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H3S10ph broadly marks early-replicating domains
in interphase ESCs and shows reciprocal antagonism
with H3K9me2

Carol C.L. Chen,1 Preeti Goyal,1 Mohammad M. Karimi,2 Marie H. Abildgaard,1

Hiroshi Kimura,3 and Matthew C. Lorincz1
1Department of Medical Genetics, Life Sciences Institute, The University of British Columbia, Vancouver, British Columbia, V6T 1Z3,
Canada; 2MRC London Institute of Medical Sciences, Imperial College, London, W12 0NN, United Kingdom; 3Cell Biology Center,
Institute of Innovative Research, Tokyo Institute of Technology, Yokohama 226-8501, Japan

Phosphorylation of histone H3 at serine 10 (H3S10ph) by Aurora kinases plays an important role in mitosis; however,

H3S10ph also marks regulatory regions of inducible genes in interphase mammalian cells, implicating mitosis-independent

functions. Using the fluorescent ubiquitin-mediated cell cycle indicator (FUCCI), we found that 30% of the genome in in-

terphase mouse embryonic stem cells (ESCs) is marked with H3S10ph. H3S10ph broadly demarcates gene-rich regions in G1

and is positively correlated with domains of early DNA replication timing (RT) but negatively correlated with H3K9me2

and lamin-associated domains (LADs). Consistent with mitosis-independent kinase activity, this pattern was preserved in

ESCs treated with Hesperadin, a potent inhibitor of Aurora B/C kinases. Disruption of H3S10ph by expression of nonphos-

phorylatable H3.3S10A results in ectopic spreading of H3K9me2 into adjacent euchromatic regions, mimicking the pheno-

type observed in Drosophila JIL-1 kinase mutants. Conversely, interphase H3S10ph domains expand in Ehmt1 (also known as

Glp) null ESCs, revealing that H3S10ph deposition is restricted by H3K9me2. Strikingly, spreading of H3S10ph at RT tran-

sition regions (TTRs) is accompanied by aberrant transcription initiation of genes co-oriented with the replication fork in

Ehmt1−/− and Ehmt2−/− ESCs, indicating that establishment of repressive chromatin on the leading strand following DNA

synthesis may depend upon these lysine methyltransferases. H3S10ph is also anti-correlated with H3K9me2 in interphase

murine embryonic fibroblasts (MEFs) and is restricted to intragenic regions of actively transcribing genes by EHMT2. Taken

together, these observations reveal that H3S10phmay play a general role in restricting the spreading of repressive chromatin

in interphase mammalian cells.

[Supplemental material is available for this article.]

H3S10ph is a highly conserved histone post-translational modifi-
cation (PTM); however, the influence of this mark on chromatin
structure remains elusive, as H3S10ph is observed in two seeming-
ly paradoxical contexts—broadly marking condensed chromo-
somes during mitosis and transiently marking the promoters of
inducible genes in interphase. By early metaphase, histone H3 is
extensively phosphorylated by Aurora kinase B (AURKB) at S10
and S28 (Wei et al. 1998), a process essential for the initiation of
chromosome condensation and transition through mitosis (Van
Hooser et al. 1998). Conversely, during interphase, activation of
the MAPK pathway by mitogens or stress promotes rapid H3S10
phosphorylation at the promoter and enhancer regions of imme-
diate early genes (Mahadevan et al. 1991; Cheung et al. 2000),
stimulating the release of paused RNA POL II and P-TEFb-depen-
dent transcription elongation (Zippo et al. 2009). While several
nuclear kinases have been implicated as the downstream effectors
of such inducible H3S10 phosphorylation at specific loci, includ-
ing the JIL-1 homologs RPS6KA5 (also known as MSK1) and
RPS6KA4 (also known as MSK2), RPS6KA3 (also known as RSK2),
CHUK (also known as IKKα), and PIM1 (Sassone-Corsi et al.
1999; Thomson et al. 1999; Anest et al. 2003; Zippo et al. 2009),

a genome-wide viewof the dynamics ofH3S10phduring themam-
malian cell cycle has not been reported.

H3S10ph inhibits the lysinemethyltransferase (KMT) activity
of mammalian Su(var)3-9 family members in vitro, including
SUV39H1, SETDB1, and EHMT2 (also known as G9a), and pro-
motes displacement of Chromobox (CBX) proteins CBX1, CBX3,
and CBX5 (also known as HP1β, HP1α, and HP1γ) from H3K9
methylated regions (Rea et al. 2000; Schultz 2002; Fischle et al.
2005; Rathert et al. 2008). While histone peptide binding studies
have shown that H3K9me3 bindingmodules vary in their sensitiv-
ity to the presence of H3S10ph, the chromodomain of CBX1 and
ankyrin repeats of EHMT1 and EHMT2 are inhibited by H3S10ph-
marked peptides (Fischle et al. 2005; Rathert et al. 2008). Such an-
tagonism between H3S10ph and methylation of the adjacent
H3K9, termed the “phospho-methyl switch” (Fischle et al. 2005),
has been best characterized in the context of mitosis; however,
the extent of crosstalk betweenH3S10ph andH3K9me2/3 in inter-
phase mammalian cells remains unexplored.

Interplay between H3S10ph and H3K9 methylation is well
documented inDrosophila. The essential H3S10 kinase JIL-1, isolat-
ed originally as an anti-morph of position effect variegation (PEV),
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associates with chromatin throughout the cell cycle (Wang et al.
2001) and localizes to gene-dense regions, forming “blanket” do-
mains over gene-bodies (Regnard et al. 2011). Notably, chromo-
some morphology is severely impacted in a JIL-1 hypomorph,
with widespread loss of euchromatin interbands, despite normal
mitotic H3S10ph (Jin et al. 1999). Furthermore, H3K9me2 and
HP1 spread ectopically into euchromatin polytene bands, suggest-
ing that H3S10ph functions to reinforce euchromatin boundaries
in flies by antagonizing heterochromatin propagation (Zhang
et al. 2006). Intriguingly, the lethality observed in JIL-1 null mu-
tants is rescued in Su(var)3-9 double mutants, indicating that the
aberrant gene expression observed in JIL-1 hypomorphs may be
a consequence of ectopic H3K9 methylation. Indeed, depletion
of interphase H3S10ph in the JIL-1 hypomorph leads to global re-
distribution of H3K9me2, with gain or loss of heterochromatin
corresponding with down- and up-regulation of associated genes,
respectively (Cai et al. 2014). Taken together, these observations
reveal that crosstalk between H3K9me2 and H3S10ph plays a piv-
otal role in determining large-scale chromatin structure and, in
turn, transcription potential in interphase Drosophila cells.

In mammals, H3K9me2 is deposited in euchromatic regions
by EHMT2 and its obligate paralog, EHMT1 (Shinkai and
Tachibana 2011). In mouse ESCs, H3K9me2 is enriched in mega-
base (Mb)-scale lamin-associated domains (LADs) that are gene-
poor and late-replicating (Guelen et al. 2008; Yokochi et al.
2009; Lienert et al. 2011). Furthermore, EHMT2 and EHMT1 are re-
quired for repression of a number of late-replicating genes
(Yokochi et al. 2009), including several gene clusters on the X
Chromosome (Shinkai and Tachibana 2011), as well as specific
families of retroelements (Maksakova et al. 2013). Interestingly, a
recent report examining randomly integrated reporter constructs
in ESCs revealed that transcription permissive integration sites
cluster in large megabase-scale domains that are anti-correlated
with H3K9me2 and LADs, indicating that the transcription poten-
tial of transgenes is dependent on chromatin features of the inte-
gration site (Akhtar et al. 2013). However, whether H3S10ph and
H3K9me2 are mutually antagonistic in interphase mammalian
cells has not been addressed, due largely to contaminating
AURKB-dependent H3S10ph in mitotic cells. We employed the
fluorescent ubiquitin-mediated cell cycle indicator (FUCCI) cell
cycle reporter system or an Aurora kinase inhibitor, histone mu-
tant overexpression, and genetic knockout approach to study the
genome-wide distribution of H3S10ph in interphase ESCs and
MEFs and the interplay between this mark and H3K9me2.

