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ARTICLE

Histone H3.3 regulates mitotic progression in mouse
embryonic fibroblasts
Aysegul Ors, Christophe Papin, Bertrand Favier, Yohan Roulland, Defne Dalkara, Mehmet Ozturk,
Ali Hamiche, Stefan Dimitrov, and Kiran Padmanabhan

Abstract: H3.3 is a histone variant that marks transcription start sites as well as telomeres and heterochromatic sites on the
genome. The presence of H3.3 is thought to positively correlate with the transcriptional status of its target genes. Using a
conditional genetic strategy against H3.3B, combined with short hairpin RNAs against H3.3A, we essentially depleted all H3.3
gene expression in mouse embryonic fibroblasts. Following nearly complete loss of H3.3 in the cells, our transcriptomic analyses
show very little impact on global gene expression or on the localization of histone variant H2A.Z. Instead, fibroblasts displayed
slower cell growth and an increase in cell death, coincident with large-scale chromosome misalignment in mitosis and large
polylobed or micronuclei in interphase cells. Thus, we conclude that H3.3 may have an important under-explored additional role
in chromosome segregation, nuclear structure, and the maintenance of genome integrity.

Key words: H3.3, transcription, mouse embryonic fibroblasts, RNA-seq, mitosis.

Résumé : H3.3 est un variant d’histone qui marque les sites d’initiation de la transcription de même que les télomères et les sites
hétérochromatiques du génome. La présence de H3.3 est présumée corréler positivement avec l’état transcriptionnel de ses
gènes cibles. En utilisant une stratégie génétique conditionnelle contre H3.3 combinée à un petit ARN en épingle à cheveux
dirigé contre H3.3, les auteurs ont essentiellement éteint toute expression génique de H3.3 dans des fibroblastes embryonnaires
de souris. À la suite de la perte quasiment complète de H3.3 dans les cellules, leurs analyses transcriptomiques montrent un très
faible impact sur l’expression génique globale de même que sur la localisation du variant d’histone H2A.Z. Les fibroblastes
présentent plutôt une croissance cellulaire plus lente et un accroissement de la mort cellulaire en étroite concordance avec un
mauvais alignement chromosomique à grande échelle lors de la mitose et de grandes structures nucléaires polylobées et des
micronoyaux dans les cellules en interphase. Ils concluent ainsi que H3.3 pourrait aussi jouer un rôle important sous-exploré
dans la ségrégation des chromosomes, la structure nucléaire et le maintien de l’intégrité du génome.

Mots-clés : H3.3, transcription, fibroblastes embryonnaires de souris, RNA-seq, mitose.

Introduction
The replacement of canonical histones (core constituents of

chromatin) by their variants drives chromatin dynamics and al-
lows for the functional and structural regulation of key cellular
mechanisms (Boulard et al. 2007; Henikoff 2008). In contrast with
replication-dependent (RD) histones, the deposition of replication-
independent (RI) histones occurs in a cell cycle independent
manner (Henikoff et al. 2004). There are RI variants for all the RD
histones except for histone H4 (Hake et al. 2005; Pusarla and

Bhargava 2005). The histone H3 variant H3.3 differs from its RD
counterparts H3.1 and H3.2 by only 5 or 4 amino-acids, respec-
tively (Szenker et al. 2011). Murine H3.3 is coded by 2 genes; H3f3a
on chromosome 1 and H3f3b on chromosome 17, which despite
variable mRNA sequences encode identical proteins (Krimer et al.
1993).

H3.3-containing nucleosomes, especially when associated with
the histone H2A variant H2A.Z, may be promoting a less stable
chromatin structure, favorable for an active transcription state
(Jin and Felsenfeld 2007; Jin et al. 2009). Accordingly, genome-
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Abbreviations: TSS, transcription start sites; MEF, mouse embryonic fibroblasts; ESC, embryonic stem cells; KO, knock-out; Kd, knock-down; ERV,
endogenous retroviral elements; LTR, long terminal repeats; LINE and SINE, long and short interspersed nuclear element; qPCR, quantitative polymerase
chain reaction; RNA-seq, ribonucleic acid sequencing; RT–qPCR, reverse transcription quantitative polymerase chain reaction; rRNA, ribosomal RNA; SEM,
standard error of the mean; PI, propidium iodide; WT, wild-type.
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wide localization studies have mapped H2A.Z and H3.3 at pro-
moter regions and TSS, and H3.3 density positively correlates with
active transcription. However, H3.3 was also found to be associ-
ated with repressed genes and heterochromatic sites such as peri-
centric sites, telomeres, and retroviral elements (Drané et al. 2010;
Goldberg et al. 2010; Bargaje et al. 2012; Kraushaar et al. 2013;
Elsässer et al. 2015). The difference in distribution may reflect
distinct targeting chaperone complexes. While the histone chap-
erone HIRA/Ubinuclein (UBN1) targets H3.3 localization to TSS, the
death domain associated protein (DAXX) together with its chro-
matin remodeling partner Alpha Thalassemia/mental retardation
syndrome X-Linked (ATRX) are responsible for H3.3 deposition at
pericentric heterochromatin and telomeres (Drané et al. 2010;
Goldberg et al. 2010; Szenker et al. 2011; Ricketts et al. 2015).

