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HiNF-P Is a Bifunctional Regulator of Cell Cycle
Controlled Histone H4 Gene Transcription
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Abstract Cell cycle progression beyond theG1/S phase transition requires the activation of a transcription complex
containing histone nuclear factor P (HiNF-P) and nuclear protein mapped to ataxia telangiectasia (p220NPAT) in response
to cyclin dependent kinase 2 (CDK2)/cyclin E signaling.We show here that the potent co-activating properties of HiNF-P/
p220NPAT on the histone H4 gene promoter, which are evident in the majority of human cell types, are sporadically
neutralized in distinct somatic cell lines. In cells where HiNF-P and p220NPAT do not activate the H4 gene promoter,
HiNF-P instead represses transcription. Our data suggest that the cell type specific expression of the cyclin-dependent
kinase inhibitory (CKI) protein p57KIP2 inhibits the HiNF-P dependent activation of the histone H4 promoter. We propose
that, analogous to E2F proteins and other cell cycle regulatory proteins, HiNF-P is a bifunctional transcriptional
regulator that can activate or repress cell cycle controlled genes depending on the cellular context. J. Cell. Biochem. 101:
181–191, 2007. � 2006 Wiley-Liss, Inc.
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Entry into S phase necessitates the induction
of multiple gene regulatory programs that
promote both DNA synthesis and the concomi-
tant obligatory assembly of newly replicated
DNA and histone proteins into chromatin. The
onset of DNA replication and histone gene
expression are each controlled by functionally
and mechanistically distinct regulatory
modules (i.e., pRB/E2F and p220NPAT/HiNF-P,
respectively) that respond to cyclin E/CDK2.
Cyclin E/CDK2 phosphorylation of the tumor
suppressor pRB releases transcription factor
E2F, which controls expression of many target
genes involved in the enzymology of nucleotide
metabolism and/or DNA synthesis (e.g., DHFR,

TK, DNA polymerase alpha) [Dyson, 1998;
Nevins, 2001]. Furthermore, cyclin E/CDK2
stimulates the activity of the HiNF-P/p220NPAT

co-activation complex that coordinately controls
the histone H4 gene family [Ma et al., 2000;
Zhao et al., 2000; Mitra et al., 2003;
Holmes et al., 2005; Miele et al., 2005], a set of
15 genes encoding the most highly conserved
nucleosomal protein [Stein et al., 1984]. Con-
sistent with the critical coupling of histone gene
expression and DNA replication, deficiency of
HiNF-P [Mitra et al., 2003] or CDK2 [Berthet
et al., 2003; Martin et al., 2005] severely delays
progression through S phase, while genetic
ablation of p220NPAT blocks entry into S phase
[Ye et al., 2003] and normal embryonic develop-
ment [Di Fruscio et al., 1997].

The discovery of HiNF-P as the critical
transcription factor for histone H4 gene tran-
scription [Mitra et al., 2003] emerged from a
large number of studies that used the human
histone H4/n gene (pF0108; locus HIST2H4 at
1q21) as a paradigm to study transcriptional
control at theG1/Sphase transition (reviewed in
[Stein et al., 1992, 1996]). HiNF-P is one of three
factors that bind to a highly conserved domain
(H4 subtype specific element) in the histone H4
gene promoter [van Wijnen et al., 1991, 1992;
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Mitra et al., 2003; Holmes et al., 2005].
Apart fromHiNF-P thatwe identified as a novel
multi-zinc finger protein [Mitra et al., 2003], the
H4 subtype specific element interacts with
interferon regulatory factors (IRFs) [Vaughan
et al., 1995; Xie et al., 2001], and the CCAAT
displacement protein (CDP-cut) which forms a
complex with p105RB1, cyclin A, and CDK1 [van
Wijnen et al., 1989, 1994, 1996; Aziz et al.,
1998b; Gupta et al., 2003]. The H4 subtype
specific element is directly adjacent to the
TATA-element and this geometric arrangement
is conserved among functionally expressed
vertebrate histone H4 genes [Holmes et al.,
2005]. Importantly, deletion of the H4 subtype
specific element abrogates correct cap-site
initiation of histone H4 mRNA transcripts in
vivo [Kroeger et al., 1987]. Thus, the multiple
protein/DNA interactions at site II may directly
regulate the TATA box protein dependent
initiation of histone H4 gene transcription.

