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SUMMARY

Lysine 56 acetylation in the helical core of histone H3
opens yeast chromatin and enables histone gene
transcription, DNA replication, and DNA repair and
prevents epigenetic silencing. While K56Ac is glob-
ally abundant in yeast and flies, its presence has
been uncertain in mammals. We show here using
mass spectrometry and genome-wide analyses that
K56Ac is present in human embryonic stem cells
(hESCs), overlapping strongly at active and inactive
promoters with the binding of the key regulators of
pluripotency, NANOG, SOX2, and OCT4. This
includes also the canonical histone gene promoters
and those for the hESC-specific microRNAs. K56Ac
then relocates to developmental genes upon cellular
differentiation. Thus the K56Ac state more accurately
reflects the epigenetic differences between hESCs
and somatic cells than other active histone marks
such as H3 K4 trimethylation and K9 acetylation.
These results suggest that K56Ac is involved in the
human core transcriptional network of pluripotency.

INTRODUCTION

Histone modifications play important roles in eukaryotic cellular

physiology affecting DNA-based functions (Kouzarides, 2007).

Most known modifications occur at the N termini of histone tails

that extend from the nucleosome core. These modifications may

function by regulating higher-order chromatin structures or by

regulating binding surfaces for regulatory proteins (Kouzarides,

2007). However, histone tail modifications do not appear to

directly affect the structure of the nucleosome itself (Luger

et al., 1997).

Unlike acetylation sites at the N termini that extend from the

nucleosome core, K56Ac occurs in the a-N-helical region of

histone H3 near the entry-exit sites of the DNA superhelix. There,

the acetylation of K56 is believed to lead to the unfolding of
Mol
nucleosomes and chromatin (Xu et al., 2005, 2007; Masumoto

et al., 2005). Yeast H3 K56Ac is very abundant (�28% of H3 in

yeast contains K56Ac; Xu et al., 2005) and occurs in

a promoter-specific manner and also globally. At histone gene

promoters, a putative HAT Spt10 is required for S phase-specific

K56 acetylation that in turn is necessary for SWI/SNF-mediated

nucleosome remodeling and efficient gene transcription (Xu

et al., 2005). In contrast, K56Ac also occurs globally in

a promoter-independent manner through the HAT Rtt109, on

newly synthesized histones in S phase (Masumoto et al., 2005;

Downs, 2008). Through promoter-specific and global mecha-

nisms, K56 acetylation in yeast regulates not only gene activity

(Xu et al., 2005; Schneider et al., 2006; Williams et al., 2008)

but also histone replacement (Rufiange et al., 2007), DNA repli-

cation, DNA repair, chromatin assembly (Downs, 2008), and

silencing at heterochromatin (Xu et al., 2007; Miller et al., 2008).

Given the importance of K56Ac in yeast, it is of great interest

to know whether K56Ac exists in mammals. While yeast and

Drosophila histone H3 K56Ac were detected by western blot-

ting or mass spectrometry (Ozdemir et al., 2005; Xu et al.,

2005; Masumoto et al., 2005), this was not the case in

mammals (Zhang et al., 2003; Xu et al., 2005). Even with

more sensitive mass spectrometry of histones from human

embryonic kidney (HEK293) cells, its identification has been

uncertain (Garcia et al., 2007a), although a small fraction of

mammalian K56 has been reported to be methylated (Zhang

et al., 2003; Garcia et al., 2007a). Therefore, we re-examined

the presence of K56 acetylation in human cells using two

approaches. In the first, we used targeted mass spectrometry

in which we specifically interrogated the sample for the pres-

ence of the acetylated K56 peptide. In the second, we per-

formed chromatin immunoprecipitation on microarrays (ChIP-

on-chip) using a highly specific antibody for acetylated K56.

These studies were then adapted to an analysis of K56 acety-

lation during human cell differentiation.

Human embryonic stem cells (hESCs) are human pluripotent

cells capable of differentiating into all adult cell lineages (Thom-

son et al., 1998). The pluripotent state is determined by key regu-

lators of pluripotency such as transcription factors NANOG,

SOX2, and OCT4 (NSO) (Chambers and Smith, 2004; Jaenisch
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and Young, 2008). These factors recognize the promoters of

a number of genes to form a core transcriptional network in

ESCs that consists of active regulators that contribute to ESC

pluripotency or self-renewal, as well as those that are repressed

but ready for activation upon differentiation (Jaenisch and

Young, 2008). We asked here whether there is an association

of K56Ac with the core transcriptional network in hESCs and

how K56-acetylated gene targets change during differentiation.

RESULTS

K56Ac Is Present in Human Cells
To first ask whether K56Ac is present in human cells, we isolated

nuclear histones from HeLa cells and subjected the proteins to

a sensitive spectrometry analysis using a recently developed

protocol in which propionylated histone H3 tryptic digest was

analyzed (Garcia et al., 2007b). We then specifically interrogated

the sample for the presence of peptide containing acetylated

K56 (see the Supplemental Data available online). The targeted

approach improves the chances of detecting a quality spectrum

of the peptide of interest. A low abundance of K56Ac (�1% of

total H3) was observed in HeLa cells (Figure 1A), compared to

the abundance of several other known H3 N-terminal acetylation

sites (ranging from 3.8% to 22.9%) in HeLa cells (Horwitz et al.,

2008). Its identity was further verified by the tandem mass spec-

trum analysis (Figure 1B). We conclude that a small but signifi-

cant fraction of HeLa cell histone H3 is acetylated at K56.

