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Abstract

Histone nuclear factor P (HiNF-P) activates histone H4 gene transcription at the G1/S phase transition
upon association with its cyclin E/CDK2 responsive co-factor p220NPAT. Here we characterize the
gene regulatory pathways that control the proliferation-related expression of HiNF-P. The HiNF-P
locus contains a single TATA-less 0.6 kbp promoter with multiple phylogenetically conserved
transcription factor recognition motifs. Transient reporter gene assays with HiNF-P promoter
deletions show that there are at least three distinct activating regions (-387/-201, -201/-100 and
-100/-1) that support maximal transcription. HiNF-P gene transcription is activated by SP1 through
the -100/-1 domain and repressed by E2F1 through the -201/-100 domain. The multifunctional co-
regulators CBP and p300 also stimulate HiNF-P gene transcription through the -201/-1 core promoter.
Importantly, the HINF-P promoter is activated by both HiNF-P and p220NPAT, This auto-regulatory
activation is further enhanced by cyclin E and CDK2, while blocked by CDK inhibition (i.e.,
p57KIP2 n27KIPL 121CIP) Thus, the HiINF-P gene is a key non-histone target of p220NPAT and HiNF-
P. The dependence of HiNF-P gene transcription on cyclin E/CDK2/p220NPAT signaling defines a
novel feed-forward loop that may sustain HiNF-P expression in proliferating cells to support the cell
cycle regulated synthesis of histone H4 proteins.
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1. INTRODUCTION

Histone nuclear factor P (HiNF-P) is the key transcription factor regulating cell cycle dependent
histone H4 gene expression at the G1/S phase transition (Holmes et al., 2005;Miele et al.,
2005;Mitra et al., 2003;van Wijnen et al., 1992). The HiNF-P dependent induction of histone
H4 gene transcription is functionally and temporally coupled to the assembly of newly
replicated DNA into nucleosomes, whereby DNA associates with core histone octamers that
each contains two copies of newly synthesized histone H4 proteins. Our group has shown that
the transcriptional activity of HINF-P is modulated through association with a cyclin E/CDK2

Address correspondence to: Gary S. Stein, Department of Cell Biology and Cancer Center, University of Massachusetts Medical School,
55 Lake Avenue North, Worcester, MA 01655, Tel: (508) 856-5625; Fax: (508) 856-6800; Email: gary.stein@umassmed.edu
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xie et al.

Page 2

regulated co-activator (Miele et al., 2005;Mitra et al., 2003) that was previously characterized
as p220NPAT (Ma et al., 2000;Wei et al., 2003;Zhao et al., 1998;Zhao et al., 2000). Consistent
with their critical roles in histone H4 gene expression, both HiNF-P and p220NPAT are rate-
limiting for cell cycle progression near the G1/S phase transition (Gao et al., 2003;Mitra et al.,
2003;Ye et al., 2003).

HiNF-P is a Zn-finger transcription factor with an N-terminal DNA binding domain that
contains nine canonical CoHy-motifs (Mitra et al., 2003). HiINF-P recognizes an unusually large
consensus sequence within histone H4 genes (Aziz et al., 1998;Holmes et al., 2005;Stein et al.,
1991;van Wijnen et al., 1991;van Wijnen et al., 1992) that links H4 gene transcription to the
Cyclin E/CDK2/p220NPAT/HINF-P pathway. HiNF-P is related to H4TF-2, a DNA binding
protein that was not characterized beyond its molecular mass (Dailey et al., 1988;Mitra et al.,
2003;van Wijnen et al., 1992), and was serendipitously re-discovered as methyl CpG Binding
Protein 2 (MBD2) Zn-finger Interacting Factor (MZIF) in yeast two hybrid assays (Sekimata
etal., 2001;Sekimata and Homma 2004). The C-terminal region of HiNF-P contains conserved
motifs that may support interactions with different partner proteins, including p220NPAT and
RNA processing components (Miele et al., 2005). The interaction of HiNF-P with p220NPAT
converts HiNF-P into a potent activator (Miele et al., 2005) and increases the stability of
p220NPAT (Medina et al., 2006).

