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Histone H3K27 acetylation is dispensable
for enhancer activity in mouse embryonic
stem cells

Tiantian Zhang'?", Zhugiang Zhang'", Qiang Dong’, Jun Xiong'" and Bing Zhu'*"

Abstract

H3K27ac is well recognized as a marker for active enhancers and a great indicator of enhancer activity. However, its
functional impact on transcription has not been characterized. By substituting lysine 27 in histone variant H3.3 with
arginine in mouse embryonic stem cells, we diminish the vast majority of H3K27ac at enhancers. However, the

transcriptome is largely undisturbed in these mutant cells, likely because the other enhancer features remain largely
unchanged, including chromatin accessibility, H3K4me1, and histone acetylation at other lysine residues. Our results

clearly reveal that H3K27ac alone is not capable of functionally determining enhancer activity.
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Background
Enhancers are critical regulatory elements that control spatial
and temporal gene expression [1], and they are demarcated
by distinct chromatin modifications [2]. In mammals, puta-
tive enhancers can be predicted by their local chromatin sig-
natures, including H3K4mel and H3K27ac [3-5]. Among
these enhancer marks, H3K27ac is of particular interest be-
cause it distinguishes active enhancers from poised ones [6].
To date, a large body of literature has well established a role
for H3K27ac in indicating enhancer activity. On the other
hand, whether H3K27ac functionally determinates enhancer
activity is less clear because it is difficult to selectively target
H3K27ac at enhancers. Nevertheless, it has been reported
that H3K27ac plays an active role in cell identity control [7].
Enrichment of histone variant H3.3 and high histone
turnover are other enhancer features [8—14]. Although
mammalian H3.3 differs from canonical H3.1 by only five
amino acids, H3.3 is deposited into specific chromatin re-
gions [8, 9, 15, 16] by distinct histone chaperones [9, 17,
18] and is enriched for active histone modifications such
as H3K4me3 and H3K27ac [19-21]. H3.3 is not essential
for viability in Drosophila [22, 23]. However, complete loss
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of H3.3 in mice is embryonic lethal at an early stage and
even cellular lethal as a result of mitotic defects [24]. Re-
placing lysine 27 with a nonmodifiable residue in one of
the two genes encoding H3.3 in Drosophila causes male
lethality and infertility and reduced global H3K27ac levels
[25]. A similar reduction in H3K27ac levels was also
observed in mouse embryonic stem cells (ESCs) depleted
of H3.3 [26]. Therefore, we reasoned that targeting enhan-
cer H3K27ac might be achievable by mutating both H3.3-
encoding genes (H3f3a and H3f3b) and producing a
homogenous population of H3.3 lysine 27-to-arginine
(K27R) mutant histones in mouse ESCs.

Results and discussion

We utilized the CRISPR-Cas9 gene editing system to se-
quentially introduce mutations in both endogenous alleles
of H3f3a and H3f3b, and the engineered mouse ESC clones
were confirmed by Sanger sequencing (Additional file 2:
Figure S1). We chose two H3.3K27R clones (Mutl8 and
Mut43) with similar H3.3 protein levels to those in wild-
type (WT) ESCs for further investigations (Additional file 2:
Figure S2a). The colony morphology and expression levels
of key pluripotent genes were unchanged in H3.3K27R mu-
tant cells compared with WT cells (Additional file 2:
Figure S2b, S2c). We first measured the global
H3K27ac level by Western blot analysis and observed a
moderately reduced bulk H3K27ac level in mutant cells

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-020-01957-w&domain=pdf
http://orcid.org/0000-0003-2049-432X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:xiongjun@ibp.ac.cn
mailto:zhubing@ibp.ac.cn

Zhang et al. Genome Biology (2020) 21:45 Page 2 of 7

WT vs. Mut

log2Fold: m<-1 m-1~0 m0~1 m>1
b 40.| Mut [ses I T

304 Peaks significantly decreased
P in H3.3K27R mutants
.
S 90 1~
a y

H3.3K27R  H3.3K27R 30 - s, 80
wWT Mut18 Mut43 2 2. 70 -

a .

