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ABSTRACT

Histone variants and their chaperones are key regu-
lators of eukaryotic transcription, and are critical for
normal development. The histone variant H3.3 has
been shown to play important roles in pluripotency
and differentiation, and although its genome-wide
patterns have been investigated, little is known about
the role of its dynamic turnover in transcriptional
regulation. To elucidate the role of H3.3 dynamics
in embryonic stem cell (ESC) biology, we generated
mouse ESC lines carrying a single copy of a doxycy-
cline (Dox)-inducible HA-tagged version of H3.3 and
monitored the rate of H3.3 incorporation by ChIP-
seq at varying time points following Dox induction,
before and after RA-induced differentiation. Compar-
ing H3.3 turnover profiles in ESCs and RA-treated
cells, we identified a hyperdynamic H3.3-containing
nucleosome at the −1 position in promoters of genes
expressed in ESCs. This dynamic nucleosome is re-
stricted and shifted downstream into the +1 posi-
tion following differentiation. We suggest that his-
tone turnover dynamics provides an additional mech-
anism involved in expression regulation, and that a
hyperdynamic −1 nucleosome marks promoters in
ESCs. Our data provide evidence for regional regu-
lation of H3.3 turnover in ESC promoters, and calls
for testing, in high resolution, the dynamic behav-

ior of additional histone variants and other structural
chromatin proteins.

INTRODUCTION

Chromatin, comprised of DNA and its packaging proteins,
is a central component in regulating embryonic stem cell
(ESC) identity and plasticity (1). The basic component of
chromatin structure is the nucleosome, which is made up of
DNA wrapped around two copies each of the histone pro-
teins H2A, H2B, H3 and H4. Most histones are stably as-
sociated with DNA, and new incorporation occurs mostly
during DNA replication, although a smaller histone frac-
tion, including, notably, histone variants, exhibits dynamic
exchange with the soluble pool of nucleoplasmic histones
(2). In ESCs this dynamic interaction is enhanced (3,4), re-
sulting in a hyperdynamic chromatin state in ESCs, which is
believed to be functionally important for the maintenance
of pluripotency (3,5–9).

In recent years, accumulating evidence suggest important
roles for histone variants in shaping the epigenetic land-
scape of ESCs and in regulating pluripotency and early dif-
ferentiation events (10,11). In particular, the histone vari-
ant H3.3 was shown to play a key role in maintaining ESC
pluripotency by regulating gene expression programs im-
portant for lineage specification (12–14). H3.3 is ubiqui-
tously expressed and its deposition in chromatin is replica-
tion independent and mediated by two chaperone systems,
HIRA and DAXX (15). H3.3 turnover is linked to a variety
of key aspects of chromatin biology (16,17), and is involved

*To whom correspondence should be addressed. Tel: +972 2 658 5161; Fax: +972 2 658 6073; Email: meshorer@huji.ac.il
Correspondence may also be addressed to Sharon Schlesinger. Tel: +972 8 948 9426; Fax: +972 8 948 9123; Email: sharon.shle@mail.huji.ac.il
Correspondence may also be addressed to Tommy Kaplan. Tel: +972 2 549 4506; Fax: +972 2 549 4506; Email: tommy@cs.huji.ac.il
Present addresses:
Sharon Schlesinger, Department of animal science, The Robert H. Smith Faculty of Agriculture, Food, and Environment, The Hebrew University of Jerusalem,
Rehovot 7610001, Israel.
Jose David Aguilera, Department of animal science, The Robert H. Smith Faculty of Agriculture, Food, and Environment, The Hebrew University of Jerusalem,
Rehovot 7610001, Israel.
Divya Mundackal Sivaraman, Cell Conversion Technology Unit, RIKEN Center for Life Science Technologies, Yokohama 2300045, Japan.

C© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/article-abstract/45/21/12181/4191328
by Berman National Medical Library user
on 19 February 2018