HiNF-P DNA binding activity has been detected in a broad range of cells and tissues from
different mammalian species (Aziz et al., 1998;Langdahl et al., 1997;Shakoori et al., 1995;van
den Ent et al., 1993;van der Meijden et al., 1998;van Wijnen et al., 1991;van Wijnen et al.,
1992), and HiNF-P binding sites in the promoters of H4 genes are only occupied in cells
progressing through the cell cycle, as established by genomic DNasel footprinting
(Hovhannisyan et al., 2003;Pauli et al., 1987) and chromatin immunoprecipitations (Miele et
al., 2005;Mitra et al., 2003). HiNF-P (MI1ZF) mRNA is ubiquitously expressed in a number of
tissues and cells (Sekimata et al., 2001) and robustly expressed in human embryonic stem cells
(Becker etal., 2006;Becker etal., 2007). While the downstream actions of HiNF-P as the master
regulator of the histone H4 gene family have been investigated, the control of HiNF-P levels
in proliferating cells remains to be elucidated.

In this study, we have characterized the mouse HiNF-P promoter to define pathways that
transcriptionally regulate HiNF-P gene expression. We exogenously expressed candidate
transcription factors that were identified by recognition motif analyses and assessed their
functional effects in reporter gene assays using a set of HiNF-P promoter deletions. Our results
show that the HiNF-P promoter is modulated by multiple factors (e.g., SP1, E2F1, and HiNF-
P) and responds to three different co-activators including p220NPAT, p300 and CBP. Our
findings define the HiNF-P gene as a non-histone target of the cyclin E/CDK2/p220NPAT
signaling pathway. This pathway thus controls the overall levels and activity of HiNF-P to
modulate expression of histone H4 genes in conjunction with DNA synthesis during S phase.

2. MATERIALS AND METHODS

2.1 Preparation of reporter gene constructs and expression vectors

To identify elements that regulate transcription of the mouse HiNF-P gene and to characterize
its structure, we generated a panel of HiINF-P promoter segments fused to the luciferase reporter
gene. Two mouse HiNF-P gene promoter fragments were generated by direct PCR-
amplification from AB2.2 mouse genomic DNA. We obtained a ~3.6 kbp MIul-BgllI fragment
spanning the promoter and the first intron, and a 597 bp Mlul-Bglll fragment spanning the
promoter only (Fig. 1) that were each inserted into pGL2-basic (Promega, Madison, WI). The
amplification primers used for the generation of the two fragments were: ~3.6 kbp reverse
Bglll primer, 5'-gta gat ctG GCC TTT ACC TTA GAG GAA GAC; 597 bp reverse Bglll
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primer, 5'-taa gat ctG CCA GCG CCG CTG GTT TGC CCA G and the shared forward Mlul
primer 5’-gta cgc gtA GAG CAT TTG TCT AGC AAC CAG.

To delineate the elements responding to multiple transcription factors, we prepared four
additional mouse HiNF-P promoter deletion constructs by PCR, designated -382 HiNF-P/Luc,
-201 HiNF-P/Luc, -100 HiNF-P/Luc and -80 HiNF-P/Luc using -597 HiNF-P/Luc as a
template. The -597 reverse/Bglll primer (see above) was used with the following forward
primers to prepare the first three constructs: -382 forward Mlul primer, 5'-aac acg cgt TGG
GGA AGA TGA CAG ACA AGG-3';-201 forward Mlul primer, 5’-gaa acg cgt TCC CCC
TTG GGA CTC GGA G-3';-100 forward Mlul primer, 5-aagacgcgt GAC TCG AGA GCG
GCG ATT GG-3'. The -80 HiNF-P/Luc construct was generated by a synthetic Mlul/BgllI
fragment of two complementary oligonucleotides: 5’-cgc gtCT GTC GCT GGT CGT CGC
TCA AAC GCC TCG GGG TAG ATG GTG TGA GGT GGG TGG GGC GCT GGG CAA
ACC AGC GGC GCT GGCa-3';5'-gat ctG CCAGCG CCGCTGGTTTGC CCAGCG CCC
CAC CCA CCT CAC ACCATCTAC CCCGAG GCG TTT GAG CGA CGACCAGCG
ACA Ga-3'; both oligonucleotides were directly inserted into the Mlul/Bglll site of pGL2-
basic. All oligonucleotides were synthesized using a 1000M DNA synthesizer (Beckman). All
constructs were subject to automated sequencing to verify the correct orientation of promoter
segments relative to the reporter gene and absence of polymerase chain reaction or chemical
synthesis-related mutations. We thank Drs. Guntram Suske (Philipps-University Marburg,
Germany) and Wade Harper (Harvard Medical School, Boston, MA) for kindly providing
CMV driven expression constructs for SP1 and p220NPAT,