Figure 1. K56Ac Is Present in Human Cells

(A) Histones were isolated from HeLa cells and

analyzed by mass spectrometry. Full mass spec-

trum is shown for unmodified (pr-YQKprSTELLIR,

681 m/z) and acetylated (pr-YQKacSTELLIR, 674

m/z) peptides from HPLC separated elutions (pr,

propionyl amide, 56 Da; and ac, acetyl, 42 Da).

Because of the propionic anhydride treatment,

which only reacts with unmodified and monome-

thylated lysine residues, the unmodified peptide

has a slightly heavier mass than the acetylated

peptide. Accurate mass on the peptide at

674.879 m/z clearly indicates that the modification

is an acetylation and not a trimethylation mark.

(B) Tandem mass spectrum of the acetylated

peptide (pr-YQKacSTELLIR) in (A) shows that the

acetylation modification is localized to the K56

residue.

Genome-wide Localization of
K56Ac in hESCs and Somatic Cells
To examine the acetylation of K56 during

human cell differentiation, we wished to

test for the presence of K56Ac in

a hESC line HSF1. Using the mass spec-

trometry approach described above, we

found that approximately 1% of HSF1

histone H3 is acetylated at K56

(Figure S1), as described for HeLa cells.
We then employed high-resolution ChIP-on-chip techniques to

determine where K56Ac occurs in the hESC genome. ChIP was

performed on HSF1 cell extracts using a highly specific anti-

K56Ac antibody that has been tested not only by ELISA but

also validated by using ChIP and western blots with yeast

K56 mutant strains (Xu et al., 2005). Input and precipitated

DNA were amplified, labeled, and hybridized to microarrays

(Agilent) covering promoter regions of approximately 17,000

human genes (Supplemental Data). To confirm our data, we

also profiled K56Ac in another independently derived hESC

line HSF6. The Pearson correlation (r) of promoter average

signal between the two different hESC lines is 0.86, indicating

that these data are highly reproducible. In addition, we exam-

ined K56Ac using an alternate microarray design (Affymetrix

Human Tiling Array 2.0R) for HSF6 on chromosomes I and VI,

and the result is highly consistent with the HSF6 data obtained

by using the Agilent microarray (r = 0.80, data not shown).

Finally, to show that the ChIP signal we obtained is specific

for K56Ac, we performed ChIP on candidate genes in the pres-

ence of competitive peptides. We found (Figure S2) that the

high enrichment for K56Ac at the candidate promoters (e.g.,

HIST1H1E, HIST1H3D, NANOG, SOX2, OCT4) is unaffected

in the presence of unacetylated peptide. In contrast, the high

enrichment is reduced to background levels in the presence

of K56 acetylated peptide. These experiments confirm that

our a-K56Ac antibody is highly specific for ChIP and for

ChIP-on-chip and that K56Ac is present at distinct gene

promoters in hESCs.
418 Molecular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc.
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To identify specific human gene classes that are acetylated at

K56 in HSF1 and HSF6, we examined 15,581 promoters covered

by sufficient valid probes (Supplemental Data). Using a peak

finding method (the Whitehead Neighborhood Model, see the

Supplemental Data), we found that 9.5% (8824 kb) and 10.3%

(9621kb) of these promoter regions are identified as K56Ac-

positive loci corresponding to 0.38% and 0.42% of the genome

in HSF1 and HSF6, respectively (using a 500 bp window). This is

comparable to the abundance of K56Ac in HSF1 as measured by

mass spectrometry (Figure S1A). We first wished to identify the

most-acetylated targets in the genome based on the average

levels of K56Ac across the promoter regions in both hESCs.

An examination of the top 1% genes (156 genes, see Table S1

for complete gene list) of the entire genome that are acetylated

at K56 includes almost the entire family of canonical histone

genes (53 out of total 61 genes, p = 1.4E-101). It also contains a

high concentration of regulators of pluripotency, including genes

coding for the key transcription factors NANOG, SOX2, and

OCT4 (Chambers and Smith, 2004; Jaenisch and Young, 2008),

as well as many pluripotency-related genes that either have

ESC-specific expression or play important roles in ESC pluripo-

tency and self-renewal regulation (e.g., TDGF1, GDF3, LEFTY1,

ZIC3, DPPA4, TERF1, and GJA1) (Sato et al., 2003; Boyer et al.,

2005; Adewumi et al., 2007). Finally, we also found 13 microRNA

(miRNA) genes in the top 1% genes, among which 11 are known

to be preferentially expressed in hESCs (Suh et al., 2004; Laurent

et al., 2008) (Table S1). These data demonstrate a conserved role

of K56Ac at histone genes and its presence at genes of the core

transcriptional network that regulates pluripotency.

To obtain a more comprehensive description of K56Ac locali-

zation in the hESC genome, all 15,581 genes were grouped by

acetylation pattern into ten clusters using K-means clustering

(Supplemental Data) for hESCs (HSF1 and HSF6), as shown in

the heat map in Figure 2A. The highest average level of acetyla-

tion is found in cluster 3 and to a lesser extent in clusters 2 and 4

(Figure 2B). Detailed gene lists (Table S2) and gene ontology

(GO) output (Table S3) for each cluster are included in the

Supplemental Data. Strikingly, of the top 1% (156) of genes

most acetylated at K56 in the entire genome, 95% (148),

including all representative genes described above, are found

in cluster 3 (n = 246, see Table S4 for summarized gene lists).