Results

H3S10ph in interphase ESCs

AURKBactivity is recognized as a canonicalmarker ofmitotic chro-
mosomes, initiating phosphorylation of H3S10ph inG2/M at peri-
centromeric heterochromatin and gradually modifying entire
chromosomes as mitosis progresses. Indeed, staining of asynchro-
nous ESCs cultures with a previously characterized (Hayashi-
Takanaka et al. 2009) H3S10ph-specific monoclonal antibody
(CMA311), which is insensitive to the presence of H3K9 mono-
or dimethylation (Supplemental Table S1), reveals intense signal
at chromocenters in G2 and condensed chromosomes in mitotic
cells (Fig. 1A). However, abundant but faintly stained small
H3S10ph foci are also clearly present in euchromatic and nucleolar
compartments of interphase ESCs, consistent with previous stud-
ies using polyclonal or monoclonal H3S10ph antibodies

(Sassone-Corsi et al. 1999; Fazzio et al. 2008; Hayashi-Takanaka
et al. 2009). While considerable heterogeneity in interphase
H3S10ph signal is apparent across ESC nuclei, presumably reflect-
ing dynamic regulation of this labile PTM, these observations indi-
cate thatH3S10ph likelymarks numerous genomic regions outside
of mitosis in cycling ESCs. Indeed, quantitative Western blotting
of extracts isolated from G1, G1/S, and G2/M populations (sorted
by DNA content) clearly reveals the presence of H3S10ph in the
G1-sorted fraction, albeit at lower levels than detected in G2/M
cells (Fig. 1B).

To generate high-qualitymaps of H3S10ph in interphase cells
in the absence of any confounding effects associated with chemi-
cal synchronization, we employed the dual-color FUCCI cell cycle
reporter system (Fig. 1C), which allows for cell sorting based on
fluorescent tagging of the labile cell cycle regulated proteins
CDT1 and GEMN (Sakaue-Sawano et al. 2008). We derived a stable
polyclonal ESC line expressing hCDT1-monomeric Kusabira
Orange (mKO) andhGEMN-Venus fromamulticistronic construct
separated by T2A cleavage tag (Falconer et al. 2012) and validated
the fidelity of these FUCCI fluorescent tags as cell cycle stage re-
porters in ESCs using Hoechst 33342 DNA counterstain (Supple-
mental Fig. S1A,B). Consistent with previous reports (Wilson
et al. 2008), the mKO+Venus− subpopulation of these “FUCCI
ESCs” is composed of cells predominantly in G1/early S, whereas
the mKO−Venus+ subpopulation is enriched for cells in late S
and G2/M phases.

We then sorted mKO+, mKO+Venus+, and Venus+ cells to
>90%purity, and 106 nuclei, representingG1, S, S/G2/M stage frac-
tions, respectively, were crosslinked andMNase-digested, followed
by ChIP with the aforementioned H3S10ph antibody. Quantifica-
tion of unamplified nucleosomal DNA recovered by ChIP revealed
an approximately sixfold higher level of H3S10ph in the S/G2/M
fraction (Supplemental Fig. S1C), reflecting thewidespread deposi-
tion of thismark inmitotic cells. However, consistent with fluores-
cencemicroscopy andWestern analysis of synchronizedHeLa cells
(Rothbart et al. 2015), the presence of nucleosomal DNA in chro-
matin isolated from G1- and S-phase cells indicates that
H3S10ph is also present in interphase cells, albeit at lower levels.
Indeed, ChIP-qPCR of several randomly chosen loci representing
both genic and intergenic regions reveals that these regions are en-
riched for H3S10ph inG1-sorted cells (Supplemental Fig. S1D). De-
pending on the region analyzed, the percentage of input DNA
immunoprecipitated ranged from ∼8% to 50%, which is well
above the mitotic index of ESCs, ruling out the possibility that
such enrichment is simply a result of contamination of the sorted
G1- or S-phase populations with mitotic cells. Interestingly, G1-
sorted cells showed higher levels of enrichment of H3S10ph
than S-phase sorted cells, consistent with histone turnover during
DNA replication. While H3S10ph enrichment is also detected in
the S/G2/M-sorted cells by ChIP-qPCR at all tested loci, the abso-
lute levels of enrichment are significantly lower than observed in
G1, likely due to saturation of the antibody by the pervasive phos-
phorylation of H3S10 during mitosis.

Cell cycle dynamics of interphase H3S10ph

Evidence for the presence of H3S10ph in interphase prompted us
to survey the landscape of H3S10ph genome-wide via ChIP-seq in
G1, S, and S/G2/M purified ESCs. Consistent with bulk chromatin
quantification, S/G2/M cells show widespread H3S10ph enrich-
ment (Fig. 1D), reflecting the global accumulation of H3S10ph
during mitosis. Notably, a significant fraction of the genome was
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Figure 1. Genome-wide characterization of cell cycle-specific H3S10ph. (A) H3S10ph immunostaining of asynchronous WT TT2 ESCs, counterstained
with Hoechst 33342. Scale bar, 10 µm. (B) G1, G1/S, and G2/M ESCs were isolated by FACS based on DNA content (DAPI-staining) and a flow cytometry
plot showing the merge of each post-sort purity analysis is shown. Western analysis of whole-cell extract was conducted using H3S10ph- and H3-specific
antibodies, and H3S10ph levels were quantified on the Odyssey infrared imager by normalizing to H3 fluorescence level. The percentage of H3S10ph/H3 is
shown for each extract. TRIM28 served as a second loading control. (C) Schematic of the FUCCI reporter system for dissection of cell cycle-specific
H3S10ph. CDT1-mKO and GEMN-Venus are fluorescent markers of G1 and S/G2/M, respectively. (D) Heat map depicting H3S10ph enrichment across
all murine autosomes in G1, S, and S/G2/M sorted fractions. (E) Metagene analysis of normalized H3S10ph enrichment in ESCs (input-subtracted reads
per kb mapped [RPKM]) over all ENSEMBL annotated gene bodies, clustered by expression levels in quintiles. (F ) Venn diagram of genes enriched for
H3S10ph (greater than twofold over input in gene bodies) in G1, S, and S/G2/M sorted fractions. (G) Gene Ontology of Biological Processes from genes
identified as in E (Bonferroni corrected P < 0.05). (H) Pair-wise comparison of H3S10ph enrichment (input-subtracted RPKM) over all gene bodies in G1 vs.
S/G2/M sorted fractions. Colored dots represent genes with cell cycle skewing (z > 0.5). R2 = Pearson correlation. (I) Pair-wise comparison of H3S10ph en-
richment (input-subtracted RPKM) over annotated enhancer regions in G1 vs. S/G2/M sorted fractions. Colored dots represent sites with cell cycle skewing
as in G. A subset of enhancers is labeled with the overlapping gene(s), exon (ex), intron (int), or flanking gene(s) with the closest gene in black.