2.2 Cell culture, transfection experiments, luciferase reporter assays and western blot

analysis

Actively proliferating cultures of NIH3T3, HeLa and WI38 cells were maintained in
Dulbecco’s modified Eagle’s medium (Life Technologies), MC3T3 cells were maintained in
o MEM medium, and SAOS-2 cells were maintained in McCoy’s 5A medium supplemented
with 10% fetal calf serum (or 15%FCS for SAOS-2 cells), 100 units/ml penicillin, 100 pg/ml
streptomycin (Sigma) and 2 mM L-glutamine (Sigma) at 37°C in humidified air containing
5% CO,. Cells were seeded in 6-well culture plates (Greiner) at a density of 1.5-2.0 x 10°
cells/well, and transient transfections were performed 24 h later using the Superfect
transfection method (Qiagen) or Fugene 6 method (Roche). We co-transfected 0.1 ug/well of
each mHiNF-P promoter/luciferase reporter gene construct with 0.15 pg/well of each
expression gene vector. The total amount of DNA in each well was kept constant by
supplementing the transfection mixture with the empty expression vector. Lysates for use in
luciferase assays were prepared from cells harvested 24 hr after transfection. Each transfection
experiment was performed in triplicate and each experiment was repeated at least three times.

Cells were washed twice with 1X PBS buffer at the time of harvest, and lysed with 1X lysis
buffer (Promega). Luciferase assays were carried out according to the specifications of the
manufacturer using a standard luciferase reporter assay system (Promega), and luminometric
units were determined by a Monolight 2010 Luminometer (Analytical Luminescence
Laboratory). The same protein samples as used in luciferase assays were subjected to western
blotting following 4—-15 % Linear Gradient SDS-PAGE (Bio-RAD). Upon transfer, membranes
were probed with antibodies against the following proteins: HiNF-P (rabbit 19gG); p220 (BD
Bioscience); E2F1, SP1, p300 and CBP (all from Santa Cruz, CA).
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3. RESULTS

3.1 Definition of the promoter that controls transcription of the mouse HiNF-P locus

To understand regulation of the mouse HiNF-P gene, we cloned the HiNF-P promoter based
on available sequence data of the murine genome. The HiNF-P locus is located on human
chromosome 11g23.3 and mouse chromosome 9 in a syntenic region in which the genes for
H2AX, DPAGTL1, TMEM24, HiNF-P and ABCG4 are organized in the same order within a
0.1 Mbp segment (Fig. 1A). The HiNF-P gene encompasses 10 exons, and transcription
initiates with Exon 1, a mini-exon that encodes only ~30 bp of 5’'UTR sequences of the mature
HiNF-P mRNA. Exon 1 splices into Exon 2 which contains the translational start codon of the
HiNF-P protein. The TMEM24 gene is located about 5 kbp upstream from the HiNF-P gene
and is transcribed in the same orientation. The 3’ end of the TMEMZ24 gene and 5’ end of the
HiNF-P gene are separated by a series of repetitive sequences that terminate approximately
0.6 kB from the transcriptional start site of the HiNF-P gene as defined by the endpoints of full
length mouse and human cDNAs. The proximity of the TMEM24 gene, which encodes a
transmembrane protein with a biologically distinct function, suggests that the key elements
controlling HiNF-P gene transcription may be concentrated close to the transcriptional start
site of the HINF-P mRNA. The repetitive sequences beyond 0.6 kbp of the HINF-P 5’ region
represent a natural demarcation of the distal boundary of the HiINF-P promoter. The HiNF-P
promoter contains several recognition motifs for canonical transcription factors (e.g., inverted
CCAAT/NF-Y boxes, GC-boxes, ATF sites) that are conserved among multiple mammalian
species (e.g., human, chimpanzee, mouse, rat, dog, and cow; data not shown), as well as a
number of CpG doublets, but does not appear to have a TATA-box.

