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H3528 phosphorylation is a hallmark
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The selectivity of transcriptional responses to extracellular cues is reflected by the deposition of stimulus-specific chromatin
marks. Although histone H3 phosphorylation is a target of numerous signaling pathways, its role in transcriptional regu-
lation remains poorly understood. Here, for the first time, we report a genome-wide analysis of H3528 phosphorylation in
a mammalian system in the context of stress signaling. We found that this mark targets as many as 50% of all stress-induced
genes, underlining its importance in signal-induced transcription. By combining ChlIP-seq, RNA-seq, and mass spectrometry
we identified the factors involved in the biological interpretation of this histone modification. We found that MSKI1/
2-mediated phosphorylation of H3S28 at stress-responsive promoters contributes to the dissociation of HDAC co-
repressor complexes and thereby to enhanced local histone acetylation and subsequent transcriptional activation of
stress-induced genes. Our data reveal a novel function of the H3S28ph mark in the activation of mammalian genes in

response to MAP kinase pathway activation.

[Supplemental material is available for this article.]

Inducible transcription programs converge on the activation of
sequence-specific transcription factors that recruit histone-modify-
ing enzymes, which enables the deposition of stimulus-specific
chromatin modifications at signal-responsive gene regulatory ele-
ments (Smith and Shilatifard 2010; Johnson and Dent 2013). One
example of such a signal-inducible chromatin mark that couples
signal transduction to gene regulation is the phosphorylation of
histone H3. Since histone H3 was identified as a potential substrate
for a signaling kinase (Halegoua and Patrick 1980), an increasing
body of evidence suggests an important role for histone H3 phos-
phorylation in the regulation of signal-inducible transcription in
mammals (Banerjee and Chakravarti 2011; Sawicka and Seiser
2012). Specifically, rapid and transient phosphorylation of histone
H3 at S10 and S$28 by MSK1 and MSK2 downstream from the ERK
and p38 MAP kinase pathways, termed the nucleosomal response,
has been implicated in the transcriptional activation of immediate
early (IE) genes (Mahadevan et al. 1991; Cheung et al. 2000a;
Clayton and Mahadevan 2003). Several studies have provided
insight into the mechanistic aspects of histone H3 phosphorylation
in transcriptional regulation; however, genome-wide approaches in
mammalian inducible transcription systems have not yet been
reported. Importantly, the evidence that has accumulated from
analysis of single genes indicates that histone H3 phosphorylation
influences the association of factors involved in gene expression
control. In particular, H3S10 phosphorylation in combination
with acetylation of H3K9 or H3K14 residues was shown to recruit
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the 14-3-3 proteins and thereby promote the activation of Hdacl,
Cdknla, several IE genes, as well as VL30 transposable elements
(Cheung et al. 2000b; Thomson et al. 2001; Clayton and Mahadevan
2003; Mahadevan et al. 2004; Winter et al. 2008b; Brunmeir et al.
2010; Drobic et al. 2010; Simboeck et al. 2010). In the case of the
Fosl1 enhancer, 14-3-3 recruitment to phosphorylated H3S10 initi-
ates a cascade of events leading to the release of RNA Polymerase II
(RNAPII) from the promoter—proximal paused state (Zippo et al.
2009). In contrast to H3S10ph, the impact of H3528 phosphoryla-
tion on stimulus-induced transcriptional regulation is much less
studied (Sawicka and Seiser 2012). Interestingly, phosphorylation
of H3528 was demonstrated to counteract Polycomb silencing by
facilitating dissociation of Polycomb repressive complexes in re-
sponse to external signaling (Gehani et al. 2010; Lau and Cheung
2011). Despite insights from several biological systems, the mech-
anisms by which signal-inducible histone H3 phosphorylation
impacts the transcription are still not fully understood.

Here we provide a comprehensive analysis of transcriptional
response to stress, and for the first time report the genome-wide
distribution and functional role of H3S28ph in a mammalian system.
Using a combination of ChIP-seq, RNA-seq, and mass spectrometry
approaches, we identified genomic targets of stress-induced H3528ph
and factors involved in the biological interpretation of this histone
modification. This systematic approach enabled us to identify a novel
mechanism of H3528ph-mediated modulation of histone acetylation
levels. Our data strongly support a model in which stress-induced
phosphorylation at H3528 reduces the association of histone deacety-
lase (HDAC)-containing complexes, thereby promoting a local in-
crease in histone acetylation.

© 2014 Sawicka et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution 4.0 International), as described at
http://creativecommons.org/licenses/by/4.0.
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Results

Genome-wide distribution of the H3528ph mark
in stress-induced mouse 3T3 fibroblasts