Owing to its presence at promoters and its higher enrichment
at TSS and gene bodies of highly expressed genes (Goldberg et al.
2010), H3.3 has been strongly associated with a role in active tran-
scription. It would thus be expected that transcription levels be
highly impacted in the absence of H3.3. Intriguingly, however,
studies in the developing embryo have shown that H3.3 depletion
appears to have limited effect on gene transcription; instead, it
seems to play an important role in the maintenance of genomic
integrity (Bush et al. 2013; Jang et al. 2015). There is an increase in
mitotic defects and consequent aneuploidy as well as DNA dam-
age in H3.3B knock-out mouse embryonic fibroblasts (MEF) (Bush
et al. 2013) and H3.3 depleted embryonic stem cells (ESCs)
(Banaszynski et al. 2013), which is indicative of chromosome struc-
ture dysfunction. Heterochromatin at telomeric, centromere, and
pericentromeric repeat sequences presents a more open structure
in the absence of H3.3, indicating a role for H3.3 in chromatin
compaction (Jang et al. 2015).

Using a conditional gene-targeting strategy, we knocked out the
histone H3f3b gene in MEFs, and then, using short hairpin RNAs
against H3.3A mRNA in these cells, we derived cell lines that were
essentially completely depleted of H3.3 expression. Deep RNA se-
quencing identified a set of nearly 800 genes that were mildly
either up- or down-regulated in H3.3-depleted fibroblasts. Our re-
sults indicate that the loss of H3.3 has minimal impact on H2A.Z
localization at the TSS and overall transcriptional rates. Impor-
tantly, H3.3 knockout cells display serious defects in mitotic pro-
gression, including chromatin bridges in anaphase and misaligned
chromosomes in metaphase, and also limits cell proliferation.

Materials and methods

Mouse strains
The FH-H3.3B mutant mouse line was established at the

Phenomin-iCS (Phenomin – Institut Clinique de la Souris, Illkirch,
France; http://www.ics-mci.fr/en/). The targeting vector was con-
structed as follows. A 0.5 kb fragment encompassing exon 2 was
amplified by PCR (from 129S2/SvPas ES cells genomic DNA) and
subcloned in an iCS proprietary vector. This iCS vector contains a
LoxP site as well as a floxed and flipped Neomycin resistance
cassette. A DNA element encoding the FLAG–FLAG–HA epitope
sequence was inserted in frame with the N terminus of H3.3B. A
4.5 kb fragment (corresponding to the 5= homology arm) and
3.5 kb fragment (corresponding to the 3= homology arms) were
amplified by PCR and subcloned. The linearized construct was
electroporated in 129S2/SvPas mouse embryonic stem (ES) cells.
After selection, targeted clones were identified by PCR using ex-
ternal primers and further confirmed by Southern blot with 5=
and 3= external probes. Two positive ES clones were injected into
C57BL/6N blastocysts, and the male chimaeras derived gave germ-
line transmission. Mice were housed in the mouse facility of the
Plateforme de haute Technologie Animale (PHTA, Grenoble, France;
agreement number C 38 516 10001, registered protocol no. 321 at
ethical committee C2EA-12).

Cell culture
Mouse embryonic fibroblasts (MEFs) were derived from E13.5

embryos. Heads and internal organs were removed, and the torso
was minced into chunks of tissue. Cells were cultured in high
glucose Dulbecco’s modified Eagle medium (DMEM), with sodium
pyruvate, Glutamax (Gibco), 10% fetal bovine serum (FBS), and
penicillin–streptomycin in a humidified incubator at 37 °C and a
5% CO2 atmosphere. Cells were maintained in culture using the
3T3 protocol (Xu 2005). H3f3bfl/fl MEFs were infected with adenovi-
rus expressing Cre recombinase (Ad-CMV-iCre, Vector Biolabs,
Philadelphia, Pennsylvania, USA) to disrupt the endogenous H3f3b
allele. Virus was diluted in serum-free DMEM at a multiplicity of
infection of 500. Infection medium was replaced with fresh com-
plete medium the next day, and the cells were analyzed for knock-
out efficiency after 3 days.