H3S10ph marks euchromatin in interphase ESCs
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also enriched with H3S10ph relative to input in G1 and S phases
(Supplemental Fig. S1E), indicating that this mark may play a
broader role in transcriptional regulation and/or other chroma-
tin-related pathways in interphase than previously recognized.
Input samples showed consistent recovery across the cell cycle, in-
dicating that the dynamic profile of H3S10ph is unlikely to be an
artifact of differential efficiency of nucleosome recovery in these
cell cycle fractions.

To characterize the genomic distribution of H3S10ph in
greater detail, we determined whether H3S10ph marks distinct
DNA sequence features across cell cycle fractions by comparing in-
put-normalized H3S10ph at genes and repetitive sequences.
H3S10ph was relatively more enriched at genes than repetitive se-
quences across all cell cycle stages, as measured in 1-kb bins
(Supplemental Fig. S1F). Metagene analysis of H3S10ph enrich-
ment in FUCCI-sorted ESCs revealed that H3S10ph broadly marks
gene bodies in interphase and is generally positively correlated
with mRNA levels (Fig. 1E). However, toward the 5′ end of genes
in G1-sorted cells, the most highly expressed quintile shows mod-
erately lower levels of enrichment than the second and third quin-
tile, perhaps due to a particularly high level of nucleosomal
turnover and/or elevatedH3K9ac in this region at highly expressed
genes at this cell cycle stage. Indeed, the H3S10ph-specific anti-
body used in this experiment is inhibited by the presence of
H3K9ac (Supplemental Table S1), a mark generally detected in
the promoter regions of active genes. In addition, H3S10ph levels
in the intragenic regions of expressed genes were modestly lower
in S-phase relative to G1 and G2/M cells (Supplemental Fig. S1D,
E), presumably due to replication-coupled deposition of nascent
unmodified H3 during early S-phase and re-establishment of
H3S10ph, in G2/M.

To identify genes thatmay be differentiallymarked at distinct
cell cycle stages, we analyzed enrichment levels across ENSEMBL
annotated genes in the G1 versus S/G2/M data sets. Notably,
77% of all annotated genes showed H3S10ph enrichment relative
to the input control. While H3S10ph levels at most gene bodies
were highly correlated across the cell cycle (R2 = 0.947), a minority
of genes show clear cell cycle-specific skewing of H3S10ph enrich-
ment. To ascertain the function of those genes showing a cell cycle
enrichment bias, genes with the highest levels of H3S10ph enrich-
ment were identified (greater than or equal to twofold enriched
over matched input reads per kb mapped [RPKM]), and Gene
Ontology (GO) analysis was conducted. S/G2/M cells include a
much larger subset of differentially marked genes (n = 3247) than
G1 (n = 1346) or S (n = 1241) cells (Fig. 1F), as expected given
that H3S10ph levels increase dramatically with the onset of mito-
sis. Across all cycle stages, heavily phosphorylated genes are en-
riched (Bonferroni-corrected P-value < 0.05) in housekeeping
functions, specifically cell cycle-regulated biological processes
(Fig. 1G). In contrast, genes enrichedwithH3S10ph inG1were sig-
nificantly overrepresented in mitosis-related GO terms, such as
chromosome condensation and segregation, whereas genes with
functions in DNA repair as well as DNA replication were promi-
nent in S/G2/M. Furthermore, several GO terms were enriched in
S compared to G1 and S/G2/M, including translation, microtubule
polymerization, and histone acetylation. Taken together, these ob-
servations suggest a link between enrichment of H3S10ph in inter-
phase and transcriptional activity, which for at least a subset of
genes is apparently dynamically regulated during the cell cycle
(Sasagawa et al. 2013).

To further characterize regions showing cell cycle-variable
H3S10ph enrichment in ESCs, we first scored genomic bins that

exhibit skewed H3S10 phosphorylation and found that 10.4% of
these differentially phosphorylated regions are within 200 bp of
a DNase I hypersensitive site (DHS), compared to 4.6% overlap-
ping DHS in constitutively H3S10 phosphorylated regions
(Supplemental Fig. S1G,H). To determine whether sites exhibiting
dynamic H3S10ph include putative enhancers, ENCODE DHS co-
ordinates were filtered for regions enriched for H3K4me1 and
H3K27ac, a signature of active enhancers. Subsequent pair-wise
comparisons of normalized H3S10ph in G1 vs. S/G2/M popula-
tions at the 9742 active enhancers identified in ESCs revealed
much greater cell cycle variability in H3S10ph enrichment (R2=
0.283) than observed in gene bodies (Fig. 1H,I). Stage-specific
H3S10ph enrichment (normalized RPKM> 0.5, z-score > 0.5) was
observed at 1044 enhancer sites in G1, S, or S/G2/M, while 595
such sites were constitutively marked in all three fractions. To an-
notate gene targets of cell cycle-biased distal enhancers in ESCs, we
parsed enhancers that physically contact promoters, as deter-
mined by Chromatin Interaction Analysis by Paired-End Tag
Sequencing (Sahlén et al. 2015). Gene Ontology analysis of the
predicted gene targets revealed enrichment for housekeeping
functions, as observed for GO analysis of H3S10ph-marked gene
bodies (Supplemental Fig. S1I), with the distinct emergence of fat-
ty acid biosynthesis in G1, DNA replication and protein ubiquiti-
nation in S, and response to glucose, nutrients, and drugs in S/
G2/M. Taken together, these observations reveal that, across the
cell cycle, H3S10ph deposition and/or removal is dynamic in
gene bodies as well as distal regulatory regions, perhaps reflecting
transcriptional regulation at these stages.

Interphase H3S10ph is not dependent on AURKB

Curiously, as opposed to other PTMs positively associated with
transcriptional activity, inspection of individual loci reveals that
interphase H3S10ph is not limited to gene bodies or enhancers
but also broadly marks intergenic regions (Supplemental Fig.
S1G). Indeed, H3S10ph at gene-dense regions encompasses Mb-
scale domains in interphase, covering ∼30% of the genome (Fig.
2A,B). To determine whether these broad domains reflect incom-
plete de-phosphorylation of H3S10ph deposited by AURKB during
mitosis, we treated ESCs with Hesperadin (Hesp), an inhibitor of
AURKB kinase (Fischle et al. 2005). As expected, a 3-h treatment
with 200 nM Hesp effectively eliminated >98% of mitotic cells, as
measured by DNA content and H3S10ph signal using flow cytom-
etry (Supplemental Fig. S2A). Nevertheless, quantitative Western
blotting revealed that Hesp-treated cells retain ∼60% of the level
of H3S10ph in control asynchronous ESCs, likely reflecting
AURKB-independent activity (Supplemental Fig. S2B).
Furthermore, H3S10ph ChIP-seq on control and Hesp-treated
ESCs revealed reduced global enrichment of H3S10ph following
AURKB inhibition, as expected, but increased prominence of puta-
tive interphase H3S10ph domains, recapitulating the profile ob-
served in G1-sorted cells (Fig. 2B; Supplemental Fig. S2C). Based
on these observations, we conclude that the euchromatic
H3S10ph domains observed in interphase ESCs are deposited by
a serine kinase or kinases other than AURKB.

H3S10ph and H3K9me2 partition the genome into early-

and late-replicating domains

To further characterize the chromatin state of regionsmarked with
H3S10ph in interphase, we intersected the genome-wide distri-
bution of this mark with additional chromatin features in ESCs,
including those generated by the ENCODE Consortium

Chen et al.

