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Abstract

Transcription factor Histone Nuclear Factor P (HiNF-P; gene symbol Hinfp) mediates cell cycle
control of histone H4 gene expression to support the packaging of newly replicated DNA as
chromatin. The HiNF-P/p220NPAT complex controls multiple H4 genes in established human cell
lines and is critical for cell proliferation. The mouse Hinfp-a°Z null allele causes early embryonic
lethality due to a blastocyst defect. However, neither Hinfp function nor its temporal expression
relative to histone H4 genes during fetal development has been explored. Here, we establish that
expression of Hinfp is biologically coupled with expression of twelve functional mouse H4 genes
during pre- and post-natal tissue-development. Both Hinfp and H4 genes are robustly expressed at
multiple embryonic (E) days (from E5.5 to E15.5), coincident with ubiquitous LacZ staining
driven by the Hinfp promoter. Five highly expressed mouse H4 genes (Histlh4d, Histh4f,
Histlh4m and Hist2h4) account for >90% of total histone H4 mRNA throughout development.
Post-natal expression of H4 genes in mice is most evident in lung, spleen, thymus and intestine,
and with few exceptions (e.g., adult liver) correlates with Hinfp gene expression. Histone H4 gene
expression decreases but Hinfp levels remain constitutive upon cell growth inhibition in culture.
The in vivo co-expression of Hinfp and histone H4 genes is consistent with the biological function
of Hinfp as a principal transcriptional regulator of histone H4 gene expression during mouse
development.
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1. INTRODUCTION

Chromatin packaging of nascent DNA during S phase requires the cell cycle regulated
expression of the five histone proteins (H1, H2A, H2B, H3 and H4) (Osley, 1991; Stein et
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al., 1984; Stein et al., 2006). The timing of human histone gene expression is
mechanistically coupled to the formation of nucleosomes during DNA replication in both
lineage-committed somatic cells (Holmes et al., 2005) and pristine pluripotent embryonic
stem cells (Becker et al., 2007; Ghule et al., 2009). Histone gene expression is regulated by
modulating the rate of transcription, pre-mRNA processing and mRNA stability at Histone
Locus Bodies (HLBs). HLBs are non-membranous subnuclear organelles associated with
multiple clustered human histone genes that bind both transcription factors and 3’ end
processing factors to generate functionally integrated macro-molecular structures containing
the machinery for production of mature histone mRNAs (Barcaroli et al., 2006; Bongiorno-
Borbone et al., 2008; Dominski et al., 2003; Dominski and Marzluff, 2007; Ghule et al.,
2007; Ghule et al., 2009; Yang et al., 2009a; Yang et al., 2009b; Yang et al., 2011). The cell
cycle controlled transcription of histone H4 genes, as well as other core histone proteins
(e.g., H2A, H2B and H3) at HLBs is a key step. This step is initiated in part by the cyclin E/
CDK2 dependent phosphorylation of the p220NPAT/ HINFP complex at the G1/S phase
transition (Holmes et al., 2005; Le et al., 2006; Ma et al., 2000; Medina et al., 2006; Medina
etal., 2007; Medina et al., 2008; Miele et al., 2005; Mitra et al., 2003; Mitra et al., 2007;
Mitra et al., 2009; van Wijnen et al., 1992; Wei et al., 2003; Xie et al., 2007; Ye et al., 2003;
Zhao et al., 2000). Activation of DNA damage repair pathways and cell cycle arrest block
the transcriptional activation of histone H4 genes by p220NPAT and HINFP (Mitra et al.,
2009; Pirngruber and Johnsen, 2010; Su et al., 2004). The cyclin E/ CDK2 / p220NPAT/
HINFP/histone H4 pathway is fundamentally distinct and operates independently of the
E2F/pRB pathway (Grana et al., 1998; Stein et al., 2006).

Histone H4 represents the most highly conserved chromatin protein in eukaryotes (Osley,
1991; Stein et al., 1984) and the same protein is encoded by 15 distinct gene copies in
human and 12 genes in mouse (Albig and Doenecke, 1997; Braastad et al., 2004; Holmes et
al., 2005; Lichtler et al., 1982; Marzluff et al., 2002). Each mammalian histone H4 gene
copy is controlled by distinct cis-acting elements (e.g., SP1, ATF1, YY1) (Birnbaum et al.,
1995; Guo et al., 1997; Last et al., 1999a; Last et al., 1999b) that result in differences in
transcription rates (Holmes et al., 2005; van der Meijden et al., 1998). However, most
histone H4 genes contain a single highly conserved HINFP site immediately adjacent to the
TATA box that represents the transcriptional endpoint of the cyclin E/CDK2/ p220NPAT/
HINFP axis. Because HINFP can bind other factors involved in cell signaling, transcription
or RNA processing (DeRan et al., 2008; Miele et al., 2005; Miele et al., 2007), it may
represent a key scaffolding protein that together with p220NPAT integrates cell cycle
regulatory cues at HLBs. Other factors including a multi-subunit cyclin A/CDK1/pRB/
CUX1 (CDP-cut) complex and IRF proteins (Aziz et al., 1998; Gupta et al., 2003; Last et
al., 1999h; Luong et al., 2002; Ramsey-Ewing et al., 1994; van Wijnen et al., 1992; van
Wijnen et al., 1994; van Wijnen et al., 1996; Vaughan et al., 1995; Vaughan et al., 1997; Xie
etal., 2001; Xie et al., 2002) contribute to histone H4 gene regulation. These DNA binding
proteins interact together with HINFP at a multipartite cell cycle regulatory promoter
element, Site Il, which represents a genomic DNasel footprint (Hovhannisyan et al., 2003;
Pauli et al., 1987). Binding of HINFP to Site 11 recruits and stabilizes p220NPAT (Medina et
al., 2006; Miele et al., 2005) thereby integrating signals emanating from the cyclin E/CDK2
kinase cascade (Ma et al., 2000; Zhao et al., 1998; Zhao et al., 2000) to mediate cell cycle
dependent enhancement of histone H4 gene transcription independent of the E2F/pRB
switch.

