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H3K9 and H3K14 acetylation co-occur at many
gene regulatory elements, while H3K14ac mark

Sa

subset of inactive inducible promoters in mouse

embryonic stem cells

Krishanpal Karmodiyarnaud R Krebd Mustapha Oulad-Abdelgh&nHiroshi Kimufeand Laszlo Tota

Abstract

Background: Transcription regulation in pluripotent embryonic stem (ES) cells is a complex process that iny
multitude of regulatory layers, one of which is post-translational modification of histones. Acetylation of spe
lysine residues of histones plays a key role in regulating gene expression.

Results:Here we have investigated the genome-wide occurrence of two histone marks, acetylation of histor

H3K9 and K14 (H3K9ac and H3K14ac), in mouse embryonic stem (MmES) cells. Genome-wide H3K9ac and
show very high correlation between each other as well as with other histone marks (such as H3K4me3) su

with the CpG content of the promoters attesting the importance of sequences underlying the specifically m
nucleosomes. Our data provide evidence that H3K9ac and H3K14ac are also present over the previously g
bivalent promoters, along with H3K4me3 and H3K27me3. Furthermore, like H3K27ac, H3K9ac and H3K14
differentiate active enhancers from inactive ones. Although, H3K9ac and H3K14ac, a hallmark of gene acti
exhibit remarkable correlation over active and bivalent promoters as well as distal regulatory elements, a s
inactive promoters is selectively enriched for H3K14ac.

Conclusions:Our study suggests that chromatin modifications, such as H3K9ac and H3K14ac, are part of t
promoter state, are present over bivalent promoters and active enhancers and that the extent of H3K9 and
acetylation could be driven by cis regulatory elements such as CpG content at promoters. Our study also §

that histone acetyl transferases (HATS) prime inactive genes by H3K14ac for stimuli dependent activation.

thought.
Keywords: ChlP-seq, Histone acetylation, CpG islands, Embryonic stem cells, Gene regulation, Genome-w

conclusion our study demonstrates a wider role for H3K9ac and H3K14ac in gene regulation than originally

olves
cific

e
H3K14ac
jgesting

a coordinated regulation of active histone marks. Moreover, the levels of H3K9ac and H3K14ac directly coirelate

pdified
escribed
Ac can also
vation

bset of

e active
H3K14
uggests

that a subset of inactive promoters is selectively and specifically enriched for H3K14ac. This observation sfiggests

n
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mapping, Bivalent promoters, Epigenetics

* Correspondencéaszlo@igbmc.fr

Unstitut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), CNRS
UMR 7104, INSERM U 964, Université de Strasbourg, BP 10142-67404
ILLKIRCH Cedex, CU de Strasbourg, France

Full list of author information is available at the end of the article

© 2012 Karmodiya et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

( ) BiolVled Central



Karmodiyaet al. BMC Genomi@912,13:424 Page 2 of 18
http://www.biomedcentral.com/1471-2164/13/424