This small cluster has a uniquely broad spread of K56Ac across

the entire promoter region and the region downstream of the

transcription start site, a pattern that is distinct from that in

most other hESC gene clusters. Clusters 2 and 4 are also some-

what hyperacetylated. GO analysis shows that cluster 2 is

enriched in genes that function in the regulation of transcription

(p = 2.5E-5) and translation (p = 3.3E-5), while cluster 4 is heavily

enriched in genes involved in transcription (p = 5.1E-12) and

development (p = 1.8E-9) (see Table S3 for GO). As shown in

Figure 2B, other clusters have much lower average levels of

acetylation.

We next wished to know how hESC K56Ac patterns are altered

in differentiated cells. We compared K56 acetylation in HSF1 and

HSF6 to that of two diverse somatic cell lines: foreskin fibroblast

(BJ) and adult retinal pigment epithelial (ARPE) cell lineages. As

demonstrated in Figures 2A and 2B, K56Ac in cluster 3 is

strongly depleted in the somatic cell lines (two-sample t test
Mole
p = 3.4E-101). Clusters 2 and 4 show a significant but less

dramatic decrease in K56Ac in the differentiated cells (p =

1.6E-50 and 2.1E-67, respectively). The depletion of K56Ac

from these clusters in differentiated cells is not due to histone

loss (Figure S3). In contrast to clusters 2–4, several other gene

clusters (such as clusters 6 and 10) are weakly acetylated in

a similar manner in both pluripotent cells and lineage-committed

cells (Figure 2B). GO analysis shows that these genes participate

in processes such as RNA metabolism, biosynthesis, and the cell

cycle (Table S3). In summary, these data illustrate that the genes

of cluster 3, and to a lesser extent clusters 2 and 4, are preferen-

tially deacetylated at H3 K56 in differentiated lineages.

High Levels of K56Ac Mark the Pluripotency
Transcriptional Network in hESCs
Why genes in clusters 2–4 are preferentially deacetylated at K56

in somatic cells is explained in part by examining their identity.

Given that many of the pluripotency-related genes in cluster 3

(e.g., TDGF1, NODAL, GDF3, LEFTY1, ZIC3, DPPA4, GJA1,

DNMT3B) are also bound by NANOG, SOX2, or OCT4 (including

themselves) (Boyer et al., 2005; Marson et al., 2008), we asked if

the NSO proteins generally occupy promoters acetylated at K56.

By matching a combined binding profile of the NSO proteins

(Boyer et al., 2005; Marson et al., 2008) to each of the ten clus-

ters, we found that 79% of genes in cluster 3 are bound by

one or more of the NSO regulators. This enrichment is extremely

significant (p = 4E-108) as compared to only 16% of a random

gene set (Figure 2C). An even higher percentage (136 of 156,

87%) of promoters in the top 1% genes of the genome are found

to be NSO targets. There is also a significant, although lower,

fraction of genes in cluster 2 (39.4% of n = 705, p = 7.5E-54)

and in cluster 4 (38.8% of n = 903, p = 4.9E-66) that interact

with one or more of the NSO proteins. In contrast, no more

than 20% of genes in other clusters are bound by at least one

NSO protein (Figure 2C). Conversely, of a total of 2479 genes

bound by NANOG, SOX2, or OCT4, 71% contain one or more

bound probes for K56Ac (42% are acetylated at K56 greater

than 1.5-fold) in at least one hESC line (p = 3E-185). In summary,

we observe a highly significant colocalization between high

levels of K56Ac and NSO regulator binding at hESC gene

promoters.

Histone genes in mammalian cells consist of two major

classes: canonical histone genes coding for H1, H2A, H2B, H3,

and H4; and variant histone genes such as H3.3, H2A.X, and

H2A.Z (Marzluff et al., 2002). The canonical human histone genes

are located in four separate chromosomal domains: HIST1 (53

genes), HIST2 (four genes), HIST3 (three genes), and HIST4 con-

taining a single H4 gene. We found that most of these genes are

preferentially acetylated at K56 in hESCs (Figure 2D). Of the 61

canonical histone genes, the majority (53) are found in cluster 3

(p = 2.2E-89). Interestingly, most of these genes (50 of 53 or

94%, p = 1E-36) also bind NANOG, SOX2, or OCT4. It is worth

noting that the preferential presence of NSO targets in cluster

3 is not biased by histone genes, as the percentage of NSO

targets in cluster 3 changes slightly from 79% to 75% after

excluding histone genes. Unlike the canonical histone genes,

the variant histone genes including centromere protein A

(CENPA) and protamine genes are relatively depleted of
cular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc. 419
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Figure 2. Genome-wide Localization of Histone H3 K56Ac by ChIP-on-Chip in hESCs and Differentiated Cells

(A) Histone H3 K56Ac is present in human cells and occurs at distinct gene promoters. 15,581 genes with at least 25% of the regions (2 kb) covered by valid

probes were classified into ten groups by K-means clustering based on K56Ac patterns in hESCs (HSF1 and HSF6). K56Ac patterns in somatic cells (BJ and

ARPE) were then mapped to the same gene groups for comparison. Each row represents the same promoter region in HSF1, HSF6, BJ, and ARPE. Each single

promoter region ranges from –5.5 kb to +2.5 kb with respect to the TSS and is represented as 16 stepwise 500 bp windows. Red, green, and black represent

relative enrichment (log ratio) compared to input DNA, as shown in the color bar. Grey represents missing values. The major gene classes enriched in cluster

3 are shown at the arrow on the right.

