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Fidelity of chromatin organization is crucial for normal cell cycle progression, and perturbations in packaging of DNA may pre-
dispose to transformation. Histone H4 protein is the most highly conserved chromatin protein, required for nucleosome assem-
bly, with multiple histone H4 gene copies encoding identical protein. There is a long-standing recognition of the linkage of his-
tone gene expression and DNA replication. A fundamental and unresolved question is the mechanism that couples histone
biosynthesis with DNA replication and fidelity of cell cycle control. Here, we conditionally ablated the obligatory histone H4
transcription factor HINFP to cause depletion of histone H4 in mammalian cells. Deregulation of histone H4 results in cata-
strophic cellular and molecular defects that lead to genomic instability. Histone H4 depletion increases nucleosome spacing,
impedes DNA synthesis, alters chromosome complement, and creates replicative stress. Our study provides functional evidence
that the tight coupling between DNA replication and histone synthesis is reciprocal.

In both normal and tumor cells, DNA replication is functionally
coupled to the activation of histone gene expression at the onset

of S phase to support the packaging of newly replicated DNA as
chromatin. Chromatin of eukaryotic cells consists of genomic
DNA wrapped around an octamer comprised of two molecules of
each of the four core histone subunits H2A, H2B, H3, and H4 to
form the nucleosome, with one H4-H3 tetramer and two H2A-
H2B dimers (1). Nucleosomes permit higher-order folding to en-
sure that total genomic DNA is functionally organized within the
confines of the nucleus.

Histones are essential epigenetic proteins encoded by multiple
genes (2, 3). The higher-order structure of chromatin plays a crit-
ical role in epigenetic regulation of gene expression that is linked
to multiple posttranslational modifications of histones (e.g.,
lysine acetylation and methylation, arginine methylation, serine
phosphorylation). Posttranslational modifications of histones
and their role in DNA damage and repair have been studied ex-
tensively. It is also well established that there is tight coupling
between levels of DNA and histone synthesis and that inhibition of
DNA synthesis during S phase is responsible for rapid decline in
histone synthesis (4–6). However, a key question is how pertur-
bation of histone gene expression compromises the ordered rep-
lication and packaging of DNA in mammalian cells.

Histone H4 protein is the most highly conserved core nucleo-
somal protein. In human cells, there are 15 H4 histone genes that
encode identical H4 proteins (1, 7, 8). Histone H4 gene expression
is upregulated at the onset of S phase by transcriptional and post-
transcriptional mechanisms to support synthesis of the vast quan-
tities of H4 protein required for formation of nucleosomes during
DNA replication (9–14).

Control of H4 gene expression during the cell cycle is mediated
by transcription factor histone nuclear factor P (HINFP), a highly
conserved Zn finger protein that binds to a conserved histone H4
promoter regulatory element (9, 15–17). Although a large number
of histone gene transcription factors have been characterized,
HINFP is unique because it is the only known histone H4 promot-
er-specific factor that interacts directly with the nuclear protein

ataxia-telangiectasia locus (NPAT) (18, 19), an essential coactiva-
tor that in response to cyclin E/cyclin-dependent kinase 2 (CDK2)
controls transcription of multiple histone genes (20–23). NPAT,
along with HINFP, resides in subnuclear domains designated his-
tone locus bodies (HLBs), where both histone gene transcription
machinery and regulators of 3=-end processing of primary histone
transcripts colocalize with histone genes (23–27). The HINFP-
NPAT complex mediates a unique cell cycle regulatory mecha-
nism that controls the G1/S-phase transition (9, 18, 19, 28–30) and
operates independently of the classical restriction point-related
E2F/pRB switch. The biological significance of HINFP-mediated
loss of histone H4 in cell cycle control is reflected by our earlier
findings that a constitutive null mutation of the mouse Hinfp gene
causes early embryonic lethality (31). Hinfp-null embryos exhibit
a delay in hatching, abnormal growth, and loss of histone H4 gene
expression (31). Thus, HINFP is a necessary CDK-dependent his-
tone H4 gene regulator that, in contrast to the CDK2-cyclin E
complex, cannot be compensated during embryogenesis (32, 33).

Because of the essential role for HINFP in cell cycle control of
histone gene expression, deliberate loss of this factor permits assess-
ment of the cell autonomous effects of histone H4 deficiency on cell
growth and proliferation in mammalian cells. Therefore, we exam-
ined the mechanistic consequences of conditional inactivation of his-
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tone H4 expression by selective elimination of the Hinfp gene. Our
findings provide compelling evidence that diminished histone H4
expression alters both DNA replication and mitosis. Thus, the tight
coupling between DNA replication and histone synthesis is recipro-
cal, and fidelity of histone gene regulation is necessary for chromatin
integrity, genome replication, and stability.