12182 Nucleic Acids Research, 2017, Vol. 45, No. 21

in both gene expression activation (18) and the silencing of
repetitive elements (19). Distinct mechanisms of histone de-
position and eviction (i.e. turnover) pertain to the dynam-
ics of H3.3 at different chromatin regions (20). In mouse
fibroblasts fast turnover was found on promoters and en-
hancers of active genes, correlating, as expected, with the
presence of active histone marks (21). In post mitotic neu-
rons, rapid H3.3 turnover was shown to be essential for nor-
mal brain development, and in both neurons and glia, H3.3
histone turnover patterns are critical in mediating neuronal
activity-dependent gene expression, synaptic connectivity
and cognition (22). In ESCs, the turnover patterns seem to
be more complex and high turnover rates are not restricted
to active genes. Instead, dynamic exchange of H3.3 was also
found around promoters of silent genes as well as repressed
repetitive elements (13,18,19). However, at a global scale,
H3.3 was the only chromatin protein tested, which did not
show the characteristic hyperdynamic binding of chromatin
proteins in ESCs (3). Finally, HIRA and H3.3 are both re-
quired for the establishment of the suppressive H3K27me3
mark at promoters of developmentally regulated genes in
ESCs (23). These somewhat confounding results, prompted
us to study the genome-wide incorporation of H3.3 in ESCs
and during early ESC differentiation, examine its dynamic
exchange patterns, and test its potential involvement in reg-
ulating gene expression and/or silencing during differenti-
ation.

MATERIALS AND METHODS

Cell culture

Cells were cultured on gelatinized tissue culture plates
in ESC media (Dulbecco modified Eagle medium sup-
plemented with 10% defined fetal bovine serum, 100
U/ml penicillin, 100 mg/ml streptomycin, 2 mmol/l L-
glutamine, 5 mg/ml MEM non-essential amino acids, 0.12
mmol/l �-mercaptoethanol and 1000 U/ml leukemia in-
hibitory factor) supplemented with the 2i inhibitors cocktail
(mitogen activated protein kinase (MAPK)/extracellular-
signal-regulated kinase (ERK) kinase (MEK) inhibitor
PD0325901 and the glycogen synthase kinase 3 (GSK3)
inhibitor CHIR99021). This media was shown to main-
tain mES cell self-renewal without the addition of exoge-
nous factors (24). Hygromycin b was also added as selec-
tion against loss of the H3.3-HA construct for several pas-
sages. For retinoic acid (RA) induced differentiation, cells
were grown on gelatin-coated dishes for 4 days in ESC me-
dia without LIF and 2i supplemented with 1 �M RA. All
cells were cultured at 37◦C in 5% CO2.

Immunofluorescence

Cells, grown on plastic or cover-slips, were fixed in 4%
paraformaldehyde (15 min, room temperature), washed
three times (phosphate-buffered saline (PBS), 5 min, room
temperature), permeabilized (0.5% Triton X-100 in PBS,
5 min, room temperature) and incubated with the pri-
mary antibodies diluted 1:20–1:400 (1 h, room tempera-
ture or 4◦C overnight) in 10% serum in PBS. Cells were
then washed three times (PBS, 5 min, room temperature),
incubated with secondary antibodies diluted 1:1000 (1 h,

room temperature) in 10% serum in PBS, washed again
(PBS, 5 min, room temperature), DAPI stained (5 min,
room temperature), washed (PBS, 5 min, room tempera-
ture) and mounted on a microscope slide with anti-fade
(Dako, Glostrup, Denmark). Cells grown on plastic were
kept in PBS until imaged. Detection was carried out using
the relevant secondary antibodies conjugated to Alexa488
(A21202, A21206, A11055) or Alexa568 (A1003, A10042,
A11057, Molecular Probes).

Protein extraction and western blots

For whole cell extraction: trypsinized cells were washed
once with cold PBS, centrifuged (500 g, 4◦C, 5 min) and re-
suspended in ice-cold hypotonic Lysis Buffer (20 mM Tris–
Cl pH 7.5, 0.2 ethylenediaminetetraacetic acid (EDTA)
mM, 0.5 mM 1,4-Dithiothreitol (DTT), protease inhibitors
cocktail 1:100 [Sigma]). Cells were incubated for 10 min on
ice. A similar volume of High Salt Buffer (20 mM Tris–
Cl pH 7.5, 0.2 EDTA mM, 0.5 mM DTT, 1 M NaCl) was
added and cells were incubated (10 min on ice). Cells were
then centrifuged (20 000 g, 4◦C, 30 min) and the super-
natants were collected for further analysis. Protein concen-
trations were determined using the Bradford assay. West-
ern blot detection was performed using LAS-3000 (FUJI
FILM). Quantification was performed using ImageJ. For
chromatin protein extraction: fractionation of chromatin
bound proteins and nucleoplasmic proteins was done as
previously described (25). Protein extraction was performed
on KH2 ESCs treated with Dox for different times. The
chromatin bound fraction was separated on 4–20% gradi-
ent Bis-Tris SDS gels (BioRad), blotted, and incubated with
the primary antibodies. Detection for western blot was with
anti-mouse anti-rabbit or anti-goat antibodies conjugated
to HRP (115-035-062, 111-035-144, 705-035-147 Jackson
ImmunoResearch, respectively).