(B) The average K56Ac enrichment for clusters 1–10 is shown. The mean of K56Ac enrichment (promoter average) of all genes in each cluster is computed and

plotted as bar graphs for HSF1 (blue), HSF6 (orange), BJ (yellow), and ARPE (green).

(C) Percentages of genes bound by the NSO regulators in K56Ac clusters 1–10 are shown. Genes that are bound by at least one of the proteins NANOG, SOX2,

and OCT4 were counted and used to compute the percentage of pluripotency key regulator targets in each cluster. Blue dashed line represents the average

enrichment of the NSO regulator targets across all clusters (background level).

(D) Canonical histone genes are heavily acetylated at K56 and targeted by the key regulators for pluripotency. Promoter average K56Ac signals for canonical

histone genes HIST1-4, variant histone genes, CENPA, and protamine are shown for HSF1, HSF6, BJ, and ARPE. For canonical histone genes, only regions

1 kb upstream and 0.5 kb downstream of the TSS were used, because of their short gene lengths (median 460 bp) and closely adjacent chromosomal positions

(the median distance between neighboring genes is 4.3 kb). The percentages of genes that are bound by NANOG, SOX2, or OCT4 (NSO) are also shown for both

canonical histone genes and variant histone genes on the right.

(E) K56Ac preferentially marks active genes but also occurs at inactive genes. The percentages of active genes among all genes (blue) or among genes that are

bound by the NSO regulators (yellow) in each cluster are shown as bar graphs.
420 Molecular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc.
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K56Ac, and few are bound by NANOG, SOX2, or OCT4 (5 of 15 or

33%, p = 0.07). Interestingly, K56Ac consistently marks fewer

canonical histone genes in somatic cells (49 in BJ, 33 in ARPE)

(Figure 2D) but is enriched at several variant histone genes

(H2AFJ, H2AFV, H3.3) somewhat more in these lines. This may

reflect the selective usage of histone genes during cell differen-

tiation (Holmes et al., 2005). Therefore, K56 is highly acetylated

at canonical histone genes as part of the core transcriptional

network of hESCs.

We found that cluster 3 also contains a number of genes for

miRNA, a type of noncoding regulatory 22 nt long RNA that has

been demonstrated to play critical roles in many biological

processes including development and regulation of ESCs (Bartel,

2004; Marson et al., 2008). Strikingly, 12 of 18 miRNA genes in

cluster 3, including three polycistrons mir-302 (hsa-mir-302a/

302b/302c/302d/367), mir-371 (hsa-mir-371/372/373), and

mir-498 (hsa-mir-498/512-1/512-2/520e), are known to be

expressed only in hESCs (Suh et al., 2004; Laurent et al., 2008).

Moreover, while only 8% of a random set of miRNA genes are

bound by OCT4 (Marson et al., 2008), OCT4 occupies mir-302

group and mir-371 group, corresponding to 44% of miRNA

genes in cluster 3 (p = 1E-5). Thus, a significant fraction of the

hESC-specific miRNAs in cluster 3 are highly acetylated at

K56 and are selectively recognized by the key regulators of

pluripotency.

K56Ac Is Largely an Active Mark but Also Occurs
at Repressed Genes
To ask whether the preferential presence of K56Ac on the

promoters of the core transcriptional network of hESCs is simply

due to an association with gene activity, we compared K56Ac to

the gene transcription levels in hESCs in each cluster. Using

Figure 3. K56Ac Correlates with NANOG,

SOX2, and OCT4 Binding on Their Targets

in hESCs

A total of 2479 genes were used that are bound by

at least one of the three regulators, NANOG,

SOX2, and OCT4. Moving averages of NANOG

(green), SOX2 (blue), and OCT4 (orange) binding

levels (log ratio) are plotted against the promoter

average levels of K56Ac (A), K4me3 (B), and

K9Ac (C) for HSF1, with window size of 100 genes

and moving step of 1 gene.

a combined expression data set from mi-

croarrays (Sato et al., 2003; Abeyta et al.,

2004), we found that although clusters

2–4 contain many active genes, they

also include significant fractions of inac-

tive genes (16%, 39%, and 40%, respec-

tively). This is also true when we restrict

the analysis to those genes that are

bound by one or more NSO proteins

(Figure 2E). For example, high levels of

K56Ac are observed at the promoters of

GATA4, GATA6, OTX1, ONECUT1, ISL1,

and WNT3, which are known to be bound by NSO proteins in

hESCs and are preferentially expressed only upon hESC differ-

entiation (Boyer et al., 2005; Hyslop et al., 2005; Marson et al.,

2008; Zhang et al., 2008). Globally, we find that K56Ac marks

�23% of inactive genes in hESCs. An even larger fraction

(�41% inactive genes) is obtained using different expression

profiling data sets by Massively Parallel Signature Sequencing

(MPSS) (Brandenberger et al., 2004; Wei et al., 2005). In fact,

K56Ac shows only a weak correlation with gene expression

genome-wide, as shown in the scatter plots (Figure S4, r =

0.18 for both HSF1 and HSF6). A relatively higher correlation

was observed when we compared K56Ac to a published Pol II

binding data set (Lee et al., 2006) (r = 0.50 for HSF1 and r =

0.45 for HSF6), possibly due to the occupancy of initiating Pol

II at many inactive genes in mammals (Guenther et al., 2007).

Therefore, K56Ac in hESCs is largely an active mark but also

occurs at a significant fraction of repressed genes examined,

suggesting that K56Ac is not simply a marker for gene activity.