A limited number of studies have examined expression of selected copies of histone genes
(i.e., H1, H2A, H2B and H3) during early mouse embryo development (Clarke et al., 1992;
Graves et al., 1985). These studies revealed that the bulk maternal histone mMRNAs are
dramatically reduced after the first one or two divisions. This down regulation occurs
presumably by destabilization of histone mRNA when DNA synthesis ceases upon

Gene. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 3

completion of the first S phase (Osley, 1991; Stein et al., 1984). In vivo studies on histone
H4 gene transcription have been limited to work with transgenic mice that focused on mid-
gestation and later stages of fetal development in both osseous and non-osseous (e.g., liver,
spleen) tissues (Gerbaulet et al., 1992; van Wijnen et al., 1991). In addition, a few studies
have examined mouse histone H4 gene transcription in cultured cells (Seiler-Tuyns and
Paterson, 1987; van der Meijden et al., 1998). Recently, we have shown that a Hinfp null
mutation (Hinfpl2¢Z) causes early embryonic lethality at peri-implantation stages in mice
(Xie et al., 2009). Cultured blastocysts have a hatching defect and are defective in histone
H4 gene expression. Similarly, proviral inactivation of the Npat gene results in early
embryonic arrest (Di Fruscio et al., 1997), consistent with a genetic requirement for an intact
Hinfp/p220NPat complex to mediate histone gene expression and maintain cell viability.
Remarkably, the human HINFP and NPAT genes are located within a chromosomal region
(11g23), which encompasses the ATM, MLL and CBL genes, that is frequently rearranged
in many cancer cell types (Baysal et al., 2001; Harper and Aplan, 2008; Kalla et al., 2007).
The early lethality of Hinfpl-acZ/LacZ empryos precludes analysis of Hinfp function and its
link to histone gene expression at post-implantation stages of mouse development. In this
study, we investigated when and where the Hinfp gene is transcribed in relation to histone
H4 gene expression throughout pre- and post-natal development.

2. MATERIALS AND METHODS

2.1 Collection of Mouse Embryos and Tissues

Histone H4 and Hinfp mRNA levels during pre- and post-natal development were analyzed
in offspring from adult wild type C57BL/6 mice (9-12 weeks). For pre-natal time-points,
pregnancies were timed by daily examination for vaginal plugs. Noon of the day that the
vaginal plug was observed was considered 0.5 embryonic (E) days of development.
Blastocysts (3.5 days post-fertilization) were collected by flushing uteri with medium, while
embryos at embryonic days E5.5, E6.5, E10.5, E12.5 and E15.5 were collected by
dissection. Tissues of post-natal mice were harvested upon sacrifice by cervical dislocation.
All procedures involving the care and use of animals were approved by the Institutional
Animal Care and Use Committee at the University of Massachusetts Medical School.

2.2 Cell Culture

Cultures of primary mouse embryonic fibroblasts (MEFs) were established from embryos
harvested at E12.5. Embryos were eviscerated, rinsed in fresh PBS and tissues were
fragmented. Minced tissues were rinsed twice in PBS and incubated with trypsin/EDTA for
15-20 min at 37°C. Trypsin was neutralized with cell culture medium (complete Dulbecco’s
Minimal Esential Medium [DMEM] containing high glucose with 2 mM L-glutamine, 50 U
Penicillin/Streptomycin, 15% fetal bovine serum). Cells were gently suspended in 10 ml
medium using a pipette and centrifuged for 5 min at 1,000 rpm (IEC centrifuge with
swinging bucket rotor). The supernatant was removed and the cell pellet was resuspended in
10 ml fresh complete DMEM. Cells were washed twice and plated in gelatin-coated T175
flasks in 30 ml DMEM. Cells were cultured at 37°C in an incubator with 5% CO-, and 98%
humidity. After 48h, confluent MEF cultures were harvested and stored frozen as Passage 1.
Continuous cultures of MEFs were split 1:5 when 90% confluent in 200 mm plates. NIH3T3
and MC3T3 cells were obtained from American Type Culture Collection (Manassas VA).
Cells were supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin.

