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Competency for DNA replication is functionally coupled to the
activation of histone gene expression at the onset of S phase to
form chromatin. Human histone nuclear factor P (HiNF-P; gene
symbol HINFP) bound to its cyclin E/cyclin-dependent kinase 2
(CDK2) responsive coactivator p220NPAT is a key regulator of
multiple human histone H4 genes that encode a major subunit of
the nucleosome. Induction of the histone H4 transcription factor
(HINFP)/p220NPAT coactivation complex occurs in parallel with the
CDK-dependent release of pRB from E2F at the restriction point.
Here, we show that the downstream CDK-dependent cell cycle
effector HINFP is genetically required and, in contrast to the
CDK2/cyclin E complex, cannot be compensated. We constructed a
mouse Hinfp-null mutation and found that heterozygous Hinfp
mice survive, indicating that 1 allele suffices for embryogenesis.
Homozygous loss-of-function causes embryonic lethality: No ho-
mozygous Hinfp-null mice are obtained at or beyond embryonic
day (E) 6.5. In blastocyst cultures, Hinfp-null embryos exhibit a
delay in hatching, abnormal growth, and loss of histone H4 gene
expression. Our data indicate that the CDK2/cyclin E/p220NPAT/
HINFP/histone gene signaling pathway at the G1/S phase transition
is an essential, nonredundant cell cycle regulatory mechanism that
is established early in embryogenesis.

blastocyst | development | embryogenesis | p220NPAT |
human embryonic stem cells

he cell cycle controlled activation of histone gene expression

at the onset of S phase is essential for chromatin packaging
of nascent DNA. Histones are highly conserved proteins (H1,
H2A, H2B, H3, and H4) that form chromatin and carry epige-
netic marks that control gene transcription (1, 2). Expression of
histone genes in mammalian cells is both temporally and func-
tionally coupled with DNA replication (1, 3-7) and provides a
paradigm for understanding gene regulatory signaling mecha-
nisms operative at the G1/S transition. Stringent cell cycle
control of histone gene expression is evident in all somatic cell
types examined and is already firmly programmed in human
embryonic stem cells (8—10). Regulation of histone gene expres-
sion occurs at multiple levels including transcription, pre-mRNA
processing and mRNA stability. However, cell cycle dependent
modulation of histone gene transcription is a key rate-limiting
step in the induction of histone protein synthesis.

The human histone gene transcription factor HINFP is the
final and essential link in the cyclin E/CDK2/p220NPAT/HINFP
pathway that is required for cell cycle-dependent activation of
histone H4 genes at the G1/S phase transition (11-13). This
pathway is activated at the restriction point (R-point) by cyclin
E/CDK2, in parallel with the E2F/pRB pathway that controls
transcription of genes involved in nucleotide metabolism and
DNA synthesis (14). Histone H4 gene transcription is stimulated
at the G1/S phase transition via a critical multipartite promoter
element, Site II (15-17). HINFP interacts with Site II and
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integrates signals emanating from the cyclin E/CDK2 kinase
cascade (11-13, 15, 18). HINFP recruits p220NPAT to multiple
human histone H4 genes in the human diploid genome (13).
Pp220NPAT is a cyclin E/CDK2 substrate (19-21) that functions as
the primary coactivator of HINFP activity to mediate cell cycle
responsiveness of histone H4 gene transcription (12). p220NPAT
simultaneously interacts with multiple tandemly repeated genes
encoding other core histone proteins (e.g., H2A, H2B, and H3)
(20-22). The interaction of p220NPAT with HINFP stabilizes the
resulting complex (12, 23), whereas HINFP can also bind other
factors with functions in cell signaling, transcription, or RNA
processing (24-26). HINFP together with p220NPAT supports the
assembly of the histone gene expression machinery at histone
locus bodies, specific subnuclear domains that are associated
with human histone gene clusters (10, 12, 27). Although other
cell cycle-regulated and CDK-dependent signaling pathways
contribute to histone gene regulation (e.g., cyclin A/CDK1/pRB/
CDP-cut and IRF proteins) (28-31), the cyclin E/CDK2/
p220NPAT/ HINFP pathway is clearly the key regulator of histone
H4 gene expression in cultured cells. The histone H4 gene-related
transcriptional pathways that have been identified function
independently from pathways involving transcription factor E2F.
Hence, HINFP-dependent regulatory events reflect a funda-
mental cell cycle regulatory mechanism.