Virus production and infections
293T cells were co-transfected with pLP1, pLP2, pLP3, and

pLKO.1-shRNA vectors at a ratio of 1:0.5:0.6:2, respectively, using
Lipofectamine 2000 reagent (Invitrogen). We used shRNA against
H3.3A mRNA (Dharmacon GE, TRCN0000012026) to knock-down
H3.3A or a scrambled control shRNA as the control (shControl).
Transfection medium was replaced the next day with fresh complete
medium. Viral supernatant was collected 48 h post-transfection and
filtered through 0.45 �m filters. H3.3B-KO MEFs at �70% conflu-
ence were infected with the viral supernatant. Infection medium
was replaced the next day, and cells were selected with 3 �g/mL
puromycin. Cells were analyzed for knock-down efficiency 3 days
later.

RT–qPCR
For gene expression analysis, total RNA was extracted with TRI-

zol (Life Technologies) and reverse-transcribed with Superscript II
(Invitrogen) and random hexamer mix. Ribosomal protein S9 was
used as the reference gene. TaKaRa SYBR qPCR Premix Ex Taq (Tli
RNaseH Plus) and a LightCycler 480 (Roche) real-time system were
used. RT–qPCR cycling conditions were as follows: 3 min at 95 °C,
10 s at 95 °C, 30 s at 60 °C, repeated ×40.

The gene-specific primers used were as follows: Rps9_F, 5=-
TTGTCGCAAAACCTATGTGACC-3=; Rps9_R, 5=-GCCGCCTTACG-
GATCTTGG-3=; H3f3a_F, 5=-ACAAAAGCCGCTCGCAAGAG-3=; H3f3a_R,
5=-ATTTCTCGCACCAGACGCTG-3=; H3f3b_F, 5=-TGGCTCTGA-
GAGAGATCCGTCGTT-3=;H3f3b_R,5=-GGATGTCTTTGGGCATGATGG-
TGAC-3=; Gadd45a_F, 5= -TGCTGCTACTGGAGAACGAC-3=;
Gadd45a_R, 5=-TCCATGTAGCGACTTTCCCG-3=; PDGFb_F, 5=-GAG-
TCGGCATGAATCGCTG-3=; PDGFb_R, 5=-GCCCCATCTTCATC-
TACGGA-3=; Edn1_F, 5=-CCCACTCTTCTGACCCCTTT-3=; Edn1_R, 5=-
GGCTCTGCACTCCATTCTCA-3= ; Gas2_F, 5= -GCCGAGATT-
TGGGAGTTGAT-3=; Gas2_R, 5=-GCTTTATCAGACCAGGAGGC-3=;
Seh1l_F, 5=-ATGACGGCTGTGTTAGGTTGT-3=; Seh1l_R, 5=-
TACTCAGCTGTGCTTTCTGCT-3=; Smad6_F, 5=-GCCACTGGATCTGTC-
CGATT-3=; Smad6_R, 5=-GGTCGTACACCGCATAGAGG-3=.

Western blot
Cells were plated in 6-well plates and collected in 200 �L of

2× Laemmli sample buffer (4% sodium dodecyl sulfate (SDS),
20% glycerol, 125 mmol/L Tris–HCl (pH 6.8), 10% �-mercaptoethanol,
0.02% bromophenol blue). After brief sonication to fragment the
DNA, 20 �L of sample was loaded and separated on 15% SDS gels
for polyacrylamide gel eletrophoresis (SDS–PAGE). Proteins were
detected using anti-FLAG (Sigma–Aldrich F3165; 1:2000) and
anti-H4 (Abcam ab10158; 1:5000).

RNA-seq
After isolation of total cellular RNA from subconfluent MEFs

using TRIzol reagent, libraries of template molecules suitable for
strand-specific high-throughput DNA sequencing were created us-
ing a TruSeq Stranded Total RNA with Ribo-Zero Gold Prep Kit