Numerous studies have addressed the role of histone H3 phos-
phorylation in the transcriptional regulation of specific mamma-
lian genes in response to extracellular signals (Cheung et al. 2000b;
Saccani et al. 2002; Yamamoto et al. 2003). However, since these
approaches were limited to individual loci chosen a priori, the
genome-wide localization, as well as the number of genomic lo-
cations targeted by this modification, remain largely unknown in
the mammalian system. In order to study the phosphorylation of
H3S828 in signal-induced transcription, we took advantage of the
well-characterized system of serum-deprived mouse Swiss 3T3 fi-
broblasts that are arrested in the Gy phase of the cell cycle. In these
cells, triggering of the p38 MAP kinase pathway with the stress
inducer anisomycin enabled us to study the phosphorylation of
H3528 in the absence of excessive mitotic histone H3 phosphor-
ylation found at condensed chromosomes (Spite et al. 2007). To
explore the genome-wide distribution of the H3528ph mark in
quiescent and stress-stimulated cells, we performed chromatin
immunoprecipitation analysis coupled with massively parallel se-
quencing (ChIP-seq) in anisomycin-treated and untreated serum-
deprived fibroblasts. Specificity of the H3S28ph antibody was
tested using a set of differentially modified histone H3 peptides.
This analysis has proven its high specificity toward H3S28ph, in-
sensitivity to modifications occurring at the neighboring K27 res-
idue, as well as a lack of cross-reaction with histone peptides
bearing H3S10ph, which is embedded in the same ARKS amino
acid motif as the H3528 residue (Supplemental Fig. 1). ChIP-seq
analysis of H3528 phosphorylation was performed with two bi-
ological replicates that agreed well (Spearman’s correlation co-
efficient 0.75; Supplemental Fig. 2A; Supplemental Table 1). We
identified 2480 genes associated with the H3S28ph mark in stress-
induced cells (FDR = 0.05 and fold enrichment = 5; Supplemental
Tables 2, 3). Importantly, no H3528ph-marked genes were identi-
fied in untreated cells using these thresholds, demonstrating a lack
of background phosphorylation in our system and, therefore, its
suitability for studying signal-induced histone H3 phosphoryla-
tion. The H3S28ph mark was enriched at promoters and 5’ un-
translated regions (UTRs) (Fig. 1A), with 53% of H3S28ph-marked
regions overlapping with CpG islands. Gene ontology (GO) anal-
ysis of H3528ph targets revealed a highly significant enrichment
for genes with molecular functions in signaling, transcriptional
control, and nucleoside/nucleotide binding, cellular metabolism
regulation, intracellular transport, and cell death (Supplemental
Fig. 3; Supplemental Table 4). This is in agreement with a well-
established role of the p38 MAPK pathway in regulating these
processes (Deacon et al. 2003; Khurana and Dey 2003; Gehart et al.
2010). In addition, a high enrichment for genes involved in de-
velopment and morphogenesis raises the possibility that a fraction
of H3528ph-marked genes is regulated by Polycomb, consistent
with recent findings that H3S28ph mediates the dissociation of
Polycomb repressive complexes (PRCs) (Gehani et al. 2010; Lau
and Cheung 2011).

Stress-induced H3528ph positively correlates with active
transcription
To gain insight into the localization of H3S28ph in the context of

chromatin architecture and gene expression on a global scale, we
performed systematic analysis of the transcriptional response to

stress in serum-deprived mouse Swiss 3T3 fibroblasts treated with
anisomycin for 1 h and untreated serum-deprived cells as a control.
To this end, we performed gene expression profiling using full-
length mRNA-seq as well as ChIP-seq of two histone modifications
characteristic for chromatin in the transcriptionally permissive
state, H3K9ac and H3K4me3, together with initiation-competent
and elongating forms of RNA Pol II (phosphorylated at S5 and S2 of
its carboxy-terminal domain, respectively) (Supplemental Tables
1-3). Biological replicates of all the experiments were highly cor-
related (Supplemental Figs. 2B-E, 4A). To examine the distribution
of H3S28ph at different functional regions, we generated nor-
malized tag density profiles for regions surrounding the tran-
scription start sites (TSSs) and transcription end sites (TESs), as well
as entire gene bodies for groups of genes divided according to their
expression levels (see Fig. 1B; Supplemental Fig. 4B for details). We
found that stress-induced H3S28ph marks preferentially accumu-
late around the TSS of expressed genes and positively correlate
with gene activity (Spearman’s rank correlation coefficient 0.68;
Supplemental Fig. 5). Notably, 2034 out of 2480 H3S28ph-marked
genes (87%) showed detectable levels of expression in untreated
cells (log, RPKM mRNA-seq in ctrl = 0). Given the correlation
between H3S28ph and gene expression levels, we next compared
the H3528ph density around TSSs to the densities of H3K9ac and
H3K4me3 marks and RNAPII. As expected, H3S28ph coincided
with the presence of H3K9ac, H3K4me3, and both RNAPII iso-
forms (RNAPIISSph and RNAPIIS2ph) (Supplemental Fig. 6). To
test whether stress-induced H3528ph requires active transcription,
we pretreated the cells with general transcriptional inhibitors ac-
tinomycin D or triptolide (Titov et al. 2011) prior to stress stimu-
lation. Global phosphorylation of H3528 as well as specific asso-
ciation of the H3S28ph mark with the target genes Dusp1, Mafk,
Traf1, and Nfil3 (Supplemental Fig. 7) were largely unaffected by
these inhibitors, further demonstrating that the H3S28 phos-
phorylation patterns we observed were unlikely to result from
active transcription.

Stress-induced genes are transcriptionally active under
basal conditions

In order to determine the changes in transcript abundance upon
anisomycin treatment, we performed a differential expression
analysis of the full-length mRNA-seq data. We identified 364
differentially expressed genes, 284 of which showed an increase
in their mRNA levels upon stress induction (fold change = 2,
P-value < 0.01) (Fig. 2A). GO analysis of the up-regulated genes
revealed an enrichment in regulatory components of the sig-
naling pathways as well as the factors involved in transcriptional
regulation of metabolic and developmental processes (Supple-
mental Fig. 8; Supplemental Table 5). This is consistent with the
role of primary response genes in the propagation of the signal
inside the cell to establish a proper cellular response to envi-
ronmental cues (Herschman 1991). Importantly, 260 out of 284
up-regulated genes (92%) showed detectable levels of expression
in untreated cells (log, RPKM mRNA-seq = 0), suggesting that the
IE response to stress first acts to amplify the transcription of al-
ready expressed genes rather than to establish an active state of
silent ones, similar to other inducible transcription programs
(Hargreaves et al. 2009; Escoubet-Lozach et al. 2011). It has been
demonstrated that primary response genes are characterized by
high CpG content of their promoters (Hargreaves et al. 2009;
Ramirez-Carrozzi et al. 2009). In order to determine whether this
is also a feature of stress-induced genes, we analyzed the CpG
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Figure 1. Stress-induced H3S28ph targets active promoters. (A) Enrichment of H3528ph ChIP-seq regions over six gene features compared with the
genome background. “Promoter” is defined as the region located within 1 kb upstream of the annotated transcription start site (TSS). “CDS" refers to the
coding sequence. “Gene” consists of 5'UTR, coding exons, introns, and 3’UTR. “Intergenic” refers to all regions located outside of genes extended by 1 kb
from both gene ends. The significance of the observed enrichment was determined by a one-sided binomial test. (B) Average density plots of normalized
H3S28ph ChlP-seq tags centered at transcription start sites (TSS, left panel), transcription end sites (TES, right panel) for a control (ctrl), and stress-induced
state (aniso). (Middle panel) The metagene profile of H3S28ph ChlIP-seq densities. The genes are grouped according to their expression level: highly and
moderately expressed (in red; ctrl: 3429 genes, aniso: 3181 genes), lowly expressed (in blue; ctrl: 7271 genes, aniso: 7369 genes), and not expressed (in
green; ctrl: 10,908 genes, aniso: 11,059 genes). The average profile derived from all genes is depicted in black. The classification of the genes is based on

mRNA-seq data (see Supplemental Methods and Supplemental Fig. 4B).