2.3 RNA Extraction

RNA was extracted from specified embryos, tissues or cell lines using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Purified total RNA was digested with
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DNase at 37°C for 30 min, followed by column purification using the DNA Free RNA
KitTM (Zymo Research Corp., USA). Eluted total DNA-free RNA was quantitated by
spectrophotometry, and 1 pg was added to a reverse transcription reaction using the
iScript™ cDNA synthesis kit (Bio-Rad) with random hexamer primers. Because histone H4
genes do not contain introns, we included control reactions without reverse transcriptase.
Upon quantitation, cDNA preparations were diluted for gRT-PCR analysis. Total RNA was
isolated from the Blastocysts using RNeasy Micro Kit (Qiagen, USA) according to the
manufacturer’s instruction. Because blastocysts contain less than 10 pg tissue, synthetic
poly-A RNA (20 ng) was added as carrier during RNA extraction.

2.4 Quantitative Reverse Transcription-PCR (gQRT-PCR) Analysis of H4 Gene Expression

Expression analysis was performed using gRT-PCR with primer sets against different
histone H4 genes, as well as the Hinfp and Hprtl genes (Figures 1 and 2). We tested seven
different internal controls (Pia, B-actin, Hprt, Tbp, Gapdh, B2-microglobulin and 18S rRNA)
for normalizing histone H4 gene expression. Hprt was found to be most constant over all
tissues in neonatal mice (data not shown). Relative RNA expression was determined using
an ABI PRISM 7000 sequence detection system (Applied Biosystems) measuring real-time
SYBR Green fluorescence (Biorad) and calculated by the AACT method. Cycling
parameters were: 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C
for 1 min. In all experiments, Hprtl was used as an endogenous reference. The size of the
RT-PCR products was confirmed by gel electrophoresis using a standard 1.2% agarose gel.

2.5 In situ Expression of Hinfp by B-Galactosidase Staining

We previously constructed Hinfp-2Z/+ mice with a LacZ gene under control of the
endogenous Hinfp promoter (Xie et al., 2009) that permits examination of tissues in which
the Hinfp gene is expressed. Expression of B-galactosidase driven by the endogenous HiNFP
promoter was monitored by 5-bromo-4-chloro-3-indolyl-p- D-galactopyranoside (X-gal)
staining. The embryos 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 MgClo.

2.6 Antibody Generation and Western Blot Analysis

For detection of mouse Hinfp we generated a new rabbit polyclonal antibody against
recombinant full length Hinfp. The entire coding sequence of Hinfp was fused in frame with
the GST coding sequence in pGEX for expression in E. coli. The recombinant mouse GST-
Hinfp fusion protein (predicted molecular mass of ~92 kDa) was purified using Gluthatione
Sepharose 4B beads (GE Healthcare Biosciences, Piscataway, NJ). Antisera for GST-Hinfp
were generated in rabbit (Cocalico Biologicals, Inc., Reamstown, PA). The immunoglobulin
G (IgG) fraction was purified from the resulting antiserum. The specificity of both the
antiserum and 1gG fraction were validated by Western blot analysis of the GST-Hinfp
protein, as well as by immunofluorescence microscopy of mammalian cells in which mouse
Hinfp was over-expressed (data not shown). The validated antibody was used to detect the
endogenous Hinfp protein (~65 kDa) in mouse cell lines as indicated. Whole-cell extracts
were fractionated by SDS-PAGE in a 10% gel and blotted onto polyvinylidene difluoride
Immobilon-P membranes (Millipore, Billerica, MA). Immuno-detection was performed with
an appropriate dilution of the antibody (1 : 1,000) directed against mouse Hinfp and bands
were visualized using the Western Lightning chemiluminescence reagent plus (Perkin Elmer
Life Sciences, Waltham, MA).
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The Zn-finger transcription factor Hinfp is a master regulator of the histone H4 multi-gene
family. Histone H4 genes are encoded by a multigene family comprised of 12 distinct gene
copies in mouse and 15 copies in human (Fig. 1). Similar to the genomic organization of
human histone genes (Albig and Doenecke, 1997; Braastad et al., 2004), the majority of the
mouse histone genes are located within two large clusters on mouse chromosome 13,
designated Hist1, and mouse chromosome 3, designated Hist2 (Marzluff et al., 2002). The
Histl and Hist2 clusters are homologous to similar clusters on, respectively, human
chromosomes 6 and 1. There is an additional mouse histone H4 gene (Hist4H4) located on
mouse chromosome 6, with the homologous human Hist4H4 gene at chromosomal region
12p12 (Marzluff et al., 2002). The multiple histone H4 genes of mouse and human encode
identical proteins, and most of these genes have functional Hinfp binding sites. However,
the promoter sequences of individual histone H4 genes differ between gene copies and
between species (Holmes et al., 2005; van der Meijden et al., 1998). We have previously
shown that human histone H4 genes are not equally expressed and that a subset contributes
disproportionately to the total pool of H4 mRNA (Holmes et al., 2005). However, the
contributions of individual mouse H4 genes to histone H4 mRNA expression and in vivo
correlations with Hinfp gene expression have not been described. Therefore, we analyzed
the expression of the Hinfp gene and the twelve mouse histone H4 genes during mouse
development by real-time quantitative reverse transcriptase PCR (QRT-PCR) assays with H4
gene specific primers (Figs. 2 and 3).