Studies examining in vivo protein/DNA inter-
actions in the H4/n promoter have shown that
both the H4 subtype specific element and the
adjacent TATA box are contained within a large
genomic DNaseI footprint (site II) [Pauli et al.,
1987; Hovhannisyan et al., 2003]. Occupancy of
site II correlates with active transcription of
histone H4 genes and site II is rendered vacant
when histone H4 gene expression is shut
down during differentiation [Stein et al., 1989;
Hovhannisyan et al., 2003]. Loss of site II
protein/DNA interactions at the H4 locus is
mediated in part by down-regulation of the
cognate proteins [Holthuis et al., 1990; van den
Ent et al., 1993; Hovhannisyan et al., 2003].
Functional studies have revealed that site II
contributes to basal promoter activity, and is
required and sufficient (together with a TATA
box) for cell cycle regulated transcription
[Kroeger et al., 1987; Ramsey-Ewing et al.,
1994; Birnbaumet al., 1995b; Aziz et al., 1998a].
The activity of site II is dramatically enhanced
by an upstream element (Site I) that binds
transcription factors SP-1, YY1, ATF-1, and
HiNF-A/HMG-Y [van Wijnen et al., 1989;
Birnbaum et al., 1995a,b; Guo et al., 1997; van
der Meijden et al., 1998; Last et al., 1999].
Hence, the interplay of multiple transcription
factors at the H4 promoter determines the level
at which the gene is transcribed.

Histone genesmust be actively transcribed in
all proliferating cell types, and the question
ariseswhether the samemolecularmechanisms

are operative in each cell type to promote H4
gene transcription. In this study, we show that
the trans-activation potential of the H4
subtype specific transcription factor HiNF-P,
which is evident in the majority of cell
types, is sporadically rendered ineffective in
selected cell types. Our finding suggests
that the proliferation-specific transcription
of histone H4 genes may be mediated by
alternative mechanisms in which HiNF-P
operates as an activator or a repressor, perhaps
depending on the growth phenotype of the cell.

MATERIALS AND METHODS

Cell Culture

Transfection experiments were performed
with a panel of cell lines, including HPV-18
transformed human cervical carcinoma HeLa
cells, human Saos-2 osteosarcoma cells, SV40
transformed monkey kidney COS-7 fibroblasts,
humanT98Gglioblastomacells, SV40Tantigen
transformed human 293 T embryonic kidney
cells, human IMR-90 female fetal diploid fibro-
blasts, and human WI-38 fetal lung diploid
fibroblasts, all of which were obtained from the
America Type Culture Collection (Rockville,
MD). Rat ROS 17/2.8 osteosarcoma cells were
a kind gift of Dr. Gideon Rodan. Saos-2 cells
weremaintained inMcCoy’s 5Amedium (Gibco/
Invitrogen, Carlsbad, CA) supplemented with
15% fetal bovine serum, 2 mM L-glutamine.
HeLa, T98G, 293T, and COS-7 cells were
cultured in Delbecco’s modified Eagle’s medium
(DMEM; Gibco/Invitrogen) supplemented with
10% FBS, whereas ROS 17/2.8 cells were
maintained in F12 (Gibco/Invitrogen) medium
containing 5% FBS. All cell culture mediums
were supplemented with 100 U/ml penicillin,
100 mg/ml streptomycin and cells are main-
tained in humidified 5% CO2 incubator.