content of genes up-regulated upon anisomycin treatment
according to the previously established criteria (Mohn et al.
2008). Indeed, we found an enrichment for weak and strong
CpG promoters (P-value = 1.052 X 1071#, x? test) in the set of stress-
induced genes (Fig. 2B). Moreover, analysis of promoter sequences
(400 bp upstream of and 100 bp downstream from the TSS) of the
up-regulated genes identified binding sites for factors regulated by
p38 kinase activity such as JUN, JUND, ATF1, and CREB1 (Fig. 2C;
Tan et al. 1996; Gao et al. 2013). In addition, we found an enrich-
ment for the TATA box motif in promoter sequences of the up-
regulated genes (Fig. 2C), in agreement with the well-established
role of this motif in the regulation of signal-inducible transcription
(Basehoar et al. 2004; Yang et al. 2007).

H3S528ph marks a significant fraction of stress-induced genes

Given the fact that histone H3510 and H3528 phosphorylation
has been linked to the activation of IE genes in several biological
systems (Gehani et al. 2010; Lau and Cheung 2011), we next
asked what proportion of up-regulated genes coincides with the
presence of H3528ph mark after 1 h of anisomycin treatment.
The analysis of H35S28ph ChlIP-seq revealed 138 up-regulated
genes (49% of all up-regulated genes, P-value = 3.9 X 10755,
hypergeometric test) associated with nucleosomes carrying
H3S28ph. As shown for four representative genes (Traf1, Dusp1,
Mafk, and Nfil3) transcriptional activation in response to stress
correlated with increased H3S28ph signals in the promoter re-
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Figure 2. Stress signaling via p38/MAPK mainly targets the regulators of signal transduction characterized by the high CG content of their pro-
moters. (A) Changes in mRNA abundance of 21,608 RefSeq genes upon stress stimulation determined by full-length mRNA-seq. (B) Histogram
showing the distribution of promoter classes according to CpG content. Weak and strong CpG promoters are enriched in the group of up-regulated
genes (P-value =1.052 X 1074, y? test). (C) Transcription-factor motifs enriched in promoter regions (located between 400 bp upstream of and 100

bp downstream from the TSS) of up-regulated genes.

gions, accompanied by increased H3K9ac and H3K4me3 marks
(Fig. 3A; Supplemental Fig. 9). The effector kinases MSK1
(encoded by Rps6ka5) and MSK2 (encoded by Rps6ka4) have
been shown to phosphorylate H3528 upon stress and growth
factor stimulation (Soloaga et al. 2003). H89 is a potent in-
hibitor of MSK1/2 (Edmunds and Mahadevan 2004) that effi-
ciently blocks stress-induced deposition of H3S28ph (Supple-
mental Fig. 10A). In order to determine whether stress-induced
phosphorylation of H3528 at activated genes depends on MSK1/
2 activity, we performed ChIP-qPCR analysis of H3528ph levels
at selected loci in H89-treated cells. As expected, chemical in-
hibition of MSK1/2 activity by H89 greatly reduced phosphor-
ylation of H3S28 at the promoters of target genes upon stress
stimulation (Fig. 3B,D; Supplemental Fig. 10E,G, left panels).
Consistent with this, cells transfected with siRNAs against Rps6ka4
and Rpska5 showed the same effect (Figs. 3C,E; Supplemental Fig.
10EH, left panels), further demonstrating that stress-induced accu-
mulation of H3S28ph depends on MAP kinase signaling via MSKs.
Since Rps6ka4 (MSK1) knockdown affected the protein levels only
slightly, we refer to those cells as MSK2 knockdown cells. Impor-
tantly, the reduction in MSK2 protein was sufficient to greatly abolish
global levels of H3S28ph upon stress stimulation (Supplemental Fig.
10B-D). This is in agreement with earlier studies demonstrating that
MSK?2 is the major kinase responsible for anisomycin-induced H3528
phosphorylation in fibroblasts (Soloaga et al. 2003). Moreover, both
chemical inhibition of MSK activity with H89, as well as siRNA-me-
diated knockdown of Rpska$, reduced the induction of these genes

upon anisomycin treatment (Figs. 3B-E; Supplemental Fig. 10E-H,
right panels). In addition, H89 treatment interferes with the in-
creased occupancy of RNAPIISSph and RNAPIIS2ph upon stress
stimulation (Supplemental Fig. 11), suggesting a contribution of
MSK1/2 mediated H3S28 phosphorylation to transcriptional
activation.

Transcription of H3528-targeted genes is regulated at the level
of RNAPII initiation and elongation

An increasing body of evidence demonstrates that expression of
stimulus-responsive genes in metazoans is often regulated at the
transition of the RNAPII complex from the promoter-proximal
paused to the elongation-competent state (Rasmussen and Lis
1993; Muse et al. 2007; Core et al. 2008; Rahl et al. 2010). More-
over, the vast majority of genes harboring promoter-proximal
paused RNAPII is transcriptionally active in basal conditions
(Guenther et al. 2007; Zeitlinger et al. 2007; Core et al. 2008;
Gilchrist et al. 2010; Rahl et al. 2010; Min et al. 2011). Importantly,
the phosphorylation of H3510 upon mitogen stimulation has
previously been linked to the release of promoter—proximal paused
polymerase complexes (Zippo et al. 2009). In order to determine
whether expression of stress-induced target genes is regulated at
the post-initiation step of their transcription, we complemented
the genome-wide studies of initiation-engaged (RNAPIIS5ph) and
elongation-competent (RNAPIIS2ph) RNAPII with the analysis of
short-capped RNAs (scRNAs). scRNAs are nascent transcripts as-

Genome Research 1811
www.genome.org



Sawicka et al.