3.2 HiNF-P transcription is controlled by multiple gene regulatory elements

We initially assessed the activity of the 0.6 kbp HiNF-P promoter in the presence or absence
of the ~3 kbp region that encompasses Intron 1, to examine the formal possibility that this
intron might harbor regulatory information (e.g., enhancer elements) that could influence
HiNF-P transcription. Reporter gene constructs containing the mouse HiNF-P promoter
without (-597 HiNF-P/LUC) or with Intron 1 (-597+Intron 1 HiNF-P/LUC) were transiently
transfected into mouse NIH3T3 cells (Fig. 1B). The data clearly show that the -579 bp HiNF-
P promoter supports a robust level of basal transcription that is significantly elevated above
background levels observed for a promoter-less LUC construct (pGL2/LUC)(Fig. 1B).
Furthermore, similar levels of basal activation are observed in the presence or absence of Intron
1 sequences. Hence, the 0.6 kbp promoter suffices for high level transcription of HINF-P
mRNA.

To delineate the elements that support transcription of the HiNF-P gene, we generated a series
of specific deletions within the promoter of the HiNF-P gene (i.e., -597/LUC, -382/LUC, -201/
LUC, -100/LUC) that are fused to the LUC reporter gene in the pGL2 construct. The resulting
HiNF-P promoter deletion constructs were tested in a panel of cell types (SAOS-2, HelLa S3,
COS-7, NIH3T3, and MC3T3 cells). The results show that the most pronounced change in
basal promoter activity occurs upon deletion of the -382/-201 region with additional reductions
in transcription observed upon deletion of HiNF-P promoter segments -201/-100 and -100/-1
(Fig. 2). Deletion of each of these segments reduces promoter activity similarly in all cell types
examined. In contrast, deletion of the region between -597 to -382 appears to enhance promoter
activity in most cell types, but reduces transcription by ~30% in HeLa S3 cells. Thus, the first
0.6 kbp of the HINF-P promoter comprises several regulatory domains.

3.3 Activation and co-activation of the HINF-P promoter by distinct gene regulatory factors

Bioinformatics analysis and visual inspection of the HINF-P promoter sequence revealed a
number of putative recognition motifs for transcription factors and elements that respond to
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co-activating proteins (Fig. 1A and data not shown). To address the functional significance of
these putative regulatory elements, we transiently expressed a panel of distinct sequence-
specific transcription factors (e.g., SP1, E2F1 and HiNF-P) or co-activators (i.e., p300, CBP
and p220NPAT) in parallel transfections with the -597/LUC reporter (Fig. 3). These experiments
were also performed with the -597+Intron 1/LUC reporter and yielded very similar results (data
not shown). For each transfected factor, we assessed quantitative effects on HiNF-P promoter
activity, as well as the level of exogenous expression (Fig. 3 and data not shown). Western blot
results show that each of the six proteins (i.e., HiINF-P, SP1, E2F1, p300, CBP and
p220NPAT) is expressed at levels several-fold higher than the corresponding endogenous level
(Fig. 3B). The data show that SP1 is a strong activator of the HiNF-P gene, that HiNF-P can
modestly stimulate transcription of its own gene, and that E2F1 strongly represses transcription
in SAOS-2 cells (Fig. 3A). Furthermore, each of the three co-activators (i.e., p300, CBP and
p220NPAT) stimulated HiINF-P promoter activity. Hence, the activity of the HINF-P promoter
is controlled by multiple factors.

3.4 Co-stimulation by p220NPAT signaling and suppression by E2F1 signaling

We determined the effects of co-transfecting the set of factors controlling the HiNF-P promoter
inthe presence of p220NPAT or E2F1 in SAOS-2 cells. The data reveal that p220NPAT s capable
of co-stimulating HiNF-P promoter activity together with its partner protein HiNF-P, as well
as with SP1, p300 and CBP (Fig. 4A). However, p220NPAT can not stimulate transcription
effectively (i.e., above basal levels observed in the controls) in the presence of E2F-1 (Fig.
4A). In comparison, E2F-1 is an effective antagonist of the set of five factors that stimulate
HiNF-P promoter activity in SAOS-2 cells. For each factor tested, E2F1 reduces promoter
activity below the control value of cells not expressing exogenous factors (Fig. 4B). Hence,
while the p220NPAT pathway generates a positive transcriptional response, E2F1 is a potent
suppressor of HiNF-P gene transcription.