492 Biochem. Cell Biol. Vol. 95, 2017
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(RS-122-2301; Illumina). Briefly, starting with 300 ng of total RNA,
the cytoplasmic and mitochondrial ribosomal RNA (rRNA) were
removed using biotinylated, target-specific oligos combined with
Ribo-Zero rRNA removal beads. Following purification, the RNA
was fragmented into small pieces using divalent cations under
elevated temperature. The cleaved RNA fragments were copied
into first-strand cDNA using reverse transcriptase and random
primers, followed by second-strand cDNA synthesis using DNA
Polymerase I and RNase H. The double-stranded cDNA fragments
were blunted using T4 DNA polymerase, Klenow DNA polymerase,
and T4 PNK. A single “A” nucleotide was added to the 3= ends of
the blunt DNA fragments using a Klenow fragment (3= to 5= exo
minus) enzyme. The cDNA fragments were ligated to double-
stranded adapters using T4 DNA Ligase. The ligated products were
enriched by PCR amplification (30 s at 98 °C; followed by 10 s at
98 °C, 30 s at 60 °C, 30 s at 72 °C, repeated for ×12 cycles; then 5 min
at 72 °C. Then, surplus PCR primers were removed by purification
using AMPure XP beads (Agencourt Biosciences Corporation). Fi-
nal cDNA libraries were checked for quality, and quantified using
a 2100 Bioanalyzer (Agilent). The libraries were loaded in the flow
cell at a concentration of 7 pmol/L, and clusters were generated in
the Cbot and sequenced in the Illumina Hiseq 2500 as single-end
50 base reads following Illumina’s instructions. Image analysis
and base calling were performed using RTA 1.17.20 and CASAVA
1.8.2. Reads were mapped onto the mm9 assembly of the mouse
genome using Tophat (Trapnell et al. 2009) and the bowtie aligner
(Langmead et al. 2009). Quantification of gene expression was
performed using HTSeq (Anders et al. 2015) and gene annotations
from Ensembl release 67. Read counts have been normalized
across libraries with the statistical method proposed by Anders
and Huber (Anders et al. 2010) and implemented in the DESeq
Bioconductor library. Resulting P-values were adjusted for multiple
testing by using the Benjamini and Hochberg method (Hochberg
and Benjamin 1990).

The RNA-seq datasets (raw data as well as processed expression
datasets) obtained in MEFs have been deposited in the Gene Ex-
pression Omnibus (GEO) under the accession number GSE84308.

Repeat analysis
Repeat analyses of RNA-seq datasets were performed as follows.

Reads were aligned to repetitive elements in 2 passes. In the first
pass, reads were aligned to the non-masked mouse reference ge-
nome (NCBI37/mm9) using BWA version 0.6.2 (Li and Durbin
2009). Positions of the reads uniquely mapped to the mouse ge-
nome were cross-compared with the positions of the repeats ex-
tracted from UCSC (RMSK table in UCSC database for mouse
genome mm9), and reads overlapping a repeat sequence were
annotated with the repeat family. In the second pass, reads not
mapped or multimapped to the mouse genome in the previous
pass were aligned to RepBase version 18.07 (Jurka et al. 2005)
repeat sequences for rodent. Reads mapped to a unique repeat
family were annotated with their corresponding family name.
Finally, we summed up the read counts per repeat family of the
two annotation steps. Data were normalized based upon library
size. Difference of repeat read counts between samples was ex-
pressed as the log2-ratio (shH3.3A/shControl). The statistical sig-
nificance of the difference between samples was assessed using
the Bioconductor package DESeq. Processed datasets were re-
stricted to repeat families with more than 100 mapped reads per
RNA sample to avoid over- or under-estimating fold enrichments
due to low sequence representation.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) experiments were per-

formed from 15 cm dishes of subconfluent MEFs.
For H2A.Z ChIP, cells were crosslinked with 1% paraformalde-

hyde for 7 min at room temperature. The reaction was stopped by
adding glycine to a final concentration of 0.125 mol/L for 5 min.

Input chromatin was diluted 1:10 for a final ChIP buffer composi-
tion of 20 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 2 mmol/L EDTA,
0.1% SDS, 1% Triton-X. Then, 5 �g of anti-immunoglobulin G (IgG)
control (Abcam ab46540) or polyclonal anti-H2A.Z antibodies
were added and incubated over-night on a rotary shaker at 4 °C. A
mix of 8 �L of magnetic protein A and 8 �L magnetic protein G
beads (Dynabeads, Lifetechnology) were washed in ChIP buffer,
resuspended in the original volume, and added to the ChIP sam-
ples for 4–6 h (rotary shaker, 4 °C). The magnetic beads were
collected on a magnetic rack and washed for 5 min with ChIP buffer,
5 min with Wash buffer II (20 mmol/L Tris (pH 8.0), 500 mmol/L NaCl,
2 mmol/L EDTA, 0.1% SDS, 1% Triton-X) and 5 min with Wash Buffer III
(10 mmol/L Tris–HCl (pH 8.0), 1 mmol/L EDTA, 0.25 mol/L LiCl, 1%
NP-40, 1% sodium-deoxycholate (Na-DOC)). Immunoprecipitated
material was eluted twice in 100 �L of elution buffer (SDS 1%,
0.1 mol/L NaHCO3) for 15 min at room temperature, and crosslinks
were reversed by incubating at 65 °C overnight.