A 21 2 kb M ctrl B aniso
[ PPN ¥ ST W
Zl H3s28ph
0 e e tahn e et A ki i
6
ﬂJ e aadha.
6 | H3K9ac
9 e i gl o i
01 ._._—_.‘—..A.-‘A.._.__‘..._.__.&_
3I H3K4me3
0 ___A_Aml;_.._.._._
101 =
o o |
10 RNAPIIS5ph
P [ ._.“ AR
mj =
‘ﬂol .i RNAPIIS2ph
o) — S
21 e
0
2 4 Input
0 -
Dusp1 [BHH4A chr17:26634536-26653417
-

B g H3S28ph at Dusp1 Dusp1/Rpl13a
S0 3 1009 =2qp—2—y
= ol Il H3s28ph o
£ O e =0
& S 60
™~ o
1]

) T 40

I o

= & 20

°

o o]

'8

[¢] \'ov- Q@Q %‘b
NS
Dusp1(+108) Dusp1(+2517) N

D
= H3S28ph at Mafk Mafk/Rpl13a
-+
wn 4 4 * *
P [T I Il H3s28ph °
28 O G o3
[=3
82 £ 5
1]
© b
= 1 &1
°
g ° 0

O v PP
&x‘b o '(Qv. Q&Q &%
v N ‘\v"
Mafk(+581) Mafk(+9671) N
Figure 3.

| 3k _
[P T VA FPY WO W PP PR
2
1 i il Has28ph
: .
B YW
6] ' H3K9ac
g SR
ol _.__A.__.A.M.__.._.__..__ B
3_] I L I" H3K4me3
sg] —
o L " s
10 RNAPIIS5ph
o ke
10 —
X =
10 RNAPIIS2ph
g y A——-L—_._‘__ _
0 .
2 Input
) Mafk M ‘:hr5740257490-l40258606
L, Tmem184a [Hfcecese
Tmemi84a [HH e
C §10 H3S28ph at Dusp1 Dusp/Rpl13a
S W Hss2sph SO ————
- e )
g6 £100
N &=
g 4 2
I, E 50
°
£ ° O.» O OO 0
¥ O® v O®
FEFF FEEF 100 S
TIPE TOEE S ‘,93" ‘,sg*'
Dusp1(+108) Dusp1(+2517)
E
g H3S28ph at Mafk Mafi/Rpl13a
* *
o [ BT 2 W H3S28ph ST
£ 6 O oG g 4
[=% c
© T 3
o 4 S
(]
Lo g2
= Ly
(]
g0 0
ST S £ &FiE AT
P ¥ LR & &

Mafk(+581)

Mafk(+9671)

Stress-induced deposition of H3528ph is dependent on MSK1/2 activity. (A) Genome browser representations of H3528ph, H3K9ac,

H3K4me3, RNAPIIS5ph, and RNAPIIS2ph normalized tag density profiles of representative genes (Dusp1 and Mafk) up-regulated after 1 h of treatment
with anisomycin. The profiles derived from untreated cells are depicted in blue and profiles of cells under stress-induced conditions are shown in red. (B,D)
ChIP-gPCR analysis of stress-induced H3S28ph levels upon MSK1/2 inhibition with H89 at Dusp1 and Mafk genes (left panels); and RT-qPCR analysis of
mRNA expression of Dusp1 and Mafk genes (right panels) in control (C) and anisomycin-treated cells (A) in the absence or presence of H89. Error bars
represent SDs (n = 3). (*) P<0.05. (C,E) ChIP-qPCR analysis of stress-induced H3528ph in knockdown control (NT) and Rpska5 knockdown (MSK) cells at
Dusp1 and Mafk genes (left panels); and RT-qPCR analysis of mRNA expression of Duspl1 and Mafk genes (right panels) upon anisomycin treatment in
knockdown control (NT) and Rpska5 knockdown (MSK) cells. Error bars represent SDs (n= 3). (*) P<0.05. Knockdown efficiency is shown in Supplemental

Figure 10B-D.

sociated with the transcriptionally engaged but paused RNAPII
complexes and are characterized by the presence of a 7-methyl-
guanosine cap on their 5’ end (Rasmussen and Lis 1993). To ad-
dress whether paused RNAPII complexes are present at promoters
of stress-induced genes prior to their activation, we isolated and
sequenced these RNA species using a strategy previously developed
for Drosophila (Nechaev et al. 2010) (Supplemental Fig. 12A-C). As
previously described (Nechaev et al. 2010), scRNA abundance
correlated well with the amount of RNAPIIS5ph around the TSSs

