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During the shutdown of proliferation and onset of differentiation of HL-60 promyelocytic leukemia cells,
expression of the cell cycle-dependent histone genes is downregulated at the level of transcription. To address
the mechanism by which this regulation occurs, we examined the chromatin structure of the histone H4/n
(FO108, H4FN) gene locus. Micrococcal nuclease, DNase I, and restriction enzymes show similar cleavage sites
and levels of sensitivity at the H4/n locus in both proliferating and differentiated HL-60 cells. In contrast,
differentiation-related activation of the cyclin-dependent kinase inhibitor p21cip1/WAF1 gene is accompanied by
increased nuclease hypersensitivity. Chromatin immunoprecipitation assays of the H4/n gene reveal that
acetylated histones H3 and H4 are maintained at the same levels in proliferating and postproliferative cells.
Thus, the chromatin of the H4/n locus remains in an open state even after transcription ceases. Using
ligation-mediated PCR to visualize genomic DNase I footprints at single-nucleotide resolution, we find that
protein occupancy at the site II cell cycle element is selectively diminished in differentiated cells while the site
I element remains occupied. Decreased occupancy of site II is reflected by loss of the site II binding protein
HiNF-P. We conclude that H4 gene transcription during differentiation is downregulated by modulating
protein interaction at the site II cell cycle element and that retention of an open chromatin conformation may
be associated with site I occupancy.

Cell proliferation and the onset of differentiation are asso-
ciated with complex and interdependent biochemical events
involving cell cycle stage-specific modifications in gene expres-
sion. Histone genes, which encode proteins that form the nu-
cleosome, represent a key paradigm for understanding cell
cycle-dependent regulatory mechanisms. Histone gene tran-
scription is upregulated at the G1/S phase transition and down-
regulated at the onset of differentiation (3, 33, 35). There is
limited insight into the molecular mechanisms by which cells
transcriptionally inactivate G1/S phase-related genes during
cessation of cell proliferation.

Transcription of genes required for cell cycle progression
may be silenced in differentiated cells by modifying the com-
petency of transcription factors to interact with promoters
and/or by altering the higher-order organization of chromatin.
In general, chromatin of transcriptionally active genes is nu-
clease hypersensitive and in a relatively open conformation,
whereas many silent genes are nuclease resistant, reflecting
closed chromatin (10, 15). Transcriptional activity is influenced
by dynamic alterations in chromatin structure (5, 9, 10, 25, 27,
32). Chromatin opening and gene activation involve posttrans-
lational modifications of histones (e.g., acetylation or phos-
phorylation), interactions of specific transcription factors, ac-
tivities of chromatin remodeling complexes, and localization of

genes and cognate regulatory factors in nuclear compartments
permissive for transcription (17, 25, 31, 32, 34, 36).

Human HL-60 promyelocytic leukemia cells can be induced
to differentiate into the macrophage lineage by treatment with
phorbol-12-myristate-13-acetate (PMA), and differentiation is
accompanied by adherence, growth arrest, and the expression
of a number of phenotypic markers (12, 29). During the shut-
down of proliferation and onset of differentiation, expression
of the cell cycle-dependent histone genes is downregulated at
the level of transcription (7, 33). Among the multiple genes
encoding histone H4 (H4a to -o), transcriptional mechanisms
that regulate expression of the H4/n (FO108, H4FN) gene
have been studied extensively (e.g., reference 18) (4, 11, 24, 26,
38–40). Two proximal promoter regions, designated site I and
site II, are principal components that mediate H4 gene activa-
tion (24, 35). The site II domain is responsible for cell cycle
regulation of transcription during S phase, while the enhancer
element site I is required for maximal activation of transcrip-
tion (18, 26). Studies using HeLa cells revealed changes in the
chromatin structure of the H4/n gene that are functionally
related to modulations in transcription during the cell cycle (6,
21). However, it remains to be determined whether there is an
obligatory reorganization of chromatin structure to silence hi-
stone gene transcription in differentiating cells.