Background whereas acetylation of H3K14 is mediated by GCN5/
Embryonic stem (ES) cells provide an important model PCAF, p300/CBP and/or Myst3 [17-19].
system to study developmental regulation and hold signifi- The lack of in-depth studies concerning the role of
cant potential for clinical therapeutics because of their H3K14ac was due to the absence of reliable and specific
unigue capabilities to self re-new and differentiate into antibodies. Antibodies against modified histone tails are
multiple lineages (reviewed in [1]). The chromatin of central research tools in studying chromatin biology at a
pluripotent ES cells have unique characteristics, includinggenome-wide level. Thus, we have developed a new spe-
an open conformation, a hyper-dynamic organization of cific ChlP-grade antibody against the H3K14 acetylation
chromatin proteins, and less condensed heterochromatinmark. By using the antibody we have developed against
domains, suggesting the plasticity of the genome in ESH3K14ac and another published commercial antibody
cells (reviewed in [2]). against H3K9ac, we made genome-wide location analysis
Different modifications of chromatin are associated with of these two acetylation marks in mouse (m) ES cells,
variable functions. Histone modifications such as tri- and compared the presence of two marks over various
methylation of H3 lysine 4 (H3K4me3) and hyperacetyla-genomic regions. Our study suggests that these two
tion of histone H3 and H4 are known as active marks andmarks are present not only over promoters of actively
are often associated with ongoing transcription [3,4]. On transcribed genes, but also on the developmentally regu-
the other hand, methylation of H3K9 and H3K27, are lated bivalent promoters, as well as over active enhan-
known as repressive marks and are associated with geneers in mES cells. Moreover, the degree of H3K9 and
silencing [5]. Promoters of key regulatory genes haveH3K14 acetylation correlates with the CpG content of
unique chromatin modification signatures, which contain the promoters and transcription level of the genes.
both an active histone mark, H3K4me3, as well as a reFinally, we observed differential presence of these two
pressive histone mark, H3K27me3, also known as bivalenacetylation marks over a subset of inactive genes, which
promoters, and are thought to be poised for gene activa-is marked by low level of H3K14ac and thus seemed to
tion during differentiation [6-8]. Distal regulatory regions, be prepared for future activation.
such as enhancers, are enriched in H3K4mel (as com-
pared to H3K4me3), histone acetyl transferase (HAT) coResults
activators (i.e. p300 or ATAC) and have an open chroma-Genome-wide acetylation profiles of H3K9 and H3K14
tin structure [4,9,10]. Not only promoters, but enhancer correlate with each other
regions were also shown to be poised for gene activatioTo understand the role of histone H3 acetylation at
during differentiation as only active enhancers are markedpositions K9 and K14 in mouse ES cells, we have sys-
by the H3K27ac modification [11,12]. tematically tested the available antibodies raised against
One of the most studied modifications of histones is these modified histone tails. We and others have found
acetylation of specific lysine (K) residues, which generthat the anti-H3K9ac antibody from Abcam (ab4441) is
ally correlates with gene activation. The level of histonespecific for the corresponding modification in various
acetylation is regulated by the activity of both histone applications including chromatin immunoprecipitation
acetyl transferases (HATs) and histone deacetylase€ChIP) [20,21]. However, the anti-H3K14ac antibody
(HDACs), which acetlylate and deacetylate lysine resifrom Upstate (07-353), which was used earlier for
dues of the N terminal histone tails, respectively. Gen-genome-wide localization of H3K14ac [3], was shown to
etic and biochemical studies suggested that HATs havecross-react with other histone modifications [20] and
rather specific roles in gene activation, while genome-was found non-applicable for chromatin immunopreci-
wide experiments rather suggested that HATs are oftenpitation coupled high throughput sequencing (ChlP-seq)
recruited simultaneously, and together are acetylating[21]. Our ELISA tests showed that it not only cross-
multiple lysine residues at a given loci [13,14]. Thus, thereacts with with the H4K5acK12ac peptide, it also recog-
biological function of histone acetylation may be rather nizes the nor-acetylated H3K14 peptide (Additional file
additive than specific. In ES cells, acetylation of H3K91: Figure S1). To overcome this limitation and to study
was shown to predict the pluripotency and reprogram- the real genome-wide distribution of H3K14ac, we raised
ming capacity [15] and its level reduces with ES cell dif-a specific mouse monoclonal antibody (mAb) against
ferentiation [16]. Recent genome-wide studies shed lightthis modification and confirmed its specificity in several
on various histone modifications in mES cells [6], how- different tests (Additional file 2: Figure S2).
ever, the genome-wide role of histone H3 acetylation in To gain insight in the genome-wide acetylation profile
MES cells is poorly understood. In this study, we haveof H3K9 and H3K14 residues, ChlP-seq was performed
investigated two histone acetylation marks, H3K9 andusing the commercially available antibody against H3K9ac
H3K14. Acetylation of H3K9 is mainly performed by and the new antibody developed against H3K14ac in
histone acetyl transferases GCN5/PCAF and/or Tip60,this study. Peaks of local enrichment for H3K9ac and
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H3K14ac were determined after sequence alignment andhe genome H3K9ac and H3K14ac are mostly present at
normalization to input DNA. Further to validate the distal intergenic and intronic regions, specifically