(Supplemental Fig. 12D). In order to identify promoter—proximal
paused RNAPII in our stress-induced system, we calculated pausing
indices for each gene as the ratio of the RNAPIISSph signal around
the TSS to the signal in gene body. This parameter was previously
demonstrated to be a good estimate of the efficiency of RNAPII
release into productive elongation (Muse et al. 2007; Zeitlinger
et al. 2007). In agreement with this, pausing index and scRNA
abundance correlated well (Supplemental Fig. 12E). Genes show-
ing a pausing index higher than two and characterized by the
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presence of scRNA were subsequently regarded as paused. Based
on the RNAPII status in control and anisomycin-treated cells
we classified the stress-induced genes into four groups (Fig. 4A).
Group I comprises up-regulated genes that showed no detectable
expression in the control state (log, RPKM mRNA-seq < 0), no as-
sociation with promoter—proximal paused polymerase, and no
scRNAs expression. Genes in Group IIA are characterized by pro-
moter-proximal paused polymerase in the control state. These
genes show a decrease in the pausing index upon stress stimula-
tion, indicating efficient release of RNAPII into productive elon-
gation (pausing index < 2 upon anisomycin treatment) (Fig. 4B).
Group IIB also comprises genes classified as paused in the control
state, which show an increase in mRNA expression upon stress
induction. However, despite the decrease in their pausing index
upon anisomycin treatment (Fig. 4B), they remain associated
with promoter-proximal paused polymerase (pausing index > 2
upon anisomycin treatment). Group III contains up-regulated
genes that are expressed in untreated cells and are not associated
with promoter-proximal paused polymerase. The four groups are
represented by the genes Traf1 (Group I), Dusp1 (Group IIA), Mafk
(Group I1B), and Nfil3 (Group III) shown in Figure 3A and Sup-
plemental Figure 9. Taken together, our analysis revealed that
most of the stress-induced genes are regulated at the post-initia-
tion step of their transcriptional cycle. However, importantly, the
prevalence of stress-induced H3528ph was not particularly asso-
ciated with any of the four groups (Fig. 4C, P-value =0.07, Fisher’s
exact test).

H3S28 phosphorylation primes a subset of genes for future
induction

Transcriptional response to external stimuli comprises target genes
with distinct induction kinetics, where products of the early phase
of the response often encode factors that regulate activation of the
genes induced at the later stages (Hargreaves et al. 2009). Impor-
tantly, stress-induced H3528ph is only transiently deposited, as its
total abundance and gene-associated levels decreased after 3 and
6 h of anisomycin treatment (Fig. 5A; Supplemental Fig. 13). We
therefore asked whether early deposition of H3528ph contributes
to the expression of genes that require longer stimulation for their
expression. We therefore performed a microarray analysis of se-
rum-deprived Swiss 3T3 fibroblasts treated with anisomycin for 3
and 6 h. We identified 1015 genes with an increased expression
level only after 3 h of stimulation (fold change > 2 after a 3-h
treatment but not after 1 h of anisomycin treatment and P < 0.05,
referred to as 3hA targets) and 872 genes up-regulated only after 6 h
of treatment (fold change > 2 after 6 h of treatment but not after 3 h
or 1 h of anisomycin treatment and P < 0.05, referred to as 6hA
targets). Notably, 31% of 3hA targets and 20% of 6hA targets already
carry an H3528ph mark after 1 h of anisomycin treatment (Fig. 5B,
P=28x 10"% and P= 7.7 X 10~'3, respectively, hypergeometric
test). In order to determine whether MSK1/2 activity is required for
activation of these genes, we chemically inhibited the kinases with
H89 and analyzed expression levels of the 3hA targets Optn, Ell, and
Tank and the 6hA target Ube2v2, which show the presence of
H3S28ph after 1 h of anisomycin treatment (Fig. 5C; Supplemental
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Figure 4. Classification of stress-induced genes. (A) Normalized RNAPIIS5ph ChiP-seq tag density profiles of untreated (blue line) and stress-induced
(red line) serum-deprived mouse Swiss 3T3 fibroblasts. The genes are divided into four groups according to their pausing indices and the presence of
scRNA. (B) Violin plots showing the distribution of pausing indices among groups of genes associated with different RNAPII profiles. (C) Histogram
showing the distribution of H3528ph-marked genes among different regulatory groups. None of the groups is significantly enriched in H3528ph marked

genes (P-value = 0.07, Fisher’s exact test).
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Figure 5. A subset of H3528ph target genes is primed for later activation. (A) Western blot analysis of H3528ph levels in serum deprived mouse Swiss 3T3
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Fig. 14A). Indeed, inhibition of MSK1/2 decreased the induction of
these genes (Fig. SD; Supplemental Fig. 14B). In order to determine
whether the activation of genes at later time points requires MSK1/2
activity, we performed an mRNA-seq analysis of cells treated with
anisomycin for 3 or 6 h in the presence or absence of H89 inhibitor.
To exclude the possible effects of the inhibitor alone on the gene
expression profiles, mRNA of cells treated for 3 and 6 h only with
H89 was analyzed. Biological replicates of all the experiments cor-
related well (Supplemental Fig. 15). Strikingly, 93% of 3hA targets
and 87% of 6hA targets showed reduced induction upon MSK1/2
inhibition (Supplemental Table 6). Taken together, this indicates
that even though for many H3S28ph target genes the presence of
this mark does not coincide with a simultaneous change in their
expression level, it may contribute to the activation of a subset of
genes that exhibit slower induction kinetics.

Stress-induced H3528ph correlates with the increase in local
histone acetylation levels

Given the link between histone phosphorylation and histone
acetylation (Cheung et al. 2000b; Thomson et al. 2001), we ana-
lyzed H3K9ac and H3K4me3 at H3S28ph-marked genes after 1 h of
treatment with anisomycin. Interestingly, for genes induced at
each time point studied, we observed a higher increase in acety-
lation at genes carrying H3S28ph than genes that lack this modi-
fication after 1 h of treatment (Fig. 6A, left panel). In contrast,
H3K4me3 did not follow this pattern, as there was no difference in
H3K4me3 between 6hA targets that show the presence of H3528ph

after 1 h of anisomycin stimulation and the ones that did not (Fig.
6A, right panel). Importantly, the increase in histone acetylation
after 1 h of anisomycin treatment was sensitive to inhibition of
MSK1/2. Treatment with H89 abolished the increase in H3K9ac,
H3K27ac, and H4ac at 1hA targets (Dusp1, Mafk) as well as at 3hA
and 6hA target genes (Optn, Ell, Tank, Ube2v2) (Fig. 6B,C; Supple-
mental Fig. 16). An increase in H3K4me3 after 1 h of anisomycin
treatment was only observed for 1hA targets and was prevented by
H89 treatment (Supplemental Fig. 17).