In this study, we have assessed the functional coupling be-
tween chromatin organization and regulation of histone H4/n
gene expression during HL-60 differentiation into the mono-
cyte/macrophage lineage. The higher-order chromatin archi-
tecture of the H4/n gene was analyzed by monitoring sensitivity
to micrococcal nuclease, DNase I, and restriction enzymes in
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the transcriptionally active and inactive states in proliferating
and differentiated HL-60 cells, respectively. In vivo protein-
DNA interactions were detected by genomic DNase I foot-
printing by using ligation-mediated PCR, and histone acetyla-
tion status at the H4/n locus was assessed using chromatin
immunoprecipitation assays. We find that the chromatin struc-
ture of the histone H4/n gene remains in an open state during
the proliferation-differentiation transition and that the H4
gene is regulated primarily by selective modulation of protein
occupancy at the site II cell cycle regulatory element.

MATERIALS AND METHODS

Preparation of nuclei. HL-60 human promyelocytic leukemia cells were grown
in RPMI medium supplemented with 20% fetal bovine serum, penicillin (50
U/ml), streptomycin (50 �g/ml), and L-glutamine (2 mM). Cells were induced to
differentiate by treatment with 16 nM PMA (Sigma, St. Louis, Mo.). Nuclei were
isolated from 108 treated or control cells by Dounce homogenization (loose
pestle) in 40 ml of RSB buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM
MgCl2) with 0.5% (vol/vol) NP-40 and protease inhibitors (Complete; Roche
Molecular Biochemicals, Indianapolis, Ind.). Nuclei were washed three times
with RSB buffer, and cell lysis was evaluated by staining with 0.4% trypan blue.

Nuclease hypersensitivity assays. DNase I hypersensitivity at the histone H4/n
gene locus was analyzed using modification of a previously described procedure
(20). In brief, nuclear pellets were resuspended in 3 ml of RSB buffer and the
DNA concentration was estimated by absorption at 260 nm. Aliquots of 20 A260

units were digested with increasing concentrations of DNase I (0 to 10 U)
(Worthington Biochemicals, Freehold, N.J.) in a 400-�l final volume of RSB
buffer with 1 mM CaCl2 for 5 min at room temperature. The reaction was
stopped by adding 400 �l of Stop buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 50 mM EDTA, 0.3% sodium dodecyl sulfate [SDS]) and incubated with 10
U of RNase ONE RNase (Promega, Madison, Wis.) at 37°C for 1 h. The samples
were extracted once with phenol-chloroform-isoamyl alcohol (25:24:1) and once
with chloroform-isoamyl alcohol (24:1). Nucleic acids were precipitated with 0.7
volumes of isopropanol, washed with 70% ethanol, and resuspended in 1� TE
buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA).

Sensitivity to micrococcal nuclease (MNase) was determined using a freshly
prepared suspension of nuclei in MNase digestion buffer (15 mM Tris-HCl [pH
7.5], 60 mM KCl, 15 mM NaCl, 1 mM CaCl2, 3 mM MgCl2, 20% glycerol, 15 mM
2-mercaptoethanol). DNA concentrations were estimated by absorption at 260
nm. Equal amounts of nuclei were digested with increasing concentrations of
MNase I (0 to 150 U) (Worthington, Lakewood, N.J.) in a 400-�l final volume for
5 min at 20°C. Reactions were stopped and DNA was extracted as described
above.

For restriction enzyme accessibility assays, nuclei were isolated as described
above and digested with 25 to 150 U of restriction enzyme in 300 �l of the
corresponding reaction buffer (New England Biolabs, Beverly, Mass.) for 30 min
at 37°C. Reactions were terminated and DNA was extracted as described above.
After purification, the DNA was digested to completion with PstI and BamHI.
The products were resolved on agarose gels and detected by Southern blotting
using the indirect end-labeling method. Data are expressed as percent DNA
digested (the ratio of the amount of the digested fragment to total DNA).
Two-tailed paired t tests were used for comparison of mean percent digestions
between proliferating and differentiated samples. Differences were considered
statistically significant when P was �0.015.