Transfections and Reporter Gene Assays

Cells were plated at a density of 2–2.5� 105

cells/ml and incubated overnight at 378C
before transfection. Histone gene promoter
constructs fused to either the chloramphenical
acetyl transferase (CAT) or the luciferase
reporter gene have been described previously
[Ramsey-Ewing et al., 1994; Mitra et al., 2003].
Expression vectors for Xpress-tagged human
HiNF-P, p220NPAT, and Myc-tagged p57KIP2

(generous gift of Roger Watson, Imperial
College of London, UK) were described in a
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previous study [Mitra et al., 2003]. About 2 mg
plasmid DNA was transfected in each well of a
35 mm plate using Fugene6 (Roche). Cells were
harvested after 24 h and lysed by adding 200 ml
of lysis buffer (Promega) to each well of a
six-well plate and incubated for 10 min at room
temperature. Extracts were collected and
centrifuged for 10 min to collect the super-
natants which were then used for reporter gene
assays (CAT or Luc Assay). Relative promoter
activity of CAT or Luc promoter-reporter is
presented as percent conversion or fold activity.

Extract Preparation and Western Blot Analysis

Whole cell extracts were prepared from the
indicated cell lines which were plated at a
density of 2–2.5� 105/ml and allowed to grow
for 36h.Cellswereharvested andpellet of about
4.5–5� 107 cells were suspended in 0.5 ml lysis
buffer (20 mM HEPES pH 7.5, 0.5 M KCl,
0.2 mM EDTA pH 8.0, 0.5 mM PMSF, 0.5 mM
DTT, 0.1% NP-40, and 20% glycerol). Cell
suspensions were quickly frozen and incubated
at 378C to complete lysis. Whole cell extracts
(i.e., 30 mg protein lysate) were centrifuged at
10,000g for 10 min and the supernatants were
collected for analysis of endogenous proteins by
western blotting following 10% SDS–PAGE.
Lysates from transfected cells (�15–20 mg
protein per sample) were analyzed for expres-
sion of exogenous proteins using epitope tags
(see below). For immunoblot experiments,
PVDFmembranes (Millipore,UK)werewashed
with phosphate buffered saline (PBS)with 0.5%
NP-40. After secondary antibody treatment,
blots were developed by chemiluminescence
(Amersham Biosciences).

RT-PCR and Southern Blotting

Purified total RNA was isolated from asyn-
chronously growing cells (Trizol, Invitrogen)
and subjected to RT-PCR as described by the
manufacturer (Roche). We used primer set
described by Tokino et al. [1996] to detect the
expression of p57KIP2 mRNA. The same RNA
sample was also used to detect expression of
histoneH4 [Holmes et al., 2005],HiNF-P [Mitra
et al., 2003], and glyceraldehydes-3-phosphate
dehydrogenase (GAPDH). Aliquots (�10 ml)
from each sample were analyzed by agarose
gel electrophoresis to visualize cDNAamplifica-
tion. To confirm selective amplification of
p57KIP2 cDNAs from RNA samples, small
aliquots of theRT-PCRproductswere separated

bygel electrophoresis and subjected toSouthern
blot analysis using a human p57KIP2 cDNA as
probe.

RESULTS

HiNF-P Is a Bifunctional
Transcriptional Regulator

We have previously purified and character-
ized HiNF-P as a critical transcriptional reg-
ulator that controls the E2F independent
induction of human histone H4 gene transcrip-
tion at the G1/S phase transition. HiNF-P
operates as the ultimate link of the cyclin E/
CDK2/p220NPAT/HiNF-P gene regulatory cas-
cade [Mitra et al., 2003; Miele et al., 2005]
through a highly conserved and multipartite
element (site II-CCE or H4 subtype specific
consensus element) that is contiguous to the
histone H4 TATA box [Pauli et al., 1987; van
Wijnen et al., 1992]. As expected, forced expres-
sion ofHiNF-P results in a robust (up to fivefold)
and dose-dependent activation of histone H4
promoter activity in human Saos-2 cells
(Fig. 1A). Strikingly, the histone H4 promoter
is not activated but rather is suppressed by
HiNF-P in human HeLa S3 cells (Fig. 1A). For
comparison, in both Saos-2 and HeLa S3 cells,
there is no appreciable effect of forced expres-
sion of HiNF-P on the DHFR gene promoter,
which is known to be regulated by an E2F
dependent mechanism (Fig. 1A). Furthermore,
transfection experiments with H4 promoter
point mutants show that mutation of the
HiNF-P site, but not of recognition motifs for
other site II binding proteins (i.e., HiNF-M/
IRF2 or HiNF-D/CDP) [Vaughan et al., 1995;
van Wijnen et al., 1996; Gupta et al., 2003],
abolishes the transcriptional repression by
HiNF-P (Fig. 1C). Deletion of regulatory ele-
ments upstream from the HiNF-P element (i.e.,
removal of Site I) reveals that site II with its
embedded HiNF-P binding site is sufficient for
gene repression (Fig. 1B). Because HiNF-P is a
transcriptional activator in Saos-2 cells and
a repressor in HeLa cells, we propose that
HiNF-P is a bifunctional transcription factor
and its promoter-selective gene regulatory
activity is cell type dependent.