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was performed as
described previously (26). In short, cells from different time
points after dox addition, with and without 4 days retinoic
acid (4dRA) treatment, were collected and fixed. We nor-
malized the cell number by the WB HA signal, since popu-
lations from different time points express different amounts
of H3.3-HA. IP was done using Magna ChIP™ kit (Milli-
pore) and DNA was purified using QIAquick PCR purifi-
cation kit (Qiagen). ChIP Grade HA tag antibody was used
(ab9110 from Abcam). Libraries from two input fractions
and six bound fractions (ES or 4dRA cells incubated with
dox for 1, 4 and 8 h) were prepared as previously described
(27) and sequenced at the Technion Genome Center by Illu-
mina HiSeq 2500 machine. Two biological replicas for each
fraction were prepared and sequenced. More details can be
found in the Supplementary data.

RNA extraction, library preparation and sequencing

RNA was prepared using the RNesay kit (Qiagen) accord-
ing to the manufacturer’s instructions, library preparation
was done with QuantSeq 3′ mRNA-Seq Library Prep Kit
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by Lexogen. Four RNA libraries were prepared: from ESCs
and 4dRA cells without or with 4H Dox addition. Li-
braries were subjected to single-end sequencing using Illu-
mina Next-Seq 500 platform.

Bioinformatics and statistical analysis

Genomic mapping was done using Bowtie (28) using the
mouse genome version mm9. Mapping considered only
unique hits with up to three mismatches per read. Follow-
ing mapping, each read was extended to a length of 500 bp
and read coverage was calculated in 50 bp bins. This was
done to account for limited read coverage in H3.3 histone
ChIP-seq. Similar analysis with 150 bp read extension was
too noisy, while longer extension led to less specific estima-
tion of turnover rates. Genome-wide read coverage profiles
were then normalized to a total of 10M mapped reads per
experiment. These were saved as supplementary bigwig files.
TSS/metagene plots were created using the deepTools pack-
age (v1.5.12) (29).

Turnover rate estimation

Turnover dynamics were estimated by taking the log2 of the
ratio between the 1 and 8 h H3.3 HA ChIP-seq coverage (af-
ter normalizing each experiment to 10M coverage). While
this ratio is not identical to a full physical model of genomic
nucleosome integration, following an external switching sig-
nal (30), it allows us to estimate the overall dynamics by
which each genomic locus integrates newly generated H3.3
nucleosomes. At the first time points (e.g. 1 h) only very dy-
namic loci show integration of H3.3 nucleosomes, result-
ing with strong ChIP-seq signal for these few positions. By
the later time points, additional genomic loci (with slower
turnover dynamics) show H3.3 integration. Due to the rel-
atively higher number of the loci, their overall ChIP enrich-
ment is lower. Thus the ratio between early (1 h) and late
(8 h) time points offer a direct approximation of turnover
dynamics. We take the logarithm of this ratio (in base 2)
to normalize-out some general trends and preprocessing
normalizations (e.g. due to different sequencing depth for
each experiments), and to allow more accurate visualiza-
tions (e.g. x2 and x1/2 changes showing a similar magnitude
of +1 and −1 in log2 scale). Changes in turnover dynamics,
between mESCs before and after 4 days of RA induction
were calculating by comparing the log2 ratios at the two cell
populations, namely ESC log2(1 /8 h HA enrichment) mi-
nus RA log2(1/8 h HA enrichment).

RNA-seq analysis

To group genes based on RNA-seq expression levels, genes
were divided to seven groups based on the difference in
gene expression in ES and following 4 days of RA induction
(both, following 4H Dox). Specifically, we estimated the ex-
pression level of each gene (FPKM) using cufflinks (31), and
then annotated every gene as one of three non-differential
groups (<2-fold change between ES and RA conditions): (i)
low-average expression <1 FPKM; (ii) mid-average expres-
sion between 1 and 100 FPKM; (iii) high-average expres-
sion larger than 100 FPKM; or as one of four differential

groups: (iv) down5: RA expression is at least 5-fold smaller
than ES expression level; (v) down2: RA expression is 2- to
5-fold smaller than ES; (vi) up5: RA expression is at least
5-fold higher than ES expression level; and (vii) up2: RA
expression is at 2- to 5-fold higher than ES expression.