Recent studies on HINFP and histone gene regulation using
cell culture models have defined molecular pathways and sub-
nuclear parameters operative in control of histone gene expres-
sion in normal diploid somatic cells, cancer cells, or human
embryonic stem cells (9, 10, 27, 32). However, defining biological
relevance requires establishing developmental control of mam-
malian histone gene expression in vivo. Therefore, we have
constructed a gene knockout of the mouse Hinfp gene and show
that loss of Hinfp function causes early embryonic lethality. Our
data indicate that, in contrast to cyclin-dependent kinases that
can be compensated, HINFP is a nonredundant CDK2 depen-
dent effector during early embryogenesis.

Results

To examine the biological role of HINFP protein during mam-
malian development, we constructed a null mouse model. One
Hinfp allele was inactivated in mouse embryonic stem cells by
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replacing the initial Hinfp-coding sequences with the B-galac-
tosidase (LacZ) marker gene through homologous recombina-
tion to yield the Hinfp®“¢?-null allele (Fig. 14). Southern blot
analysis revealed that proper gene targeting was achieved via
homologous recombination (Fig. 1B). Using immunoblot anal-
ysis and B-galactosidase staining, we confirmed that B-galacto-
sidase is placed under transcriptional control of the endogenous
Hinfp promoter in targeted embryonic stem cells (Fig. 1 C and
D). After blastocyst injection, the resulting mouse chimeras
exhibited germ-line transmission of the targeted allele. Mouse
embryonic fibroblasts (MEFs) from offspring of wild-type fe-
male and heterozygous male Hinfp~“¢#/* mice were examined
for LacZ and Hinfp gene expression (Fig. 1E). Relative to
wild-type MEFs, Hinfp~“¢?/* MEFs express half the amount of
Hinfp mRNA and robust levels of LacZ. Despite reduced Hinfp
gene dosage, heterozygous Hinfpr¢?/* mice thrive, reproduce,
and do not exhibit overt phenotypes that distinguish them from
their wild-type littermates.

The Hinfp gene is actively expressed throughout murine
development. Hinfp?¢?/* embryos show strong and ubiquitous
B-galactosidase staining at E9.5 or E6.5 (Fig. 2 4 and B).
Genotyping of litters obtained from crosses between heterozy-
gous Hinfp”*#* mice revealed that there are no live births of
homozygous HinfptacZLacZ mice (Fig. 2). HinfplacZ/LacZnyll
embryos are also not observed at earlier stages of fetal devel-
opment, including E12.5-E14.5, E9.5, and E6.5, concurrent with
an increased incidence of resorbed embryos. However, Hinf-
ptacZLacZ_null blastocysts were recovered at E3.5 in ratios
expected from Mendelian inheritance (Fig. 2D). Thus, the
Hinfpte¢Z-null mutation induces embryonic lethality between
E3.5 and E6.5.

Zygotic expression of histone genes occurs after the 4- to 8-cell
stage when maternal storage pools of histone mRNAs have been
degraded (33). Because HINFP controls expression of multiple
histone H4 genes in cultured cells (13, 34), we assessed whether
the Hinfp gene is transcriptionally active in blastocysts. Clear
B-galactosidase staining was only observed in Hinfp/“c?/* em-
bryos (Fig. 34), indicating that Hinfp is already expressed at the
blastocyst stage. Recovery of homozygous HinfplacZ/LacZ null
blastocysts (E3.5) (Fig. 2 C and D) indicates that zygotic Hinfp
gene expression is dispensable for the earliest stages of embry-
ogenesis.