K56Ac Correlates Positively with NANOG, SOX2,
and OCT4 Binding along Promoters in hESCs
As the occurrence of K56Ac is unlikely to be simply caused by

transcription, it is alternatively possible that it is mediated by

the NSO regulatory factors, which are known to bind both active

and inactive genes (Boyer et al., 2005). To probe this question,

we examined the relationship between K56Ac and NSO binding

at their gene targets in hESCs. Using published data (Boyer et al.,

2005), we have found that average K56Ac level positively corre-

lates with the binding levels of NSO proteins on the promoters of

their targets, as shown in the moving average plot for HSF1

(Figure 3A). To ask whether this is a general phenomenon that

is observed for other histone marks that are related to gene

Molecular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc. 421
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Figure 4. NANOG, SOX2, and OCT4 Binding

Parallels the Presence of K56Ac along the

Gene Promoters in hESCs

(A) Identification of two distinct K56 acetylation

spatial patterns on gene promoter targets in

hESCs. K56Ac hESC targets (histone genes and

miRNA genes excluded due to their short gene

lengths) were clustered into the B (Broad) group

(364 genes) and N (Narrow) group (414 genes),

using K-means clustering based on K56Ac spatial

distributions in hESCs.

(B) NANOG, SOX2, and OCT4 binding parallels the

presence of K56Ac (A) at the B and N group genes.

The NANOG, SOX2, OCT4, and Pol II binding

levels are shown using stepwise 500 bp windows

spanning the promoters, where each row repre-

sents one gene.
activity, we performed ChIP-on-chip for K4me3 and K9Ac similar

to K56Ac in both hESCs and somatic cell lines (see the Supple-

mental Data, ‘‘Validation of microarray results’’). Unlike K56Ac,

K4me3 and K9Ac do not show positive correlations with the

binding of the NSO regulators on these same genes (Figures

3B and 3C). Similar observations were obtained for HSF6

(Figure S5).

We then asked whether the physical location of K56Ac along

the gene promoters overlaps with that of the key regulators of

pluripotency. One unique feature of cluster 3 (and also cluster

4) is the presence of K56Ac along the entire promoter and not

only at the TSS. This is not due to the broad distribution of nucle-

osomes, as histone H3 is relatively depleted from these

promoters (Figure S3). Therefore, we further classified the

K56Ac-enriched genes in hESCs based on their spatial acetyla-

tion patterns. As genes with low levels of K56Ac generally do not

associate with the NSO regulators (Figure 3A), we focused on

genes with high levels of K56Ac whose average signal across

the promoter is 1.5-fold or more in both hESC lines (n = 1461).

To reduce the bias of clustering introduced by missing probe

signals, only genes with valid probe coverage no less than

75% (6 kb) were used (n = 778). These K56Ac-enriched genes

in hESCs were classified into two groups by K-means clustering.

As shown in both the heat map (Figure 4A) and the average signal

plot (Figure S6), one of the groups (n = 364) has a broad K56Ac

domain covering the entire 5.5 kb region upstream of the TSS

and was termed ‘‘B’’ for ‘‘Broad.’’ The other pattern (n = 414)

has a strong K56Ac peak only around the TSS. We termed this

pattern ‘‘N’’ for ‘‘Narrow’’ (for complete gene lists, see Table

S5). No significant difference in overall expression levels was

observed between genes in the B and N groups (Figure S7).

Interestingly, we find that NSO targets are preferentially present

in the B group, where 60% of the genes are bound by NANOG,

SOX2, or OCT4, while 46% of genes in the N group are bound

by one or more of these regulators. The difference between the

B and the N groups in marking the core transcriptional network

is significant (p = 2E-4), while both groups are bound in a similar

manner (9.3% and 10.6%, respectively) by a cell-cycle regulator,

E2F4 (Boyer et al., 2005; data not shown). We then wished to

compare the physical locations of K56Ac along the gene

promoters in the B and N group with those of the NSO regulators.
422 Molecular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier I
By mapping the binding of NSO proteins in the B and N group,

we find that NSO occupancy along target promoters (Boyer

et al., 2005) to a large extent parallels K56Ac spreading in the

B or N pattern (Figure 4B and Figures S8A–S8C). This is not simi-

larly observed for RNA polymerase II (Pol II) that is enriched

primarily at the TSS (Figure 4B, ‘‘Pol II’’; and Figure S8D). These

data uncover a spatial correspondence between K56Ac and the

binding of the NSO regulators along the affected promoters.

K56Ac Defines Epigenetic Differences between hESCs
and Somatic Cells Better Than Either H3K4me3 or
H3K9Ac
As K56Ac is closely connected with the core transcriptional

network in pluripotent cells, we further compared K56Ac to other

‘‘active’’ marks, K4me3 and K9Ac, by testing which histone mark

best distinguishes the epigenetic states of pluripotent and

somatic cells. We compared genes most highly enriched in

various histone modifications within hESCs and somatic cells.