RESULTS

H3.3 turnover dynamics can be measured using time-ChIP

To test the dynamic incorporation and exchange of the his-
tone variant H3.3 in pluripotent ESCs and during early dif-
ferentiation, we engineered mouse KH2 ESCs (32) to ex-
press a single copy of H3.3-HA located downstream of the
Type I Collagen (Col1A1) locus under the control of Doxy-
cyclin (Dox), thus providing a genetically encoded pulse-
chase method (18,21,33). We monitored the rate of incor-
poration of the HA-tagged H3.3 at different time points fol-
lowing Dox induction, similar to the ‘time-ChIP’ method
previously reported (34).

Upon Dox addition, a pool of tagged H3.3 immediately
begins to accumulate, reaching saturation within 8 h (Fig-
ure 1A). To verify the inducibility and test the kinetics of the
system, Dox was added to the media at different times and
H3.3-HA expression levels were measured by immunoflu-
orescence (IF, Figure 1B) and western blots (WB, Fig-
ure 1C and Supplementary Figure S1A). IF demonstrated
proper chromatin localization of H3.3-HA in ESCs (Figure
1B, top) and 4-day RA-treated cells (Figure 1B, bottom),
and both IF and WB demonstrated proper induction of
H3.3-HA expression. To further confirm appropriate chro-
matin incorporation of the H3.3-HA protein, we divided the
cells into three cellular fractions (cytoplasm, nucleoplasm,
chromatin-bound) before performing WBs, and quantified
the WB signal strength using ImageJ, with GAPDH and
acetylated H4 antibodies used as controls (Supplementary
Figure S1B). Once again, H3.3-HA was found exclusively
in the chromatin-bound fraction (Figure 1C and Supple-
mentary Figure S1B). Cell counts and IdU staining demon-
strated normal cell cycle kinetics and proliferation rates
(Figure 1D and Supplementary Figure S1C), and no change
was observed in morphology of ESC or RA treated cells fol-
lowing Dox induction (Figure 1E and F). Growth charac-
teristics and expression of pluripotency markers before and
after RA induced differentiation with and without Dox in-
duction were as expected (Figure 1G; Supplementary Fig-
ure S1D and E). IF on RA-treated cells demonstrated that
H3.3-HA induction follows the same pattern as in ESCs.
These cells displayed normal differentiated phenotypes fol-
lowing 8 h Dox induction (Figure 1E). H3.3-HA expres-
sion and localization to chromatin was detected as early as
1 h post induction and showed maximal levels at 8 h post-
induction (Figure 1B and C).

To further confirm the validity of HA ChIP, we tested
the enrichment and depletion of H3.3-HA using anti-HA
antibodies on previously validated H3.3-positive and H3.3-
negative promoters (13) following 4 h of Dox induction, and
found an excellent agreement (Figure 2A and Supplemen-
tary Figure S1F). An equivalent KH2 cell line expressing
the canonical histone variant H3.1-HA did not show pref-
erence to any gene or genomic region. IgG antibody was
used as a negative control.
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Figure 1. Genome-wide measurements of H3.3 dynamics. (A) A schematic diagram showing components of the doxycycline (Dox) histone H3.3-HA
induction system in KH2 ESC and the use of this system for assaying H3.3 turnover dynamics. (B) HA-tagged H3.3 expression in ESC (upper panel) and
in 4d RA cells (lower panel) was induced by Dox addition at different times and immunolabeled with anti-HA antibodies. DAPI staining overlay is shown
in blue. (C) Time course western blot following fractionation of ESC cellular extracts to three fractions showing protein levels of transgenic HA-H3.3
(lower panel) compared to acetylated H4 (upper panel, chromatin bound) and GAPDH (middle panel, cytoplasmatic) expression at time points from 0 to
8 h (0–8 h) after Dox addition. (D) HA (green) and Bromodeoxyuridine (BrdU) (red) immunostaining of KH2 ESCs treated with IdU for 2 h and Dox for
0, 1 and 8 h. Nuclei were stained with DAPI and analyzed by confocal microscopy. (E) Representative bright-field images of KH2 ESCs after 0, 1 and 8 h
with Dox show no significant difference in colonies morphology. (F) Representative bright-field images of 4dRA cells after 0, 1 and 8 h with Dox show no
significant difference in cell morphology. (G) Expression levels of pluripotency, selected lineage marker and housekeeping genes in KH2 ESCs and 4dRA
cells, with and without Dox addition. Normalized to Gapdh expression.
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