H3S528ph modulates the recruitment of HDAC-containing
complexes

In order to identify factors whose binding to histone H3 tail is
sensitive to the phosphorylation status of S28 residue, we carried
out peptide pull-down assays using synthetic peptides (19-36 aa
peptides, either phosphorylated at S28 or unmodified) and nuclear
extracts from HeLa cells treated with anisomycin for 1 h. Bound
factors were subsequently analyzed by mass spectrometry. As pre-
viously described (Winter et al. 2008a), we found a specific binding
of 14-3-3 proteins to the H3S28 phosphorylated peptides (Supple-
mental Fig. 18; the complete set of identified proteins is reported in
Supplemental Tables 7-9). Interestingly, we found several compo-
nents of the Sin3A and NuRD corepressor complexes associated
with the unmodified but not with the H3S28ph histone H3 peptides
(Supplemental Fig. 18). The interaction with the Sin3A complex
components SIN3A, HDAC1, and HDAC2, and the NuRD complex
component MTA1, was confirmed by Western blot analysis of
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Figure 6. H3S528ph-marked genes show higher increase in histone acetylation levels upon 1 h of anisomycin stimulation. (A) Boxplots showing log,
fold change in normalized read counts (RPKM) for H3K9ac and H3K4me3 ChlIP-seq after 1 h of treatment with anisomycin at ThA, 3hA, and 6hA targets.
Fold change was calculated as the ratio of RPKM in anisomycin condition to RPKM in the control state at the regions from —1 kb to +3 kb surrounding the
TSS. P-values were determined by the Mann-Whitney U test. (B,C) ChIP-qPCR analysis of H3K9ac, H3K27ac, and H4ac levels at Dusp1 and Ube2v2 genes
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independent pull-down experiments (Fig. 7A). Peptides corre-
sponding to the amino acid sequence 3-20 of histone H3 served as
a control, since phosphorylation of S10 has been shown to in-
fluence HDAC1 and HDAC2 binding (He et al. 2013).

In order to determine whether H3528ph influences the in-
teraction of HDAC-containing complexes with chromatin in
vivo, we performed ChIP-qPCR analysis of SIN3A, HDACI1, and
HDAC?2 binding to the stress-induced target genes. We observed
a reduction in SIN3A and HDAC2 binding in response to stress
(Fig. 7B,C; Supplemental Fig. 19). This effect was abolished in
the presence of the MSK1/2 inhibitor H89, suggesting that stress-
induced H3S28 phosphorylation regulates the association of
HDAC-containing corepressor complexes with chromatin, thereby
modulating local histone acetylation levels. Although HDAC1
bound the unmodified peptide but not the phosphorylated one
(Fig. 7A), we did not detect any consistent reduction in HDAC1
occupancy at stress-induced target genes upon anisomycin treat-
ment (Fig. 7D; Supplemental Fig. 19). Histone acetylation levels are
regulated by the opposing activities of histone acetyltransferases

(HAT) and HDACs (Kurdistani and Grunstein 2003). Several HATs
have been reported to play a role in signal-inducible transcription.
We therefore analyzed the recruitment of EP300, KAT2A, and
KAT2B at the target genes; however, we did not observe a consistent
increase in association of these chromatin modifiers (Supplemental
Fig. 20). In order to determine the consequences of the reduction in
HDAC occupancy for expression of the stress-induced genes, we
performed shRNA-mediated knockdown of Hdac2 (Supplemental
Fig. 21A). Strikingly, Hdac2 knockdown cells showed much higher
induction of Duspl and Mafk expression upon anisomycin treat-
ment (Fig. 7E). The reduction in HDAC2 did not affect the expres-
sion of these genes under basal conditions. This is in agreement
with previous studies in yeast demonstrating that the deletion of
many chromatin modifiers does not generally influence steady-
state transcription but affects transcriptional programs upon ex-
ternal signaling (Weiner et al. 2012). Interestingly, Hdac2
knockdown had no effect on the expression of Fos and Egr3—two
IE genes lacking the H3S28ph mark upon anisomycin treatment
(Supplemental Fig. 21B). This demonstrates that reduction in
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Figure 7. H3S28ph mediates the dissociation of HDAC-containing complexes from target promoters. (A) Western blot analysis of histone pull-down
assays with nuclear extracts from Hela cells treated with anisomycin for 1 h and synthetic peptides corresponding to aa 3-20 and 19-36 of histone H3,
either unmodified or carrying the phosphorylation mark at S10 or S28. The association of SIN3A, HDAC1, HDAC2, MTA1, and 14-3-3 zeta (encoded by
Ywhaz) with differentially modified peptides was analyzed. (B-D) ChIP-qPCR analysis of changes in SIN3A, HDAC2, and HDAC1 occupancy at DuspT and
Ube2v2 genes in control (C) and anisomycin-treated cells (A) in the absence and presence of H89. Error bars represent SDs (n = 3). (*) P < 0.05. (E,f) RT-
gPCR analysis of Dusp1, Mafk, Ube2v2, and Optn gene expression upon anisomycin treatment (A) in control (NT) and Hdac2 (HD2) knockdown cells. Error
bars represent SDs (n = 3). (*) P< 0.05. (G) A model demonstrating the impact of H3528 phosphorylation on the local histone acetylation levels at stress-
induced genes. Local histone acetylation results from the dynamic interplay between recruited HAT and HDAC activities. Upon stress stimulation, MSK1/2
phosphorylates S28 at histone H3 at stress target promoters. This leads to dissociation of HDAC-containing complexes, thereby inducing an increase in

local histone acetylation levels.

HDAC?2 does not alter the activation of all IE genes upon stress
stimulation. Hdac2 knockdown also resulted in enhanced acti-
vation of 3hA target genes Optn and Ell, albeit at later time points,
whereas no effect was observed for Ube2v2 and Tank expression
(Fig. 7F; Supplemental Fig. 21C). This suggests that HDAC2 acts as
a modulator of stress-induced transcription and the reduction in

its levels, at least for a subset of genes, directly influences the
transcriptional response to stress. In conclusion, we propose
a model (Fig. 7G) in which stress-induced histone H3528 phos-
phorylation reduces the binding of HDAC-containing complexes
to chromatin, leading to a local increase in histone acetylation
levels and subsequent transcriptional induction.
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Discussion

Here we report a genome-wide analysis of histone H3528 phos-
phorylation in the context of stress signaling in mammalian cells.
Importantly, we found that this modification targets as many as
50% of all IE stress-induced genes, indicating an important role of
this histone mark in stress-induced transcription. Our findings
provide new insights into the role of H3528ph in transcriptional
regulation and suggest a model where stress-induced histone
H3S528 phosphorylation regulates the association of corepressor
complexes with chromatin.