3.5 Delineation of elements responding to activators and co-activators of the HiNF-P

promoter

To delineate the regions in the HINF-P promoter responding to each factor, we performed co-
expression studies with our panel of HiINF-P promoter deletions using several different cell
types (e.g., SAOS-2, U20S, HelLa S3, WI38, and/or NIH3T3) (Fig. 5 and data not shown).
Co-expression of HiNF-P increases the activity of both the -597 and -387 promoters, but not
the -201 and -100 promoters (Fig. 5A). These results indicate that HINF-P controls the promoter
of its own gene and that this auto-activation requires the -387/-201 segment. SP1 can activate
all HiNF-P promoter segments tested, including the -100 promoter. SP1 promoter activation
is only marginally reduced when the -387/-201 segment is deleted, but completely abolished
upon removal of the -100/-1 segment. These data indicate that the consensus SP1 element (i.e.,
GC-box) in the -100/-1 promoter region is sufficient for SP1 dependent activation (see Fig.
1A). SP1 activation of the HINF-P promoter was observed in all cell types examined (i.e.,
SAOS-2, HeLaS3 and WI-38) albeit that the extent of stimulation differs among cell types
from ~2 to 6 fold (Fig. 5B and data not shown). E2F1 represses HiNF-P promoter deletions
-387 and -201, but not -100, indicating that E2F1 repression in SAOS-2 cells occurs through
the -201/-100 region (Fig. 5C). Consistent with our results, the -201/-100 region contains a
canonical E2F-1 binding site (Fig. 1). Taken together, the data establish that HINF-P
(-387/-201), E2F1 (-201/-100) and SP1 (-201/-100 and -100/-1) modulate HiNF-P promoter
activity through at least three distinct 5’ regulatory elements.

To determine the regions of the HiNF-P promoter that are controlled by the transcriptional co-
activators p220NPAT 300 and CBP, we carried out co-transfections with the same panel of

HiNF-P promoter deletions and expression vectors for each of the three co-factors. There are
two elements (i.e., -387/-201 and -100/-1) that modulate the response to elevations in the levels
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of p220NPAT (Fig. 6A). Stimulation of the HINF-P promoter by the multifunctional co-factor
p300 (Fig. 5) in SAOS-2 cells occurs through the -201/-100 region, while the response element
for the histone acetyl transferase CBP maps to the -100/-1 region (Fig. 6B). Thus, the three co-
factors we tested regulate transcription through three different HiNF-P promoter segments (Fig.
6C).

3.6 The HiNF-P promoter responds to the Cyclin E/CDK2/p220NPAT signaling pathway

The HiNF-P co-factor p220NPAT was initially characterized as a cyclin E/CDK2 substrate
(Zhao et al., 1998). Because we observe that p220NPAT is capable of stimulating the -100/-1
HiNF-P promoter (see Fig. 6), we examined whether forced expression of CDK2 and cyclin
E can enhance this stimulation. Co-expression of only CDK2 increases activity of the -100/-1
promoter, but not the promoter-less construct (pGL2-LUC), while forced expression of only
Cyclin E does not have appreciable effects (Fig. 7A). Combined expression of p220NPAT,
cyclin E and CDK2 results in strong synergistic activation of the HiNF-P promoter (Fig. 7A).

The CDK inhibitory (CKI) proteins p21¢!P, p27XIP1 and p57KIP2 can all block CDK2 activity.
Therefore, we examined whether these three CKIs can alter HINF-P promoter activity.
Luciferase assays clearly show that p21€!P, p27XIP1 and p57KIP2 all have limited suppressive
effects on the basal activity of the -100/-1 HiNF-P promoter. However, all three CKIs inhibit
the stimulation of HiNF-P gene transcription by p220NPAT CDK2 and cyclin E (Fig. 7B), with
p57KIP2 representing the most potent inhibitor.

Because p220NPAT can control HINF-P promoter activity through two elements in either the
-100/-1 or -387/-201 promoter, we compared co-activation by CDK2, Cyclin E and
p220NPAT together on both promoters. Our data show that both promoter segments are capable
of transducing the Cyclin E/CDK2/p220NPAT signaling pathway and mediate strong
transcriptional enhancement (Fig. 7C). Although the -100 promoter appears to be more
effectively stimulated than the -387 promoter, the -100 promoter also has considerably lower
basal activity (see Fig. 2). The -387 promoter is most highly transcribed when stimulated by
the Cyclin E/CDK2/p220NPAT signaling pathway. The increase in activity of the -387 and -100
HiNF-P promoters is blocked in both cases by p57%IP2 (as a representative CK1). We conclude
that regulation of HiINF-P by p220NPAT provides an autoregulatory feed forward loop that may
support HiNF-P gene expression during the cell cycle (Fig. 7D).