w
H3K27ac e Gl e o oae S S 60 1
!_? 204 Legend . 50 1
J C FDR >0.01 5 =
H e @D e @D - e . FDR<=0.01 — 40 1
44 ., - abs(Fold)<2.00 o 30 4
1X 2X 1X 2X 1X 2X 104 . ; 4
. 20
- = 10 -
S i
0- - Enhancer Promoter
—.10 —.5 0 5 H3K27ac peaks
10g2(WT / Mut)
H3K27ac at enhancers
d e

WT-1 Muti8-1  Muti82  Mutd3-1  Mutd3-2 H3K27ac peaks around TSS

WT-2
8 —active WT-1 WT-2 Mut18-1 Mut18-2 Mut43-1 Mut43-2
6 — poised
4 10.0
7.5
24 ] — 50
-2 center 2 25
E = =
e 8 y 2 0 2
2 c - 2 = | -
g2 3 = S §
5 = = 3 =
. 10 3 = = f:
oo 8 =
25 6 : 10
Q% 4 5
0
2 -2 center 2
5 oener 2 0 distance (Kb)
distance (Kb)
f —— 7917 bp AR 13 Kb E—
| | . . . S S S S S R
-4 [0-51] [0-
WT-1 ol ol e o e ‘.L‘__..—.‘A..._,,A..A_._J
WT-2 ‘A—-_A_____AA‘__ Y T G NP
o | Mut18-1
8 muis2 BRI
X -2 e e o e
T | Mut43-1 e - [ . ]
Mut43-2 e
0 - 175] 0-53
w1 | ! - d BB { ! M Y
WT-2 an TH | ¥ a ik
§ Mut18-1 o N | .L A o .A.‘_
<ZI( Mut18-2 oy Tl . A [ -A.A_
& | Mut43-1 oy ud DA A [ -A.A_
Mut43-2 - ot ad BB s A [ .AA_
WT-1 " . [ S b i‘k‘ PN .
WI2 | e e Y . e _
g Mut18-1 | s, e Y e -
S{Mut1e2 e e A . ~
:: Mut43-1 | _A‘_ — el Y b —_—
Mutd3-2 | s, e i . _
i Pou5sf1 Nanog

Fig. 1 (See legend on next page.)
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Fig. 1 H3K27ac is dramatically decreased at enhancers in H3.3K27R mutant cells. a Western blot of H3K27ac from WT and H3.3K27R mutant mouse ESC
lines. b Volcano plot illustrating the H3K27ac signal changes in H3.3K27R mutant ESCs in comparison with WT ESCs. Inlet diagram representing peak numbers
in different categories of fold changes. FDR, false discovery rate. ¢ Bar plot of the percentages of significantly decreased H3K27ac peaks at enhancers and
promoters, respectively. d, @ H3K27ac signals in WT and H3.3K27R mutant mouse ESC lines at enhancers (d) and TSSs (e). Upper, averaged profiles of the
H3K27ac ChIP-seq signal at enhancers and TSSs, respectively. Lower, heatmap plots of the H3K27ac ChIP-seq signal at enhancers and TSSs, respectively. All
biological duplicates are shown. f Genome browser representations of H3K27ac ChiIP-seq, mRNA-seq, and ATAC-seq in WT and H3.3K27R mutant ESC lines at
the Pou5f1 and Nanog loci. Super-enhancer regions of each gene are highlighted with dashed line boxes

(Fig. 1a), which is expected because mouse ESCs contain
much higher levels of canonical H3 histones, which re-
main possible to be acetylated at K27.