To assess whether deletion of Hinfp causes early cell growth
abnormalities, we harvested blastocysts with Hinfp*/*, Hinf-
precZ+ and HinfplacZ/LacZ genotypes and cultured the embryos
in vitro (Fig. 3 B and C). Wild-type and heterozygous embryos
hatched from the zona pellucida at day 2 in culture and attached
to the tissue culture plate. The embryos showed the typical
morphology of cultured attached blastocysts: The trophecto-
derm expanded over the surface of the plate, whereas the inner
cell mass formed an outgrowth at the center of the trophecto-
derm growth (Fig. 3C). In contrast, homozygous HinfptacZ/LacZ.
null embryos exhibited delayed hatching (~day 3) and failed to
expand (i.e., =~1- to 1.5-day delay in development) (Fig. 3C).
These results indicate that Hinfp function is essential for early
embryonic development.

The molecular consequences of Hinfp deficiency were inves-
tigated by analyzing the expression of histone H4 genes, the
principal gene regulatory targets of HINFP protein. Our analysis
includes the Hist2h4 gene, which is the mouse equivalent of the
human HIST2H4 gene (previously referred to as H4/n or
pFO108) that provided the model for identification of the key
role of HINFP protein in controlling human histone H4 gene
expression (13, 35). In blastocysts, expression of Hinfp and the
LacZ marker is directly linked to the number of wild-type or
HinfplZ-null alleles (Fig. 44). Wild-type mouse blastocysts
cultured ex vivo express multiple histone H4 genes with expres-
sion of 3 representative genes (i.e., Histlh4d, Histlh4f, and
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Fig. 1. Generation of a Hinfp-null allele by homologous recombination. (A)
Restriction enzyme maps of the Hinfp locus located on mouse chromosome 9
(Top), the targeting vector (Middle), and the recombined locus that generates
a HinfptaZ+-null mutation (Bottom). The following restriction enzyme sites
areindicated: BspHI, B; Aatll, A; Sacll, S; EcoRV, E; Smal, Sm; Notl, N; Sall, Sa; and
Xhol, X. For the targeting vector, a 2.5-kb 5’ fragment (left arm) ending at and
excluding the ATG of the Hinfp locus, was inserted at the Aatll and Sacll sites.
The leftarmis followed by a 3.4-kb Smal-Notl fragment spanning p-gal-coding
sequences containing a Kozak consensus sequence and ATG (inserted be-
tween EcoRV and Notl), and a 2.0-kb Notl-Notl fragment spanning a floxed
neomycin gene cassette [LoxP-PGK-Neo-LoxP; black triangles are Lox P sites
flanking the neomycin phosphotransferase (Neo) gene driven by the phos-
phoglycerate kinase promoter (PGK)] (inserted at a Notl site). The right arm is
a 5.5-kb Notl-Sall 3' fragment (inserted into Notl-Sall sites) that is followed by
a 2.2-kb Sall-Xhol fragment containing a cassette with the PGK promoter
driving the thymidine kinase (TK) gene that was inserted into Sall sites of the
targeting vector. Arrow heads indicate the direction of transcription for the
LacZ and Neo genes. Lines with double arrowheads in the maps for the
wild-type and targeted alleles represent restriction enzyme fragments used
for validation of homologous recombination by Southern blot analysis by
using the indicated hybridization probes (short thick lines). (B) Southern blot
analysis of mouse ES cell clones (AB1, wild type; G11, a representative recom-
bined mES clone) that were digested with BspHI and hybridized to 2 external
probes (5’ probe and 3’ probe) and 2 internal probes (3-gal and Neo) that are
all indicated at the top of each autoradiogram. DNA from HinfptaZ* clones
hybridized to the 5’ and 3’ probes will each give rise to a 18.2-kb signal for the
wild-type allele. The targeted allele will generate either 10.3-kb (5’ probe) or
8.3-kb (3’ probe) signals. Unique integration and recombination was further
confirmed with 2 internal probes spanning the B-galactosidase and neomycin
cassettes. As expected, hybridization of Hinfpta@* clones with either the
760-bp pB-gal probe or the 557-bp Neo probe yields only the 10.3-kb mutant
signal and no signal for the wild-type fragment, whereas hybridization with
a 542-bp 3’ probe yields a 18.2-kb wild-type signal and the 8.3-kb targeted
allele. (C) Western blot analysis of B-gal expression driven by the endogenous
promoter in wild-type (AB1) or recombinant (G11) ES cells. CDK2 protein levels
were monitored to account for protein loading. (D) p-galactosidase staining
of targeted ES cells (G11), but not wild-type (AB1) ES cells, shows in situ
expression of LacZ under control of the native Hinfp gene promoter. (Scale
bar, 500 um.) (E) Genotype dependent reciprocal expression of Hinfp and LacZ
mRNAs from mouse embryonic fibroblasts (MEFs) at E12.5 in wild-type and
heterozygous Hinfpta?* fetal pups. Homozygous Hinfpta<ZLtaZ-null pups
were not recovered at E12.5
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Fig.2. A homozygous HinfptacZlacZ ny|| allele causes embryonic lethality between E3.5 and E6.5. (A) Characterization of embryos derived from heterozygous
HinfplaZ* crosses at E9.5. A representative uterus is shown that contained 7 embryos and 2 resorption sites (arrow heads) (Upper Left) and was genotyped by
Southern blot analysis with 5’ and 3’ probes (Upper Right); DNA of wild-type AB1 (+/+) and heterozygous G11 (+/—) ES cells were used as controls genotyping.
Genotyping results for each of the pups (below micrographs) reveal that g-galactosidase activity (blue) correlates with presence of 1 HinfptaZ-null allele, but
embryos with homozygous for the Hinfp-null allele (HinfptaZtacZ) were not recovered, presumably because of resorption before E9.5. Tissue rostral to the dotted
line was used for genotyping. (B) Embryos derived from heterozygous HinfptaZ+ crosses at E6.5 were stained with X-gal. Embryonic tissue below the dotted line
was used for genotyping. Two representative embryos are shown. No homozygous Hinfpta<ZlacZ (—/—) genotypes were obtained. (C) PCR analysis was used to
determine the genotypes of offspring from heterozygous Hinfpta*-null mice. A representative ethidium bromide-stained gel of PCR products from blastocysts
is shown with each of the 3 expected genotypes (wild type, heterozygous, and homozygous for Hinfp). Homozygous Hinfpta<ZlacZ_ny|| mutants were not
recovered after the blastocyst stage. The location of the PCR primers (Pr1, Pr2, and Pr3) used for the analyses are indicated in Fig. 1A. (D) The table shows the
recovery of embryos with the indicated genotypes at different stages of development and the number of resorbed embryos (ND, not determined; N/A, not