4 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.224717.117/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


(Supplemental Table S2; Yue et al. 2014). Given that H3S10ph do-
mains in interphase ESCswere relatively broad, we used a tiling bin
size of 5 kb. As expected, H3S10ph shows a positive correlation
with RNA Pol II, transcript level (RNA-seq), and transcription-asso-
ciated PTMs (H3K4me3, H3K9ac, H3K36me3) as well as enhancer
PTMs (H3K4me1, H3K27ac) (Fig. 2C). However, consistent with
the observation that H3S10ph is also enriched in intergenic re-
gions of gene-rich genomic domains, 42% of interphase
H3S10ph marked bins do not coincide with annotated genes.
Notably, these intergenicH3S10ph-marked regions are almost uni-
versally replicated relatively early in S-phase, with boundaries of
interphase H3S10ph domains closely aligning with replication
timing (RT) transition regions (TTRs) (Fig. 2B). Indeed, RTwas con-

cordant with H3S10ph enrichment (R2= 0.49) genome-wide (Fig.
2D), and H3S10ph in G1 cells scales quantitatively with RT pro-
gression (Fig. 2E). To determine whether H3S10ph in interphase
is specific to cells undergoingDNA replication,we costained prolif-
erating ESCs with H3S10ph and the S-phase marker PCNA
(Supplemental Fig. S2D). While replicating/PCNA+ nuclei were
generally marked with punctate H3S10ph foci, PCNA− nuclei
also harbored punctate H3S10ph foci, consistent with the observa-
tion that H3S10ph is present in G1 cells, i.e., prior to the onset of
DNA replication.

In contrast, regions enriched for H3S10ph in G1 show a clear
discordance with lamin-associated domains (Fig. 2C–E), shown
previously to replicate relatively late in S-phase (Kind et al.

Figure 2. Interphase H3S10ph forms domains highly concordant with replication timing. (A) Cumulative distribution frequency plot of ESC H3S10ph
ChIP vs. input libraries in 5-kb bins. (B) Genome browser screenshot of H3S10ph enrichment and replication timing (RT) (Hiratani et al. 2010) in TT2 ESCs
across Chr 18. (C) Kendall correlation matrix of H3S10ph with chromatin features (see Supplemental Table S2 for data sets analyzed) across 5-kb genomic
bins in ESCs, following unsupervised hierarchical clustering. H3S10ph ESC data sets include sorted FUCCI subpopulations (S, S/G2/M, and G1), Hesp-treat-
ed, and vehicle control (Ctrl). (D) Parallel coordinate comparison of H3S10ph enrichment (RPKM) with histone marks H3K36me3, H3K9me2, and
H3K9me3 as well as Lamin B1 and RT in randomly sampled 5-kb bins. Heat map color-coding is based on H3S10ph enrichment in Hesp-treated ESCs.
Note the strong positive correlation between H3S10ph in interphase and RT and the negative correlation with H3K9me2. (E) Pair-wise comparisons of
G1 H3S10ph enrichment with RT, LADs, and H3K9me2 (input subtracted RPKM) enrichment. Randomly sampled 5-kb bins are colored as in D. R2 =
Pearson’s correlation.
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2015). Regions enriched for H3S10ph are also anti-correlated with
H3K9me2, a mark deposited by the KMTases EHMT2 and EHMT1
at late-replicating genomic regions (Yokochi et al. 2009; Kind and
van Steensel 2010) and, to a lesser extent, H3K9me3, whichmarks
constitutive heterochromatin and specific retrotransposons in
ESCs (Karimi et al. 2011). As H3K9me2 is specifically associated
with LADs (Kind et al. 2013), we focused on the relationship be-
tween H3S10ph and H3K9me2. Consistent with the Mb-scale do-
mains of H3K9me2 observed in ESCs via ChIP-chip (Lienert et al.
2011), ChIP-seq revealed that H3K9me2 demarcates large Mb do-
mains, covering ∼40% of the mappable genome. As predicted,
this mark is clearly anti-correlated with interphase H3S10ph
(R2 = 0.59, 5-kb bins) (Fig. 2E), indicating that H3S10ph may an-
tagonize H3K9me2 deposition, and vice versa, in interphase
ESCs. While the apparent anti-correlation may reflect epitope
masking of the H3K9me2 antibody by H3S10ph (Duan et al.
2008; Rothbart et al. 2015), such a technical artifact is unlikely,
as H3S10ph covers ∼30% of the genome and quantitative mass
spectrometry analysis of WT ESCs revealed that under 20% of
bulk H3 is dimethylated at H3K9 (Kubicek et al. 2007).

Expression of nonphosphorylatable H3.3 promotes aberrant

accumulation of H3K9me2

To determine whether H3S10ph influences H3K9me2 deposition,
we generated ESC lines stably expressing tagged H3.3 and
H3.3S10A, which mimics the loss of phosphoserine (Supplemen-
tal Fig. S3A). We reasoned that overexpression of the nonphos-
phorylatable H3.3 variant would mitigate the likelihood of
mitotic defects, as H3.3 is deposited in a replication-independent
pathway at specific genomic regions, including transcribed gene
bodies (Ahmad and Henikoff 2002; Chen et al. 2013), which are
enriched for interphaseH3S10ph. Indeed, two independent clonal
lines, “S10A.1” and “S10A.2,” which stably express the mutant
H3.3-YFP transgene (Supplemental Fig. S3B,C), showed mitotic
progression similar to that of the line expressing the wild-type
(WT) H3.3-YFP transgene. To determine whether WT H3.3-YFP
and H3.3S10A-YFP are targeted to intragenic regions of active
genes, we performed ChIP-seq using a YFP-specific antibody.
Metagene analysis revealed that the level of exogenous H3.3 en-
richment in gene bodies increases with increasing transcription
level (Fig. 3A), as expected. Importantly, WT and S10A mutant
H3.3-YFP show similar enrichment over active gene bodies and ge-
nome-wide (Fig. 3A; Supplemental Fig. S3D), revealing that the in-
corporation of exogenous H3.3 is not dependent upon H3S10 per
se. Furthermore, the genomic distribution of YFP-tagged H3.3 is
similar to that of HA-tagged H3.3 (Elsässer et al. 2015), indicating
that YFP-tagging does not perturb intragenic deposition of H3.3
(Fig. 3B).

To determine whether incorporation of H3.3S10A influences
the genomic distribution of H3K9me2, we performed H3K9me2
ChIP-seq, as above, on each H3.3-YFP-expressing line. Strikingly,
differences in the distribution of H3K9me2 are clearly apparent
in the H3.3S10A-YFP lines relative to the H3.3-YFP WT line (Fig.
3B). Analysis of the genome in 5-kb bins reveals a clear increase
in the fraction of bins with intermediate levels of H3K9me2 in
the mutant expressing lines (Fig. 3C), with 3.8% and 7.7% ge-
nome-wide bins showing increased H3K9me2 (z > 0.2) in S10A.1
and S10A.2 clones, respectively. In both H3.3S10A clonal lines,
the ectopic gain of H3K9me2 at regions normally harboring low
levels of H3K9me2 is accompanied by reduced levels of this
mark at regions normally showing high enrichment (Fig. 3C,D;

Supplemental Fig. S3E). The majority of regions showing such a
gain in H3K9me2 enrichment may reflect indirect effects, since
H3.3S10A-YFP signal was not detected over most of these regions.
To identify regions thatmay accumulate H3K9me2 as a direct con-
sequence of S10A-YFP incorporation, we filtered genomic bins
showing a gain in this mark based on YFP enrichment level (>1
RPKM), which yielded 1846 and 1007 regions in S10A.1 and
S10A.2 lines, respectively, with 40.2% overlap between these bio-
logical replicates. Importantly, in the regions identified as “direct
targets,” the majority (92%) reside within H3S10ph-rich domains
inWTcells (Fig. 3E; Supplemental Fig. S3F). Thus, the disruption of
H3S10 phosphorylation via incorporation of ectopic H3.3S10A
leads to accumulation of H3K9me2 at regions enriched for
H3S10ph inWT cells, indicating that interphase H3S10phmay in-
sulate gene-dense regions from EHMT2/EHMT1-mediated
H3K9me2 deposition.