We then performed chromatin immunoprecipitation
followed by deep sequencing (ChIP-seq) experiments in
WT and the two H3.3K27R mutant lines, and all experi-
ments were performed in biological duplicates. H3K27ac
occupancy in the mutant lines displayed an extensive
genome-wide loss (Additional file 2: Figure S3). We
identified 13,037 H3K27ac peaks showing a more than
twofold significant reduction in mutant cells, in contrast
to only 40 H3K27ac peaks showing a more than twofold
significant increase in mutant cells (Fig. 1b). We defined
putative enhancers in WT ESCs with H3K4mel ChIP-
seq and observed that approximately 80% of enhancer-
overlapping H3K27ac peaks exhibited significantly re-
duced H3K27ac in mutant lines using a twofold change
cut-off, while the ratio was approximately 30% for
H3K27ac peaks around promoters (Fig. 1c). These re-
sults indicate that we successfully targeted the enhancer
H3K27ac level as we had planned. The different effects
at enhancers and promoters suggest that H3.3 occu-
pancy around active enhancers should be much higher
than that at TSS regions. We analyzed recently pub-
lished H3.3 ChIP-seq data [27] and indeed confirmed
our prediction (Additional file 2: Figure S4).

We then divided all enhancers into active and poised
groups according to the H3K27ac signal in WT cells.
Strikingly, H3K27ac was almost completely depleted at
active enhancers in H3.3K27R mutant ESCs (Fig. 1d).
These results suggest that the vast majority of H3K27ac
at active enhancers is on H3.3 and not on H3.1 or H3.2.
This is consistent with high nucleosome turnover [13,
14] and high H3.3 occupancy ([27], Additional file 2:
Figure S4) at enhancers. In contrast, H3K27ac signals
around gene transcription start sites (TSSs) were moder-
ately decreased in the mutants (Fig. le). H3.3 has been
reported to promote the establishment of H3K27me3 at
the bivalent promoters of developmentally regulated
genes [28]. We mapped the distribution of H3K27me3
by ChIP-seq in WT and H3.3K27R mutant ESC lines
and observed that H3K27me3 signals were moderately
declined at bivalent regions (Additional file 2: Figure
S5a), which could be attributed to the incorporation of
the nonmodifiable H3.3K27R mutant histone. On the

other hand, the genome-wide distribution of H3K27me3
was mostly unchanged in response to the H3.3K27R mu-
tation (Additional file 2: Figure S5b). We also specifically
looked at the enhancers of important pluripotent genes,
such as Pou5fl (encoding Oct4) and Nanog, and ob-
served a substantial reduction in H3K27ac (Fig. 1f).

To evaluate the functional impact of the H3.3K27R
mutation on transcription, we performed mRNA-seq in
WT and the two mutant lines in biological duplicates.
Despite the global reduction in H3K27ac in H3.3K27R
mutant ESCs, the transcriptome change was minimal; in
fact, the r value was 0.98 between the WT and mutant
cells (Fig. 2a). Although 146 and 391 genes were upregu-
lated or downregulated in H3.3K27R mutant ESCs, re-
spectively (Fig. 2a), and the changes were highly
consistent between the two individual H3.3K27R mutant
ESC lines (Additional file 2: Figure S6), no obvious rela-
tionship was observed between H3K27ac and transcrip-
tion change (see below). To define the target genes of
active enhancers, we applied an activity-by-contact
model to predict enhancer-gene connections in the WT
mouse ESCs [29]. We associated 8911 genes with
H3K27ac-marked active enhancers and observed only 53
upregulated and 195 downregulated genes in H3.3K27R
mutant ESCs (Fig. 2b). Moreover, H3K27ac at enhancers
of both the upregulated and downregulated genes was
decreased (Fig. 2c). Similar events were observed for
H3K27ac peaks around TSSs and their associated genes
(Fig. 2d, e). Our results indicate that gene transcription
is not sensitive to the dramatic decrease in H3K27ac at
gene enhancers. Moreover, even though H3K27ac was
greatly reduced at the enhancer regions of PouSfl and
Nanog, no transcriptional changes were observed in the
mutant ESCs (Fig. 1f).