Analysis of chromatin by indirect end labeling. Nucleosomal mapping by
indirect end labeling was performed using specific probes spanning the 5� and 3�
flanking regions of the H4/n gene. The purified DNA (15 �g) was subjected to
a secondary digestion by HindIII, PstI, or HpaI, then electrophoresed in 1.3%
agarose gels in 1� TAE buffer (40 mM Tris-acetate, 1 mM EDTA; pH 8.0), and
transferred to Hybond N� membrane (Amersham Pharmacia Biotech, Arlington
Heights, Ill.). Histone H4 gene fragments were detected by hybridization with
radioactive probes obtained by random priming or PCR labeling. The following
primer sets were used to amplify probes anchored at HindIII or HpaI sites:
HindIII-F, 5�-AAGCACGGCTCTGAATCC; HindIII-R, 5�-GAGAATTCAGA
TCCCAACC; HpaI-F, 5�-CTAGGCGCCGCTCCAG; HpaI-R, 5�-CCGTTAAC
TTCAGATCC. The PstI probe was extracted from agarose gels after restriction
enzyme digestion of plasmid DNA by XbaI and PstI. Prehybridization and hy-
bridization were performed at 65°C, using 5� SSC (10� SSC is 1.5 M NaCl, 0.15
M sodium citrate; pH 7.4), 0.7% SDS, and 5� Denhardt solution (5� is 0.1%
Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), followed by

three sequential washes under stringent conditions. The blots were analyzed by
autoradiography or by using a Storm PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.).

Genomic DNase I footprinting using LM-PCR. Ligation-mediated PCR (LM-
PCR) was carried out essentially by the method of Mueller et al. (22) with minor
modifications. Initial extension, amplification, and labeling were performed with
Vent DNA polymerase (New England Biolabs). The reaction mixture was di-
luted and linker ligation was performed with 3 U of T4 DNA ligase (Promega)
in the buffer recommended by the manufacturer. Primer labeling was done using
[�-32P]ATP and T4 polynucleotide kinase (New England Biolabs). The primers
used were the following: LM7 (�10 to �35), 5�-GACATGACCGCTGGAGCC
CGATA-3�; LM8 (�2 to �22), 5�-GCTGGAGCCCGATAGACAGCTTTCTG-
3�; LM9 (�6 to �22), 5�-GCTGGAGCCCGATAGACAGCTTCTGTCA-3�.

The initial extension reaction was performed using 4 �g of DNA. After linker
ligation and precipitation, half of the sample was used for the amplification step.
The annealing temperatures used for the primers were as follows: LM7, 64°C;
LM8, 66°C; and LM9, 68°C. Samples were amplified for 20 cycles, and PCR
products were labeled for two cycles using 32P-labeled primers. DNA was ex-
tracted with phenol-chloroform, precipitated by ethanol, and analyzed using 6%
denaturing polyacrylamide gels.

EMSAs. Nuclear proteins were isolated from HL-60 cells using standard pro-
tocols (1, 39). Electrophoretic mobility shift assays (EMSAs) for detection of site
II binding proteins were performed as described previously (2, 39). The histone
H4 site II probe for detecting the HiNF-D complex was the EcoRI-HindIII insert
from pFP202 (37). The oligonucleotides used as double-stranded probes
were the following: Sp1 consensus, 5�-ATTCGATCGGGGCGGGGCGAGC-3�;
AP-1 consensus, 5�-CGTGACTCAGCGCGCG-3�; HiNF-P wild type, 5�-GATC
TTCGGTTTTCAATCTGGTCCGAT-3�; HiNF-P mutant, 5�-GATCTTCGGT
TTTCAATCTtctaCGAT-3�; HiNF-M wild type, 5�-GATCCGGGCGCGCTTT
CGGTTTTCA-3�; HiNF-M mutant, 5�-GATCCCGGCGCGCTTcaGGTTTCA-
3�. Portions of sequences shown in lowercase and boldface represent mutated
nucleotides.

RT-PCR. Total RNA was prepared using Trizol (Life Technologies) according
to the manufacturer’s instructions. Forward and reverse primers used for PCR
analysis were as follows: H4/n Fw (5�-TATCGGGCTCCAGCGGTCATGTC)
and Rev (5�-GGATCGAAACGTAAGCTGGAG); human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) Fw (5�-TCACCATCTTCCAGGAGCG)
and Rev (5�-CTGCTTCACCACCTTCTTGA). PCRs were performed in a total
volume of 50 �l using the Titan One-Tube reverse transcription-PCR (RT-PCR)
system (Roche) according to the manufacturer’s instructions.