MATERIALS AND METHODS
Generation of conditional Hinfp knockout mice. We targeted the mouse
Hinfp locus by homologous recombination to generate conditional Hin-
fpF/F mice. Targeting of the Hinfp locus was confirmed by Southern blot-
ting and PCR analysis. Animals were maintained according to Institu-
tional Animal Care and Use Committee (IACUC) guidelines. Targeting
vector was made with three genomic fragments, 2.5-kb left arm, 1.0-kb
middle arm, and 5.2-kb right arm fragments, spanning introns 2 to 5,
introns 5 to 9, and intron 9 to downstream of exon 10, respectively, that
were generated by PCR using specific primer pairs from mouse AB2.1
genomic DNA (see Table S1 in the supplemental material) and cloned in
tandem into the pGEM-5Zf(�) vector (Promega). We then inserted a
50-bp LoxP cassette between the left and middle arms, a 2.0-kb neomycin
cassette flanked by Flp recombinase targets with a second LoxP site (Frt-
PGKpromoter-Neo-Frt-LoxP) between the middle and right arms, and a
2.2-kb thymidine kinase gene cassette (PGKpromoter-TK) after the right
arm. The Transgenic Animal Modeling Core at the University of Massa-
chusetts Medical School provided the Neo and TK cassettes and electro-
porated the targeting vector into AB1 (129S7/SvEvBrd) embryonic stem
(ES) cells. Two clones that correctly targeted the Hinfp locus were identi-
fied by Southern blotting and microinjected into C57BL/6J-Tyr[c-2J]/J
mouse blastocysts. The HinfpFN/� mice were generated by homologous
recombination. We crossed HinfpFN/FN with FLPeR mice (Jackson Labo-
ratory stock number 003946) that express FLP1 recombinase driven by
the Gt(ROSA)26Sor promoter to remove the Neo cassette and generate
the true conditional HinfpF/F mice (34).

Cell culture. U2-OS cells were propagated as recommended (ATCC).
Mouse embryonic fibroblasts (MEFs) isolated at embryonic day 12.5/13.5
from wild-type (WT) and conditional HinfpF/F embryos were cultured ex
vivo and treated with an adenoviral vector coexpressing Cre recombinase
and an enhanced green fluorescent protein (EGFP) marker for live-cell
selection (Ad5CMVCre-EGFP; University of Iowa, Gene Transfer Vector
Core) at passage 3. GFP-positive cells were sorted 36 h after infection (BD
FACSAria I or II) and cultured. Samples were collected at sorting (day 0
[d0]) and/or at different time points (d1, d2, d3, d4) during culture.

Luciferase assay. U2-OS cells were seeded on 6-well plates at 0.8 � 105

to 1.0 � 105 cells/well, and transient transfections were performed using
Fugene 6 (Roche). A total of 0.1 �g of pGL2WT-H4 promoter/luciferase
(Luc) reporter and 5 ng of pGL2/Renilla-Luc control vectors were
cotransfected with 0.1 �g of NPAT alone or 0.1 �g of NPAT with either
0.1 �g WT-Hinfp or mutant Hinfp (d6789-P) expression vectors. The
total amount of DNA/well was kept constant by supplementing with the
empty expression vector. Dual-luciferase reporter assays were performed
24 h after transfection. Firefly luciferase activity was normalized by Renilla
luciferase reporter from three independent experiments.

EMSA. Electrophoretic mobility shift assay (EMSA) was performed as
described earlier (17). Binding of mouse HINFP WT protein or a deletion
mutant d6789-P was assessed with in vitro transcribed and translated
(IVTT)-produced proteins with an Xpress tag. Oligonucleotides used
were as follows: (i) an optimized HINFP binding site based on its recog-
nition sequence in site II of the human H4/n gene, CTT CAG GTT TTC
AAT CTG GTC CGA TAC T; (ii) mutated HINFP binding site, CTT CAG
GTT TTC AAT CTT CTA CGA TAC T (mutated nucleotides are under-
lined); and (iii) a nonspecific competitor, ATT CGA TCG GGG CGG
GGC GAG C. Oligonucleotides were labeled with [�-32P]ATP, and gels
were analyzed by autoradiography. IVTT-produced HINFP proteins (WT
and d6789-P) were also subjected to standard Western blotting protocol

and immunodetected using a mouse monoclonal anti-Xpress antibody
(1:5,000) (Invitrogen).

RNA isolation, cDNA synthesis, and real-time quantitative PCR
(RT-qPCR). Total RNA from WT and Hinfp conditional knockout (cKO)
MEFs was prepared using the miRNeasy Mini kit (Qiagen), and cDNA was
synthesized with SuperScript First-Strand Synthesis System III (Invitrogen).
Relative transcript levels were determined by the ��CT method using cycle
threshold (CT) obtained in a 7300/Viia 7 real time PCR system (Applied
Biosystems) and iTaq SYBR green supermix with ROX (Bio-Rad Laborato-
ries). Primer sequences are listed in Table S2 in the supplemental material.