Because of the heterogeneity in 5’-flanking sequences of the individual genes, we predicted
temporal and/or quantitative differences in the expression of the mouse histone H4 genes at
different stages of fetal development. We examined the relative levels of expression of
distinct H4 mRNAs in the developing embryo using qRT-PCR at E3.5, E5.5, E6.5, E10.5,
E12.5 and E15.5 post-fertilization (Fig. 3). The relative contributions of individual histone
H4 genes to the total H4 mRNA pool were determined with forward primers specific to the
unique 5’-untranslated region of each H4 mRNA (Fig. 2); the Hist1h4j and Hist1h4k genes
are amplified by the same primer pair and their individual expression cannot be resolved.
Primer pairs were tested against dilutions of genomic DNA to verify that the amplification
efficiencies were similar (data not shown).

We first established that total histone H4 mRNA levels (as defined by the sum of all gRT-
PCR signals for each individual histone H4 gene) are low during the early stages of
embryonic development (E5.5 and E6.5), but are up-regulated during mid-gestation (E10.5
to 12.5) (Fig. 3A). The relative expression of Hinfp was monitored in parallel to assess the
temporal correlation with total histone H4 gene expression. The results show that Hinfp
MRNA is expressed at two orders of magnitude less than the total histone H4 mRNA pool.
More importantly, Hinfp expression parallels histone H4 gene expression, and Hinfp mRNA
levels are maximal at mid-gestation at E10.5 and E12.5 (Fig. 3A). These results demonstrate
that the combined expression of the mouse histone H4 gene family is developmentally
regulated and temporally associated with the expression of Hinfp as the master regulator of
histone H4 genes.

We next addressed whether the two major histone H4 gene clusters are differentially
expressed during mouse development. Classification of histone H4 mRNA expression by
chromosomal location of the gene copies revealed that the major histone H4 gene cluster on
mouse chromosome 13 generates about 78 to 88% of all H4 gene transcripts (Fig. 3B).
Interestingly, expression of the histone H4 gene from the chromosome 3 cluster essentially
doubled (from 7% to 15%) between E3.5 and E5.5 but remained relatively constant
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thereafter. The single H4 gene copy at chromosome 6 contributes between 5% and 8% at
different stages (Fig. 3B). Thus, while there are modest modulations in the utilization of
distinct histone genes at different chromosomal locations, each of the three chromosomal
loci remains active throughout mouse development. The results also indicate that there are
differences in the extent to which distinct H4 mRNA species are maximally expressed. We
find that the Histlh4d, Hist1h4f, Histlh4m, Hist2h4 and Hist4h4 genes account for >90% of
the detected histone H4 mRNAs at multiple stages of embryonic development. In contrast,
Histlh4a, Histlh4j+k, Histlh4c, Histlh4h and Histlh4b are minimally expressed, together
representing <10% of the detected histone H4 mRNA (Figs. 3C and S1). Thus, five of the
histone H4 genes generate the majority of mRNAs that are required to accommodate DNA
replication and nascent chromatin assembly.

3.2 Hinfp is ubiquitously expressed during pre- and post-natal development

To understand when and where Hinfp is expressed during mammalian development, we
examined B-galactosidase staining in heterozygous Hinfp-¢Z* mice in which the LacZ
allele is under control of the native Hinfp promoter (Fig. 4A) (Xie et al., 2009). Embryos at
E3.5, E6.5, E9.5 and E14.5 exhibit clear B-galactosidase staining at the gross anatomical
level (Xie et al., 2009). LacZ staining is evident in multiple tissues in histological sections
from E14.5 embryos, including brain, liver, skin, calvarial bone and brain (Figs. 4B and 1C).
Similarly, robust p-galactosidase staining is also evident in representative post-natal tissues
(spleen, thymus, heart and liver) (Fig. 4D). The LacZ expression pattern driven by the Hinfp
promoter (Fig. 4) is comparable to results obtained with distinct transgenes under control of
a representative human histone H4 promoter (Gerbaulet et al., 1992; van Wijnen et al.,
1991). The latter studies revealed proliferation-related transgene expression reflecting
histone H4 promoter activity in different mouse tissues and cell types, including cells from
cranial tissues (e.g., calvaria, brain). Our new results indicate that the Hinfp promoter is
actively transcribed in tissues that also express histone H4 genes.