Northern blot analysis. Total RNA (10 �g) was electrophoresed in 1% dena-
turing formaldehyde gels, transferred to Hybond N membrane (Amersham Phar-
macia Biotech) with 10� SSC, subjected to UV cross-linking, and hybridized
with 32P-labeled p21WAF1 cDNA or a DNA probe spanning the H4/n coding
region. The hybridization conditions were similar to those used for Southern blot
hybridization.

Chromatin immunoprecipitation (ChIP) assays. HL-60 cells were incubated
in cross-linking buffer (1% formaldehyde in RPMI medium) at room tempera-
ture for 10 min. Cells were harvested, washed once with ice-cold 1� phosphate-
buffered saline (PBS), and resuspended in 500 �l of lysis buffer (150 mM NaCl,
50 mM Tris-HCl [pH 8.0], 1% NP-40, 25 �M MG132, 1� Complete protease
inhibitor). Cells were incubated on ice for 20 min and sonicated for 10 s five to
six times (setting of 3.5 for Fisher Scienific sonicator with a [1/4]-in. tip). The
resulting lysate was precleared by centrifugation for 10 min at 4°C and incubated
with 40 �l of protein A/G Plus-Sepharose beads (Santa Cruz Biotechnology Inc.,
Santa Cruz, Calif.), 2 �g of sheared salmon sperm DNA, and 2 �g of normal
rabbit immunoglobulin G for 1 h. After centrifugation at 4,000 rpm in an
Eppendorf microcentrifuge for 3 min, the supernatant was transferred to a new
tube and incubated with 2 �g of antibody for 16 h at 4°C at 30 rpm. Immune
complexes were mixed with 40 �l of a protein A/G-agarose suspension followed
by incubation for 2 h at 4°C while rotating. Immunoprecipitates were collected by
microcentrifugation at 3,000 rpm for 2 min at 4°C. The bead pellets were se-
quentially washed with 500 �l each of the following buffers: low-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl [pH 8.1], 150 mM
NaCl), high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-Cl [pH 8.1], 500 mM NaCl), and LiCl wash buffer (0.25 mM LiCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-Cl [pH 8.1]).
The beads were then washed three times using 500 �l of TE buffer (Tris-HCl [pH
8.0], 1 mM EDTA [pH 8.0]). The immune complexes were eluted twice with 100
�l of freshly prepared elution buffer (1% SDS, 100 mM NaHCO3), each time
rotating the sample for 10 min at 80 rpm, with 2 min of microcentrifugation
between the two elutions at 3,000 rpm. The cross-linking reaction was reversed
by overnight incubation of the elutants at 65°C, and the DNA was recovered by
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phenol-chloroform extraction and ethanol precipitation. Each DNA sample was
dissolved in 50 �l of TE buffer. Approximately 5% of the bound DNA fraction
was used for quantitative PCR to detect the presence of specific segments of
the H4/n locus. The following primer pairs were used: �1582/�1271 F-, CG
GGGAGGGAGAATTGCTCC; R-, GAGAGTCTATGAGAAAATCTTCT
GG; �999/�797 F-, GAAACGGATGCACAGAATATCC; R-, CTATGCAC
ATCCTCCCGTGTAC; �404/�247 F-, CACGGCTCTGAATCCGCTCG
TC; R-, TGGCCTGTGCTCTGGTTCTGAGGA; �221/�29 F-, GATCTGAA
TTCTCCCGGGGACTGT; R-, GACATGACCGCTGGAGCCCGATA; �664/
�932 F-, CACACCTAGAGGGCCACGTCAG; R-, AGGCATCTAGTCCAC
CCGCTTG.

The antibodies used in our study recognize acetylated histones and are avail-
able commercially (Upstate Biotechnology, Lake Placid, N.Y.). Antibodies re-
ferred to as H4 (catalog no. 06-598) recognize acetylated forms of histone H4,
whereas the H3 (catalog no. 06-599) recognizes acetylated histone H3. Normal
rabbit serum (Santa Cruz Biotechnology Inc.) was used as a negative control.