Western blotting. Proteins were isolated from whole-cell lysates of
WT and cKO MEFs with no infection or post-GFP sorting (d0 to d4) using
RIPA buffer with protease inhibitor cocktail (Roche) as per standard pro-
tocols. The proteins were subjected to standard Western blotting protocol
and immunodetected using specific antibodies. Antibodies were total H4
rabbit polyclonal (1:10,000; Abcam), alpha-tubulin mouse monoclonal
(1:10,000; Sigma), cyclin D1 mouse monoclonal (1:1,000; Zymed), cyclin
E rabbit polyclonal (1:1,000; Santa Cruz), cyclin A rabbit polyclonal (1:
1,000; Santa Cruz), cdc2/CDK1 mouse monoclonal (1:1,000; Santa Cruz),
and CDK2 rabbit polyclonal (1:1,000; Santa Cruz) antibodies.

Immunofluorescence. GFP-sorted MEFs (WT and cKO) were cul-
tured on coverslips for up to 4 days, and samples were collected at d1, d2,
and d4. Immunofluorescence (IF) was carried out as described previously
(24). Antibodies used for IF were anti-Xpress mouse monoclonal (1:
1,000; Invitrogen), NPAT mouse monoclonal (1:1,000; BD Biosciences),
alpha-tubulin mouse monoclonal (1:500; Sigma), Ki67 rabbit polyclonal
(1:200; Abcam), �-H2AX-S139 mouse monoclonal (1:250; Millipore/Cell
Signaling), and 53BP1 mouse monoclonal (1:250; Santa Cruz) antibodies.

Fluorescence in situ hybridization. Oligonucleotide probes (prela-
beled with biotin) specific for major or minor satellite regions of the
mouse chromosomes were generously provided by Jeanne Lawrence
(University of Massachusetts [UMASS], Worcester, MA). Fluorescence in
situ hybridization (FISH) was performed on WT and cKO MEFs arrested
at mitosis with 100 ng/ml colcemid (Invitrogen) at d2. The hybridization
and detection were carried out as described previously (35).

For both IF and FISH, cells were viewed under an epifluorescence
Zeiss Axioplan 2 or Zeiss AxioImager microscope equipped with a
Hamamatsu charge-coupled device (CCD) camera. Images were analyzed
by either Metamorph imaging software (Universal Imaging) or by Zen
2011 imaging software (Zeiss). Images were captured at �200, �400,
�630, or �1,000 magnification unless noted otherwise.

Senescence-associated �-galactosidase staining. Both WT and Hinfp-
null MEFs grown in culture for 2 to 4 days after GFP sorting were stained for
senescence-associated �-galactosidase (SA �-Gal) according to the protocol
of Dimri et al. (36), with slight modifications. The stained cells were viewed
under a bright-field Zeiss Axioskop microscope equipped with a SPOT cam-
era, and images were captured using Axiovision software.

BrdU incorporation. Incorporation of 5-bromo-2=-deoxyuridine
(BrdU) (Roche) into WT and cKO MEFs grown on coverslips was exam-
ined by pulse-labeling for 30 min at 37°C at d1, d2, and d4. Cells were then
processed as per the manufacturer’s protocol and visualized by IF micros-
copy. Percentage of S-phase cells (BrdU positive) was determined by
counting 200 nuclei per sample from two biological replicates. Error bars
represent standard errors of the means (SEM).

Premature chromosome condensation. WT and cKO MEFs (GFP
sorted) were treated with 50 nM calyculin A (Sigma) to induce premature
chromosome condensation (PCC; as described in reference 37). Fixed
PCC cell suspension was dropped onto glass slides, and DNA was stained
with 4=,6-diamidino-2-phenylindole (DAPI) for microscopic analysis.

Digestion of nuclei with MNase. Nucleosome repeat length was as-
sessed by digestion of WT and Hinfp cKO MEF nuclei (d4 after sorting) with
micrococcal nuclease (MNase) (NFCP; Worthington Biochemical Corp).
Briefly, nuclei were isolated by Dounce homogenization of cells in ice-cold
RSB buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 5 mM MgCl2) supple-
mented with 0.5% Nonidet P-40. Nuclei were recovered by centrifugation at
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1,000 � g for 5 min at 4°C, washed twice with ice-cold RSB buffer, and
recovered by centrifugation as described before. Nuclei were then suspended
in RSB buffer supplemented with 1 mM CaCl2 and incubated with increasing
concentrations of MNase for 5 min at room temperature with gentle agita-
tion; reactions were stopped by the addition of EDTA-EGTA buffer (25 mM
EDTA and 10 mM EGTA; pH 8.0). DNA was purified by standard phenol-
chloroform-isoamyl alcohol extraction and electrophoresed in 1.5% agarose
gels. Images were analyzed using ImageJ software.

DNA fiber assay. WT and cKO MEFs (GFP sorted) at d2 and d4 were
subjected to sequential pulse-labeling with thymidine analogs iodode-
oxyuridine (IdU) and chlorodeoxyuridine (CldU) (30 min and 20 min,
respectively) at 10 �g/ml. The DNA fiber assay was performed as previ-
ously described (38, 39), with slight modification. DNA fibers were ob-
tained by spreading the lysed cells onto a glass slide. Spread DNA fibers
were fixed and immunostained with anti-BrdU mouse monoclonal anti-
body (BD Biosciences) for IdU and anti-BrdU rat monoclonal antibody
(Abcam) for CldU, detected with appropriate fluorescence-tagged sec-
ondary antibodies, and analyzed by IF microscopy.