p220NPAT Is Functionally Inactive in HeLa Cells

Histone H4 gene activation at the G1/S phase
transition requires a direct physical association
between HiNF-P and its co-activator p220NPAT
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[Mitra et al., 2003; Miele et al., 2005], which is a
substrate of cyclin E/CDK2 [Zhao et al., 1998,
2000; Ma et al., 2000; Wei et al., 2003]. We
therefore tested whether co-activation by
p220NPAT is compromised in HeLa S3 cells.
Forced expression of HiNF-P or p220NPAT in
COS7 cells increases H4 gene promoter activity
by at least four- to five-fold, and co-expression of

both proteins causes a 20-fold synergistic
induction of promoter activity (Fig. 2A). In
striking contrast to the results with COS7 cells
(Fig. 2A) and Saos-2 cells [Mitra et al., 2003],
p220NPAT is not capable of either stimulating
H4 gene transcription on its own or functioning
as a co-activator of HiNF-P in HeLa S3 cells
(Fig. 2B). Hence, HiNF-P dependent repression

Fig. 1. HiNF-P is a bifunctional regulator of H4 gene transcrip-
tion. A: Dose-response curves with increasing amounts of
HiNF-P expression vector reveal cell type specific effects of
HiNF-P on the activity of the histone H4 but not the DHFR
promoter. Actively proliferating Saos-2 and HeLa cells were
transiently transfectedwithCATconstructs containingpromoters
for histoneH4 or DHFR in the presence of the indicated amounts
of HiNF-P expression vector (in ng). The bar graphs show the
relativeCATactivity for the histoneH4 (left; gray bars) andDHFR
(right; open bars) promoters in Saos-2 (upper panel) and HeLa
cells (lower panel). Key elements in theH4 andDHFR promoters
are indicated in the schematic at the top [vanWijnen et al., 1992;
Jensen et al., 1997]. The data represent the average of three
independent triplicate experiments. B: The H4 promoter cell
cycle element site II is sufficient for HiNF-P dependent
transcriptional inhibition. Asynchronously growing HeLa cells

were transfected with CAT constructs (diagram above the bar
graphs) containing the wild-type H4 promoter (-215/CAT) or a
truncated promoter (-67/CAT) [Ramsey-Ewing et al., 1994] in the
absence (�; black bars) or presence of the (þ; open bars); HiNF-P
expression vector (200 ng/well). The bar graphs indicate relative
CAT activity (upper panel) or the fold repression relative to the
control (lower panel). C: Down-regulation of H4 promoter
activity in HeLa cells requires an intact HiNF-P element. HiNF-P
mediated down-regulation of H4 promoter/CAT reporter genes
withpointmutations in site II (see top panel) is not observedwhen
the recognition motif of HiNF-P is mutated (MutP-mutant CAT).
Mutation of the HiNF-M (MutM-CAT) or HiNF-D (MutD-mutant
CAT) binding site has no effect on regulation of H4 promoter
activity. The bar graphs indicate relative CAT activity (upper
panel) or the fold repression relative to the control (lower panel).
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correlates with neutralization of the co-
activation function of p220NPAT.
Co-expression of cyclin E/CDK2 normally

stimulates HiNF-P and/or p220NPAT dependent
transactivation by three- to five-fold in COS7
(Fig. 2A) or Saos-2 cells [Mitra et al., 2003].
This stimulatory effect of cyclin E/CDK2 on H4
gene transcription is not evident with a
p220NPATmutant that lacks cyclinE/CDK2phos-
phorylation sites (p220NPATDCDK2) (Fig. 2A,
right panel). More importantly, supplementa-
tion of HeLa S3 cells with co-expressed cyclin