4. DISCUSSION

The DNA binding activity of HiNF-P that supports its interaction with the genomic loci of
histone H4 genes in vivo (Hovhannisyan et al., 2003;Pauli et al., 1987) is specific for a broad
spectrum of proliferating cells (Aziz et al., 1998;Mitra et al., 2003;Shakoori et al., 1995;van
den Ent et al., 1993;van Wijnen et al., 1991;van Wijnen et al., 1992). HiNF-P protein levels
and in vivo occupancy of its site are constitutive during the cell cycle (Medina et al.,
2006;Pauli et al., 1987), but both DNA binding activity and protein levels of HiNF-P are down
regulated below the level of detection upon differentiation of HL60 cells (Hovhannisyan et al.,
2003). The mRNA for HiNF-P is expressed in human embryonic stem cells (Becker et al.,
2006;Becker et al., 2007), as well as in many distinct mammalian somatic cells and tissues
(Mitraetal., 2003;Sekimata et al., 2001). Furthermore, our examination of expression profiling
data deposited in the Gene Expression Omnibus (GEO) and the Expressed Sequence Tag (EST)
databases for HINF-P/MIZF indicates that its mMRNA is expressed at the earliest stages of
vertebrate embryogenesis, including mouse oocytes and 1-cell stage embryos (GEO accession
# GDS2387; data deposited by Keith Latham, Temple University), as well as mouse day 3
blastocysts (our unpublished observations). In this study, we examined the gene regulatory
pathways that converge on the HiNF-P locus to control its proliferation-specific expression.
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Our data show that transcription of the HiNF-P gene is controlled by a TATA-less core
promoter spanning ~0.4 kbp and containing at least three distinct cis-acting regions (-387/-201,
-201/-100 and -100/-1) that are responsive to several different trans-acting regulatory
pathways. The apparent compactness of the HiNF-P gene promoter is comparable to that of
histone genes in which the essential regulatory information is confined to small proximal 5’
regulatory sequences. The condensation of regulatory information near the transcriptional start
site facilitates evolutionary conservation during recombination events, perhaps reflected by
location of the HiNF-P gene within a syntenic chromosomal region in the mouse, rat and human
genomes. Because activity of the HINF-P/p220NPAT co-activation complex is essential during
the cell cycle and development (Di Fruscio et al., 1997;Miele et al., 2005;Mitra et al.,
2003;Ye et al., 2003), the HiNF-P gene must retain its critical regulatory elements to ensure
appropriate expression.

We establish that HiINF-P gene transcription is activated by the ubiquitous G/C box binding
protein SP1 through at least one element in the -100/-1 region. A second element located in
the 387/-201 region did not appear to be rate-limiting for transcription; this second element
may represent a low affinity SP1 binding site and/or the functional element in the -100/-1 region
may compensate for the deletion of the SP1 site in the -387/-200 region. SP1 regulates house-
keeping genes under control of TATA-less promoters (Suske 1999), as well as cell cycle related
genes (e.g., histone H4 and CDK2) (Birnbaum et al., 1995;Xie et al., 2003). Control of the
HiNF-P gene promoter by SP1 may account at least in part for the proliferation-specific
expression of HiNF-P that we have observed in many cell types (Aziz et al., 1998;Gruol and
Altschmied 1993;Hovhannisyan et al., 2003;Mitra et al., 2003;Shakoori et al., 1995;van der
Meijden et al., 1998;van Wijnen et al., 1991). We also find that the E2F1 represses the HiNF-
P gene in SAOS-2 cells. Because E2F1 normally controls S phase related genes positively, the
finding that E2F1 negatively regulates HiINF-P gene transcription is unexpected. Our co-
expression experiments reveal that E2F1 and SP1 negate each others opposing effects. Thus,
the balance of these two factors may establish the basal mMRNA levels of HiINF-P in rapidly
dividing cells.