RESULTS
Conditional ablation of histone H4 gene transcription factor
HINFP compromises cell proliferation. To address the cell au-
tonomous function of HINFP, we constructed a nonfunctional
mutant mouse allele that expresses a C-terminally truncated,
DNA binding-defective, and inactive transcription factor (Fig. 1).
Homologous recombination of the targeting construct in mouse
ES cells generated a conditional knockout (cKO) allele in which
exons 5 through 9, encoding multiple essential Zn fingers, were
flanked by loxP sites (Fig. 2A and B). Ex vivo cultures of mouse
embryonic fibroblasts (MEFs) derived from wild-type and ho-
mozygous Hinfp cKO embryos were infected with an adenovirus
coexpressing Cre recombinase and enhanced green fluorescent
protein (EGFP) marker. Cre-mediated recombination of the loxP
sites resulted in the predicted shortening of the corresponding
region within both Hinfp alleles (Fig. 2C). This genomic ablation
generated truncated Hinfp gene transcripts (Fig. 2D) and caused
50% reduction in expression of H4 mRNA at d0, which was fur-
ther reduced (�90%) by d4 (Fig. 2E). Analysis of effects of Hinfp
ablation on other histone genes revealed an early compensatory
increase in mRNA expression of H3, H1, H2A, and H2A.Z on d0
and d1, while H2B increased at later times (see Fig. S1 in the
supplemental material). Importantly, total histone H4 protein
levels showed �50% reduction at d2 onward in the Hinfp-ablated

cells (Fig. 2F; see also Fig. S2 in the supplemental material). Thus,
ablation of Hinfp compromises histone H4 expression.

We investigated the phenotypic effects of Hinfp deficiency on
cell growth. Wild-type MEFs with or without Cre expression, as
well as cKO cells without Cre expression, proliferated rapidly,
while Hinfp cKO cells in which the floxed allele was ablated by Cre
expression exhibited compromised cell proliferation (see Fig. S3
in the supplemental material). These results were corroborated
using wild-type and Hinfp-null MEFs sorted by flow cytometry
using the EGFP fluorescent marker (Fig. 3A). Loss of Hinfp pre-
vented an increase in cell number, either by inhibiting cell growth
and/or increasing cell death. Cell cycle analysis by fluorescence-
activated cell sorting (FACS) showed an increased percentage of
cells with less-than-diploid (	2n) DNA content, consistent with
cell death in Hinfp-null cells (Fig. 3B). Interestingly, FACS analysis
also showed that Hinfp-depleted MEFs had a substantially in-
creased fraction of polyploid cells (4n or 8n), while WT MEFs
maintained normal cell cycle distribution (Fig. 3B). To confirm
alterations in cell proliferation, we examined expression of many
cell cycle-associated factors, such as cyclins A, E, and D, CDKs,
and CKIs. WT and cKO MEFs showed no change in expression of
cyclins A or E, CDK1, or cMyc, while there was increased expres-
sion of CDK2, cyclin D1, and p21 and p53, and expression of p27
decreased at d4 in cKO cells (see Fig. S1 and S2 in the supplemental
material). The changes in cell cycle regulatory factors confirm our
findings of a proliferation defect due to ablation of Hinfp. Further-
more, Hinfp-null cells showed an increased staining for senes-
cence-associated �-galactosidase (SA �-Gal) (Fig. 3C). Thus, ab-
lation of Hinfp causes cell autonomous proliferation defects.

HINFP supports the subnuclear organization and transcrip-
tion of histone genes through its interactions with histone H4 gene
promoters and recruitment of its coactivator NPAT, a resident
protein of HLBs (NPAT foci). Loss of Hinfp altered the number
and distribution of HLBs. Rather than forming a limited number
of distinct NPAT foci per nucleus as in wild-type cells (2 to 4 foci),
many Hinfp-deficient MEFs (70 to 75% cells) exhibited aberrant
NPAT staining, with either a diffuse, nonfocal pattern of distribu-
tion or the presence of multiple foci (8 to 12 foci) (Fig. 3D and E).
The diffused appearance of NPAT may reflect disorganization of
HLB formation, while an increased number of NPAT foci is con-
sistent with the polyploid phenotype. Hence, inactivation of Hinfp

FIG 1 Functional characterization of conditional HINFP mutant protein in vitro. (A) IF microscopy of U2-OS cells transfected with Xpress-tagged HINFP expression
vectors: full-length (FL-P) mouse HINFP, mutant HINFP (d6789-P) lacking exons 6 to 9, and empty vector (EV). The d6789-P mutant HINFP protein is mislocalized.
(B) EMSA using IVTT proteins generated from the vectors described above shows mutated HINFP (d6789-P) lacks DNA binding: lane 1, EV; lanes 2 to 5, FL-P; and lanes
6 to 9, d6789-P with or without competitor (100�) oligonucleotides. (C) Western blot analysis of IVTT proteins: lane 1, full-length HINFP protein; lane 2, d6789-P
HINFP protein lacking exons 6 to 9. (D) Relative luciferase activity of wild-type histone H4n/L promoter was measured after cotransfection with NPAT alone or NPAT
with WT or mutated HINFP. The mutated HINFP reduces NPAT-associated activity of histone H4 promoter elements.
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alters the subnuclear microenvironment that normally controls
histone gene expression at HLBs.