applicable).

Hist2h4) being more prominent than that of others (Fig. 4B). Ex
vivo cultures of heterozygous Hinfp2“¢?/* blastocysts express this
same set of histone H4 genes at levels comparable to wild type
(Fig. 4C). In contrast, homozygous Hinfpr4c#/L4Z_null embryos
cultured ex vivo exhibit a dramatic reduction (>10-fold) in the
expression of multiple distinct histone H4 gene copies. These
data indicate that HINFP is the master regulator of mammalian
histone H4 genes in vivo. Moreover, the results indicates that loss
of Hinfp and reduced expression of histone H4 genes results in
a cell growth phenotype and induces embryonic lethality at the
peri-implantation stage of embryonic development.

Discussion

HINFP is a ubiquitous regulator of histone H4 gene expression
in all proliferating cell types examined to date, and the protein
is down-regulated in post-proliferative differentiated cells (11,
13, 15, 36). HINFP transduces cyclin E/CDK2 signals into
transcriptional responses through interactions with its obligatory
coactivator p220NPAT (12, 19-21, 37, 38). Cyclin E/CDK2-
dependent mechanisms are frequently deregulated in a broad
spectrum of cancers (39, 40), and thus a subset of the resulting
pathological consequences may be mediated through modifica-
tions in the activity of HINFP. To understand how HINFP may
control cell cycle progression during normal development, we
have constructed a knockout of the mouse Hinfp gene. Our
results show that HINFP is essential for histone H4 gene expres-
sion in vivo and for embryonic survival beyond the blastocyst
stage.