There are several possible mechanisms of how the dissociation
of HDAC-containing complexes upon H3S28 phosphorylation in-
fluences the transcriptional status of a given genomic region. Here
we show that the H3528ph-mediated decrease in HDAC occupancy
is accompanied by increased local histone acetylation. Enhanced
histone acetylation was shown to destabilize nucleosome structure
(Boeger et al. 2003), thus facilitating RNAPII binding (Schones et al.
2008). However, the increase in histone acetylation alone is not
always sufficient for transcriptional induction, as histone deacety-
lase inhibitors activate only a subset of genes despite their global
effect on histone acetylation levels (Glaser et al. 2003). Signaling
cascades converge on transcription factors that define specificity of
the cellular response (Johnson and Dent 2013). Since the repertoire
and activity of transcription factors is cell type-specific and subject
to regulation by external signals, the selection of genomic targets
and their induction kinetics in a given pathway is largely dependent
on the biological context. This at least partly explains why only
a subset of H3528ph target genes in serum-starved mouse Swiss 3T3
fibroblasts undergoes transcriptional activation. In agreement with
this, H3S10 phosphorylation upon LPS treatment in dendritic cells
was shown to mark promoters for the recruitment of NFkappaB
(Saccani et al. 2002), which become activated upon inflammatory
signaling, underlining cell type-specific interpretation of the sig-
naling processes.

In addition, reversible acetylation was shown to modulate the
activity of many transcription factors and components of the basal
transcriptional machinery (Imhof et al. 1997; Soutoglou et al.
2000; Schroder et al. 2013). Since SIN3A-mediated deacetylation of
MYC has been demonstrated to trigger the degradation of this
transcription factor (Nascimento et al. 2011), it is likely that the
dissociation of HDAC-containing complexes upon H3S28 phos-
phorylation constitutes a convenient mechanism to modulate
transcription by inducing local changes in acetylation of chro-
matin-bound factors, thereby regulating their activity. Given that
MSK1/2 were shown to phosphorylate other factors besides his-
tone H3 (Wiggin et al. 2002), we cannot exclude the possibility
that such modifications, in addition to H3528ph, play a role in
transcriptional induction of stress-induced genes.

MAPK-induced phosphorylation of histone H3 has been
shown to exert a negative effect on effector binding. Upon serum or
anisomycin stimulation, MSK1-mediated phosphorylation leads to
dissociation of the repressor HP1g (encoded by Cbx3) from HDAC1
gene promoter, resulting in transcriptional activation (Winter et al.
2008b). Similarly, phosphorylation of S28 shows a negative impact
on the Polycomb repressive complex association with mitotic
chromosomes (Fonseca et al. 2012) as well as with several gene
promoters upon MAPK activation in interphase (Gehani et al. 2010;
Lau and Cheung 2011). The data presented here establish histone
H3S528 phosphorylation as an important signal-induced chromatin
modification that modulates the association of corepressor com-
plexes with their target promoters.

Methods

Cell culture

Mouse Swiss 3T3 fibroblasts and HeLa cells were cultured as de-
scribed previously (Winter et al. 2008b). Swiss 3T3 fibroblasts were
arrested in G phase of the cell cycle by serum deprivation for 72 h
using DMEM containing 0.2% FCS (vol/vol). Resting cells were
treated with 188.5 nM anisomycin (Sigma-Aldrich) for 1 h. The
following inhibitors were used in this study: 10 uM H89 (Santa
Cruz Biotechnology, 15-min pretreatment), 10 uM SB203580
(Santa Cruz Biotechnology, 30-min pretreatment), triptolide 1 uM
(Tocaris, 1-h pretreatment), 0.2 ng/mL actinomycin D (Sigma, 1-h
pretreatment).

Total cellular RNA isolation and real-time PCR (RT-qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. One microgram of RNA was
reversely transcribed with the iScript cDNA Synthesis Kit (Bio-
Rad) and 1:20 dilution of cDNA was analyzed in real-time PCR
with the KAPA SYBR FAST qPCR kit (Peqlab) on the iCycler IQ
system (Bio-Rad). Primer sequences are listed in Supplemental
Material. Housekeeping gene ribosomal protein L13a (Rpl13a)
was used for the normalization. Statistical significance of the
observed changes was determined using one-way ANOVA fol-
lowed by the Tukey HSD post-hoc test, both implemented in R (R
Development Core Team 2014).

siRNA-mediated and shRNA-mediated knockdown

For siRNA-mediated knockdown, 3 X 10° (or 3 X 10°) Swiss 3T3
fibroblasts were seeded in a 3.5-cm (or 15-cm) dish in DMEM
supplemented with 10% FCS without antibiotics, and on the
following day the medium was replaced with DMEM containing
0.2% FCS and no antibiotics. The next day the medium was
replaced again (with DMEM containing 0.2% FCS and no anti-
biotics) and cells were transfected with 50 pmol (300 pmol) ON-
TARGETplus SMART pool siRNA (Dharmacon) using Lipofectamine
RNAIMAX Reagent (Invitrogen) in OptiMEM (Invitrogen). After
48 h the cells were treated with anisomycin. shRNA-mediated
knockdown of Hdac2 was performed as described previously
(Lagger et al. 2010).