Proliferation defects in Hinfp-null cells are associated with
aberrant nuclear and chromosomal phenotypes. We further ex-
amined the altered cellular phenotypes caused by Hinfp defi-
ciency. Immunofluorescence (IF) microscopy of MEFs in which
both Hinfp alleles were excised revealed clear changes in nuclear
morphology (Fig. 4). Nuclear staining of Hinfp-deficient MEFs
with DAPI showed that nuclei were larger than those of WT MEFs,
and a fraction of the cKO cells had features consistent with fused
or apoptotic nuclei (Fig. 4A). FACS data from WT and cKO MEFs
also indicated an increase in cell size consistent with increased
DNA content and larger nuclei (see Fig. S4A in the supplemental
material). Further analysis of nuclear and cellular morphology by
staining for alpha-tubulin revealed an increase in the number of
binucleated cells in Hinfp-deficient MEFs (d1, 11% 
 2.8%; d2,
19% 
 1.4%; d4, 43% 
 6.4%) compared to that of the wild type
(d1, 3% 
 1.2%; d2, 5% 
 1.5%; d4, 8% 
 2.5%) (Fig. 4B).

To assess changes in chromosome complement, cells were mi-
totically arrested, and DNA-FISH analysis was carried out using
probes that detect the major and minor satellite regions on mouse
chromosomes (Fig. 4C). Analysis of chromosome spreads showed
major differences in the number of chromosomes in Hinfp-null
MEFs (�60% mitotic cells with �2n) compared to wild-type
MEFs (�20%); null cells appear to have three to four times the
normal chromosome complement (Fig. 4C and D). The increase
in nuclear size, presence of binucleated cells, and change in chro-
mosome complement prompted us to investigate mitosis in more
detail by alpha-tubulin staining of mitotic spindles. In asynchro-
nously dividing populations, Hinfp-null cells exhibited the pres-
ence of multipolar spindles in 16 of 19 observed mitoses at d2 (Fig.
4E); two of the three remaining mitoses showed bipolar spindles
that had atypical arrangements of chromosomes at the metaphase
plate (see Fig. S4B in the supplemental material). Taken together,
these abnormal nuclear, cellular, and mitotic phenotypes corrob-
orate the data from FACS analysis that ablation of Hinfp results in
disrupted ploidy and renders mitosis and cytokinesis defective.

Disruption of histone H4 expression impairs DNA synthesis
and alters nucleosome spacing. Because Hinfp primarily sup-
ports the synthesis of histone H4 protein during S phase, we pos-
tulated that polyploidy may originate from deregulation of the
tight coupling between DNA synthesis and histone deposition on
newly replicating DNA. Histones are among the most abundant
nuclear proteins synthesized during S phase, and inhibition of H4
protein synthesis may interfere with DNA synthesis. To under-
stand interphase-specific effects of Hinfp ablation on cell cycle
progression, we first monitored the presence and appearance of
the proliferation-specific marker protein Ki-67, which exhibits
distinct focal staining patterns at different cell cycle stages (40, 41).
Ki-67 staining revealed a modest change in the fraction of S-phase
cells (i.e., 49% and 58% at d4 in Hinfp-null and wild-type cells,
respectively; Fig. 5A and B). There was also an increase in the
population of quiescent (G0) cells that lack Ki-67 staining (44% in
Hinfp-null cells versus 27% in wild-type cells). Thus, loss of Hinfp
reduces the fraction of actively dividing cells.

The small reduction in the S-phase fraction of Hinfp-null cells
was unexpected given the obvious cellular and chromosomal ab-
errations observed. Furthermore, growth curve analysis of Hinfp-
deficient cells (Fig. 3) indicated a severe delay in proliferation,
contrary to the presence of a substantial S-phase fraction detected