Western blot analysis. Nuclear extracts were prepared from proliferating and
differentiated HL-60 cells, and 10 �g of protein was subjected to SDS-polyacryl-
amide gel electrophoresis in 8% polyacrylamide gels. Proteins were transferred
to polyvinylidene difluoride membranes (Millipore) using a semidry transfer
apparatus. Membranes were blocked with 5% nonfat milk powder in PBS buffer
(sodium phosphate, 10 mM; potassium phosphate, 2 mM; KCl, 2.7 mM;
NaCl,137 mM; pH 7.4) for 1 h at 4°C and incubated with primary antibody
(peptide-affinity-purified HiNF-P antibody) and lamin B (catalog no. SC-6217;
Santa Cruz Biotechnology) at a dilution of 1:2,000 in PBS for 1 h at room
temperature, followed by appropriate horseradish peroxidase-conjugated sec-
ondary antibody (Santa Cruz Biotechnology; 1:5,000 in PBS; 1 h at room tem-
perature). Blots were developed using Western Lightning Chemiluminescence
Reagent Plus (Perkin-Elmer Life Sciences, Boston, Mass.).

RESULTS

MNase mapping reveals distinct and constitutive nucleoso-
mal distribution at the histone H4/n locus. Treatment of
HL-60 cells with PMA results in growth arrest and differenti-
ation towards the macrophage lineage concomitant with a dra-
matic downregulation of histone H4 gene transcription (13,
33). Because histone H4 mRNAs are transcribed from multiple
genes, we assessed total H4 mRNA levels by Northern blot
analysis and used RT-PCR to detect specifically H4/n gene
transcripts (Fig. 1). These data show that histone H4 genes
(Fig. 1A), and specifically the H4/n gene (Fig. 1B), are down-
regulated during differentiation and cessation of cell growth of
HL-60 cells in response to PMA.

To understand the contribution of chromatin structure to
transcriptional regulation of histone H4 genes, we analyzed the
nucleosomal organization of the H4/n locus during HL-60 dif-
ferentiation. We employed MNase to monitor cleavage sensi-
tivity at the 5� and 3� regions of the H4/n gene and detected the
digestion products by indirect end labeling (Fig. 2A). MNase
digestion of chromatin revealed that the H4 gene exhibits
nuclease-hypersensitive sites at variable intervals (Fig. 2B to
D). Although a subset of these sites is also present in naked
DNA, the overall digestion pattern indicates a series of posi-
tioned nucleosomes in the distal 5� promoter region (Fig. 2B)
(�1150 to �820) and in the coding and 3� region of the H4/n
locus (Fig. 2C and D) (�1 to �900). No specific sites of
digestion were observed in the region spanning nucleotides
�820 to �420. In contrast, the region between �420 and �1,
encompassing the proximal promoter and the transcription
start site, shows multiple, closely spaced sites of MNase sensi-
tivity. Our results suggest that the �800 to �300 segment of
the H4 gene has a noncanonical nucleosome organization.
Differentiation of HL-60 cells with PMA does not alter the
pattern of MNase sensitivity at the H4/n locus. Thus, the nu-
cleosomal organization of this gene is not changed when H4
expression is silenced.

Differentiated HL-60 cells retain DNase I-hypersensitive
sites at the H4/n locus. We next addressed whether there are
modifications in DNase I hypersensitivity during the shutdown
of histone H4/n gene transcription as HL-60 cells differentiate.
Nuclei from PMA-treated and untreated HL-60 cells were
isolated and subjected to digestion with increasing concentra-
tions of DNase I. Genomic DNA was purified, cleaved with
appropriate restriction enzymes, and analyzed by indirect end
labeling (Fig. 3). We detected at least five DNase I-hypersen-
sitive sites in both untreated and PMA-treated HL-60 cells
(Fig. 3A). Three of these hypersensitive sites are located in the
proximal H4 promoter region surrounding regulatory elements
sites I and II (Fig. 3B) (�130, �90, and �1); the other two are
located in the coding and 3� regions (Fig. 3A) (�290 and
�490). Although the overall pattern of DNase I digestion was