For HA-H3.3 ChIP, 100 �g of nuclei were digested with 2 U of
Micrococcal nuclease S7 (Roche 10107921001) in digestion buffer
(10 mmol/L Tris–HCl (pH 7.5), 3 mmol/L CaCl2, 1× protease inhibi-
tors) for 12 min at 37 °C. Then, 20 �g of input chromatin was
diluted in native ChIP buffer at a final concentration of 10 mmol/L
Tris–HCl (pH 7.5), 80 mmol/L NaCl, 1 mmol/L EDTA, 0.5% Triton-X.
Thereafter, 20 �L of anti-HA affinity matrix (Roche 118150160001)
was added and incubated at 4 °C overnight. Chromatin-isolated
form wild-type MEFs with no HA epitope were used as the negative
control. Bead-immunoprecipitated material was washed on ro-
tary shaker with 10 mmol/L Tris–HCl (pH 7.5), 80–150 mmol/L
NaCl, 1 mmol/L EDTA, and 0.5% Triton-X prior to elution and
qPCR analysis.

Primers used for TSS analysis by qPCR were as follows:
Gadd45a-TSS_F, 5=-TTTCCGCTCAACTCTGCCTT-3=; Gadd45a-TSS_R,
5=-ACTCTGCACTGCTGCCTC-3=; Pdgfb-TSS_F, 5=-AGCTCTGCGCTT-
TCTGATCT-3=; Pdgfb-TSS_R, 5=-GATGGTTCGTCTTCACTCGC-3=;
Edn1-TSS_F, 5=-AACTAATCTGGTTCCCCGCC-3=; Edn1-TSS_R, 5=-GAG-
GTGGGGCTGATCATTGT-3=;Gas2-TSS_F,5=-GTTACTAGAAAGCTCATG-
CCACT-3=; Gas2-TSS_R, 5=-CCCAAACACTAAGCTAAGACAGA-3=;
Seh1l-TSS_F, 5=-TCATCACTGACTGCTGCTTC-3=; Seh1l-TSS_R, 5=-CTT-
AGGAATGATGGGGACGC-3=; Smad6-TSS_F, 5=-ATATCCTTCTGGGTC-
TTGCCA-3=; Smad6-TSS_R, 5=-GCTCAAGGGTGTCAGCAAAA-3=.

Immunofluorescent staining
Cells were fixed in formalin solution (Sigma–Aldrich) for 15 min

at 37 °C, permeabilized with 0.2% Triton-X, and incubated with
Lamin-B antibody (Santa-Cruz; sc-6217) diluted 1:300 in 10% goat
serum – phosphate buffered saline (PBS). Anti-goat IgG coupled
with Cyanine 3 (Jackson 705-165-147) was used as a secondary an-
tibody. DNA was stained with the Hoechst 33342 (Invitrogen;
H3570) intercalating dye. All microscopy was performed on fixed
cells with a Zeiss Axio Imager Z1 microscope with a Plan-Apochromat
×63 objective. Z-stacks images were acquired with a Zeiss Axiocam
camera piloted with the Zeiss Axiovision 4.8.10 software. All image
treatment was performed using Fiji (ImageJ 2.0.0-rc14) (Schindelin
et al. 2012, 2015).

FACS analysis
Cells were trypsinized and fixed in cold 70% ethanol overnight.

After washing with PBS, cells were stained with PI solution con-
taining 5 �g/�L PI (Sigma–Aldrich) and 200 �g/mL RNase A at 37 °C
for 30 min. Approximately 100 000 cells per condition were ana-
lyzed using an Accuri C6 (BD Biosciences). The percentage of cells
in each phase of the cell cycle was determined using ModFit 4.1
software.
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Results

A combined genetic and shRNA strategy allows nearly
complete depletion of H3.3 expression in mouse embryonic
fibroblasts

Figure 1A describes the strategy used to generate the transgenic
knock-in epitope-tagged FLAG-FLAG-HA-H3.3B (FH-H3.3B) mouse
line. Pregnant transgenic knock-in animals were sacrificed on day
13.5 post-fertilization, and isolated embryos were used to derive
mouse embryonic fibroblasts (MEFs) using the 3T3 protocol (Xu
2005) (Fig. 1B). Cells were treated with a Cre expressing adenovirus
to generate H3.3B knockout (H3.3B-KO) cells in culture. Single
cells were selected and clonally expanded and genotyped to con-
firm the deletion of the H3f3b gene. Loss of H3.3B expression was
verified by RT–qPCR as well as by immunoblotting for the Flag
epitope (Figs. 1C and 1D). H3.3B-KO MEFs were then subsequently
stably transfected with a scrambled control shRNA (shControl) or
an shRNA targeting the coding sequence of H3.3A mRNA (shH3.3A).
H3.3B-KO cells transduced with control shRNA (shControl) dis-
played a fold-increase in H3.3A mRNA levels, whereas cells treated
with shRNA against H3.3A (shH3.3A) showed a near complete
knock-down (Kd) of H3.3A mRNA expression (Fig. 1C). All of the
cells displayed fibroblast-like behavior, and H3.3 depleted cell

lines (H3.3B-KO/H3.3A-Kd) were slower to grow in culture, as
shown by the increase in their doubling time (Fig. 1E).

