacts with Oct4 to
promote mouse embryonic stem cell pluripotency
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The presence of acetylated histone H3K56 (H3K56ac) in human ES
cells (ESCs) correlates positively with the binding of Nanog, Sox2,
and Oct4 (NSO) transcription factors at their target gene pro-
moters. However, the function of H3K56ac there has been unclear.
We now report that Oct4 interacts with H3K56ac in mouse ESC
nuclear extracts and that perturbing H3K56 acetylation decreases
Oct4-H3 binding. This interaction is likely to be direct because it
can be recapitulated in vitro in an H3K56ac-dependent manner
and is functionally important because H3K56ac combines with
NSO factors in chromatin immunoprecipitation sequencing to mark
the regions associated with pluripotency better than NSO alone.
Moreover, reducing H3K56ac by short hairpin Asf1a decreases ex-
pression of pluripotency-related markers and increases expression
of differentiation-related ones. Therefore, our data suggest that
H3K56ac plays a central role in binding to Oct4 to promote the
pluripotency of ESCs.

he core transcriptional network, which contains transcription

factors, chromatin regulators, and signaling proteins, helps
determine self-renewal and pluripotency in ES cells (ESCs) and
cell fate upon their differentiation (1, 2). This network is defined
in part through the action of the key transcriptional regulators
Nanog, Sox2, and Oct4 (NSO) that recognize defined DNA se-
quence motifs at target genes of the core transcriptional net-
work. There, the key regulators are involved in the activation of
pluripotency-related genes and repression of differentiation re-
lated ones (3-5). Consequently, changes in the expression levels
of the key factors perturb this transcriptional circuitry, leading to
the loss of pluripotency (6). Of the key factors, Oct4, a homeo-
domain transcription factor of the POU family, is unique (7).
Although ectopic expression of four factors (Oct4, Sox2, Klf4,
and c-Myc) together can generate induced pluripotent stem cells
from somatic cells (8), only Oct4 is essential and sufficient in
reprogramming adult neural stem cells to pluripotency (9).

Our previous work using Agilent microarrays found that his-
tone H3KS56ac is associated with upstream regulatory DNA
sequences of the core transcriptional network in human ESCs
(10). H3KS56ac is conserved from yeast to mammals and is very
abundant in yeast, marking ~30% of total histone H3. Yeast
H3K56ac is involved in gene transcription (11), replication-
independent histone assembly (12), DNA repair (13), silencing
at heterochromatin (14), transcription elongation (15), and life
span regulation (16). However, its role in mammalian cells where
H3KS56ac marks less than 1% of total H3 (10, 17, 18) is less clear
and is the focus of this article. Remarkably, we found that
H3KS56ac interacts with Oct4 both in vivo in mouse ESCs and
directly in vitro. This interaction is in addition to that provided
by the Oct4 recognition element in DNA. Our data indicate that
H3KS56ac has a central function in ESCs, where it binds the key
transcription factor Oct4 to promote pluripotency.

Results

H3K56ac Presence Is Correlated with That of Key Transcriptional
Regulators in Mouse ESCs. To determine whether H3K56ac is as-
sociated with the pluripotency network in mouse ESCs, we used
massively parallel ChIP-DNA sequencing using Illumina HiSeq-
2000 to examine the genome-wide distribution of H3K56ac in

www.pnas.org/cgi/doi/10.1073/pnas.1309914110

E14Tg2a ESCs. Approximately 85.5 million reads uniquely mapped
to the mouse genome and 92,549 H3K56ac significantly enriched
regions were identified. We then wished to determine whether
H3KS56ac presence is associated with the key transcriptional fac-
tors genome-wide. By comparing the correlation of H3K56ac and
known transcription factors using our H3K56ac chromatin im-
munoprecipitation sequencing (ChIP-Seq) results and published
data (4), we found using Cistrome (19) that H3K56ac correlates
most positively with the presence of Oct4 and Sox2 and much less
so with Nanog (Fig. 14; Pearson’s correlation values in SI Appendix,
Table S1). This is consistent with the frequent association of Oct4
and Sox2 at their regulatory regions (4, 20) and the less abun-
dant interaction of these factors with Nanog (21, 22). Therefore,
mouse H3K56ac correlates best genome wide with the presence
of Oct4 and Sox2.