Interphase H3S10ph domains expand upon loss of H3K9me2

To investigate whether H3K9me2 restricts the expansion of
H3S10ph domains at TTRs, we performed ChIP-seq on previously
characterized Ehmt1−/− ESCs (Shinkai and Tachibana 2011;
Maksakova et al. 2013). As expected, widespread depletion of
H3K9me2 was observed (Fig. 4A), with 40% of genomic bins,
which generally overlap with late-replicating domains, showing
reduced enrichment (z <−0.2). Regions that retain H3K9me2 in
Ehmt1−/− ESCs are generally enriched for H3K9me3 in WT ESCs
(Fig. 4B), likely reflecting the independent deposition of this
mark by SETDB1 at LTR retrotransposons (Karimi et al. 2011). Re-
markably, 70% of genomic bins that lose H3K9me2 in Hesp-treat-
ed Ehmt1−/− cells show a gain of H3S10ph (Fig. 4A,C). Notably,
ectopic H3S10ph is clearly observed in regions adjacent to previ-
ously identified TTRs (Fig. 4D; Pope et al. 2014), consistent with
spreading ofH3S10ph into gene-poor, relatively late-replicating re-
gions normally marked by H3K9me2 in interphase.

Asymmetrical transcriptional initiation at TTRs in Ehmt2−/−

and Ehmt1−/− ESCs

To determine whether ectopic H3S10ph at TTRs in H3K9me2-de-
pleted ESCs is associated with changes in transcription, we con-
ducted strand-specific mRNA-seq in Ehmt1−/− and Ehmt2−/− ESCs
as well as the control WT parent line. In Ehmt2−/− and Ehmt1−/−

ESCs , 950 and 791 genes were up-regulated (|z| > 0.8), respectively.
Up-regulated genes were significantly enriched within a TTR (χ2

test, P < 0.001), with 37.7% and 40.1% observed, versus 19% ex-
pected (Supplemental Fig. S4A). Furthermore, transcripts present
exclusively in Ehmt2−/− and Ehmt1−/− ESCs are apparent in regions
extending up to ∼500 kb beyond the boundaries of the H3S10ph/
gene-rich domains observed in WT cells (Fig. 4A). These aberrant
transcripts show strong strand bias depending on the orientation
with respect to RT (Fig. 4A), with reads mapping to the minus
and plus strands at TTRs on the L-E and E-L boundaries of early rep-
licating regions, respectively. While meta-analysis of TTRs reveals
that this asymmetry is present inWTESCs, consistentwith the pre-
viously described co-orientation of genes with replication forks in
human cells (Huvet et al. 2007; Petryk et al. 2016), this phenome-
non is greatly enhanced in the Ehmt1−/− and Ehmt2−/− lines (Fig.
4E). Transcripts up-regulated in the vicinity of TTRs (±250 kb cen-
tered on the inflection point) include both repetitive sequences
and genes, such as MageA and Rhox gene clusters (Fig. 4F), shown
previously to be up-regulated in Ehmt2−/− and Ehmt1−/− ESCs
and in vivo (Shinkai and Tachibana 2011; Auclair et al. 2016).
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Taken together, these results indicate that within TTRs, EHMT2/
EHMT1 play a role in regulating transcription units co-oriented
with the gross direction of DNA replication.

As EHMT2-dependent H3K9me2 was reported to mediate Pol
II transcriptional termination via R-loop formation (Skourti-
Stathaki et al. 2014), we considered the possibility that regions

Figure 3. Overexpression of H3S10A in ESCs promotes H3K9me2 accumulation in early-replicating regions. (A) ChIP enrichment of YFP (RPKM) around
transcription start sites (TSS ±500 bp) in WT and S10A H3.3-YFP-expressing lines, clustered by genic expression quartiles. (B) Genome browser screen shot
spanning Cpeb4 to Fbxw11 loci on Chromosome 11 (31,696,800–32,668,200) with YFP and H3K9me2 ChIP enrichment in H3.3-YFPWT and S10Amutant
lines presented, as well as previously published RT (Yokochi et al. 2009) and H3.3-HA (Elsässer et al. 2015) tracks. (C) Histogram showing the global density
distribution of H3K9me2 in H3.3-YFP WT and S10A lines. (D) 2D scatterplot comparing the gain or loss (z-score) of H3K9me2 in the S10A.2 mutant line
with WT H3K9me2 enrichment levels (RPKM). (E) Comparison of YFP incorporation levels with the change in H3K9me2 enrichment in H3.3-YFP S10A.2
relative to WT cells (z-score). Heat map and data-point size represent the range of WT H3S10ph enrichment levels. Note that gain of H3K9me2 occurs
predominantly within regions that are enriched for H3S10ph in WT ESCs.
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Figure 4. EHMT1 restricts spreading of H3S10ph and inhibits aberrant transcription near TTRs. (A) Genome browser screenshot of a region on
Chromosome 1 showing H3K9me2, Hesp-treated (H+) H3S10ph, and strand-specific RNA-seq in WT and Ehmt1−/− ESCs. (B) Heat maps of the change
in H3K9me2 enrichment in Ehmt1−/− vs. WT (z-score), H3K9me3 enrichment (RPKM) in WT, and differential expression in Ehmt1−/− vs. WT ESCs for all
LTR transposable element subfamilies present at >100 copies in the reference mouse genome. (C ) Scatterplot showing the changes in H3K9me2 and
H3S10ph coverage in Hesp-treated Ehmt1−/− ESCs relative to WT, overlaid with ESC RT status of the genomic bins as a heat map (red: early; gray: late).
In Ehmt1−/− ESCs, late-replicating regions concurrently lose H3K9me2 and gain H3S10ph. (D) Heat map of H3S10ph enrichment in Hesp-treated WT
and Ehmt1−/− ESCs over 500 kb centered on all RT transition boundaries in WT ESCs (RT data from Yokochi et al. [2009]). (E) Cumulative density plot
of RNA-seq coverage on the plus (top plot) and minus (bottom plot) strands at TTR boundaries (0–500 kb) in WT, Ehmt1−/−, and Ehmt2−/− ESCs. Note
the increase in RNA coverage in the mutant lines on the plus strand in early to late transition regions and the minus strand in late to early transition regions.
(F ) 2D scatterplot comparing genic transcription in Ehmt1−/− and WT ESCs. Note that many of the genes up-regulated in Ehmt1−/− ESCs reside within RT
transition boundaries (0–500 kb) and show a RT orientation strand-bias consistent with that described in E.
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showing aberrant transcriptionmay also be the result of inefficient
termination of the last transcribed gene oriented toward the repli-
cation timing boundary within the early replicating domain.
Analysis of H3K36me3 ChIP-seq data generated from Ehmt2−/−,
Ehmt1−/−, and WT ESCs, however, revealed similar profiles of
reduced H3K36me3 downstream from annotated genic transcrip-
tion termination sites (TTSs) (Supplemental Fig. S4B,C), indicating
that aberrant Pol II processivity beyond the TTS is unlikely to ac-
count for such ectopic transcription. On the other hand, ChIP-
seq analysis of H3K4me3 in Ehmt2−/− and Ehmt1−/− ESCs revealed
numerous ectopic peaks of H3K4me3 at TTRs in the mutant lines,
likely reflecting aberrant transcription initiation (Supplemental
Fig. S4B,D). To identify candidate “de novo” initiation sites, we
first called all H3K4me3 peaks in WT or mutant lines. Of 55,000
sites in total, 7878 gained H3K4me3 in both Ehmt2−/− and
Ehmt1−/− ESCs (R2 = 0.992 between Ehmt2−/− and Ehmt1−/−),
with 1081 such regions lacking H3K4me3 in the WT control
(Supplemental Fig. S4D,E). As expected, de novo H3K4me3 peaks
are frequently found adjacent to regions of increased RNA-seq cov-
erage on the plus or minus strand (Supplemental Fig. S4E), indica-
tive of the presence of ectopic promoters in Ehmt2−/− and Ehmt1−/