H3.3 depletion has a mild effect on the global
transcriptome

We then isolated total RNA from control shRNA treated
H3.3B-KO cells and from H3.3B-KO/H3.3A-Kd MEFs, and carried
out Ribozero RNA-seq analysis. RNA-seq analysis was carried out
on pooled datasets from duplicate biological experiments. As seen
in the RT–qPCR experiments (Fig. 1C), H3.3A expression was sig-
nificantly reduced in the H3.3B-KO/H3.3A-Kd MEF cells (Fig. 2A). A
large fraction of the expressed genome does not change at the
transcriptomic level in H3.3-depleted cells. Around 4% of the tran-
scribed genes in MEFs (800 genes in total) are mildly misregulated
in H3.3-depleted cells, with �400 of them displaying up-regulated
expression and another 400 with down-regulated expression with
respect to the control cells (P < 0.05 cutoff) (Fig. 2B).

H3.3 was recently implicated in the maintenance of the silent
state of ERVs in the mouse genome (Elsässer et al. 2015). However,
no significant changes could be seen in the global transcription of
DNA repeats such as retro-elements (including LTR, ERV, LINE and
SINE) or tandem repeats (including major satellites, telomeres,

Fig. 1. Generation of H3.3 mouse embryonic fibroblast (MEF) models and H3.3 expression. A. (i) Wild-type H3f3b gene structure. The open
reading frame is indicated by black boxes. (ii) A DNA element encoding the FLAG–FLAG–HA amino acids was inserted in frame with the N
terminus of H3.3B. In addition, a loxP site was inserted on both ends of Exon 2. A mouse line was derived from embryonic stem (ES) cells
carrying the modified H3f3bfl/fl allele. (iii) Structure of the H3.3B knock-out (KO), after Cre recombinase expression, which deletes exon 2 and
generates loss of function (KO) allele, H3f3b−/−. B. The FH-H3.3B MEFs isolated from H3f3bfl/fl embryos at 13.5 dpf. Immortalized MEFs were
infected with Cre recombinase expressing adenovirus to generate loss of function allele. H3f3b−/− MEFs were further infected with either a
scrambled control shRNA (shControl) or one targeting the H3.3A mRNA (shH3.3A) to produce H3.3B-KO/H3.3A knock-down (Kd) MEFs.
C. Relative H3.3 RNA expression in MEFs. RT–qPCR mRNA profiles normalized to ribosomal protein S9 (Rps9) mRNA and relative to the values
obtained for the control FH-H3.3B MEFs set at 1.0 ± SEM. One-way ANOVA gave P < 0.001 for FH-H3.3B compared with H3.3B-KO, and P < 0.01
for FH-H3.3B compared with H3.3B-KO/H3.3A-Kd; n = 4. D. Western blot analysis of the loss of FH-H3.3B expression after Cre expression.
E. Average doubling times in MEFs: 25 000 cells of each cell type were plated and counted at different times to calculate the doubling time.
Error bars represent the standard deviation; one-way ANOVA gave P < 0.001 for FH-H3.3B compared with H3.3B-KO/H3.3A-Kd; n = 4. [Colour
online]
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and microsatellites), which account for more than 40% of the
mouse genome (Fig. 2C). Functional clustering of differentially
expressed genes indicated significant down-regulation of genes
implicated in lipid and sterol processing while factors involved in
cell adhesion and motility were up-regulated (Fig. 2D). There was

also dysregulation in the expression of genes involved in cell cycle
progression (Fig. 2E). We compared our gene expression profile
with that of the H3.3 null embryos in a p53-null background (Jang
et al. 2015) and to H3.3B-KO/H3.3A-Kd ESCs (Banaszynski et al.
2013). Even though all 3 studies indicate very little impact on