3.3 Expression of multiple mouse histone H4 genes during post-natal development

Expression levels of the mouse histone H4 and Hinfp genes were examined by qRT-PCR
with RNA samples from different tissues during post-natal mouse development (days 1, 14
and 60) (Figs. 5, S2 and S3). Figure 5 shows representative results in different tissues for the
Hist1h4d and Hist2h4 genes. The Histlh4d gene is the most abundantly expressed H4 gene
at all stages examined, while the Hist2h4 gene was selected because it is the homolog of the
human HIST2H4A gene (alias H4/n or FO108) (Braastad et al., 2004; Stein et al., 1984).
The latter gene is among the most highly expressed human histone H4 genes and has been
extensively investigated as a paradigm for cell cycle control of histone H4 gene transcription
(Stein et al., 1984; Stein et al., 2006). In general, the highest mMRNA levels for different
histone H4 genes were detected in the spleen and thymus of neonates at Day 1 and post-
natal mice at Day 14. Maximal histone H4 mRNA levels were detected in intestine and
spleen in 2 month-old mice (Day 60) (Figs. 5, S2 and S3), albeit that thymus tissue was not
analyzed at Day 60. We note that the overall levels of histone H4 mRNAs are reduced at
post-natal Day 60 relative to Days 1 and 14, reflecting reduced cell proliferation in adult
tissues. The abundant expression of mouse histone H4 genes in spleen, thymus and intestine
is consistent with sustained proliferative activity in these tissues, linked to immune functions
and continuous replacement of the intestinal lining in post-natal mice.

3.4 Expression of Hinfp and histone H4 genes is temporally correlated

Cell culture studies clearly indicate that Hinfp is rate-limiting for histone H4 gene
transcription and mRNA accumulation. However, this correlation has not yet been validated
in vivo. Therefore, we examined the expression of Hinfp in various tissues in relation to the
total histone H4 mRNA pool (as defined by the sum of all individual expression values)
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(Fig. 6). Among the tissues examined in the newborn (Day 1), juvenile (Day 14) and adult
(Day 60) mice, Hinfp expression is ubiquitously detected in the thymus, brain, heart, spleen,
kidney, lung, stomach, intestine and liver with only moderate variation (Fig. 6 and data not
shown). More importantly, Hinfp expression appears to be generally proportional to the total
histone H4 mRNA levels in many tissues, except for liver. While histone H4 gene
expression is reduced as liver tissue becomes quiescent, Hinfp levels remain elevated. Liver
is capable of tissue-regeneration and continued expression of Hinfp may facilitate rapid re-
initiation of cell division.

3.5 Expression of multiple mouse Histone H4 genes in cell culture

We have previously shown relative differences in human histone H4 gene expression
between cells from normal tissue and transformed cells in culture (Holmes et al., 2005). In
addition, analysis of gene expression in cell culture permits assessment of direct correlations
between gene expression and cessation of cell proliferation. Therefore, we analyzed histone
H4 gene expression in two different established mouse cell lines (Fig. 7). We find that
mRNAs for about nine of the twelve histone H4 genes are expressed at robustly detectable
levels in both actively proliferating NIH3T3 fibroblasts and MC3T3 pre-osteoblasts, while
the remaining three H4 genes (Histlh4a, Histlh4c and Histlh4h) are barely detectable or
perhaps not expressed at all. The five most highly expressed histone H4 genes in the two cell
types are Histlh4d, Histlh4f, Histlh4m, Hist2h4 and Hist4h4. Moderately expressed histone
H4 genes are Hist1h4j+k and Hist1h4b, while the Hist1lh4a, Histlh4c and Histlh4h genes
are minimally expressed at levels below that observed for Hinfp (Fig. 7A). The Histlh4i
gene exhibits sporadic modestly high expression in NIH3T3 cells, while this gene is barely
expressed in MC3T3 cells (Fig. 7A) or mouse tissues (Figs. 3 and 5). Taken together, the H4
gene expression results for these two immortalized cell lines parallels the profiling data
obtained for normal tissues during pre- and post-natal development. The differences in
relative mRNA levels of distinct histone H4 gene copies is consistent with the conclusion
that differences in H4 gene 5’ regulatory sequences influence the expression levels of
mammalian H4 genes in vitro and in vivo (Holmes et al., 2005; van der Meijden et al.,
1998).

To assess whether expression levels of the five most prominently expressed mouse histone
H4 genes and the cognate regulatory factor Hinfp are coupled to cell proliferation, we
analyzed their steady-state mRNA levels in RNA samples prepared from proliferating and
confluent mouse embryo fibroblasts (MEFs). Total RNA was isolated from cells harvested
on consecutive days (Days 1 to 4) after seeding at a fixed cell density (Figs. 7B and 7C).
The results show that MEFs actively proliferate on Days 1 and 2, but begin to reach
confluence at Days 3 and 4 cells (Fig. 7B). During the proliferative phase, we find that the
five major histone H4 genes (i.e., Histlh4d, Hist1h4f, Histlh4m, Hist2h4 and Hist4h4) are
highly expressed as expected (Fig. 7C). In addition, all five genes are down regulated with
the onset of cell growth inhibition by Days 3 and 4. Thus, expression of H4 genes is
functionally linked to cell proliferation in MEFs. Interestingly, while histone H4 mRNAs
decline at successive days in culture (Fig. 7C), we find that Hinfp mMRNA and protein levels
do not immediately decline with decreased cell proliferation (Fig. 7D). This finding
corroborates the results obtained with H4 and Hinfp expression in mouse liver tissues (Fig.
5), and indicates that density-inhibited cells may remain poised to transcribe histone H4
genes in a Hinfp dependent manner.