Western blot analysis

Histone isolation, whole-cell extract isolation, and Western blot-
ting were performed as described (Hauser et al. 2002; Lagger et al.
2010). Dot blots were performed as described previously (Brunmeir
et al. 2010). The antibodies used to detect proteins/peptides are
listed below.

mRNA sequencing

Ten micrograms of total RNA was subjected to two rounds of poly(A)
selection with the Dynabeads mRNA Purification kit (Invitrogen).
mRNA was subsequently fragmented by hydrolysis (40 mM TrisOAc
at pH 8.2, 100 mM KOAc, 150 mM MgOAc) at 94°C for 3 min. First-
strand cDNA synthesis was performed using the SuperScript III Re-
verse Transcriptase kit (Invitrogen) with random hexamers priming
(Applied Biosystems) in the presence of actinomycin D (5 ng/uL).
Second-strand cDNA was synthesized using DNA Pol I, DNA ligase
(both Invitrogen), and RNase H (NEB) with random hexamers
(Applied Biosystems) in the presence of dUTP. The libraries were
prepared by the Vienna Biocenter CSF NGS unit using the NEBNext
Library Prep Reagent Set for Illumina (NEB), multiplexed (2 samples/

Genome Research 1817

www.genome.org



Sawicka et al.

lane), and sequenced on HiSeq 2000 (Illumina) at the CSF NGS unit
(50 bp single-end reads). Reads were mapped to the mouse genome
(NCBI37/mm9 annotation from July 2007) using TopHat (Trapnell
et al. 2009) v1.4.1 allowing for one mismatch per 18-bp segment
and retaining only uniquely mapped reads. Differential expression
was performed using htseq-count script (Anders 2010) with the
“union” model and the Bioconductor package edgeR (Gentleman
et al. 2004; Robinson et al. 2010). A detailed description of differ-
ential expression analysis is provided in Supplemental Material. The
GO enrichment analysis was performed using DAVID (Huang da
et al. 2009). Known transcription-factor motif enrichment analysis
in promoters (—400 bp to +100 bp from the TSS) was performed
using HOMER (Heinz et al. 2010) findMotifsGenome.pl script.
Promoter sequences of noninduced genes served as a background
for differential enrichment analysis. P-values were determined by
a hypergeometric test.

Chromatin immunoprecipitation and chromatin
immunoprecipitation followed by sequencing (ChIP-seq)

Chromatin immunoprecipitation was performed as previously
described (Hauser et al. 2002) with the following modifications:
Chromatin-antibody complexes were pulled down using Dyna-
beads protein A or G beads (Invitrogen) and the amount of
extracted DNA was analyzed using KAPA SYBR FAST qPCR kit
(Peglab) on the iCycler IQ system (Bio-Rad), and the amount of
immunoprecipitated DNA was calculated as the % of input (1:20
dilution of genomic DNA). ChIP signals for histone modifications
were normalized to the H3 C terminus signal to correct for changes
in nucleosomal density. For all experiments, the ChIP signal in the
control condition in one of the tested gene regions was set to 100%
(in the case of HAT and HDAC occupancy) or to 1 (in the case of
chromatin modifications and RNAPII). Statistical significance of
observed changes was determined using a one-sample t-test (in the
case of comparisons with the control) or a two-sample t-test (in the
case of comparisons between different treatments) implemented
in R. The P-values were corrected for multiple testing using the
Hochberg method implemented in R. Primer sequences are listed
in Supplemental Material. The libraries were prepared by the CSF
NGS unit using the NEBNext Library Prep Reagent Set for Illumina
(NEB) and sequenced either on GAlIx or HiSeq 2000 (Illumina) at
the CSF NGS unit (36- or 50-bp single-end reads, Supplemental
Table 1). Reads were mapped to the mouse genome (NCBI37/mm9
annotation from July 2007) using Bowtie version 12.5 (Langmead
et al. 2009), allowing up to two mismatches and retaining reads
that map to only one genomic location. Peak calling was per-
formed using MACS v1.4.4 (Zhang et al. 2008) with a P-value cutoff
of 1 X 10 and a shiftsize of 100. Peaks were assigned to genes
based on RefSeq gene annotation (Pruitt et al. 2007) using the
ChIPpeakAnno Bioconductor package (Zhu et al. 2010). Sequenc-
ing tracks were visualized with the Gviz R package (Hahne et al.
2013). A detailed description of ChIP-seq analysis is provided in
Supplemental Material. In the case of HDAC1, HDAC2, and SIN3A
ChlIPs, the cells were first crosslinked with 2 mM disuccinimidyl
glutarate (Applichem) for 30 min at room temperature prior to
crosslinking with formaldehyde.

Nuclear RNA isolation and short-capped RNA (scRNA)
sequencing

In brief, the cells were first resuspended in Solution I (150 mM
KCl, 4 mM MgOAc, 10 mM Tris-HCl at pH 7.4) and spun down for
5 min at 500g, 4°C. The pellet was resuspended in Solution II
(Solution I + 0.5% NP40) and incubated on ice for 10 min. Nuclei
were pelleted through a cushion of 0.6 M sucrose at 900g for 10

min, 4°C. Following the removal of the supernatant, TRIzol re-
agent (Invitrogen) was added and RNA was further isolated
according to the total RNA isolation protocol. scRNA-seq was
performed as described (Nechaev et al. 2010), with modifications
allowing for the paired-end sequencing. The adapter sequences as
well as primer sequences for library generation are listed in the
Supplemental Material. The libraries were sequenced on either
GAII (76 bp reads paired-end, first experiment) or HiSeq 2000
(100 bp reads paired-end, second experiment) (Illumina) at the
CSF NGS unit. Reads were first trimmed to 25 bp and then mapped
to the mouse genome using the strategy previously described
for mRNA-seq. Detailed description of scRNA-seq analysis is pro-
vided in Supplemental Material.

Nuclear extract isolation for histone peptide pull-down assay
and mass spectrometry

Nuclear extract isolation and histone peptide pull-down assay was
performed as described previously (Winter et al. 2008b). Peptide
sequences are provided in Supplemental Material. Mass spec-
trometry analysis was performed as described previously (Kocher
et al. 2012). A detailed protocol is provided in the Supplemental
Material.

Data access

The sequencing and microarray data have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE55784.
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