peaks obtained in ChIP-seqs for H3K9ac (using ab444%nriched at promoters when localized in the vicinity of
antibody) and H3K14ac (using 13HH3-1A5 antibody), we genes and that the two acetylation marks co-occur at
performed ChIP-gPCR on randomly selected genomicpromoters as well as other locations.
loci enriched for H3K9ac and H3K14ac. All the selected
peaks of H3K9 and H3K14 acetylation from the ChIP-seqLevels of H3K9 and H3K14 acetylations correlate with the
experiments were validated by ChIP-gPCR (Additional magnitude of gene expression
file 3: Figure S3 and Additional file 4: Table S1. Global transcription is a hallmark of pluripotent ES cells
In order to test whether H3K9ac and H3K14ac modifi- that contributes to plasticity and lineage specification
cations have differential preference over various chroma{24]. Histone modifications are known to act in a com-
tin regions, we compared their presence over promotersbinatorial fashion to determine the overall outcome of
(2000 bp upstream of transcription start sites (TSSs)),the gene expression [3]. To explore the correlative rela-
coding exons, introns and distal intergeneic regionstionship between various active histone marks detected
(Figure 1A), which represent 2.5%, 1.6%, 38.7% analt promoters and the transcription of the corresponding
57.2% of the total genome, respectively [22]. First, peakgenes in mES cells, we compared the level of various
of H3K9ac and H3K14ac local enrichment were deter-active histone marks with the transcriptional level of the
mined after sequence alignment and normalization to genes. Densities of active histone marks (H3K9ac,
input DNA using MACS [23]. Our analyses show that H3K14ac, H3K4me3 and H3K27ac), as well as total H3
H3K9ac and H3K14ac peaks are distributed over all fourand RNA polymerase Il (Pol 1), within a 3000 bp win-
genomic regions and the frequency of distribution over dow flanking the TSSs of the expressed genes (12100)
promoters is 13.2% and 12.4%, respectively (Figure 1Ajere collected. All expressed genes [8] were divided into
However, approximately 85% of both the H3K9ac andten categories ranked on the basis of their expression
H3K14ac marks are observed in distal intergenic and in-level. Presence of various active histone marks was ana-
tronic regions with significant enrichments, comparable lyzed over these categories. Analysis of histone H3 occu-
to promoters (Additional file 5: Figure S4), suggestingpancy, histone modifications (H3K9ac, H3K1l4ac,
that these two modifications may have a role at distalH3K4me3 and H3K27ac) and Pol Il around the TSSs
intergeneic and intronic regions. Further to compare suggest that depletion of the total histone H3 signal and
H3K9 and H3K14ac marks, a combined list of binding enrichment of the active promoter marks (H3K9ac,
sites at transcription start sites (TSSs) was establishe#i3K14ac, H3K4me3 and H3K27ac) at or around TSSs
containing 15595 TSSs. The comparison of H3K9ac andcorrelate with the increase in gene expression levels.
H3K14ac over these TSSs shows a Pearson correlatiolmterestingly, H3K9ac is more spread than the other ana-
coefficient of 0.73 (Figure 1B), suggesting that the stud{yzed active histone marks around the TSSs (Figure 2).
ied two H3 acetylation marks are present simultaneouslyWhile Pol Il is enriched at or slightly downstream of the
on promoters (Figure 1C). Moreover, H3K9 and H3K14 TSSs, on these sites the nucleosomes (H3) are depleted
acetylations have a characteristic bimodal distribution (Figure 2). This genome-wide observation with various
around the TSSs, with one peak upstream of the TSSactive histone marks is consistent with the notion that
another single peak (stronger in the case of H3K14acH3K9ac and H3K4me3 near the TSSs destabilize inter-
downstream of the TSS, and depletion of the signal rightaction between histones and DNA leading to nucleo-
on the TSS (Figure 1C). To examine the distribution of some eviction [25,26]. Taken together, these results
these two histone marks over the gene body, compositesuggest that level of active histone marks (H3K4me3,
profile of both marks spanning the entire gene body H3K9ac, H3K14ac and H3K27ac) over the active pro-
and extending 5 kb upstream from TSSs and 5 kbmoter chromatin state correlates with the magnitude of
downstream of the 3end of the genes for combined list gene expression.
of binding sites over TSSs (15595) was generated
(Figure 1D). The H3K9ac and H3K14ac distribution pro- H3K9 and H3K14 acetylation levels correlate with the CpG
files around TSSs suggest that both marks are predomin<ontent
antly located in regions surrounding the TSSs of genesCytosine-phosphate diester-guanine (CpG) islands are
Further to confirm that the co-occupancy of H3K9 and usually found at the 5end of the regulatory regions of
H3K14 observed is not because of cellular heterogeneitygenes [27]. CpG islands are GC rich, predominantly non-
we performed sequential ChIP for H3K9ac followed by methylated and their content correlates with H3K4me3
H3K14ac (Figure 1E). Sequential ChlP demonstrates thathromatin modification. To explore the relationship be-
genomic loci are acetylated simultaneously both attween the CpG content and the levels of H3K9ac and
H3K9 as well H3K14. Thus, our analyses suggest that otH3K14ac, we took all the CpG island sites (16026) from
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Figure 1 Genomic distribution of H3K9ac and H3K14ac in mES cell§d) Distribution of H3K9ac and H3K14ac peaks over the promoters
(2000 bp upstream of TSS,), coding exons, introns and distal intergenic regions. Many of the H3K9 and H3K14 acetylation peaks are
intergenic regionsB) Dot plot representation of genome-wide co-localization analysis of the H3K9ac and H3K14ac modifications over t
combined promoter list of H3K9 and H3K14ac suggests a strong correlation between these two modifications at pQrieteragé input