H3K56ac Interaction with Oct4 in Mouse E14Tg2a Cells and in Vitro. It
is known that despite their functional association on chromatin,
Oct4 and Sox2 do not necessarily coimmunoprecipitate (23-25).
Therefore, we wished to determine by coimmunoprecipitation
(co-IP) whether Oct4 or Sox2 separately interact with H3K56ac.
We found that, unlike Sox2, Oct4 coimmunoprecipitates strongly
with H3KS56ac in E14Tg2a cell nuclear extracts (Fig. 1B). We
also noticed the trace interaction between Nanog and H3K56ac,
an interaction we have not pursued. We conclude that of the key
transcription factors, Oct4 interacts most with H3KS56ac in
nuclear extracts.

We next asked whether the acetylation of H3K56 enhances the
interaction between histone H3 peptides and Oct4 by peptide pull-
down assays (26). Biotinylated H3 peptides containing acetylated
K56 (or acetylated K9 used as a control) were used to pull down
Oct4 in nuclear extracts of E14Tg2a cells. We found that acety-
lation of K56 in peptides improves the efficiency of Oct4 binding
compared with unmodified peptides and control peptides con-
taining acetylated K9 (Fig. 1C). We further confirmed the im-
portance of H3K56 in Oct4 binding using substitutions of histone
H3K56. Plasmids that express wild type (WT) histone H3.1 with
a C-terminal Flag tag and similar constructs bearing substitutions
at K56 (H3.1K56A, H3.1K56Q, and H3.1K56R) or at K9
(H3.1K9A) were transfected into E14Tg2a cells. We then immu-
noprecipitated H3.1-Flag and examined the immunoprecipitate
for Oct4 presence using Western blots. Although H3.1-Flag and
Oct4 co-IP are not decreased by substitution of H3.1K9A, sub-
stitution of H3.1K56 by A, Q, or R decreased Oct4 co-IP con-
siderably (Fig. 1D). Collectively, our data indicate that H3K56ac is
required for the interaction between histone H3 and Oct4 in vivo.
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Fig. 1. H3K56ac interaction with Oct4 in mouse A
E14Tg2a cells and in vitro. (A) Correlation heat map:

the degree of target cooccupancy of factors in the

mouse genome is shown. Pearson’s correlation val-

ues were calculated by Cistrome (19). Red indicates

more frequent colocalization of each pair of factors

as shown using Cluster 3.0 (47). (B) Co-IP shows the ‘
interactions between 1gG, Nanog, Sox2, and Oct4
with H3K56ac in nuclear extracts of E14Tg2a cells. A
total of 2 pug of a-19G, a-Nanog, a-Sox2, and a-Oct4
antibodies was used for each co-IP and immuno-
blotted with antibody against H3K56ac. Ten per-
cent E14Tg2a cell nuclear extracts was loaded as
input control. (C) In vivo peptide pull-down to
probe the interaction between peptides containing
H3K56ac and Oct4 in mouse E14Tg2a nuclear
extracts. Biotinylated histone peptides that are ei-
ther unmodified or modified at K9 or K56 were
immobilized on Streptavidin beads. Experimental
details are described in SI Appendix, Methods. Ten
percent cell nuclear extracts was loaded as input
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control and probed using Western blots and anti-
body against Oct4. (D) Flag-IP to show the effect of B
mutations in K9 to A (Ala) or K56 to A (Ala), Q (Gln),
and R (Arg) on the interactions between histone
H3.1 and Oct4 in mouse ESCs. Histone H3.1 with C-
terminal Flag tag was transfected into E14Tg2a cells
for 48 h, o-Flag antibody was used for immuno-
precipitation, and the precipitate was then immu-
noblotted with indicated antibodies. (E) In vitro
peptide pull-down to probe the interaction be-
tween K56ac containing peptide and recombinant C
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protein was used for each pull-down experiment.
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H3K9ac- or H3K56ac-modified nucleosomes. Mononucleosomes were assembled by salt dilution using histone octamers and biotin-labeled DNA as described in
SI Appendix, Methods. Proteins were pulled down with streptavidin beads and immunoblotted with indicated antibody.

To determine whether there is a possible direct interaction
between H3K56ac and Oct4, purified recombinant Oct4 protein
was incubated with H3 peptides that were unacetylated (K9-
unmod, K56-unmod) or acetylated (K9ac, K56ac) for peptide pull
down. We found that recombinant Oct4 protein binds best in
vitro to the H3 peptide in which K56 is acetylated (Fig. 1E). We
then asked whether a recombinant nucleosome in which the only
posttranslational modification is the acetylation of H3 at K56
promotes binding to recombinant Oct4 in vitro. Nucleosomes in
which only H3K56 or H3K9 is acetylated were prepared as de-
scribed (27, 28). Using the in vitro binding assay, we found that
acetylation of H3K56 promotes the binding of Oct4 to nucleo-
somes much more strongly than to the unmodified nucleosomes
or to nucleosomes containing H3K9ac (Fig. 1F). Thus, acetylation
of H3K56 not only decreases nucleosome stability (29), increases
unwrapping of nucleosomal DNA ends, and may affect histone-
histone interactions (27, 30), but H3K56ac may also free H3K56
sufficiently from local nucleosomal constraints to enable H3K56ac
recognition by Oct4. Taken together, our data indicate that
H3KS56ac interacts with Oct4 in vivo in mouse ESCs and directly
in vitro.