To do so, we applied a series of quantile cutoffs (0.1–0.9) to

select genes showing highest enrichments (10%–90%) within

each cell type and measured the overlap between hESCs and

the somatic cell lines. As shown in Figures 5A and 5B, the

percentage of hESC K56Ac targets that are also modified by

K56 acetylation in somatic cell lines (overlap percentage) is lower

than that for either K4me3 or K9Ac. This difference is observed

not only at the lowest quantile threshold (0.1) but for all except

the highest threshold examined (0.9). In contrast to active marks

K4me3 and K9Ac, H3 K27me3 is a repressive mark that is known

to control cell fate and differentiation and displays a dramatic

difference in presence between ESCs and somatic cells (Buszc-

zak and Spradling, 2006). To compare K56Ac to K27me3 using

similar analyses, we performed ChIP-chip for H3 K27me3 in

HSF1, HSF6, BJ, and ARPE (see the Supplemental Data, ‘‘Vali-

dation of microarray results’’). As shown in Figures 5A and 5B,

K56Ac distinguishes hESCs versus somatic cells in a manner

that is comparable to K27me3. It shows even better discrimina-

tion at the top thresholds (0.1 and 0.2) than K27me3. Therefore,

K56Ac is a largely active mark that defines the epigenetic differ-

ence between pluripotent cells and differentiated cells as well as,

if not better than, repressive mark K27me3 and much better than

known active marks such as K4me3 and K9Ac.
nc.



Molecular Cell

H3 K56 Acetylation in Human Cell Differentiation
Figure 5. K56Ac Defines Epigenetic Differences between hESCs and Somatic Cells Better Than Either H3K4me3 or H3K9Ac

Genes were sorted by their average signal of K56Ac, and a series of quantile cutoffs (0.1–0.9) were applied to select K56Ac targets in hESCs (common to HSF1

and HSF6) and somatic cells. The percentages of hESC K56Ac targets (blue line) that are also shared by BJ (A) or ARPE (B) were plotted against the quantile

thresholds. Similar analysis was performed for K4me3 (orange line), K9Ac (green line), and K27me3 (black line).
Developmental Genes Are Hyperacetylated at K56
in Differentiated Cells
The differential acetylation of K56 in hESCs and somatic cells as

shown in Figure 5 suggests the existence of genes that are

marked only in somatic cells. To identify genes that might be

preferentially acetylated at K56 in somatic cells, we selected

those (741 genes) that are acetylated in both BJ and ARPE,

but not in either of the hESC lines. GO analysis shows that cohe-

sive classes in these genes include those involved in signal trans-

duction, tissue remodeling, and organ development (Table S6).

Therefore, in differentiated cells, K56Ac marks genes that are

likely to be important for somatic development.

As BJ and ARPE are lineage-committed cells, we asked how

K56Ac relocates in cells during the transition from the pluripotent

state to the differentiated state. To probe this question, we

induced the differentiation of HSF6 cells by retinoic acid (RA).

After 5 days of treatment, we were able to observe a morpholog-

ical change of hESCs (Figures S9A and S9B) and a significant

reduction in the transcript levels of NANOG, SOX2, and OCT4

(Figure S9C), confirming that these cells have undergone differ-

entiation. We profiled K56Ac in these cells similarly using ChIP-

on-chip and compared our data to those of the undifferentiated

HSF6 cell line. We found that upon RA treatment, the enrichment

of K56Ac fell at least 2-fold at 538 promoters, including 60% of

genes in cluster 3 (Figure 6, see Table S7 for complete gene

list). As expected, pluripotency-related genes NANOG, SOX2,

OCT4, TDGF1, PHC1, DPPA4, ZIC3, GDF3, and LEFTY1 are

among those that display the most hypoacetylation (top 1% of

the genome). Interestingly, the most-deacetylated locus in the

genome is the hESC-specific miRNA gene group mir-302

(11-fold reduction in K56Ac), implying a tight regulatory control

of this miRNA cluster, which is known to be bound by OCT4

(Marson et al., 2008). In contrast, 402 genes are hyperacetylated

(2-fold cutoff) at K56 in the differentiated cells (see Table S7 for

gene list). The HOX gene family, a homeobox transcription factor

family that controls embryonic patterning and is known to be

activated by RA (Langston and Gudas, 1994), is the most hyper-

acetylated gene class (p = 6E-30). We found that 51% of the

HOX genes (19 of 37 on arrays) are among the top 1% most
Mole
hyperacetylated genes upon RA treatment. Other hyperacety-

lated genes include those participating in developmental events

(p = 6E-9) such as organ morphogenesis (p = 2E-6) and ectoderm

development (p = 1E-4). To directly test whether these genes are

upregulated when cells lose pluripotency, we compared pub-

lished gene expression data from RA-induced hESCs (Pan

et al., 2007) to K56Ac levels. These data clearly demonstrate

that, in contrast to pluripotency-related genes that are generally

repressed during differentiation, these genes are preferentially

upregulated upon RA treatment (Figure 6), reflecting a redistribu-

tion of K56Ac from pluripotency-related genes to developmental

genes. We also find that a portion of genes (>60%) that are hy-

peracetylated upon differentiation do not show upregulation,

indicating again that K56Ac does not depend entirely on tran-

scription. Taken together, K56Ac relocates to genes that are

important for somatic development in not only differentiated cells

but also those that are undergoing differentiation.

DISCUSSION

H3 K56Ac Is Present in Human Cells
It has been unclear whether K56Ac, a unique histone modifica-

tion in the core of histone H3 that exists in yeast and flies, is

also present in humans. Using a targeted mass spectrometry

approach with improved sensitivity and data quality, together

with ChIP, we now show that, in contrast to the abundant

K56Ac in yeast (�28% of H3 is acetylated), K56Ac is present

at low abundance in human cells (�1% of H3 is acetylated). In

addition, the canonical histone gene promoters are among the

most acetylated targets in the genome in both yeast and

humans, demonstrating the conservation of this cohesive class

of K56Ac targets. In summary, we have shown here that

K56Ac indeed exists in the genome of human cells.