E/CDK2 does not endow p220NPAT with
competency for co-activation (Fig. 2B). Thus,
while CDK2 phosphorylation sites in p220NPAT

are critical for the activation function of the
HiNF-P/p220NPAT complex, increased levels of
cyclin E/CDK2 alone are not sufficient to over-
come inhibition of this complex in HeLa cells.

HiNF-P/p220NPAT Mediated Activation of Histone
H4 Gene Transcription Is Cell Type Specific

Because HiNF-P and p220NPAT form a co-
activation complex [Mitra et al., 2003; Miele

Fig. 2. Cyclin E/CDK2 stimulation of HiNF-P and p220NPAT is
cell type dependent. A: Cyclin E/CDK2 stimulates co-activation
of H4 gene transcription by HiNF-P and wild-type p220NPAT but
does not stimulate DCDK2 p220NPAT. COS-7 cells were co-
transfected with a histone H4/luciferase reporter gene and
different combinations of expression vectors [presence (þ) or
absence (�)] for HiNF-P (200 ng/well), p220NPAT (150 ng/well),
and/or cyclin E together with CDK2 (500 ng of each per well).
Luciferase activity reflecting histone H4 promoter activity was
measured 24–30 h after transfection. B: Forced expression of
cyclin E and CDK2 does not alleviate HiNF-P mediated
repression of H4 gene transcription and inactivation of
p220NPAT. Transfections were performed using proliferating
HeLa cells and data were plotted using the same symbols as

described in Panel A.C: HiNF-P dependent repression of histone
H4 gene transcription is cell type specific. Actively proliferating
cells (HeLa, Saos-2, T98G, COS-7, ROS 17/2.8, 293T, and
WI-38) were transfected with wild-type H4 promoter/luciferase
reporter gene constructs together with expression vectors for
HiNF-P (200ng/well) and/or p220NPAT (300ng/well) as indicated
by plus (present) and minus (absent) symbols. Promoter upon
activity was measured as relative luciferase activity and values
are presented as fold activation relative to the values obtained for
the promoter-less Luciferase construct (arbitrarily set as 1). H4
gene transcription is enhanced by forced expression of HiNF-P
(open bars), p220NPAT (gray bars) or both (black bars) in all cell
lines except HeLa and 293T cells.
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et al., 2005], we assessed whether there
are differences in the fundamental molecular
properties of these two proteins in HeLa S3 and
Saos-2 cells. The relative expression of HiNF-P
mRNA and protein, as well as its DNA binding
activity are not appreciably different between
HeLa S3 and Saos-2 cells (data not shown).
Furthermore, sequence analysis of HiNF-P
cDNAs and immunofluorescence microscopy
with HiNF-P antibodies reveal that both cell
types express a wild-type HiNF-P protein
with normal nuclear localization. Immunopre-
cipitation and chromatin immunoprecipitation
experiments revealed that HiNF-P and
p220NPAT can form a complex that interacts
with histone H4 gene promoters in both HeLa
S3 and Saos-2 cells ([Mitra et al., 2003; Miele
et al., 2005], and data not shown). The absence
of differences in these basic parameters of the
HiNF-P/p220NPAT complex suggests that other
factors suppress its activation potential inHeLa
S3 cells.