H3K56ac Links NSO Factors to Pluripotency. To investigate the
spatial and functional relationships between NSO proteins and
H3K56ac genome wide, we used ChIP-Seq to select and center
all Oct4 peaks in the mouse genome including regions +5 kb
from the Oct4 peak centers. We then plotted the relative en-
richment of Nanog, Sox2, and H3K56ac at the Oct4 peak regions
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and clustered them based on the combinatorial binding of NSO
and H3KS56ac. Four major clusters were identified that represent
the enrichment of one or more of the NSO proteins and
H3K56ac (Fig. 2A4). Interestingly, gene ontology (GO) anal-
ysis using Genomic Regions Enrichment of Annotations Tool
(GREAT) (31) showed that the genes of cluster 4 containing
NSO at Oct4 peak centers but not H3K56ac were not enriched in
any functional categories. In contrast, the copresence of NSO
and H3K56ac (in cluster 1) caused strong functional enrichment
for genes involved in early embryogenesis and pluripotency (Fig.
2B and SI Appendix, Table S2). For example, Oct4, Kif4, Nanog,
and Nodal proteins are all associated with pluripotency (4) and
are members of cluster 1. The copresence of H3K56ac and NSO
proteins at these cluster 1 upstream regulatory sequences is
shown in SI Appendix, Fig. S1. We find in a similar manner that
the regions marked by Oct4 and Sox2 alone or Oct4 and Nanog
alone (in the relevant portions of cluster 2) are enriched in
pluripotency associated functions only when they are also
marked by the copresence of H3K56ac (Fig. 2C and D and SI
Appendix, Tables S3 and S4). We conclude that H3K56ac links
genes marked by NSO proteins to pluripotency in mouse ESCs.

Relationship Among H3K56ac, Oct4, and Oct4-Binding Motifs. We
then probed the extent to which Oct4 presence in cluster 1 cor-
relates with H3K56ac in addition to its association with Oct4-
binding motifs. To do so, we divided cluster 1 regions into three
groups based on the enrichment of H3K56ac (Fig. 34). We found
that the enrichment of Oct4 at Oct4 peak centers (Fig. 3B) is
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Fig. 2. H3K56ac links NSO factors to mark pluripotency. (A) The distribution of Oct4, Nanog, Sox2, and H3K56ac at the Oct4-binding regions are shown as
heat maps. Purple indicates that the factor is enriched at those regions. All regions were grouped into four clusters based on combinatorial presence of Oct4,
Nanog, Sox2, and H3K56ac. (B-D) Functional annotation of H3K56ac/Oct4/Sox2/Nanog—-enriched elements in cluster 1 (B), H3K56ac/Oct4/Sox2 (C), and
H3K56ac/Oct4/Nanog-enriched (D) elements in cluster 2 in mouse ESCs were performed using GREAT (31). Mouse Genome Informatics (expression detected)
that indicates the information on tissue and developmental stage-specific expression in mouse is used as GO category. The x axes values (in logarithmic scale)

correspond to the binomial raw P values.

highest in group I that also contains the highest level of H3K56ac.
In contrast, group III contains lower enrichment of both
H3K56ac and Oct4. Interestingly, the low presence of H3KS56ac
in group III is not accompanied by lower enrichment of Oct4-
binding motifs [calculated by Cistrome (19)]. Instead, group III
contains a high level of Oct4-binding motifs and a lower but
significant level of Oct4 at the Oct4 peak centers. This argues for
the use of Oct4 motifs in binding a lower level of Oct4 when
H3KS56ac is absent. A similar relationship between H3K56ac and
Oct4 presence is seen when comparing the four clusters of Fig.
2A. As shown in SI Appendix, Fig. S2, the greatest enrichment of
H3K56ac (in clusters 1 and 2) is accompanied by the highest levels
of Oct4. In contrast, the lowest levels of H3K56ac in clusters 3 and
4 are accompanied by the lowest levels of Oct4. Oct4-binding
motif presence is similar in all four clusters. Furthermore, when
we analyzed the functions associated with each of the three groups
within cluster 1, we found that regions highly enriched for
H3K56ac in group I are most associated with pluripotency (S/
Appendix, Fig. S34 and Table S5), whereas the lower enrichment
of H3K56ac in groups II and III is more associated with differ-
entiation (SI Appendix, Fig. S3B and Tables S6 and S7).