K56Ac Occurrence Displays Similarities
and Differences between Yeast and Humans
K56Ac targets canonical histone genes and other defined gene

classes in humans, suggesting that, as in yeast, K56Ac can

occur in a gene-specific manner. Nevertheless, K56Ac also
cular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc. 423



Molecular Cell

H3 K56 Acetylation in Human Cell Differentiation
shows a striking difference between yeast and humans. In yeast,

the global acetylation of K56 results from Rtt109 activity on

newly synthesized histones that are deposited on replicating

chromatin. However, our data suggest that this mechanism is

not prevalent in humans, based on several findings. First,

compared to a high abundance in yeast, K56Ac in human cells

exists at a very low level, which makes it unlikely to occur on

bulk newly synthesized histones. Second, K56Ac does not

appear to be tied to cell-cycle-regulated DNA replication in

mammals. NANOG and OCT4 are early replicating genes in

both pluripotent and differentiated cells (Azuara et al., 2006),

yet we find that NANOG and OCT4 are acetylated at K56 only

in hESCs, but not in somatic cells (BJ and ARPE). Finally, to

directly address this question, we probed the cell-cycle regula-

tion of K56Ac in HeLa cells using a commercial antibody

(Epitomics) that is specific for K56Ac in western blots under

the conditions shown as illustrated using K56 mutants

(Figure S10A). We show that, in contrast to cyclin E, K56Ac

shows equal enrichment throughout the cell cycle (Figure S10B).

Therefore, unlike the situation in yeast, the time of replication

does not appear to be the major determinant of K56 acetylation

in humans. Nevertheless, we do not exclude the possibility that

K56 acetylation may affect DNA repair and chromosomal integ-

rity through other pathways.

Since K56Ac in humans is not global but gene specific, other

mechanisms by which K56Ac takes place at their target

promoters may be considered. In yeast, the levels of K56Ac

have been shown to correlate with replication-independent

histone replacement (Rufiange et al., 2007); therefore it is

possible that in humans K56Ac may result from the active

replacement of histones at promoter regions. Metazoan H3

variant H3.3 replaces canonical H3 during transcription (Ahmad

and Henikoff, 2002). This raises the interesting possibility that

H3.3 may be selectively acetylated at K56, allowing K56Ac to

occur at promoters that are subject to H3.3 replacement.

However, we do not favor this model, as our western blots (using

Figure 6. Developmental Genes Are Hyper-

acetylated at K56 upon hESC Differentiation

Induced by Retinoic Acid

The K56Ac level changes (RA treated/undifferenti-

ated, log ratio) for the entire genome are shown on

the left, ranked from the most-hypoacetylated

genes to the most-hyperacetylated genes. Genes

that are differentially expressed in hESCs upon RA

treatment (3-fold cutoff) were obtained from a

published data set (Pan et al., 2007). The number

of upregulated (orange) or downregulated (blue)

genes was computed as a moving average (step,

1 gene; window, 100 genes), shown on the right.

anti-K56Ac antibody from Epitomics)

show that all three H3 variants (H3.1,

H3.2, and H3.3) appear to be acetylated

in human cells (data not shown). Alterna-

tively, a HAT for K56 may be recruited by

cell-specific transcription factors, such

as the transcriptional regulators of pluripotency of hESCs, to

the targeted promoters.

K56Ac Is Linked to the hESC Core Transcriptional
Network
We showed that K56Ac in hESCs occurs on the targets of the

hESC key regulators for pluripotency in a highly significant

manner. First, a striking fraction of genes with high levels of

K56Ac are bound by NANOG, SOX2, and OCT4. Among the

top 1% of genes acetylated in the genome, 87% are bound by

at least one NSO regulator. Moreover, these genes share

a common K56Ac signature, as 95% of them are included in

a small gene cluster (cluster 3), which has a broad acetylation

pattern across the promoter regions. Genes with high levels of

K56Ac are also included in two other gene clusters, 2 and 4,

both of which contain higher than average levels of NSO targets

(�40%). Second, compared to canonical histone genes, of

which 94% are bound by NANOG, SOX2, or OCT4, K56Ac is

relatively depleted from variant histone genes, of which only

33% are bound by the key regulators. Similarly, consistent with

the absence of the NSO regulators in differentiated cells, genes

of clusters 2, 3, and 4 are preferentially deacetylated at K56 in

somatic cells. Third, at the promoter regions of the NSO protein

targets, K56Ac levels correlate with the binding of NANOG,

SOX2, and OCT4, a feature that is not observed for K4me3

and K9Ac. Finally, along the promoters of K56Ac targets, the

spatial patterns of K56Ac parallel the spatial binding of NSO

proteins. These data indicate that K56Ac in hESCs is closely

linked to the core transcriptional network of hESCs.

K56Ac also occurs at other genes involved in certain house-

keeping functions. Clusters 6 and 10 are acetylated mainly at

the TSSs, contain few targets of NSO proteins, and are generally

involved in cell proliferation. The low concentration of NSO

targets in clusters 6 and 10 is not due to lower gene activity in

these clusters, as both clusters exhibit comparable or even

higher transcription levels compared to clusters 2–4 (Figure 2E).
424 Molecular Cell 33, 417–427, February 27, 2009 ª2009 Elsevier Inc.
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It is possible that K56Ac may be involved in other cellular func-

tions that are independent of the NSO regulators. The factors

that may be associated with the lower levels of K56Ac at these

genes remain to be determined.