The activity-by-contact model outperformed other
methods in predicting enhancer-gene connections [29],
but the predicted associations are still not unequivocal.
Super enhancers encompass large chromatin domains and
harbor enormous amounts of H3K27ac and are associated
with pluripotency genes in mouse ESCs [30]. The associa-
tions between super enhancers and their target genes are
much more clearly defined in mouse ESCs. Therefore, we
specifically examined super enhancer-associated genes,
although H3K27ac levels were dramatically decreased at
the super enhancers, few transcriptional changes occurred
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Fig. 2 Transcriptome and enhancer identity are maintained in H3.3K27R mutant ESCs. a Dot plot depicting the transcriptional changes in all genes in
H3.3K27R mutant ESCs compared to WT ESCs. Genes upregulated twofold with an FDR < 0.05 are shown in red. Genes downregulated twofold with an
FDR < 0.05 are shown in green. b Dot plot depicting the transcriptional changes in genes associated with H3K27ac-occupied enhancers in H3.3K27R
mutant ESCs compared to WT ESCs. ¢ Dot plot revealing the relationship between transcriptional changes in genes associated with H3K27ac-occupied
enhancers and H3K27ac ChIP-seq signal changes in H3.3K27R mutant ESCs compared to WT ESCs. d Dot plot depicting the transcriptional changes in
genes associated with H3K27ac at TSSs in H3.3K27R mutant ESCs compared to WT ESCs. e Dot plot revealing the relationship between transcriptional
changes in genes associated with H3K27ac at TSSs and H3K27ac ChiP-seq signal changes in H3.3K27R mutant ESCs compared to WT ESCs. f, g ATAC-seq
signals in WT and H3.3K27R mutant mouse ESC lines at enhancers (f) and H3K27ac-occupied TSSs (g). Upper, averaged profiles of ATAC-seq signals at
enhancers and H3K27ac-occupied TSSs, respectively. Lower, heatmap plots of ATAC-seq signals at enhancers and H3K27ac-occupied TSSs, respectively. All
biological duplicates are shown. h, i RNA Pol Il signals in WT and H3.3K27R mutant ESC lines around the TSSs of genes associated with distal active
enhancers (h) and around TSSs overlapped with H3K27ac peaks (i). Upper, averaged profiles of the RNA Pol Il signals in each group. Lower, heatmap plots

of the RNA Pol Il signals in each group

(Additional file 2: Figure S7). Only two genes, Lefty2 and
Fam25¢, exhibited mild upregulation, and none of the
genes exhibited significant downregulation (Add-
itional file 2: Figure S7b, S7c). These results again indicate
that H3K27ac is not functionally required for transcrip-
tion, even for genes associated with super enhancers, in
mouse ESCs.

To offer an explanation, we analyzed other features of
enhancers in H3.3K27R mutant ESCs. H3K4mel showed
a mild decrease at enhancers and around H3K27ac-
enriched TSSs (Additional file 2: Figure S8). Chromatin
accessibility as determined by the amount of transposase-
accessible chromatin with high-throughput sequencing
(ATAC-seq) revealed that the open state of enhancers and
TSSs remained largely unchanged in H3.3K27R mutant
ESCs (Fig. 2f, g), suggesting that enhancer identities in
mouse ESCs are well maintained. Similarly, H3K4me3 was
well maintained at H3K27ac-occupied TSSs in H3.3K27R
mutant ESCs (Additional file 2: Figure S9). Multiple lysine
residues can be acetylated, and these acetylation events,
such as H3K9ac, H3K18ac, H3K23ac, H3K122ac, and his-
tone H4 acetylation, tend to be coenriched. ChIP-seq pro-
filing of H3K9ac, H3K18ac, H3K122ac, H4K5ac, and
H4K8ac in WT and H3.3K27R mutant ESCs showed that
these acetylation events were generally unchanged or only
mildly affected at enhancers and TSSs (Additional file 2:
Figure S10). Lysine acetylation events neutralize positive
charges on histone tails, attenuate the interaction between
histone tails and DNA, and lead to chromatin opening
[31]. H3K27ac is catalyzed by cyclic AMP response
element-binding protein (CBP) and its paralogous protein
P300, which also catalyze acetylation at many other his-
tone lysine residues [32-34]. Therefore, a synergistic ac-
tion by multiple acetylation events at these different
residues is much more crucial for transcription than
acetylation at a solo site, such as H3K27. Consistently,
RNA Pol II occupancy was unaltered around the TSSs
(Fig. 2h, i), reflecting globally undisturbed transcription
initiation.