− ESCs.Whilemost of the shared and gained H3K4me3 peaks were
found at annotated promoters, de novo sites were also frequently
found within LTR and LINE sequences (Supplemental Fig. S4F)
and were significantly closer to TTRs than constitutive H3K4me3
peaks (Supplemental Fig. S4G). Taken together, these observations
indicate that transcription units near TTRs may be particularly
prone to aberrant initiation following loss of H3K9me2.

H3S10ph domains are restricted to gene bodies

in interphase MEFs

As somatic cells exhibit chromatin marks and replication timing
profiles distinct from ESCs (Mikkelsen et al. 2007; Yue et al.
2014), we next determined whether early-replicating regions are
also enriched in H3S10ph in interphase MEFs. As observed in
ESCs, MEFs show heterogeneity in H3S10ph staining in inter-
phase, with a subset of cells showing small but abundant foci ex-
clusive of DAPI-dense regions (Fig. 5A). However, ChIP-seq of
Hesp-arrested MEFs revealed distinct differences in H3S10ph dis-
tribution in early-replicating regions relative to ESCs, with ex-
tended domains in ESCs resolved into smaller domains in MEFs
(Fig. 5B). Metagene analysis reveals prominent enrichment of
H3S10ph in gene bodies, with a bias toward the 3′ end of tran-
scribed genes (Fig. 5C). As in ESCs, gene body H3S10ph enrich-
ment was generally higher in Hesp-treated than untreated
controlMEFs (Supplemental Fig. S5A), indicating that such regions
are maintained by an AURKB-independent H3S10 kinase in inter-
phase. However, consistent with ChIP-seq on untreated MEFs,
H3S10ph in Hesp-treated MEFs does not mark broad domains.
While H3S10ph covers ∼30% of the genome in interphase ESCs,
H3S10ph is enriched at only 11% of all genomic bins (H3S10ph
RPKM – input > 0.1) in Hesp-arrested MEFs. Inspection of the dis-
tribution of H3S10ph in relation to replication timing reveals
that, unlike in ESCs, this mark is not uniformly distributed across
early-replicating regions in MEFs (Fig. 5B). While H3S10ph-en-
riched regions are typically replicated early in MEFs, H3S10ph-de-
pleted regions can be early- or late-replicating (Fig. 5D). Using 10-
kb tiled genomic bins, H3S10ph is 94.0% sensitive and 97.9% spe-
cific as a predictor of early RT in ESCs; in stark contrast, in MEFs,
sensitivity of H3S10ph to predict early RT is 91.7%, but specificity
is only 46.7%. Notably, the subset of genomic regions that are late-

replicating in ESCs but early-replicating in MEFs show relatively
low levels of H3S10ph in the latter (Supplemental Fig. S5B), indi-
cating that H3S10ph is not a universal mark of early RT.

EHMT2-mediated H3K9me2 restricts H3S10ph to intergenic

regions in MEFs

Meta-epigenomic comparisons in MEFs reveals many of the same
trends observed in ESCs, with regions marked with H3S10ph in
Hesp-treated cells showing a positive correlationwith RT and other
features of transcriptionally active regions and a negative correla-
tion with H3K9me2, H3K27me3, and LADs (Supplemental Fig.
S5C,D). Notably, unlike in ESCs, many intergenic early-replicating
regions are depleted of H3S10ph in MEFs. As H3K9me2 and
H3S10ph are anti-correlated in ESCs as well as in Drosophila, we
surmised that the absence of H3S10ph in such regions in MEFs
could be coincident with a reciprocal enrichment of H3K9me2.
Indeed, early-replicating regions depleted of H3S10ph in MEFs
are generally enriched for H3K9me2 (Fig. 5E) but depleted of
H3K9me2 in ESCs (Supplemental Fig. S5E). The trend toward in-
creased abundance of H3K9me2 inMEFs relative to ESCs is consis-
tent with previous mass spectrometry data, which revealed a 10%
greater abundance of H3K9me2 in MEFs (Kubicek et al. 2007).
These results indicate that EHMT2 and/or EHMT1 mark a subset
of intergenic regions in MEFs, leading to an apparent “fragmenta-
tion” of the broad interphase H3S10ph domains observed in ESCs.

Utilizing a previously characterized Ehmt2−/− MEF line
(Leung et al. 2011), we tested whether EHMT2-mediated
H3K9me2 restricts H3S10ph into localized peaks in MEFs.
H3K9me2ChIP-seq confirmed that EHMT2 ablation inMEFs caus-
es global loss of H3K9me2, predominantly at early-replicating re-
gions (Fig. 5E,F). Furthermore, Hesp-arrested Ehmt2−/− cells
showed widespread expansion of H3S10ph into mega-base do-
mains (Fig. 5F), with new boundaries aligning to MEF TTRs (Fig.
5G). The ectopic H3S10ph in Ehmt2−/− MEFs frequently marks re-
gions beyond the boundaries of TTRs as identified in WT cells,
however, indicating that the extent of H3S10ph spreading may
be restricted by other chromatin features, such as H3K9me3.
Taken together, these results indicate that H3S10ph and
H3K9me2 are deposited over broad domains in interphase plurip-
otent and somatic mammalian cells in a mutually exclusive man-
ner, likely as a consequence of direct reciprocal antagonism of the
enzymes responsible.