Fig. 2. Genome-wide transcriptome analysis of mouse embryonic fibroblasts (MEFs) in the absence of H3.3. A. Bar graph representing H3.3A
expression in control H3.3B knock-out (KO) and H3.3A knock-down (Kd)/H3.3B-KO/H3.3A-Kd MEFs. B. Scatter plots comparing gene expression
profiles of control (shControl) and H3.3B-KO/H3.3A-Kd (shH3.3A) MEFs. Red dots indicate differentially expressed genes (P < 0.05 and
|log2 fc| > 1). C. Scatter plots comparing global transcription of repeat families in H3.3B-KO and H3.3B-KO/H3.3A-Kd MEFs. D. Functional
annotation clustering of differentially expressed genes. E. List of the differentially expressed genes implicated in mitosis. F. Comparative
analysis of the differentially expressed genes in H3.3-deficient embryos (Jang et al. 2015) and in H3.3-depleted embryonic stem cells
(Banaszynski et al. 2013). Lists of genes that show similar patterns of up- or down-regulation in transcription are indicated.[Colour online]
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global transcription, an overlap between the datasets was essen-
tially non-existent and limited to 9 genes by comparison with the
H3.3-depleted embryos, and 6 genes compared with the H3.3-
depleted ESCs (Fig. 2F).

H2A.Z variant dynamics are not affected at differentially
expressed genes in H3.3-depleted cells

We then selected 6 genes that were either up- or down-
regulated in H3.3B-KO compared with H3.3B-KO/H3.3A-Kd fibro-
blasts, and validated their gene expression levels by RT–qPCR
analysis (Fig. 3A). While the change in gene expression was about
50% for the selected genes (as seen in the RNA-seq analysis), with
the exception of Gadd45a, which was up-regulated nearly 7-fold,
most other genes (Pdgfb, Edn1) showed a change in expression of
2- to 3-fold. To determine the extent to which H3.3 is present at the
TSS of these 6 candidate genes, we isolated chromatin from FH-
H3.3B MEFs and performed native ChIP experiments using an
antibody against the HA tag. ChIP on isolated mononucleosomes
indicated that H3.3 was highly enriched relative to input DNA at
all of the selected candidate TSS regions (Fig. 3B). Mononucleo-
somes from wild-type mouse fibroblasts, used as a control for ChIP
to rule out non-specific interaction with the antibody, showed
essentially no enrichment at the TSS. Thus, while the presence of
H3.3 at the transcription start sites is thought to positively corre-
late with transcription, its depletion from cells has a muted im-
pact on overall transcription rates.

Histone variant H2A.Z also marks the TSS of genes and the
presence of dual H3.3-H2A.Z variant nucleosomes is thought to
positively regulate inducible transcription (Jin and Felsenfeld
2007; Henikoff 2008; Jin et al. 2009; Obri et al. 2014). We then
tested whether the deposition of the histone variant H2A.Z at the
TSS of these selected candidate genes was affected by the deple-
tion of H3.3 from the fibroblasts. Crosslinked and sonicated chro-
matin was generated from either wild-type, H3.3B-KO cells, or
from H3.3-depleted (H3.3B-KO/H3.3A-Kd) cells, and H2A.Z deposi-
tion was determined relative to a control IgG (Fig. 3C). At all the
TSS examined, loss of H3.3 did not have a significant impact on
H2A.Z deposition, regardless of the transcriptional changes of the
corresponding genes.

H3.3 depletion results in defective mitotic progression
Following the shRNA-mediated depletion of H3.3A, and in stark

comparison with the control cells, we observed an increase in the
rate of cell doubling time in culture as well as increased rates of
cell death. Depletion of H3.3 from fibroblasts resulted in cells with
larger nuclei, increased number of micronuclei, and polylobed
nuclear structures in interphase cells (Figs. 4A and 4B). Loss of
H3.3B alone led to a doubling of the number of interphase nuclear
defects, whereas complete depletion of H3.3 led to a near 3-fold
increase in the appearance of polylobed nuclei and micronuclei
(Fig. 4C). Although there was a ca. 50% reduction in the number of
cells entering mitosis in H3.3-depleted fibroblasts, these cells dis-
played marked defects in chromosome alignment at the meta-
phase plate and lagging chromosomes in anaphase, as well as
telophase bridges, indicating chromosome structure dysregula-
tion (Figs. 4B, 4D, and 4E). Finally, FACS analyses indicated that

compared with wild-type or control FH-H3.3B cells, H3.3B-KO and
H3.3A-Kd/H3.3B-KO depleted cells showed progressively increased
residence time in G0/G1 phase of the cell cycle, and relatively
fewer cells in S-phase or mitosis (Fig. 4E).