Average input normalized whole gene profiles for H3K9ac and H3K14ac modifications over 15595 combined promoter list of H3K9 an
(B Sequential ChHgPCR quantification for co-occupancy of H3K9ac (primary ChlP) and H3K14ac (secondary ChIP) at randomly select
and H3K14 acetylated loci suggest that these loci are co-marked with H3K9 as well H3K14 acetylation. Enrichment after first ChIP usi
followed by re-ChlIP with no antibody was used as a control. Primer sequences used in ChIP-gPCR is provided in Additional file 4: Tal

at distal
ne 15595

normalized profile of 15595 combined promoter list of H3K9 and H3K14ac around the transcription starts sites shows bimodal dgtribution. (
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bars represent the standard deviation for three technical replicates.

UCSC genome browser [28] and sorted them according toH3K9 and H3K14 acetylation, as acetylation over th

ose

their CpG content. On these CpG islands, which aresites increases in parallel with the CpG content (Figure 3).
sorted on the basis of their increasing CpG content, weThis in turn suggests that the levels of H3K9 and H3K14

looked for the H3K9ac and H3K14ac profile. We found acetylations on the nucleosomes positioning around

the

that indeed CpG content correlates with the level of TSSs of the promoters correlate with the CpG content of
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Figure 2 Level of H3K9 and H3K14 acetylation correlates with magnitude of gene expressiorA total of 12000 expressed genes in mES|
cells were divided into ten groups based on their expression levels, from the top 10% (blue, group 1) to the lowest 10% (purple, group|10). Mean
tag densities of active histone marks; H3K9ac, H3K14ac, H3K4me3, H3K27ac and Pol Il within (-/+) 3 kb are positively correlated with|the
transcription level of the genes. On the other hand, total H3 densities in the same regions are negatively correlated with the transcription level.

J

the underlying DNA sequence. This is in accordance with regulatory elements that can affect gene expression inde-
the fact that CpG enriched genes are generally housekeegendent of their orientation or distance in a cell type spe-
ing and are widely expressed [8,29]. cific manner [9]. Enhancers are marked by the presence of
H3K4mel, DNase | hypersensitivity and histone acetyl
H3K9 and H3K14 acetylations occur at active enhancers  transferases such as p300 [4,9] or the GCN5/PCAF-
Transcription from enhancers resulting in enhancer RNAs containing ATAC complex [10]. The important propor-
(eRNAs) play important regulatory role in maintenance of tion of H3K9 and H3K14 acetylation sites in distal inter-
gene expression programs [30-32]. Enhancers are key cigenic regions (Figure 1A) motivated us to further analyze
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Figure 3 Correlation between the CpG content and the H3K9ac and H3K14ac level6026 CpG island sites associated with genes were
sorted in descending order (top to bottom) on the basis of CpG content and the total H3, H3K9ac, H3K14ac and H3K4me3 were exanjined over
them. CpG content on these sites correlates with the level of H3K9 and H3K14 acetylation as well as with the H3K4me3.

J

these sites for the presence of various histone modificasuggests that H3K9ac and H3K14ac mark enhancers
tions, Pol Il and p300 that are indicative of enhancers.and can further discriminate etive enhancers from poised/
Identification of H3K9ac and H3K14ac peaks in intergenic inactive enhancers.

regions is described in Materials and Methods. During this

analysis we found a strong correlation between H3K9ac or

H3K14ac intergenic sites with either, H3K4mel, H3K27ac,Bivalent promoters are also marked by H3K9 and K14

the presence of Pol Il and p300 suggesting that H3K9aa@cetylation in pluripotent mES cells

and H3K14ac mark also enhancers (Additional file 6:Many promoters of developmentally regulated genes in
Figure S5). To confirm the presence of H3K9ac andmES cells are marked by H3K4me3 (active histone
H3K14ac over enhancers, we took 25036 putative enhanmark) as well as polycomb mediated repressive histone
cers reported in mES cells [11] and subjected them to k-mark, H3K27me3 [6,7] and are known as bivalent pro-
means clustering using seqMiner [33]. Further, H3K27acmoters. Recent studies have shown that these bivalent
was used to distinguish active and inactive/poised enhanpromoters are also bound by Pol Il and are transcribed
cers. Our analyses show that active enhancers arat very low level [34]. As these promoters have
marked by the strong presence of H3K9ac and H3K14add3K4me3 and show a very low level of active transcrip-
along with H3K27ac and H3K4mel (Figure 4A and 4B)tion we looked for the presence of H3K9 and H3K14
and those inactive/poised enhancers are marked byacetylation over the bivalent promoters to see if this low
the presence of H3K4me1l together with relatively weaklevel of transcription would also associated with acetyl-
levels of H3K14ac (Figure 4A and 4C). Thus, our studyation on these promoters.







































	Abstract