Discussion

H3S10ph marks Mb-scale domains in interphase ESCs

H3S10ph has generally been recognized as a transient modifica-
tion in interphase mammalian cells, marking specific gene pro-
moter and enhancer regions following induction with external
growth factors or stress (Bode 2005; Wang and Higgins 2013).
Our genome-wide analysis of H3S10ph reveals that this PTM is
not limited to transcriptional regulatory regions in interphase
ESCs but rather broadly marks gene-rich regions, encompassing
∼30% of the genome. The majority of gene bodies are marked
with H3S10ph in interphase ESCs, a pattern similar to that ob-
served for Drosophila JIL-1 occupancy (Regnard et al. 2011). The
broad distribution of interphase H3S10ph in euchromatic regions
is consistent with the “hyperdynamic plasticity” of chromatin re-
ported in ESCs (Meshorer andMisteli 2006) and may play a role in
the relatively short chromatin residency time of chromatin-associ-
ated proteins observed in ESCs in interphase and/or the exclusion
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Figure 5. H3S10ph is restricted to genic regions in interphase MEFs. (A) H3S10ph immunostaining of interphase WTMEFs, counterstained with Hoechst
33342 for DNA, as in Figure 1A. (B) Genome browser screenshot showing RT, H3K9me2, and biological replicates of RNA-seq coverage in ESCs andMEFs as
well as H3S10ph in Hesp-treated cells. (C )Metagene analysis of normalized H3S10ph enrichment (input subtracted RPKM) over all murine gene bodies (−2
kb-TSS-TTS+2 kb), clustered by RNA-seq expression levels into quartiles in the respective cell type. (D) Pair-wise comparison of H3S10ph with replication
timing in asynchronous ESCs andMEFs using genome-wide 10-kb tiling bins. Red and blue data points correspond to bins that were in the top and bottom
15% of H3S10ph enrichment, respectively, in Hesp-treated cells. (E) Pair-wise comparison of H3S10ph (Hesp-treated) with H3K9me2 genome-wide (5-kb
bins) in WT and Ehmt2−/− MEFs, overlaid with a heat map of MEF RT data with red and gray data points representing early- and late-replicating bins, re-
spectively. (F) Genome browser snapshot of a MEF-specific early-replicon showing the loss of intergenic H3K9me2 and concurrent gain of H3S10ph in
Ehmt2−/− MEFs. (G) Heat map of H3S10ph enrichment in Hesp-treated WT and Ehmt2−/− MEFs over 500 kb, centered on all RT transition boundaries
in WT MEFs.
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of these regions from LADs. Regardless, a subset of intragenic re-
gions as well as enhancers embedded in these broad euchromatic
domains show varying levels of H3S10ph enrichment in G1 vs. S
vs. S/G2/M data sets, perhaps reflecting the dynamics of transcrip-
tional regulation during the cell cycle. Indeed, genes enrichedpref-
erentially with H3S10ph in specific cell stages are overrepresented
in distinct GO biological processes associated with housekeeping
functions.

While our ChIP-seq analyses are consistent with the model
that AURKBpromiscuously phosphorylates all nucleosomes inmi-
totic cells, AURKB is unlikely to be responsible for euchromatic
H3S10ph in G1 ESCs, as treatment with the specific inhibitor
Hesperadin did not result in a loss of H3S10ph in gene-dense re-
gions. RPS6KA5 and RPS6KA4 (also known as MSK1 and MSK2),
the two orthologs of JIL-1 inmammalian genomes, phosphorylate
H3S10 upon MAPK-mediated signal transduction (Thomson et al.
2001); however, both RPS6KA4/5 are expressed at low levels in
ESCs relative to MEFs, and Rps6ka4/5 double knockout MEF
showed no appreciable loss of basal H3S10ph (Soloaga et al.
2003). RPS6KA3, a member of the related kinase family, RSKs,
was implicated in EGF-induced H3S10ph in interphase ESCs
(Sassone-Corsi et al. 1999), but like MSKs, RPS6KA3 acts only at a
subset of inducible promoters/enhancers. Indeed, we have found
that H3S10ph in gene-rich regions is maintained in Rps6ka4,
Rps6ka5, and Rps6ka3 knockout ESCs (C Chen, C Fan, H Kimura,
M Lorincz, in prep). Identifying the kinase(s) responsible for
H3S10ph deposition in interphase will require systematic deple-
tion of individual candidates and perhaps combinatorial
knockouts.

Reciprocal H3K9me2/H3S10ph antagonism

H3K9me2was previously recognized as a broadly distributedmod-
ification (Lienert et al. 2011). Our analyses reveal that H3S10ph
and H3K9me2 are essentially mutually exclusive in both MEFs
and ESCs, with the majority of the mappable genome covered by
one or the other mark. H3K9me2 accumulates over transcribed
genic regions in ESCs overexpressing H3.3S10A, indicating that
H3S10phmay directly inhibit deposition of H3K9me2 inmamma-
lian cells, consistent with previous reports of heterochromatin
spreading in JIL-1 hypomorphs in Drosophila (Zhang et al. 2006;
Cai et al. 2014). Notably, antagonism between H3K9me2 and
H3S10ph in interphase ESCs seems to be reciprocal, as EHMT1 pre-
vents the spreading of H3S10ph into gene-poor regions at most
TTRs (Fig. 6A). Such expansion of H3S10ph domains is unlikely
to be a consequence of transcription, as this mark spreads over
∼100 kb beyond TTRs in Ehmt1−/− ESCs regardless of the presence
of aberrant transcripts. As few new H3S10ph domains appear in
Ehmt1−/− ESCs, ectopic H3S10ph at TTRs may depend upon
spreading of this mark via mass action into regions previously
marked with H3K9me2. Whether H3K9me2 and/or readers of
this mark directly inhibit the catalytic activity of the relevant
H3S10 kinase(s) remains to be determined.

Asymmetrical transcription at TTRs in the absence of H3K9me2

We observed a strong directional bias in de novo initiated tran-
scripts in Ehmt2−/− and Ehmt1−/− ESCs, specifically in TTRs.
Minus-stranded transcription was favored at late-early TTRs,
whereas plus-stranded transcription was favored at early-late
TTRs (Figs. 4E, 6B). Presuming that TTRs are generally replicated
unidirectionally from a single origin firing in an adjacent earlier
replicating region, this observation is consistent with co-orienta-

tion of transcription with the replication fork (Huvet et al.
2007). Alternatively, if the TTR is replicated by multiple sequen-
tially firing origins (Petryk et al. 2016), transcriptionmay be biased
to leading strands oriented in the net direction of early to late rep-
licating regions, minimizing the likelihood of collision between
RNA POL II and the replication machinery emanating from an ad-
jacent sequentially activated replicon.

Notably, many of the genes previously reported to be up-reg-
ulated in the absence of EHMT2 or EHMT1, including the MageA
and Rhox gene clusters (Tachibana et al. 2002), are within TTRs
and are co-oriented with the gross direction of DNA replication
(Fig. 4F), revealing that this phenomenon may be extended to en-
dogenous genes. Regardless, as replication timing in EHMT2-defi-
cient ESCs is largely unchanged (Yokochi et al. 2009), such
aberrant transcription is unlikely to be a consequence of a shift
in replication timing. The strand bias in transcriptional up-regula-
tion observed at the boundaries of H3K9me2- and H3S10ph-
marked domains in EHMT1- and EHMT2-deficient cells may
thus reflect an intrinsic asymmetry in the “transcription compe-
tency,” either initiation or productive elongation, of leading ver-
sus lagging strand templates in the wake of replication within a
TTR. A difference in the kinetics of chromatin maturation of the
leading versus lagging strand following replication could render
the formermore sensitive to the establishment of an open chroma-
tin state in the absence of H3K9me2, potentiating transcription
behind the replication fork.

H3S10ph domains in ESCs versus MEFs

While replication timing profiles are generally conserved in ESCs
andMEFs, the broad uninterrupted domains of H3S10ph observed
in early-replicating, gene-dense regions in ESCs are frequently in-
terspersed with smaller domains of H3K9me2 in MEFs. Notably,
in the absence of EHMT2,H3K9me2 is lost within early-replicating
domains, accompanied by expansion of H3S10ph into these re-
gions. However, in contrast to ESCs, H3K9me2 is not diminished
at late-replicating regions in Ehmt2−/− MEFs, likely reflecting dep-
osition of thismark by other KMTs such as SUV39H1/2 or SETDB1.
The accumulation ofH3K9me2maybe a general feature of somatic
cells, as a global increase of EHMT2/EHMT1-dependent H3K9me2
was also observed in the E5.5 epiblast after implantation, specifi-
cally within gene bodies (Zylicz et al. 2015). EHMT2 is essential
for mid-gestation development, with protracted expression of plu-
ripotency markers such as Nanog and Pou5f1 observed at E7.5 and
lethality observed at E10.5 in Ehmt2−/− embryos (Shinkai and
Tachibana 2011; Yamamizu et al. 2012). Whether the broader do-
mains of H3S10ph in ESCs reflects the distribution of this mark in
the epiblast and/or plays a role in restricting H3K9me2 in vivo re-
mains to be determined.