One principal finding of this study is that the HINF-P promoter is transcriptionally stimulated
by HiNF-P and p220NPAT as well as co-stimulated by cyclin E/CDK2, but inhibited by a CDK
inhibitor (i.e., p57KIP2, p27KIP1 n21CIP Fyrthermore, HiNF-P promoter activity is also
stimulated by the multifunctional co-regulators CBP and p300. Recent studies suggest that
these co-regulators may interact with p220NPAT to control transcription in S phase (Wang et
al., 2004). Thus, the transcriptional enhancement of the HiNF-P gene by CBP and p300 may
be directly related to our observation that the HiNF-P promoter responds to p220NPAT, We
have recently shown that HiNF-P stabilizes p220NPAT through protein/protein interactions
(Medina et al., 2006), indicating that the two principal components of the HINF-P/p220NPAT
co-activation complex are self-regulated at transcriptional and/or post-transcriptional levels.
Taken together, our findings suggest that activation of the cyclin E/CDK2/p220NPAT/HINF-P
signaling pathway generates a self-sustaining feed-forward loop to induce cell cycle controlled
histone H4 gene expression in proliferating cells.
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Histone Nuclear Factor P
CDK

cyclin dependent kinase
CIP

CDK Inhibitory Protein
CKI

CDK Inhibitory Protein
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NPAT

E2F1

SP1

CREB

CBP

HATF-2

MBD?2

MIZF

Luc

MEM

EST
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cyclin dependent Kinase Inhibitory Protein

nuclear protein at ataxia telangiectasia locus

adenovirus early gene transcription factor 1

stimulatory protein 1

Cyclic AMP Responsive Element Binding protein

CREB Binding Protein

H4 Transcription Factor 2

Methyl CpG Binding Domain protein 2

MBD?2 Interaction Zinc Finger protein

luciferase

Eagle’s minimal essential medium

expressed sequence tag
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Figure 1. Regulatory organization of the HiNF-P locus

(A) Top: Chromosomal organization of the HiNF-P gene located on human chromosome 11
(11923.3) and mouse chromosome 9. The mouse HiNF-P/MIZF is located ~5 kbp from the 3’
end of the TMEM24 gene. Middle: Enlargement of the ~10 kbp spanning the HiNF-P locus
including coding exons, as well as 5’ and 3’ end regions. The first 0.6 kbp of the 5’ region of
the HiNF-P gene contains unique sequences that are conserved in vertebrate species and
represent the HiNF-P promoter. The 5’ border of the HiNF-P promoter is defined by repetitive
sequences (horizontal chevrons) in the intergenic region shared with the TMEM24 locus.
Bottom: DNA segments containing the mouse HiNF-P promoter (597 bp) or the promoter plus
intron 1 (~3.6 kbp) were amplified by PCR using primers (small arrows) with the indicated
restriction sites. These DNA fragments were fused to the luciferase gene to construct reporter
gene vectors used in transfection assays. Bioinformatics analyses revealed consensus motifs
for multiple transcription factors. (B) Reporter gene assays with the -597+Intron1/LUC and
-597/LUC promoter/reporter gene constructs in comparison to the promoterless parent vector
(pGL2) were performed in NIH3T3 cells. The graph shows average luciferase values for a
representative experiment (error bars show standard deviation, n=3). Similar results were
obtained in three independent replicates in triplicate.
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(A) Diagram of HiNF-P promoter/luciferase reporter gene constructs used in this study with
the indicated lengths of 5’ region. The reporter gene constructs (100 ng) were transiently
transfected in triplicate into NIH3T3 (B), MC3T3 (C), COS-7 (D), HeLaS3 (E), or SAOS-2
(F) cells seeded in 6-well plates. The graphs show the average luciferase activity after 36 hr of
a representative triplicate experiment (error bars show standard deviation) that was
independently repeated three times.
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Figure 3. Trans-activation of the HiNF-P Promoter by multiple gene regulatory factors
(A) The bar graph shows luciferase results obtained upon co-transfection of the full length
HiNF-P promoter/Luciferase construct and expression vectors for the gene regulatory factors
HiNF-P, SP1, E2F, p220NPAT 1300 and CBP as indicated. The reporter gene constructs (100
ng) and expression vector (200 ng) were transiently transfected in triplicate into SAOS-2 cells.
(B) Western blot analysis of luciferase cell lysates for each of the factors expressed in Panel
A (+; right lanes) relative to lysates from control cells transfected with empty expression
vectors (—; left lanes). Each lysate was analyzed with the indicated antibodies to detect
endogenous versus exogenous expression levels of HINF-P, SP1, E2F, p220NPAT n300 or
CBP. The nuclear protein Lamin B was used as an internal control for protein quantitation.
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Figure 4. Synergism involving p220NPAT and antagonism by E2F1 at the HiNF-P promoter
Reporter gene assays were performed in SAOS-2 cells with the full length HiNF-P promoter
(100 ng) to examine synergism with p220NPAT (A) and antagonism by E2F1 (B). Each protein
was co-expressed in combination with a second expression vector as indicated below the bar
graphs. The set of two control transfections contains empty vector (100 ng; left) or expression
vector for p220NPAT or E2F1 (100 ng; right). The total DNA amount of expression vector was
maintained at 200 ng in all transfections. Luciferase values were normalized to control cells
transfected with empty vectors.
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Figure 5. Delineation of HiNF-P promoter elements responding to HiNF-P, SP1 and E2F