4. DISCUSSION

Histone biosynthesis is coordinated with DNA replication at the onset of S phase through
modulations in MRNA availability (Osley, 1991; Stein et al., 1984) that are controlled by the
H4 subtype-specific transcription factor HINF-P (Holmes et al., 2005). The multiple histone
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H4 genes present in the mouse (n=12) and human (n=15) genes encode the exact same
protein (Osley, 1991; Stein et al., 1984). The majority of these genes have validated HiNF-P
binding sites immediately upstream from the TATA-box (Holmes et al., 2005; van Wijnen et
al., 1992), but upstream auxiliary transcription motifs (e.g., SP1, ATF1 and YY1) (Stein et
al., 2006) differ between H4 gene copies (van der Meijden et al., 1998). In this study, we
show that five mouse H4 genes (Hist1h4d, Hist1h4f, Histlh4m, Hist2h4 and Hist4h4)
produce the majority of H4 mRNAs. Hinfp is universally expressed in all cells and tissues
that express histone H4 genes, providing in vivo support for its role as a master regulator of
H4 gene transcription.

Interestingly, we have found that in human there are six H4 genes (HIST1H4D, HIST1HA4E,
HIST1H4J, HIST1H4K, HIST2H4A and HIST2H4B) that generate almost 80% of all
human H4 mRNA (Holmes et al., 2005). Just two of the five major mouse H4 genes
(Histlh4d, homolog of HIST1H4D, and Hist2h4, homolog of HIST2H4A and HIST2H4B)
are also highly expressed in human. In contrast, two histone H4 genes that are barely
expressed in mouse (Hist1h4j and Hist1hk) are highly expressed in human cells. Finally, two
genes that are highly expressed in either mammalian species (mouse Histlh4m and human
HIST1H4E) do not have a homolog in the other species. Comparions of histone H4 gene
promoter sequences and the relative expression of individual H4 gene copies reveal that
mutations in the Site Il cell cycle regulatory element, which comprises both the Hinfp
binding motif and the TATA-box, strongly correlate with severely diminished expression
(Fig. 8). Specifically, single point mutations in the Hinfp motif and/or the TATA-box may
account for the poor expression of the mouse Histlh4a, Histlh4c and Histlh4h genes.
Similar observations have been made for human histone H4 genes where decreased
expression is linked to natural mutations in the same two elements (Holmes et al., 2005).
Taken together, these data are entirely consistent with a transcriptional model in which the
interaction of both Hinfp and the TATA-box Binding Protein (TBP) with its associated basal
transcription machinery are critical for histone H4 gene transcription.

The correlation between variation in histone H4 gene expression and Site Il sequences in
both mouse and human promoter sequences indicates that both the genomic organization
and the regulated expression of the H4 multigene family is subjected to considerable
evolutionary variation in closely related mammalian species. This conclusion is remarkable
in view of the fact that histone H4 is among the most highly conserved proteins in all
eukaryotes (Stein et al., 1984). In addition, while in lower eukaryotes and vertebrates (e.g.,
sea urchin, fly and fish) there are multiple tandemly repeated histones to support histone H4
gene expression (Osley, 1991; Stein et al., 1984), mouse and human have retained only a
handful of functionally expressed H4 gene copies ((Holmes et al., 2005); this study).
Because mammalian embryos developing in utero are less prone to predation than embryos
from lower eukaryotes developing in a less protected external environment, it is tempting to
speculate that this degeneration of histone gene organization may relate to reduced
evolutionary pressures in mammals for rapid early embryonic growth and maturation.

We have also determined that the genes for histone H4 and Hinfp are most highly expressed
in spleen, thymus and intestinal tissues during post-natal development. Because spleen is the
largest peripheral immune organ, thymus is a central immune organ in juvenile mice and
intestines contain gut-associated lymphoid tissue, it appears that histone H4 gene expression
is most prominent in tissues with functions in immunity. Most likely, the expression of
Hinfp and H4 genes reflects active lymphocyte proliferation in these tissues. While Hinfp
expression positively correlates with histone H4 gene expression and cell proliferation in all
tissues including liver tissue, we noted that Hinfp expression persists in adult liver which
mostly contains quiescent cells, as well as in confluent mouse embryonic fibroblasts that are
cell growth inhibited in confluent cultures. Thus, while H4 mRNA (but not protein)
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accumulation is restricted to S phase in proliferating cells, Hinfp may be a useful regulatory
marker (both mRNA and protein) for proliferating cells, as well as quiescent cells (e.g.,
adult multi-potent stem cells) that have the potential to enter the cell cycle and transcribe
histone H4 genes. Hinfp staining of cells could complement Ki67 staining, which is known
to be restricted to actively proliferating cells (reviewed in (Weigel and Dowsett, 2010)) as a
marker for quiescent cells that retain proliferative potential. It is conceivable that Hinfp
expression in liver is restricted to quiescent adult stem cells that are abundant in this tissue
and support rapid tissue-regeneration upon injury (reviewed in (Bergmann and Steller,
2010)).