These data are consistent with a role for H3K56ac in recruiting
or stabilizing Oct4 in vivo in addition to the interaction between
Oct4 DNA-binding motifs and Oct4 protein at pluripotency-
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related regions. To further test this possibility, we cloned a single
Oct4 DNA-binding site (ATTTG-Ns-CAAAT) (32), 16 bp from
the 3’ end of the 601 nucleosome positioning sequence (Fig. 44)
(33). This construct was assembled with histone octamers using salt
dilution as described (34). Only histone H3K56 was acetylated in
the assembled nucleosome. We then performed gel shift experi-
ments with recombinant Oct4 protein (Origene TP311998) as de-
scribed (28, 35) to probe the interaction of Oct4 protein to its DNA
recognition element with and without an adjacent nucleosome
acetylated at H3K56. We found that recombinant Oct4 protein
slows the mobility in the native gel of the construct containing the
H3K56 unmodified nucleosome (II) and shifts it to a new position
(III). In contrast, mobility of the construct containing both the Oct4
DNA-binding site and the H3K56ac nucleosome is slowed further
(to position IV). We conclude that acetylation of H3K56 promotes
increased Oct4 binding to the construct containing a nucleosome
adjacent to the Oct4-binding site (Fig. 4B).

Decreased H3K56ac Promotes the Loss of Pluripotency of Mouse ESCs.
Finally, we wished to determine whether H3K56ac promotes
pluripotency in mouse ESCs by examining the effect of reduced
H3K56ac level on the expression of markers for pluripotency and
differentiation of ESCs. The histone chaperone Asfl is required
for the acetylation of H3K56, whereas the effect of Asfl deletion
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on other histone acetylation sites is relatively minor as determined
by Western blots and MS (18, 36, 37). Using Western blots, we
found that knockdown of Asfla with shAsfla in mouse E14Tg2a
cells decreases H3K56ac significantly but has very little effect on
other acetylation sites in histone H3 (Fig. 54). We also used
quantitative PCR to examine the expression of pluripotency
related markers after shAsfla transfection. We observed the
down-regulation of NSO pluripotency related markers and the up-
regulation of the marker genes for endoderm, ectoderm, and me-
soderm 10 d after transfection using the protocol described (38, 39)
(Fig. 5B). Thus, our results argue that decreasing H3K56ac through
loss of Asfla results in the dissolution of the pluripotency net-
work to initiate the expression of differentiation-related markers
of mouse ESCs, indicating that H3K56ac helps maintain the
pluripotency of ESCs.

Discussion

We have shown previously that H3KS56ac is enriched at NSO
target gene promoters in human ESCs (10). However, the data
presented here support a special role for H3K56ac in recognizing
Oct4 in mouse ESCs. Oct4 and Sox2 are associated with each
other at their targets in the core transcriptional network (4), and
we find that H3K56ac presence correlates with that of Oct4 and
Sox2. However, Oct4 and Sox2 recognize different DNA motifs
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and do not coimmunoprecipitate (23-25), and we find that
H3KS56ac coimmunoprecipitates only with Oct4 in nuclear
extracts. We cannot exclude the possibility that other histone
acetylation sites also interact with Oct4. For example, H3K27 and
H3KS56 are both acetylated by the histone acetyltransferase p300
and H3K27ac is also associated with NSO cooccupancy (40).
However, although the interaction between Oct4 and H3K56ac is
specific in that H3K9ac, which marks enhancers, is not required
for Oct4 binding (Fig. 1), we do not know whether H3K27ac
binds to Oct4 or to other regulators such as Sox2 and Nanog.
Nevertheless, the interaction between Oct4 and H3KS56ac is
unique. Previous studies have demonstrated that H3K56ac dis-
places nucleosomal DNA in vitro to allow DNA “breathing” (27)
and access of a LexA DNA-binding protein to nucleosomal DNA
(41, 42). Surprisingly, our data argue not for an interaction be-
tween Oct4 and nucleosomal DNA, but for a direct interaction
between Oct4 and nucleosomal H3KS56ac.