Discussion and conclusions
Recent research by Jang et al. on H3.3 function in the develop-

ing embryo have surprisingly shown that the loss of H3.3 function
has very little impact on global transcription, with most affected
genes being up- or down-regulated not much greater than 2-fold
(Jang et al. 2015). In this study, we extend our analysis to mouse
embryonic fibroblasts, and intriguingly, observed very similar re-
sults to the study by Jang et al.; i.e., little to no effect on global
transcription. Using a novel transgenic “conditional knock-in/
knock-out” mouse model for H3.3B, we generated mouse fibro-
blasts that yielded H3.3B knockout cells upon Cre expression.
Further expression of a specific and efficient shRNA against H3.3A
resulted in almost complete depletion of H3.3 expression from
fibroblasts. We then performed genome-wide transcriptome anal-
ysis and found very few genes (�4% of transcribed genes) showing
significant changes in gene expression. While this result is similar
to what was described in embryos, the ensemble of the affected
transcriptome shows little to no overlap between the 2 experi-
mental studies. Furthermore, our results suggest that the changes
at the transcriptional level in H3.3 knockout cells do not impact
histone variant H2A.Z presence at the TSS of the selected genes.
Thus, despite the positive correlation between the transcriptional
rate of genes and H3.3 accumulation at their corresponding TSS,
the global effect on transcription observed upon H3.3 depletion is
suggestive of a facilitative role rather than that of an essential
positive regulatory factor. This also correlates with what has been
observed in the past in mouse embryos as well as stem cells (Wong
et al. 2010; Banaszynski et al. 2013; Jang et al. 2015). Recent data
have demonstrated a silencing role for H3.3 by localization at
ERVs in ESCs (Elsässer et al. 2015). Our study has not revealed any
impact on ERV transcription upon H3.3 depletion in MEFs. The
role of H3.3 in retrotransposon silencing may therefore be specific
to pluripotent cells, and replaced by other mechanisms during
differentiation.

Thus, our study supports an understudied key role of H3.3 in
the maintenance of genome integrity. H3.3 knockout ES cells and
mouse fibroblasts show dramatic defects in mitosis with a 3- to
4-fold increase in the number of defects such as lagging chromo-
somes and anaphase bridges, while the total number of cells en-
tering mitosis is much lower in H3.3 null cells. We also observed
significant changes to the nuclear matrix structure in interphase
cells, with the appearance of many polylobed nuclei and micro-
nuclei in H3.3 depleted cells. Unlike Jang et al., wherein the im-
pact of H3.3 loss was studied in a p53-null background, our cells
are completely depleted for H3.3B, and H3.3A is knocked-down
with greater than 90% efficiency. However, the similarity of the
results indicates a key role for H3.3 in regulating faithful chromo-
some segregation during mitosis and perhaps in maintaining nu-
clear architecture in interphase.

Fig. 3. H3.3 and H2A.Z enrichment at the transcription start sites (TSS) of genes showing differential mRNA expression. A. RT–qPCR assay for
gene expression in H3.3B knock-out (KO) and H3.3B KO/H3.3A knock-down (Kd) mouse embryonic fibroblasts (MEFs). RNA values are
normalized to ribosomal protein S9 (Rps9) mRNA and are relative to the H3.3B-KO value set at 1.0 ± SEM; 2-tailed t tests gave P < 0.05 for
Sehl1, P < 0.01 for Gadd45a, Pdgfb, Gas2, and Smad 6, and P < 0.001 for Edn1; n = 4. B. H3.3B enrichment at TSS of differentially transcribed
genes by ChIP-quantitative PCR assay (ChIP–qPCR). Values are expressed in percent of enrichment relative to input ± SEM. Chromatin from
wild-type (WT) MEFs containing no HA-tag were used as a negative immunoprecipitation control. The TSS of examined genes were significantly
enriched in H3.3B compared with the negative control; 1-tailed t tests (n = 4) gave P < 0.01 for Pdgfb and Smad6, P < 0.001 for Edn1 and Seh1l,
and P < 0.0001 for Gadd45a and Gas2. C. H2A.Z enrichment at TSS of differentially transcribed genes. ChIP–qPCR assay. Values are the
enrichment relative to input ± SEM. Rabbit IgG was used as the control. The TSS of examined genes were significantly enriched in H2A.Z
compared with the negative control; 1-tailed t tests gave P < 0.05; n = 3. ChIP–qPCR graphs are representative of 3 separate experiments. H2A.Z
enrichment at the studied TSS did not vary significantly between samples (1-way ANOVA gave P > 0.05; n = 3).
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In conclusion, we depleted H3.3 expression in mouse embry-
onic fibroblasts combining genetic and shRNA strategies. This
near-complete depletion of H3.3 from mammalian fibroblasts af-
fected transcription at a handful of genes, while global transcrip-
tion rates were altered only about 2-fold, with no effect seen at all
on expression of retroviral repeat elements. Instead, we showed
that H3.3 plays an important role in faithful completion of the
cellular mitotic program and maintaining genomic integrity.
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