We examined the prevalence of HiNF-P/
p220NPAT inactivation in several established
mammalian cell lines with distinct growth
phenotypes. Similar to human Saos-2 osteo-
sarcoma cells, we find that HiNF-P activates
theH4promoter and that p220NPAT is capable of

co-activating H4 gene transcription in several
tumor-derived or transformed cell types
(Fig. 2C). In contrast, HiNF-P represses the
H4 promoter in human 293T embryonic kidney
cells while p220NPAT does not stimulate H4
gene transcription (Fig. 2C). Importantly, the
HiNF-P/p220NPAT complex enhances H4
gene transcription in normal diploid WI-38
and IMR-90 fibroblasts (Fig. 2C). Thus, the
activity of the cyclinE/CDK2/p220NPAT/HiNF-P
pathway is intrinsically stimulatory in the
majority of cell types, but not in specific tumor
or transformed cells (e.g., HeLa S3 and 293T).

HiNF-P Is Inactivated in Cells Expressing
Elevated Levels of p57KIP2

Because previous results suggested that
expression of p57KIP2 above its normal physio-
logical level in 293T cells can inhibit p220NPAT

activity [Ma et al., 2000], we tested whether the
repressive activity ofHiNF-P and the transcrip-
tional inertness of p220NPAT is controlled by
endogenous levels of p57KIP2. While HeLa S3
and 293T cells express clearly detectable
levels of p57KIP2 protein as assessed by immu-
noblotting, p57KIP2 levels are below our detec-
tion limit in several cell types (Fig. 3A) which
we have shown to exhibit HiNF-P/p220NPAT

Fig. 3. The cell type specific repression of histone H4 gene
transcription by HiNF-P correlates with endogenous p57KIP2

levels. A: Whole cell lysates (about 20 mg protein) of actively
proliferating cell lines (HeLa, 293T, Saos-2, T98G, and COS7)
were analyzed on SDS–PAGE and analyzed by western blotting
using the indicated antibodies. Compared other cell lines, the
endogenous level of p57KIP2 is high in HeLa and 293T cells.
B: Total RNA was isolated form actively growing HeLa and

Saos-2 cell and used in RT-PCR tomonitor expression of mRNAs
for p57KIP2, GAPDH, histone H4, and HiNF-P. Expression of
p57KIP2 was observed only in HeLa cells but not in Saos-2 cells,
but GAPDH, histone H4, and HiNF-P are easily detected in both
cell lines (left panel). To validate selective expression of p57KIP2,
we subjected the amplified p57KIP2 product to Southern blot
analysis using p57KIP2 cDNA as a probe (right panel).
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co-activation (see Fig. 2C). Importantly, the
levels of the closely related p27KIP1 protein or
the third member of the Kip/Cip class of CDK
inhibitors (i.e., p21CIP1) are comparable in the
three cell types. Corroborating the protein
results, RT-PCR analysis of RNA isolated from
Saos-2 and HeLa S3 cells shows that p57KIP2

mRNA is expressed in HeLa S3 cells, but below
detection in Saos-2 cells (Fig. 3B). Our data
suggest that the endogenous expression of
p57KIP2 may dramatically influence the activity
of the cyclin E/CDK2/p220NPAT/HiNF-P path-
way to control transcription of cell cycle depen-
dent H4 genes.

p57KIP2 Suppresses HiNF-P/p220NPAT

Activation of H4 Gene Transcription

Weexaminedwhether exogenous p57KIP2 can
modulate basal H4 gene promoter activity
under control of endogenous histone gene
transcription factors in Saos-2 cells that do
not express p57KIP2. Expression of p57KIP2

decreases the basal activity of the wild-type
H4 promoter, but not that of the corresponding
HiNF-Pmutant promoter or the promoter of the
unrelated osteocalcin (OC) gene (Fig. 4A). This
finding establishes that p57KIP2 operates
directly through the HiNF-P binding site. The
p57KIP2 dependent suppression of H4 promoter

activity is observed with minimal doses of
the transfected p57KIP2 expression construct
(i.e., 25 ng/well) following a relatively brief
transfection period (i.e., 16 h). Cells transfected
with as much as fourfold higher amounts of the
p57KIP2 construct (i.e., 100 ng) exhibit a normal
cell cycle distribution as evidenced by flow
cytometry (Fig. 4B), although cell cycle arrest
can be induced at higher doses of p57KIP2 (data
not shown). Our data suggests that the ability of
p57KIP2 to suppress the HiNF-P dependent
activation of the H4 promoter can apparently
be distinguished from its ability to inhibit cell
cycle progression.