How H3K56 becomes acetylated in a localized manner to bind
Oct4 is unclear. Localized H3K56ac may result from the pres-
ence of the histone acetyltransferase p300 that colocalizes often
at enhancers with NSO proteins (4, 40), resulting in acetylation of
H3K56 in a bimodal manner surrounding p300 (S Appendix, Fig.
S4). Thus, histone chaperone Asfla and p300 may collaborate to
acetylate H3K56 on histone H3 (17), which might subsequently

Tan et al.
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replace unacetylated H3K56 in chromatin (12). This may tar-
get H3K56ac to sites surrounding Oct4-binding sites to enable
H3K56ac-Oct4 interactions.

It is known that NSO proteins target not only genes of the core
transcriptional network but also many genes related to differenti-
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ESCs. (A) Down-regulation of Asfla by shAsfla results in decreased
H3K56ac with little apparent effect on other sites of acetylation in histone
H3. shAsf1a treatment of mouse E14Tg2a ESCs for 48 h was followed by
Western blot with indicated antibodies. Short hairpin GFP (shGFP) was used
as a control. Histone H3 and o-Tubulin were used as loading controls. (B)
Mouse E14Tg2a cells were transfected with plasmids that express shAsf1a
or shGFP and were selected with puromycin from day 4 after transfection.
Prolonged decrease of H3K56ac by shAsfla plasmids for 10 d caused the
reduction of pluripotency markers and up-regulation of differentiated
makers for endoderm, ectoderm, and mesoderm.
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ation (1, 2). This helps explain why the clustering of NSO protein
presence at Oct4 peak regions is not associated by GO analysis
preferentially with pluripotency. In contrast, when H3KS56ac is
clustered with NSO, those regions are strongly enriched function-
ally for pluripotency (Fig. 2; cluster 1) and regions in this cluster
with the highest enrichment of H3K56ac were shown to be most
enriched for Oct4 (Fig. 3) and most associated with pluripotency
(SI Appendix, Fig. S3). In support, shAsfla, which is expected to
decrease H3K56ac, specifically (Fig. 5) decreased the levels of NSO
mRNAs pluripotency related markers while promoting the pres-
ence of differentiation related ones. Collectively, these data argue
for the biological importance of the interaction between Oct4 and
H3KS56ac in regulating pluripotency.

Although H3K56ac is generally important for Oct4 occupancy,
there are also DNA regions containing Oct4-binding motifs, at
which Oct4 binds in the absence of H3K56ac. In ecither case, the
binding of Oct4 uses Oct4 recognition motifs, and we have found
that Oct4 can bind its recognition motifs to a lower, albeit sig-
nificant, extent in the absence of H3K56ac [Figs. 3 (group III) and
4]. These different binding mechanisms are both important func-
tionally. When Oct4 enrichment occurs through DNA-binding
motifs and H3K56ac, those Oct4-bound regions are preferentially
associated with pluripotency (SI Appendix, Fig. S3). When Oct4
enrichment occurs through its DNA-binding motifs only, those
Oct4-bound regions are preferentially associated with differenti-
ation. Therefore, the presence of H3K56ac delineates Oct4 func-
tion biologically.

Interestingly, although our data (Figs. 1 and 4) support a direct
interaction between Oct4 and H3K56ac, the H3K56ac modifica-
tion is generally absent at the actual Oct4-binding peaks (Figs. 24
and 3) that contain Oct4 recognition motifs and may exclude
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histones. Instead, H3K56ac surrounds the Oct4 peak centers and
DNA recognition motifs in a bimodal manner at pluripotency-
associated regions (S Appendix, Fig. S4). Therefore, we propose
that the DNA recognition motifs may determine the sites of Oct4
binding, whereas adjacent nucleosomes acetylated at H3K56
stabilize Oct4 at those sites. In support, our gel shift experiment
indicates that a nucleosomal construct containing H3KS56ac
placed adjacent to an Oct4-binding site is likely to interact with
more Oct4 than the construct that is not acetylated at H3K56
(Fig. 4). How this occurs in vivo in the presence of Oct4 homo-
dimers, Oct4-Sox2 heterodimers (32, 43-45), and multiple adja-
cent DNA recognition motifs (46) remains to be determined.
Nevertheless, the unique role of H3KS56ac in Oct4 binding is
likely one factor that contributes to Oct4 stability and to the
function of Oct4 as a master regulator of pluripotency.
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Materials and Methods

All experiments performed with mouse ESCs were cultured under standard
feeder-free conditions, and were approved by the University of California Los
Angeles (UCLA) Embryonic Stem Cell Research Oversight Committee. ChIP
DNA was sequenced with Illumina Genome Analyzer HiSeq2000 at the UCLA
Broad Stem Cell Research Center high-throughput sequencing facility. For
details, please refer to S/ Appendix.
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