The Hinfp null mouse suffers from a lethal defect that compromises blastocyst development
(Xie et al., 2009). We used B-galactosidase staining of implanted developing embryos and
post-natal tissues to how that Hinfp is ubiquitously expressed in multiple tissues at post-
blastocyst stages of development. This finding will guide us with the future analysis of
Hinfp function in later stages of tissue-development using conditional Hinfp knock-out
mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mouse H4  Chromosomal  Accession Relative Human H4 Chromosomal Accession  Human H4| Relative
Gene Symbols  Location Number Expression [ Gene Symbols Location Number Alias | Expression
Hist1h4a 13A2-A3 NM_178192 + HIST H4A 6p21 NM_003548 Hd/a +
Histth4b 13A2-A3 NM_178193 ++ HIST1H4B 6p21 NIM_003544 H4/i ++
Hist1h4c 13A2-A3 NM_178208 + HIST1H4C 6p21 NM_003542 Halg ++
Histthdd 13A2-A3 NM_175654 4+ HIST1H4D 6p21 NIM_003539 H4/b ++
Hist1h4f 13A2-A3 NM_175655 e+t HIST1H4F 6p21 NM_003540 Hdlc +
Histthdh 13A2-A3 NM_153173 + HIST1H4H 6p21 NIM_003543 H4/h ++
Hist1h4i 13A2-A3 NM_175656 ++ HIST1H4i 6p21 NIM_003495 H4/m +
Hist1h4j 13A2-A3 NM_178210 ++ HIST1H4J 6p21 NM_021968 Hdle +H+
Hist1h4k 13A2-A3 NM_178211 ++ HISTTH4K Bp21 NM_003541 Hd/d +++
Hist2h4 3F1-F2 NIM_033596 g HIST2H4A 1921 NM_003548 H4/n +H+
Hist4h4 6G1 NM_175652 4+ HIST4H4 12p12 NM_175054 H4/p +
Hist1h4m 13A3 NM_001195421 4 Not present
Not present HIST1H4E 6p21 NM_003545 H4/j +H+
Not present HIST1H4G 6p21 NM_003547 H4/l ND
Not present HIST1H4L 6p22 NM_003546 H4/k +
Not present HIST2H4B 1921 NIM_001034077 H4/o +HH

Figure 1. Histone H4 gene nomenclature and expression in human and mouse
The table summarizes the gene symbols (columns 1 and 5), chromosomal location (columns
2 and 6), accession number (columns 3 and 7), as well as relative expression (columns 4 and
9) of each histone gene present in the mouse (this work) or human genome (Holmes et al.,
2005). The table also lists an alternative nomenclature for human histone H4 genes (column
8; ‘Alias’) to permit comparison with previous studies (Albig and Doenecke, 1997; Braastad
et al., 2004; Holmes et al., 2005). Five genes are present in only one of the two species
(bottom five rows).
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Primer sets for gRT-PCR

Gene Symbol | Forward primer(5’—3’) Reverse primer(5—3’)
Hist14a

Hist1h4d

Hist1h4f

Hist1h4j+k

Hist1h4c

Hist1h4h

Hist1h4b

Hist1h4i JCc gecttegtet

Hist1h4dm gagcagtacagttttgtcttcatce -
Hist2h4 ccagectggtgtttcagattaca ctttce
Hist4h4 ctgtctctttattaggttg jgatgtt
Hinfp gtgacatga aattc
Hprt1 ttgttgga cttaggettt