Xie et al.

Mouse embryos implant at E4.5, but Hinfp-null embryos are
resorbed before E6.5. This finding indicates that HINFP is
rate-limiting for fetal development around and beyond the
blastocyst stage, perhaps because alterations in the rate of cell
proliferation may change how cells, tissues and morphogens
interact at successive developmental stages. Hinfp-null blasto-
cysts are delayed in hatching and exhibit severely reduced
expression of histone H4 genes. Thus, consistent with cell culture
studies, absence of HINFP is directly related to a molecular
defect in histone H4 gene expression. Lack of histone H4 protein
biosynthesis is predicted to prevent deposition of histone oc-
tamers onto newly replicated DNA. The absence of nucleosomes
may cause DNA replication defects during S phase, chromo-
somal segregation defects during mitosis, and/or epigenetic
alterations in progeny cells.

Zygotic expression of histone genes is first detected at the 4-8
cell stage (33). However, HINFP function appears to be dispen-
sible for the early cleavage stages of embryogenesis, perhaps
because of the presence of maternal mRNA pools for HINFP or
histone H4. Alternatively, HINFP independent (and perhaps less
efficient) transcriptional mechanisms may compensate until the
blastocyst stage.

The human HINFP gene is located together with the gene for its
coactivator p220 NPAT in the chromosomal interval 11q22-q23.
Genes within this genomic region, which encompasses fragile sites
and putative tumor suppressor genes, are frequently deleted and/or
amplified in many different types of cancer (41, 42). Homozygous
null mutations of both Hinfp (this work) and p220NPAT (43) cause
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Fig. 3. Homozygous Hinfp-null blastocysts exhibit growth defects. Blastocysts
(numbered 1-7) were flushed at E3.5 from wild-type females crossed with Hinf-
ptaZ* males and directly stained for B-galactosidase. (A) Staining results show
that B-gal expression, driven by the native Hinfp gene promoter, occurs in
blastocysts. (B) Blastocysts shown in A were genotyped by PCR as visualized by
ethidium bromide staining of PCR products (using Pr1, Pr2, and Pr3 primers
indicated in Fig. 1A). Genotypes are indicated at the bottom of the gel. The last
3 lanes show DNA from heterozygous G11 Hinfpt2Z+ (+/—) and wild-type AB1
Hinfp*/* (+/4) ES cells or distilled water as PCR controls. (C) Blastocysts isolated
from heterozygous crosses (E3.5) reveal that Hinfp-null embryos exhibit a delay
in hatching on ex vivo culture. On incubation in outgrowth culture for 96 h (d 4),
cultured embryos with at least 1 Hinfpt2Z-null allele (but not wild-type embryos)
display B-galactosidase staining. Hatching from the zona pellucida by day 2 in
culture is observed for wild-type and heterozygous embryos, but homozygous
HinfptaZlaZ_nyll embryos hatch later (~day 3). Furthermore, the latter embryos
do not spread to form an inner cell mass and do not develop normally. Phase
contrast micrograph and fluorescence microscopy for DAPI staining are pre-
sented to show embryonic morphology. Genotype is shown at right.