K56Ac Is Largely an Active Mark but Also Occurs
at Inactive Genes
An intriguing question is whether the presence of K56Ac on the

core transcriptional network of hESCs is simply due to its asso-

ciation with gene activity. We showed that this is unlikely to be

the case, since even hESC clusters with the highest levels of

K56Ac (clusters 2–4) contain significant fractions of repressed

genes. On a genome-wide scale, K56Ac shows a weak correla-

tion (r = 0.18) with gene expression in hESCs. This is consistent

with the finding that NSO proteins are known to bind both active

and inactive genes (Boyer et al., 2005).

Other histone marks, such as H3K4me3 and H3K9Ac, have

also been shown to be present on both active and inactive genes

(Guenther et al., 2007). However, K56Ac differs from H3K4me3

and H3K9Ac in a significant manner. First, the levels of K56Ac

correlate with the binding of NANOG, SOX2, and OCT4, which

is not observed for K4me3 or K9Ac (Figure 3). Second, K56Ac

best distinguishes pluripotent cells versus somatic cells

compared to K4me3 or K9Ac (Figure 5). These data strongly

argue that K56Ac is a mark that occurs at both active and inac-

tive genes but is different from known active marks such as

K4me3 and K9Ac.

Since the acetylation of K56 is essential for SWI/SNF binding

at yeast histone gene promoters (Xu et al., 2005), K56Ac and

the NSO regulators may recruit a SWI/SNF-like nucleosome

remodeling complex that is important not only to allow gene acti-

vation (Xu et al., 2005) but also in some cases to enable gene

repression, as shown both in yeast and mammals (Martens

and Winston, 2003), including ESCs (Kaeser et al., 2008).

K56Ac Preferentially Marks Developmental Genes
in Differentiated Cells
Extensive genomic programming occurs when cells are con-

verted from a pluripotent state to a committed state. We find

that genes in the hESC core transcriptional network are preferen-

tially acetylated at K56 in the pluripotent cells; however, there is

a redistribution of K56Ac in differentiated cells. This is evident

when we examine hESCs that were induced to differentiate by

RA treatment, during which developmental genes including the

HOX genes are hyperacetylated at least in certain cell popula-

tions, underscoring the importance of K56Ac during develop-

ment. Thus K56Ac is able to distinguish the pluripotent state

from a somatic state better than other active histone marks

such as K4me3 and K9Ac. Since the NSO regulators are not

present in somatic cells, this also predicts that other regulators

may recruit K56Ac to promoters in somatic cells in a similar yet

developmentally distinct manner.

Extending the Core Transcriptional Network of hESCs
by Examining K56Ac
By marking the core transcriptional network of hESCs, K56Ac

may predict new targets of the NSO transcriptional regulators.

In the top 1% most-acetylated genes at K56 in the genome, there
Mol
are 55 genes that previously were not identified as targets of the

NSO regulators (Boyer et al., 2005). Thirty-five of these are found

to be bound by OCT4 in a recent study (Marson et al., 2008),

including the two hESC-specific miRNA gene groups mir-302

and mir-371 in cluster 3 (Suh et al., 2004). Our data and those

of a recent study (Laurent et al., 2008) indicate that the third

miRNA gene group, mir-498, in cluster 3 may also be uniquely

expressed in hESCs. GO analysis shows that certain K56Ac

targets (more than 1.5-fold enrichment), which have not yet

been shown to be bound by NSO proteins (n = 809), are involved

in the regulation of gene expression (p = 4E-7). Our data predict

that these genes are also potential targets of NANOG, SOX2, or

OCT4. Alternatively, some of these K56Ac-modified promoters

may be targeted by other key regulators of pluripotency. For

instance, transcription factors KLF4 and c-myc, together with

SOX2 and OCT4, have been shown to reprogram differentiated

cells into ES-like cells (Lewitzky and Yamanaka, 2007; Jaenisch

and Young, 2008). By examining a number of factors that are

involved in transcriptional regulation of ESCs, two recent studies

have dramatically expanded the mouse ESC regulatory network

(Kim et al., 2008; Chen et al., 2008). A similar extended pluripo-

tency transcriptional network in humans is yet to be established.

In this regard, K56Ac, which has identified genes in the pluripo-

tency transcriptional network, may further help predict new

regulators.

EXPERIMENTAL PROCEDURES

Cell Culture

Human ESC lines HSF1 and HSF6 were maintained on irradiated mouse

embryonic fibroblasts under standard growth conditions (see the Supple-

mental Data). BJ, ARPE, HeLa, and HEK293 cells were maintained under stan-

dard conditions with details described in the Supplemental Data.

Mass Spectrometry

Histone H3 from HeLa or HSF1 cells was purified and prepared for mass spec-

trometry analysis as previously described (Garcia et al., 2007b), with details

included in the Supplemental Data.

Chromatin Immunoprecipitation and DNA Microarray Analysis

Detailed descriptions of ChIP are provided in the Supplemental Data. Agilent

244K Human Promoter microarrays (G4489A) were used for ChIP-on-chip

experiments. Protein binding data for Pol II, NANOG, SOX2, OCT4, and

E2F4; gene expression data; and the detailed analysis methods are included

in the Supplemental Data.

ACCESSION NUMBERS

Micorarray data are available at the Gene Expression Omnibus under acces-

sion number GSE14749.

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, ten

figures, seven tables, and Supplemental References and can be found with

this article online at http://www.cell.com/molecular-cell/supplemental/

S1097-2765(09)00097-5.
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