Figure 2. Primer sets for gRT-PCR

The table presents primers pairs used for the analysis of the indicated genes (column 1),
including Forward (column 2) and Reverse (column 3) primers.
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Figure 3. Temporal expression of histone H4 and Hinfp expression during murine development
(A) Total RNA of embryos at different stages of pre-natal development was analyzed by
gRT-PCR for histone H4 and Hinfp expression (see also Supplementary Fig. S1). The graph
provides an overview of the general correlation between total histone H4 mRNA levels (i.e.,
the sum of all expression values for the individual mouse histone H4 genes) and Hinfp
expression relative to Hprtl. The average Ct values for HPRT1 are: 23.46 (E5.5), 23.57
(E6.5), 24.37 (E10.5), 24.12 (E12.5), 24.41 (E15.5). Values for blastocysts (E3.5) are not
shown, because RNA samples were supplemented with carrier nucleic acids and cannot be
directly compared with other samples. (B) Contribution of distinct mouse histone H4 genes
to the total h4 mRNA pool during mouse fetal development as categorized by chromosomal
location. The pie charts summarize expression of genes located on chromosome 13
(Histlh4a, -d, -f, -k, -j, -c, -h, -b, -i, -m; white sector), chromosome 3 (Hist2h4; gray sector),
and chromosome 6 (Hist4h4; black sector). Samples at E3.5 were included. Results at E12.5
(data not shown) are very similar to those for E10.5 and E15.5 Note that the actual size of
each pie chart is not unit size (as indicated here to permit comparison between days), but
differs for each day based on changes in total histone H4 mRNA levels (see Panel A). (C)
Representative graph showing expression of the full complement of mouse histone H4 genes
at E10.5 when total H4 gene expression is maximal.
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Figure 4. In vivo expression analysis of Hinfp gene during development using HINFPLACZ/* mice
(A) Diagram of the Hinfp2°Z allele in which LacZ coding sequences are located
immediately downstream of the Hinfp ATG start codon and linked to the native Hinfp
promoter (Xie et al., 2009). Mice carrying this allele were examined for expression of -
galactosidase at different embryonic and post-natal stages. (B) Embryos derived from wild
type and heterozygous HiNFPLZ/* crosses at E14.5 were stained with X-gal in histological
sections. One area spanning cranial tissues is enlarged in the inset. (C) Selected tissues as
indicated were microscopically examined for B-galactosidase staining in histological
sections, (D) Gross anatomical analysis of B-galactosidase staining in tissues from Day 5
neonates derived from wild type and heterozygous HiNFPLaZ/* mice,
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Figure 5. Proliferation-related tissue-specific expression of histone genes during post-natal
development

Expression levels of all mouse histone H4 genes were analyzed in selected tissues at
multiple days during post-natal development (D1, D14 and D60) by gRT-PCR analysis
normalized to Hprtl (see Supplementary Figs. S2 and S3). The two graphs show
representative results for two highly expressed histone H4 genes located in two different
histone gene clusters (left, Hist1h4d; right, Hist2h4h) obtained for post-natal Day 14.
Histone H4 genes are detectable in all tissues examined, including brain (Bra), heart (Hea),
lung (Lun), stomach (Sto), intestine (Int), kidney (Kid), liver (Liv) and thymus (Thy).
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Figure 6. Temporal regulation of histone H4 and Hinfp gene expression during post-natal tissue

development

Total H4 mRNA levels (black columns) were obtained by the summation of normalized
expression values for individual mouse histone H4 genes and were correlated with

expression of the cognate regulatory factor Hinfp in selected tissues as indicated (i.e.,
spleen, intestine, heart and liver; see also Supplementary Figs. S2 and S3). The left y-axis
shows total histone H4 mRNA levels and the secondary y-axis to the right indicates Hinfp

gene expression. Experimental error is less than 10%

(error bars not indicated).
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Figure 7. Cell growth dependent expression of mouse histone H4 genes in cultured cells
Expression of mouse histone H4 genes and the Hinfp gene was examined in established
mesenchymal cell lines (NIH3T3 fibroblasts and MC3T3 osteoblasts; Panel A) and primary
mouse embryonic fibroblasts (MEFs; Panels B, C & D). (A) gRT-PCR analysis of individual
histone genes. (B) MEFs in cell culture are density inhibited by four days in culture. Near-
confluent MEF cultures (90-95% confluent) were split 1:5 and replated (Day 0). The graph
shows the approximate cell density (relative cell density as a percentage of a completely
confluent culture) as a function of time in culture (Days 1, 2, 3 and 4). (C) Expression
analysis of the five most highly expressed histone H4 genes in MEFs during cell density
inhibition of growth. (D) Hinfp mRNA (top panel: gqRT-PCR assay) and protein levels
(bottom panel: western blot analysis) were measured in the same MEF cultures; CDK2
protein was used to account for variation in protein loading.
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Comparison of Mouse H4 Site Il Sequences and H4 mRNA levels.

Symbol H4 mRNA Site Il Sequences
levels Hinfp motif TATA box

TT GGGGGTGGGAGATCAAGLCT AAGCAG

Hinfp consensus TATA cc Is

Figure 8. Comparison of mouse H4 Site 11 sequences and H4 mRNA levels

Alignment of the DNA sequences of the Site 11 cell cycle regulatory domain element
(containing Hinfp and TATA elements) in the full complement of mouse histone H4 genes
(top) compared to the prototypical human histone H4 gene HIST2H4A (bottom; see (Holmes
et al., 2005)). Residues of Hinfp contact within the consensus element are indicated by
asterisks (*). Redundant nucleotides (nt) are indicated as follows: D= A, G, or T; H=A, C,
orT;M=AorC,W=AorT;Y=CorT;V=A GorC. Mismatches in mouse Site Il
sequences (bold), which spans the Hinfp binding site consensus and the TATA box, are
indicated in relation to H4 mRNA expression. H4 mRNA expression data in cells, tissues
and developmental stages are summarized as follows: +, below average levels; ++,
intermediate levels; +++, above average expression. Point-mutations in the Hinfp motif or
the TATA-box correlate with decreased H4 gene expression.
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