The graphs show reporter gene assays that were performed with luciferase constructs
containing different deletions of the HINF-P promoter and expression vectors for HINF-P (A),
SP1 (B) and E2F1 (C). The indicated gene regulatory factors that were co-transfected into
SAQOS-2 and U20S cells (see Figures 2 and 3 for other details). Luciferase values were
normalized to the respective controls (i.e., transfections with corresponding empty vectors)
which were set as one to emphasize the fold activation by each factor. Each HiNF-P promoter
deletion construct has a distinct basal transcription level as is shown in Figure 2.
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Figure 6. Delineation of HiNF-P promoter elements responding to p220NPAT, p300 and CBP
Transcription assays were performed with SAOS-2 and WI-38 cells as described in Figure 5
using a panel of Luciferase constructs (100 ng) fused to the indicated HiNF-P promoter
deletions and expression vectors (200 ng each) for p220NPAT (A), p300 and CBP (B).
Luciferase values were normalized to the respective controls which were set as one. (C)
Pathways converging on the HiNF-P promoter identified in this study are indicated. The
proximal promoter responds to the levels of SP1 and E2F that each have known consensus
motifs. The HiNF-P promoter is also stimulated by the co-activators p300 and CBP that are
known to control histone acetylation. Both proteins may interact with the HiNF-P promoter
through p220NPAT, HiNF-P also enhances the activity of its own promoter but motifs for HiNF-
P are not readily apparent in the promoter.
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Figure 7. Synergistic activation of the HiNF-P promoter by the Cyclin E/CDK2/p220NPAT pathway
and inhibition by p57K1P2

(A) Reporter gene assays were performed with the -100 HiNF-P promoter deletion construct
(100 ng) in the presence of expression vectors for CDK2 (50 ng), cyclin E (50 ng), p220NPAT
(100 ng) or the combination of all proteins in NIH3T3 cells. Control transfections were
performed with empty vector (200 ng) and empty vector was included in the remaining
reactions to maintain the total DNA amount of expression vector at 200 ng. Luciferase values
were normalized to the respective controls (i.e., transfections with empty vectors) which were
set as one to emphasize the fold activation by each factor. (B) Reporter gene assays were
performed with the -100 HiNF-P promoter deletion construct (100 ng) or the promoter-less
Luc construct in the presence of expression vectors for p21©!P, p27KIP1 or p57KIP2 (50 ng) in
U20S cells. (C) Reporter gene assays were performed with the -397 promoter or the -100
HiNF-P promoter (100 ng) in the presence of expression vectors for CDK2 (50 ng), cyclin E
(50 ng), p220NPAT (100 ng) or the combination of all proteins in the absence or presence of
p57KIP2 (50 ng) in U20S cells. (D) Novel cell cycle regulatory feed-back loops may control
the G1/S phase transition. HINF-P and its co-activator p220NPAT stimulate the HiNF-P gene
promoter, while both proteins interact to induce the cell cycle dependent induction of histone
H4 expression during S phase. Both the p220NPAT and HiNF-P gene promoters are modulated
by E2F1, while both p220NPAT (as a direct substrate) and E2F1 (through inactivation of pocket
proteins) are stimulated by cyclin E/CDK2 signaling. Another level of autoregulation is
provided by trans-activation of the p220NPAT promoter by HiNF-P and stabilization of
p220NPAT by HiNF-P through protein/protein interactions (Medina et al., 2006).
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