embryonic lethality in mice, suggesting that there should be positive
selection for cells that retain at least 1 of each allele during
tumorigenesis. Because human 11q22-q23 contains putative tumor
suppressors, the requirement to retain wild-type HINFP and
p220NPAT alleles may oppose the growth advantage of homozygous
deletions within this highly recombinogenic interval. Thus, the
spectrum of permissible genetic alterations in 11q22-q23 in cancer
cells is limited by the genetic necessity of the human HINFP gene
for efficient cell proliferation.
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Fig. 4. Histone H4 gene expression is perturbed in homozygous Hinfp-null
blastocysts. Expression of multiple histone H4 genes is significantly decreased in
homozygous Hinfpta<ZtaZ_ny| blastocysts (E3.5) that were cultured ex vivo for 4
days. (A) Hinfp and LacZ gene expression were detected by qRT-PCR in wild-type
Hinfp*/* (+/+), heterozygous Hinfp2Z* (+/—), and homozygous HinfptaZtacz
(=/-) mouse blastocysts on ex vivo culture. (B) The expression profile of a
representative set of mouse histone H4 genes was determined in wild-type
mouse blastocysts (E3.5) that were maintained in ex vivo outgrowth cultures.
Each gene transcript level is compared with the Hist1h4a mRNA level that was
arbitrarily set as 1. (C) Same as B, but expression of histone H4 was examined as
a function of genotype in blastocysts cultured ex vivo. Expression of histone H4
genes is strongly decreased in homozygous HINFP-null embryos compared with
outgrowth cultures of wild-type and heterozygous blastocysts. All transcript
levels were normalized to GAPDH mRNA and represent the mean = SD (n = 2).
For each histone H4 gene, expression levels were numerically adjusted relative to
expression observed in wild-type embryos (arbitrarily set as 1).

Deregulation of cyclin E/CDK2 activity contributes to the
molecular etiology of cancer. However, loss-of-function muta-

Xie et al.
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tions that ablate cyclin E/CDK2 kinase activity are not embry-
onic lethal (44-47). The HINFP coactivator p220NPAT was
identified as a key substrate of cyclin E/CDK2 and interacts with
cyclin E (12, 19-21). Thus, both p220NPAT and HINFP have a
shared molecular function in the activation of histone H4 gene
expression (12). The early embryonic lethality of a nontargeted
null mutation in p220NPAT (43) and the genetic demonstration
that a defined Hinfp-null mutation also causes early embryonic
lethality are consistent with the concept that these proteins are
functionally and biochemically linked. The findings that these 2
specific downstream effectors of CDK2/cyclin E kinase are
genetically indispensible, whereas CDK2 kinase activity is not,
suggest that CDK2 effectors may be more suitable targets for
molecular strategies to selectively treat proliferative diseases that
include cancer.

Activation of histone H4 gene transcription by HINFP oper-
ates independently of the cell cycle regulatory events controlled
by the E2F/pRB pathway. Although E2F proteins and retino-
blastoma related factors (the pocket proteins pRB, p107, and
p130) exhibit considerable genetic redundancy, our findings
establish HINFP as a unique and irreplaceable transcription
factor that functions as part of a CDK2 responsive gene regu-
latory mechanism that controls progression beyond the G1/S
phase transition.

Materials and Methods

Construction of Mice with a Hinfp'2<2-Null Allele. We targeted the mouse Hinfp
locus by homologous recombination over a DNA fragment upstream of the
ATG and another spanning intron 9 to intron 11 of the Hinfp gene (see Fig. 1).
Both DNA fragments were generated from mouse AB2.2 genomic DNA by
using PCR primers (Table S1) and inserted into a targeting vector containing
gene cassettes for LacZ, neomycin, and thymidine kinase (kindly provided by
the Transgenic Animal Modeling Core Facility of the University of Massachu-
setts Medical School). The final targeting construct was subjected to DNA
sequencing to confirm absence of random mutations and linearized for
electroporation into AB1 (129S5/SvEvBrd) ES cells. Proper homologous recom-
bination of the HinfptaZ allele in a representative neomycin resistant clone
(G11) was established by Southern blot analysis using restriction sites and
probes external to the targeting vector.

Expression of B-galactosidase driven by the endogenous Hinfp promoter
was confirmed by 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal)
staining. Wild-type AB1 ES cells and G11 Hinfp*/La<ZES cells were fixed in 0.5%
glutaraldehyde and stained with a solution containing 1 mg/mL X-gal, 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM MgCl;, LacZ
gene expression was also confirmed by western blot analysis with antibodies
for B-galactosidase (1:2,000 dilution; GenWay Biotech, Inc.) and Cdk2 (1:2,500
dilution; Santa Cruz Biotechnology, Inc.). Proteins were visualized by using a
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