FIG 2 Conditional ablation of transcription factor HINFP inactivates histone
H4 expression. (A) Schematic diagram showing targeted Hinfp locus to gen-
erate conditional Hinfp knockout mice. The arrow indicates the recombined
locus that generates a conditional Hinfp-null mutation (�, null). Ovals indi-
cate right- and left-arm probes for Southern blotting. Arrowheads represent
genotyping primers for PCR. (B) Autoradiographs of Southern blot analysis of
mouse ES cell clones (wild type [�/�] and �/FN) and mouse tail DNA (�/
FN, FN/FN, and �/�) that were hybridized to either left- or right-arm probes:
18.0-kb WT allele and either 10.5-kb (LA probe) or 9.6-kb (RA probe) targeted
allele. (C) PCR genotyping analysis of DNA from MEFs of wild-type (�/�)
and Hinfp-null pups (F/F) with or without infection with Ad5CMVCre-EGFP
virus using primers a and b shown in panel A. Lane 1, marker; lane 2, WT
MEFs; lane 3, F/F MEFs without Cre infection; and lane 4, Hinfp-null MEFs
after Cre treatment. (D and E) RT-qPCR analysis of WT and cKO MEFs with-
out (No Inf.) or with Cre infection (d0 to d2) showing expression of Hinfp
mRNA for multiple exons (exons 2-3, 5, 6-7, 7-8) (D) and two histone H4
genes (Hist2H4 [H4] and Hist1H4m [H4m]) (E). Removal of Hinfp causes a
marked decrease in histone H4 gene expression. (F) Western blot analysis of
WT and cKO MEFs at d2 and d4 shows reduction of total H4 protein in
Hinfp-null cells (see also Fig. S2 in the supplemental material).

Histone Gene Regulation and Genome Integrity

July 2014 Volume 34 Number 14 mcb.asm.org 2653

http://mcb.asm.org


by Ki-67 staining. To investigate the apparent inconsistency be-
tween the S-phase fraction and cell division rate of Hinfp-null
cells, we measured DNA synthesis in cultures of Hinfp-null and
wild-type MEFs by pulse-labeling with bromodeoxyuridine
(BrdU). Immunofluorescence microscopy revealed a severe re-
duction in BrdU-labeled nuclei in Hinfp-ablated cells compared
to that in wild-type cells at d4 (Fig. 5C and D). The persistence of
cells with an S-phase-specific Ki-67 pattern, together with a reduc-
tion in the number of cells incorporating BrdU, indicates that
absence of Hinfp significantly inhibits active DNA synthesis, im-
pedes S-phase progression, and creates a cell cycle defect.

To confirm alterations in DNA synthesis and cell cycle progres-
sion, we next examined interphase chromatin of wild-type and
Hinfp-null MEFs by premature chromosome condensation
(PCC) assay. This assay uses the protein phosphatase C inhibitor
calyculin A to force chromosomes to condense during interphase
and thus allows visualization of cell cycle stage-specific PCC pat-
terns (37, 42). PCC patterns in Hinfp-deficient MEFs and WT
MEFs were analyzed by counting 100 cells each with premature
chromosome condensation at d2 and d4. The wild-type cells
showed an S-phase-specific PCC pattern in 31% 
 0.7% at d2 and
30% 
 4.2% at d4, whereas cKO cells had 67% 
 0.8% at d2 and

65% 
 2.5% at d4 (Fig. 5E). Thus, Hinfp-null cells appear to be
blocked in S phase. This S-phase-specific defect, as well as results
from Ki-67 and BrdU staining, indicates that loss of Hinfp per-
turbs the cell cycle by interfering with DNA synthesis.

Histone proteins are normally present in S phase to package
newly replicated DNA. Deletion of the Hinfp locus diminishes
histone H4 gene expression (Fig. 2E), and the resulting decrease of
newly synthesized histone H4 proteins may reduce deposition of
histone H4 into nucleosomes. To test this hypothesis, we per-
formed micrococcal nuclease digestion of nuclei from wild-type
and conditional Hinfp-null cells. The average repeat length in
wild-type MEFs was 209 bp, consistent with the average �200-bp
nucleosome spacing observed in many different cell types (re-
viewed in references 43 and 44). However, there was a marked
increase in nucleosome repeat length in Hinfp-null cells (250 bp),
reflecting an �20% increase in nucleosome spacing throughout
the genome (Fig. 5F). Thus, histone H4 deficiency reduces pack-
aging of DNA into chromatin and may compromise genome in-
tegrity and predispose to chromosome instability.

Hinfp-mediated histone H4 deficiency stalls replication
forks and increases double-stranded DNA damage. Our cumu-
lative evidence indicates that loss of Hinfp creates global