Among multiple histone lysine acetylation sites, H3K27ac
is specifically utilized as a marker for active enhancers. Using

chromatin accessibility as a proxy for promoter and enhancer
activity, we analyzed the correlations between each individual
acetylation ChIP-seq and ATAC-seq signals at promoters
and enhancers. Pearson correlation revealed that indeed
H3K27ac is the best marker associated with active enhancer,
but acetylation events at other lysine residues also display
positive correlations with enhancer accessibility (Add-
itional file 2: Figure S11).

Conclusions

Our results clearly indicate that the depletion of
H3K27ac does not affect enhancer activity in mouse
ESCs, whether it may have a stronger impact in other
cells types such as somatic cells and cancer cells can be
addressed using the same approach in future.

H3K27ac is and remains to be the best marker for en-
hancer indication. However, the depletion of H3K27ac
at enhancer regions does not affect chromatin accessibil-
ity, gene transcription, and self-renewal of mouse ESCs.
Therefore, maintenance of enhancer activity does not
solely depend on H3K27ac; instead, H3K27ac has to
work in concert with acetylation events on other histone
lysine residues.

Methods

Cell culture and editing

J1 mouse ES cells [35] were cultured in standard ES
medium in the presence of feeder cells. Prior to harvest-
ing, ESCs were cultured under the feeder-free condition
for two passages to remove feeder cells.

Gene editing was performed with CRISPR-Cas9 gene
editing technology. Each gene was targeted by two
sgRNAs: H3f3a: 5'-GCTTAATTAGCGCTCGACAC-3’,
5 -TACTAGTTGACTATACTAGA-3'; H3f3b: 5'-TGG
TGGCCAGCTGTTTGCGG-3', 5'-AAGCGCGCCCTC
TACCGGCG-3’. Detailed strategies are presented in
Additional file 1.

ChIP-seq
ChIP experiments were performed as described previ-
ously [36] with minor modifications. In brief, cells were
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cross-linked with 1% formaldehyde for 9min at room
temperature. For RNA Pol II ChIP, cells were pre-cross-
linked with 0.2 mM disuccinimidyl glutarate (DSG; Proteo-
Chem, c1104) for 30 min at room temperature. Chromatin
shearing was assisted with additional 0.1% sodium deoxycho-
late (0.5% for dual cross-linked samples). Adequate anti-
bodies as indicated in the manufacturers’ instructions were
used for precipitations. Library construction for deep sequen-
cing was performed with KAPA Hyper Prep Kit (KAPA,
KK8504) according to the manufacturers’ instructions.

Antibodies

Antibodies against histone H3 (Abcam, ab1791), H3.3
(Millipore, 09-838), H3K4mel (Active Motif, 39297),
H3K4me3 (Millipore, 07-473), H3K9ac (Abcam, ab4441),
H3K18ac (Active Motif, 39755), H3K27ac (Active Motif,
39133), H3K27me3 (Cell Signaling, 9733S), H3K122ac
(Abcam, ab33309), histone H4 (ABclonal, A1131),
H4K5ac (Active Motif, 39699), H4K8ac (Active Motif,
61103), and RNA Pol II (Active Motif, 39097) were ob-
tained commercially.

Sequencing and bioinformatic analysis

ChIP-seq and ATAC-seq libraries were sequenced
(PE150) with Illumina NovaSeq 6000 (see Additional file 3:
Table S1). mRNA-seq libraries were sequenced with the
MGIDEQ-2000 (PE150) (see Additional file 3: Table S3).
Mouse genome sequences (mml0) and Drosophila gen-
ome sequences (dm6) were concatenated to be used as
the reference genome. H3.3 ChIP-seq data were down-
loaded from GEO database under the accession number
of GSE117035 [27]. Please see Additional file 1 for the de-
tailed data analysis strategies.
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