DISCUSSION

In this study, we find that the ability ofHiNF-
P to activate or repress histone H4 gene
transcription differs among various cell types.
Elevated levels of the CDK inhibitor p57KIP2

correlate with the suppressive potential of
HiNF-P, and our data show that forced ex-
pression of p57KIP2 reduces the HiNF-P depen-
dent activity of the histone H4 promoter. We
propose that HiNF-P is a bifunctional regulator
of histone gene transcription and that p57KIP2

levels may directly or indirectly contribute
to the transcriptional activity of HiNF-P.

Fig. 4. InhibitionofHiNF-P/p220NPAT co-activation ofH4gene
transcription by p57KIP2. A: Selective inhibition of basal H4
promoter activity by p57KIP2. Saos-2 cells that are p57KIP2

deficient were transfected with a minimal amount of p57KIP2

expression vector (25 ng) together with wild-type or HiNF-P
mutant H4 promoter/luciferase reporter gene constructs (50 ng)
or an osteocalcin (OC) promoter-luciferase (OC-Luc) construct
(as indicated above the bar graphs). The OC gene is expressed in
osteosarcoma cells and its promoter is used as an additional
control to assess absence of effects of p57KIP2 on a HiNF-P
independent wild-type promoter. The expression of p57KIP2

causes a � two- to three-fold down-regulation of wild-type H4
promoter activity driven by endogenousHiNF-P, but p57KIP2 has

no effect when the HiNF-P site is mutated. No effect of p57KIP2 is
observed for the unrelated OC gene. The values represent the
average of a representative triplicate experiment. B: Down-
regulation of H4 promoter upon p57KIP2 overexpression is not
due to an overt block in cell cycle progression. Saos-2 cells
described in Panel A were transiently transfected with 100 ng/
well of p57KIP2 expressionvector (i.e., four times theamountused
in Panel A). Cells were harvested 20 h after transfection (i.e., less
than one cell cycle) and subjected to FACS analysis. The bar
graphs show the percentage of cells present in different stages of
the cell cycle in the absence (open bars) or presence of p57KIP2

(closed bars).
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Although HiNF-P lacks consensus CDK phos-
phorylation sites (unpublished observations),
the HiNF-P co-activator p220NPAT is phos-
phorylated by cyclin E/CDK2, and the CDK
sites in p220NPAT are required for its co-
stimulatory activity as a component of the
HiNF-P/p220NPAT complex [Ma et al., 2000;
Zhao et al., 2000; Mitra et al., 2003; Holmes
et al., 2005; Miele et al., 2005]. Hence, the
possibility arises that levels of the CDK inhi-
bitor p57KIP2 may control HiNF-P activity by
blocking the cyclin E/CDK2 dependent phos-
phorylation of p220NPAT.

The inverse coupling between p57KIP2 levels
andHiNF-P dependent activation of histoneH4
gene transcription may have several biological
ramifications. First, because elevation of
p57KIP2 impairs the HiNF-P dependent in-
duction of histone gene expression, and because
efficient expression of histones is necessary for
normal packaging of newly replicated DNA,
deficiency of p57KIP2 in tumor cells should
confer a selective growth advantage. Consistent
with this concept, p57KIP2 expression is fre-
quently silenced or inactivated during tumor-
igenesis in cancers of the lung, breast, prostate,
and pancreas, as well as lymphoblastic and
myeloid leukemias [Matsuoka et al., 1995;
Hatada et al., 1996; Kondo et al., 1996;
Orlow et al., 1996; Zhang et al., 1997; Kikuchi
et al., 2002; Kobatake et al., 2004; Arai and
Miyazaki, 2005; Hoffmann et al., 2005; Lodygin
et al., 2005]. Recent studies by Nimer and
colleagues revealed that p57KIP2 is the only
cyclin-dependent kinase inhibitor that is
induced by transforming growth factor (TGF)-
b in hematopoietic cells, and that p57KIP2