FIG 3 Loss of Hinfp causes deregulation of cell proliferation. WT and cKO MEFs (GFP sorted) were cultured for 4 days. (A) WT and cKO MEFs plated at 0.35 �
106/60-mm dish were harvested at different time points (d0 to d4) to analyze proliferation in culture. cKO cells show severe delay in proliferation. (B) Cell cycle
analysis by flow cytometry for DNA content shows increased sub-G1 population, altered S phase, as well as polyploid cells in cKO MEFs. (C) Senescence-
associated �-galactosidase (SA �-Gal) activity was measured at d2 and d4. There is an obvious increase in SA �-Gal-specific staining in cKO MEFs that is
enhanced at d4. (D) The distribution of HLBs was determined by staining for NPAT (red). IF microscopy revealed an increase in the fraction of cells with multiple
NPAT foci (white arrowheads) or diffused NPAT staining (red arrowheads) in cKO MEFs at d2 and d4. The nuclei were counterstained with DAPI (blue). Scale
bar, 50 �m. (E) Quantitation of NPAT staining patterns in WT and cKO MEFs at d2 and d4. Bar graph shows the percentage of cells with specific numbers of
NPAT foci. A total of 200 nuclei were counted from two biological replicates per sample for each time point.
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genomic defects, especially during S phase. Therefore, we in-
vestigated whether loss of Hinfp increases mechanistic markers
associated with DNA damage. We examined �-H2AX foci
(phosphorylation of H2AX at S-139) and 53BP1 foci that rep-
resent DNA double-strand break regions phosphorylated by
the ataxia telangiectasia-mutated (ATM) kinase (45–47).
Hinfp-null cells exhibited an increased presence of �-H2AX
staining with both larger and more intense foci than those of
WT cells (Fig. 6A). Similarly, homozygous deletion of the
Hinfp locus resulted in redistribution of the normally diffuse
nuclear organization of 53BP1 into the DNA damage-associ-
ated focal pattern (Fig. 6B). Hence, two different markers as-
sociated with DNA damage indicate that loss of Hinfp generates
double-strand DNA breaks.

Evidence of double-strand DNA breaks and severe S-phase de-
fects due to loss of Hinfp and associated deficiency of histone H4
and nucleosomes indicated replication stress and warranted de-
tailed analysis of the consequences of Hinfp ablation on DNA
replication. We monitored DNA replication directly using the
DNA fiber assay, which employs sequential pulse-labeling with
the thymidine analogs iododeoxyuridine (IdU) and chlorode-
oxyuridine (CldU) to assess DNA replication fork progression.
The incorporation patterns showed that Hinfp-null cells had a
substantially increased percentage of stalled replication forks
compared to that of wild-type cells (Fig. 6C and D). Thus, Hinfp
deficiency and resulting absence of histone H4 block progression
of DNA replication forks. While the principal combined cellular
effect of Hinfp ablation is extensive changes in genomic integrity

during interphase and mitosis, our results demonstrate a root
cause of this cellular phenotype is the S-phase-specific perturba-
tion of DNA replication.

DISCUSSION

In this study, we establish that ablation of histone H4 transcrip-
tion factor HINFP generates replicative stress and causes striking
cellular changes during both active DNA synthesis and mitosis.
Because histone H4 genes are primary targets of Hinfp, the fidelity
of genome replication directly depends on the Hinfp-mediated de
novo production of histone H4 mRNAs and proteins to package
DNA during S phase. Thus, Hinfp is functionally important for
maintenance of genome integrity during normal cell cycle pro-
gression and mammalian development.

Conditional ablation of Hinfp as a model for epigenetic in-
sufficiency. Histone H4 protein is the most highly conserved
core octamer protein of the nucleosome and is subjected to
multiple posttranslational modifications that support epige-
netic control of transcription. There is considerable interest in
examining the biological importance of histone H4 proteins in
controlling transcription. However, it is technically challeng-
ing to mutate the total histone H4 complement in mammals
because multiple, highly similar gene copies encoding H4 pro-
tein are located in broad genomic clusters on multiple chromo-
somes (16). The data presented here indicate that conditional
Hinfp-null mutation can be used with Cre-mediated excision
to render cells acutely deficient of H4 mRNA. Importantly, this
approach can be applied to investigate H4 deficiency in multi-

FIG 4 Hinfp ablation results in atypical nuclear and chromosomal morphology. WT and cKO MEFs (post-GFP sorting) were harvested at d1, d2, or d4 in culture.
(A) IF microscopy shows obvious differences in nuclear size and shape between WT and cKO MEFs from d2 onwards. Nuclei stained with DAPI (gray) show clear
increase in size after removal of Hinfp. Scale bar, 50 �m. (B) IF microscopy of MEFs stained with -tubulin (red) show increased presence of binucleated cells
(arrowheads) in cKO MEFs. The insets indicate percentage of binucleate cells. Scale bar, 50 �m. (C) Mitotic preparations of MEFs at d2 were subjected to
DNA-FISH with probes against mouse minor satellite (top) or major satellite (bottom) regions. Hinfp-ablated cells show obvious increase in the chromosome
complement. Scale bar, 20 �m. (D) Quantitation of mitotic cells from WT and cKO MEFs at d2 probed with satellite DNA was performed to calculate percent
distribution of diploid (�2n) and polyploid (�2n) chromosome complement. A total of 50 metaphases were counted per sample. The bar graph shows higher
percentage of polyploidy in cKO MEFs than in WT MEFs. (E) The microtubules of asynchronous WT and cKO MEFs at d2 were stained with -tubulin (red) and
analyzed by IF microscopy. The micrograph shows the presence of mitotic cells with multipolar spindles in cKO MEFs.