Reconciling the role of mitotic and interphase H3S10ph

To reconcile the paradoxical association of H3S10ph with con-
densed chromatin in mitosis and de-condensed chromatin in in-
terphase, Johansen and Johansen proposed that this mark
promotes the detachment of chromatin from the nuclear scaffold
(Johansen and Johansen 2006), facilitating chromosome segrega-
tion and transcription. Consistent with this model, following
stimulation in B lymphocytes, immediate early genes physically
shift from the periphery of the nucleus to constitutively active
transcription factories prior to the onset of transcription
(Osborne et al. 2007). Furthermore, the stable radial positioning
of chromosomes is established de novo within the first 2 h of G1
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(Walter et al. 2003), coincidingwith establishment of self-associat-
ing topological associating domains (TADs) and RT (Dileep et al.
2015).We show that interphaseH3S10phdomains aremost prom-
inent in G1, are not associated with the nuclear lamina, and are
universally early-replicating (Fig. 3E). Thus, H3S10ph-mediated
nuclear positioning may enhance both transcription and access
to the replication machinery during interphase.

As H3S10ph exerts little influence on physical packing of nu-
cleosome arrays in vitro (Shogren-Knaak 2003; Fry et al. 2004), this
histone mark may promote untethering through repulsion of
lamin-associated proteins. Consistent with this model, disruption
ofmitoticH3S10ph throughAURKB inhibition results in retention
of CBX1/3/5 and the lamin resident protein PRR14 on metaphase
chromosomes (Fischle et al. 2005; Poleshko and Katz 2014).
Intriguingly,EHMT2 itself is physically tethered to thenuclear lam-
ina (Kind et al. 2013), possibly via interaction with the lamin-asso-
ciated protein Barrier to Auto-integration Factor (Montes de Oca
et al. 2014), and genes repressed by EHMT2 are localized to the nu-
clear periphery inESCs (Yokochi et al. 2009).Determiningwhether
interphase H3S10ph is a driver or bystander in nuclear compart-
mentalization of marked euchromatic regions in mammals will
depend upon identification of the kinase(s) involved.

Methods

Cell culture, plasmids, and transfection

TT2 (WT), 2–3 Ehmt2−/−, and Cd12 Ehmt1−/− ESCs were cultured
in Dulbecco Modified Eagle’s Medium (DMEM), supplemented
with 15% fetal bovine serum (FBS) (HyClone Laboratories), 20
mM HEPES, 1 mM L-glutamine, 1 mM nonessential amino acids,
1 mM sodium pyruvate, 0.1 mM betamercaptoethnol, 100 U/mL
penicillin-streptomycin, and recombinant leukemia inhibitory
factor on gelatinized plates. For AURKB inhibition experiments,
ESCs were cultured for 3 h in complete media with 200 nM
Hesperadin (stock 1 mM in DMSO; Millipore). To derive ESC lines
stably expressing the FUCCI reporters, 1.5 µg of CAG-hCDT1:
mKO-T2A-hGEMN:Venus plasmid (kind gift from U. Naumann)
were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s recommendation. Stable mKO+ and Venus+

cells were isolated by FACS at day 5 and 13 post-transfection. To
generate ESCs expressing H3.3 mutated at S10, a Ser10Ala point
mutation was introduced in the CMV-H3.3-YFP vector
(Addgene) using the QuikChange Lightning site-directed muta-
genesis kit (Cat.# 210518; Agilent). WT and S10A CMV-H3.3-YFP
were transfected using Lipofectamine, as above. Clones were

Figure 6. Model of the interplay between H3S10ph and H3K9me2 during DNA synthesis in ESCs and the influence of perturbing H3K9me2 deposition
on strand-biased transcription. (A) Schematic of a hypothetical replicon in WT ESCs, with AURKB-independent H3S10ph marking early-replicating, gene-
dense regions and EHMT2/EHMT1-dependent H3K9me2marking late-replicating, gene-poor regions. Replication timing transition regions, present at the
edges of the replicon, coincide with the interface of H3S10ph and H3K9me2 domains in WT ESCs. In the interest of clarity, a single replication fork encom-
passing the entire replicon is depicted; multiple adjacent replicons may coexist within TTRs (Petryk et al. 2016). (B) Schematic of the same replicon in
Ehmt1−/− ESCs showing that, in the absence of H3K9me2, H3S10ph spreads into late-replicating regions, coincident with aberrant transcription initiating
asymmetrically at TTRs; showing a plus-strand bias at early-to-late (E to L) and a minus-strand bias at late-to-early (L to E) TTRs. Thus, in both cases, tran-
scription is co-oriented with leading strand synthesis.
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isolated by puromycin selection followed by FACS for YFP+ 24 h af-
ter Dox induction.WTMEFs were grown in DMEM supplemented
with 10% FBS, 1 mM L-glutamine, and 100 U/mL penicillin-
streptomycin.

Immunofluorescence and flow cytometry

Indirect immunofluorescence staining was performed using stan-
dard methods. Briefly, cells were trypsinized and crosslinked
with 1% formaldehyde, permeabilized with 0.25% Triton X-100
and 1%bovine serumalbumin (Sigma-Aldrich). Cells were then in-
cubated with H3S10ph- (CMA311, 1:100) and PCNA- (ab18197,
1:100; Abcam) specific antibodies at 37°C for 1 h and subsequently
incubated with Alexa Fluor 488 and 594-labeled secondary
antibodies (Life Technologies). DNA was counter-stained with
500 ng/mL Hoechst 33342 (Sigma-Aldrich). Flow cytometry data
were acquired using a BD LSRII561 flow cytometer using BD
FACSDIVA software. Cells were sorted on BD Influx.

Protein extraction and Western blotting

For Western analysis of histones, cell extracts were prepared by ly-
sis in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40,
0.25% deoxycholate, 0.1% SDS). Extracts were boiled in SDS-
PAGE loading buffer and blotting was performed as previously de-
scribed using anti-TRIM28 (ab22553, 1:5000; Abcam), anti-
H3S10ph (H. Kimura, CMA311, 1:5000), and anti-pan H3
(H0164, 1:5000; Sigma). Following addition of IRDYE-conjugated
secondary antibodies, fluorescence was quantified on an Odyssey
imager (LiCOR Biosciences).

ChIP-seq and RNA-seq

NChIP-seq of H3K9me2, H3K4me3, and H3K36me3 was per-
formed as previously described (Karimi et al. 2011). ChIP of
H3S10ph was performed by crosslink MNase ChIP, as described
previously (Hiragami-Hamada et al. 2016). See Supplemental
Methods for detailed protocol. Construction of Illumina ChIP
and RNA sequencing libraries were as described previously
(Brind’Amour et al. 2015; Morrissy et al. 2016). Paired-end se-
quencing (75 or 100 bp) was performed on an Illumina HiSeq
2000 following the recommended protocol. Reads were aligned
to mm9 using the Burrows–Wheeler Aligner using default param-
eters (Li and Durbin 2009). PCR duplicates and multimatch reads
(Q = 0) were removed from all subsequent statistical analysis.
Calculations of RPKM and z-score were performed as per Karimi
et al. (2011) using SeqMonk (https://www.bioinformatics.
babraham.ac.uk/projects/seqmonk/) and VisRSeq (Younesy et al.
2015). Data visualization and plots were generated in VisRSeq,
Excel, or RStudio.

Data access

The ChIP-seq and RNA-seq data from this study have been submit-
ted to the NCBI Gene Expression Omnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE97947.
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