deficient hematopoietic cells proliferate more
rapidly than normal cells [Scandura et al.,
2004]. In contrast, p57KIP2 is negatively regu-
lated by TGF-b via the ubiquitin-proteasome
pathway in osteoblastic cells to stimulate
proliferation [Nishimori et al., 2001]. Our
results permit the interpretation that the
cytostatic versus growth promoting effects of
TGF-b may be related in part to p57KIP2

dependent inhibition of HiNF-P activation
potential and consequently to inhibition of
histone gene expression.

Our data and those of others show that some
tumor or transformed cell types (e.g., HeLa S3
and 293T) exhibit high levels of p57KIP2, yet
still exhibit robust cell growth. The inverse
relationship between p57KIP2 levels and

HiNF-P activation potential clearly suggests
that compensatory mechanisms are operative
in tumor cells with elevated p57KIP2 levels to
cope with reduced activity or inhibition of the
cyclin E/CDK2/p220NPAT/HiNF-P pathway. For
example, the activities of the site II binding
proteins IRF-2 or CDP-cut may participate in
cell cycle regulation and compensate for inacti-
vation of HiNF-P [Aziz et al., 1998a; Vaughan
et al., 1998]. In addition, p57KIP2 containing
tumor cells that are by default poised to
proliferate may relinquish control at the level
of histone gene promoters. Indeed, constitu-
tively transcribed histone genes can be con-
trolled post-transcriptionally by modulating
histone mRNA stability through an autoregu-
latory mechanism [Peltz et al., 1989; Morris
et al., 1991; Dominski and Marzluff, 1999].

HiNF-P was convincingly identified by DNA
affinity chromatography, peptide sequencing
and immuno-reactivity as a 65 kD multi-Zn
finger protein that activates histone H4 gene
transcription and recognizes the H4 site II
consensus motif [van Wijnen et al., 1992; Mitra
et al., 2003].While our studies were in progress,
HiNF-P was independently identified as a
protein, referred to as MIZF, which is capable
of interactingwith themethylatedDNAbinding
protein 2 (MBD2) in yeast two hybrid assays
and forms a complex with MBD2 and HDAC1
[Sekimata et al., 2001]. However, our previous
studies have clearly shown that HiNF-P cannot
bind to H4-site II when it is methylated at just
one CpG doublet in an essential sub-motif (50

GTCCG) within the 20-bp HiNF-P consensus
element [van Wijnen et al., 1992]. Subsequent
studies by the Homma group characterized
MIZF as a repressor protein that binds to this
same 50GTCCG sub-motif, but their experi-
ments were done exclusively in 293T cells
[Sekimata et al., 2001; Sekimata and Homma,
2004]. As we have shown here, the modest
repressive function of HiNF-P/MIZF in 293T
cells is attributable to thehigh endogenous level
of p57KIP2.

The observation thatHiNF-P is a bifunctional
regulator of replication dependent H4 gene
transcription is analogous to findings for the
E2F class of transcription factors [Dimova
and Dyson, 2005], as well as the other two
H4-site II binding proteins, IRF2(HiNF-M) and
CDP-cut (DNA binding subunit of HiNF-D). For
example, IRF2 can repress gene transcription,
but can also function as a dose-dependent
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trans-activator [Palombella and Maniatis,
1992; Vaughan et al., 1995; Xie et al., 2001].
Furthermore, CDP-cut has been shown to
activate or repress cell cycle controlled genes
in different physiological settings [Gupta et al.,
2003; Truscott et al., 2003, 2004]. The bifunc-
tionality of all three site II binding proteins,
HiNF-P, IRF-2, and CDP-cut may increase the
versatility by which cells support cell cycle
control of histone gene transcription in distinct
biological contexts. This versatilitymay provide
a mechanistic safeguard to maintain the cellu-
lar competency to express histone proteins
during S phase to support the packaging of
newly replicated DNA.
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