Histone Gene Regulation and Genome Integrity

July 2014 Volume 34 Number 14 mcb.asm.org 2655

http://mcb.asm.org


ple cell lineages by selective expression of promoter-driven
Cre. Furthermore, Hinfp-null cells are a powerful model sys-
tem to examine the capability of different histone H4 mutants
to rescue cells from the deleterious effects of Hinfp deficiency.
This approach may also be applicable to genetic suppression of
other multigene families that are controlled by a unique master
regulatory transcription factor.

Catastrophic cellular and molecular consequences of Hinfp-
mediated histone H4 deficiency. Here, we have defined multiple
cellular and molecular phenotypes triggered by the loss of Hinfp
and consequential reduction in H4 RNA and protein expression.
The observed global genomic increase in nucleosome spacing
upon Hinfp ablation reflects insufficient availability of newly syn-
thesized histone H4 during DNA replication. This histone H4 de-
ficiency will impede assembly of new nucleosomes. Deregulation

of the normal H4 protein deposition at points of DNA synthesis
may decelerate progression of and/or cause stalling of replication
forks. Such Hinfp deficiency-related replicative stress is likely to
induce genomic instability and DNA damage during S phase. Sev-
eral studies in yeast have shown that removal or altered dosage of
other core nucleosomal proteins H3 and H2B in addition to H4
creates numerous cell growth defects, increased sensitivity to
DNA damage, and altered nucleosome positioning (48–55). Re-
cent findings also show that perturbations in normal nucleosome
spacing compromise transcription and genome integrity, as well
as predispose dividing cells to tumorigenesis (56). Our findings in
mammalian cells are consistent with the studies in yeast and es-
tablish that deficiency of histone H4 mRNA alters DNA replica-
tion and increases genomic stress.

Compromised DNA replication and accompanying damage

FIG 5 Loss of Hinfp causes S-phase delay. (A) IF staining of Ki-67 (red) as the cell cycle marker was carried out on WT and cKO MEFs. The nuclei were
counterstained with DAPI (blue). Scale bar, 50 �m. (B) Quantitation of different Ki-67 patterns revealed that Hinfp-null MEFs show a higher percentage of G0

cells and persistence of cells with the S-phase pattern. (C) Active DNA synthesis was measured by pulse-labeling of WT and cKO MEFs with BrdU (red). cKO cells
at d4 show a substantial decrease in BrdU incorporation. Scale bar, 50 �m. (D) Quantitation of percentage of S phase (BrdU-positive cells) shows a marked
decrease in active DNA synthesis (5% in cKO versus 21% in WT) at d4. A total of 400 nuclei were counted from two biological replicates for panels B and D. (E)
WT and cKO MEFs were subjected to drug-induced PCC assay. DNA was stained with DAPI (blue). A higher incidence of S-phase-specific (arrowheads) PCC
pattern was observed in cKO MEFs. Insets indicate percentage of S-phase-specific PCC patterns. (F) Nucleosome repeat length (NRL) assay of MEF DNA at d4
shows differences in the nucleosome ladder by gel electrophoresis. The images were analyzed using ImageJ software. Line scan analysis revealed broadening of
bands and increased nucleosomal spacing in cKO MEFs.
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in Hinfp-deficient MEFs may also account for inhibition of cell
proliferation and increased cellular senescence. Furthermore,
increased nucleosome spacing may reduce the efficiency of pe-
riodic chromosome compaction and decondensation required
for cell cycle progression. Hinfp loss creates multipolar mitotic
spindles, suggesting defects in cytokinesis that result in altered
genome content (e.g., aneuploidy and polyploidy). These
changes in chromatin organization clarify the alterations in
nuclear size and morphology observed in Hinfp-null cells. Col-
lectively, our study demonstrates that Hinfp-dependent his-
tone gene expression is essential for faithful replication and
division of the genome.

Functional coupling between DNA replication and histone
protein synthesis. Previous studies have established that histone
protein synthesis is coupled to DNA replication and that inhibi-
tion of DNA synthesis acutely blocks histone protein synthesis
(57–60). Here, we establish that a severe reduction in histone H4
expression impedes DNA synthesis and stalls replication forks.
The altered nucleosome spacing caused by the unavailability of
newly synthesized histone H4 may be responsible for fork stalling.
Thus, the tight coupling between DNA replication and histone
synthesis is reciprocal.

Collectively, our findings mechanistically elucidate a rate-lim-
iting component of histone gene expression in vivo and firmly

establish that Hinfp is a critical regulator of H4 genes. Our data are
consistent with a coherent model in which loss of Hinfp deregu-
lates the coupling between DNA synthesis and the packaging of
newly replicated DNA. Hinfp deficiency reduces H4 gene expres-
sion and diminishes DNA replication fork progression, perhaps
by inefficient deposition of histone H4 proteins. In interphase,
these events may increase the mutation rate of genomic DNA and
alter the distribution of epigenetic marks across the genome; in
mitosis, chromosomal misalignments and genomic fragility may
be increased. Thus, our results establish Hinfp as a central compo-
nent of a molecular mechanism that maintains chromatin orga-
nization and genome integrity.
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