FIG. 1. Expression of the histone H4/n gene during PMA-induced differentiation of HL-60 cells. (A) Northern blot analysis was performed with
total RNA prepared from PMA-treated (differentiated) and untreated (proliferating) HL-60 cells at the indicated times of treatment from two
separate experiments. RNAs were hybridized with probes spanning the coding regions of the genes for H4/n and p21. The H4/n probe detects
histone H4 mRNAs derived from multiple members of the histone H4 gene family. The ethidium bromide (EthBr)-stained gel is shown as a control
for RNA integrity and quantitation. (B) Semiquantitative RT-PCR was performed with the same RNA samples and primers that detect transcripts
specific for the H4/n gene. GAPDH was used as an internal control. The right lane (M) shows a 100-bp repeat marker.
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very similar, we reproducibly observed subtle changes in the
specific locations of DNase I hypersensitivity at the site II
region following PMA-dependent HL-60 differentiation (Fig.
3A, compare lanes 1 and 3, or B, compare lanes 2 and 5).
Therefore, these data indicate that although there are local
alterations in the proximal promoter, the chromatin architec-
ture of the histone H4/n gene remains open when expression of
the gene has been downregulated.

There is a remarkable congruence in the positions of the
DNase I- and MNase-hypersensitive sites in the proximal pro-
moter, coding region, and 3� end of the H4/n gene (see sum-

mary in Fig. 9, below). Interestingly, the locations of these sites
correspond with the presence of gene regulatory elements in-
volved in transcriptional control and 3�-end processing of RNA
transcripts. Hypersensitive sites are found at the same loca-
tions in proliferating HeLa cervical carcinoma cells, T98G
glioblastoma cells, and IMR90 fibroblasts (data not shown).
Thus, nuclease-hypersensitive sites are present in the H4/n
gene regardless of the phenotype or proliferative status of the
cell.

As a control, we analyzed the chromatin structure of the
gene for the cyclin-dependent kinase inhibitor p21cip1/WAF1,

FIG. 2. Maintenance of nucleosomal organization at the H4/n gene locus during HL-60 differentiation. (A) Restriction map of the human
histone H4/n gene locus and functional organization of the proximal promoter. Arrows show DNA probes used for indirect end labeling to map
nuclease accessibility of the H4/n locus. (B to D) Nuclei isolated from control (C) and PMA-treated (PMA) HL-60 cells, as well as naked DNA
(N), were incubated with increasing concentrations of MNase for 5 min at room temperature. Purified DNA was digested with HpaI (B),
PstI/HindIII (C), and HindIII (D). Southern blots were hybridized to radioactively labeled DNA fragments as follows: Hpa PCR probe (B),
XbaI/PstI (C), and HindIII/EcoRI (D). The diagrams at the left of panels B, C, and D indicate the locations of transcription regulatory elements
(rectangles), the positions of putative nucleosomes (circles and ovals), and the probes used for hybridization (solid bars). The arrows indicate the
transcription start site and length of the protein-coding region. Numbers at the right indicate positions of MNase-sensitive sites.
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which is transcriptionally upregulated during PMA-induced
HL-60 cell differentiation (14, 41). When we probed the chro-
matin structure of the p21 promoter with MNase and DNase I,
we observed that PMA treatment results in a dramatic increase
in nuclease sensitivity (Fig. 4). This alteration in chromatin
structure contrasts with the persistent nuclease hypersensitivity
of the histone H4/n locus (Fig. 2 and 3). Hence, our findings
show that induction of HL-60 differentiation is accompanied
by chromatin remodeling of the cell cycle-related p21 gene, but
not the histone H4/n gene.

Restriction enzyme accessibility at the proximal promoter of
the histone H4/n gene persists during HL-60 differentiation.
The sensitivity of the histone H4/n locus to cleavage by restric-
tion endonucleases was assessed to quantitate changes in chro-
matin structure during HL-60 differentiation. Nuclei isolated
from proliferating or PMA-treated HL-60 cells were subjected
to limited digestion with a panel of restriction enzymes with
recognition sites at different locations in the 5�, coding, and 3�
regions of the histone H4/n gene (Fig. 5A). We found that
restriction sites at a distance upstream or downstream from the
H4/n gene (e.g., HindIII/�625 and XbaI/�824) are cleaved less
efficiently than those located closer to the H4 coding and
regulatory sequences (e.g., SgrAI/�74 and BanII/�14) (Fig.
5B). We also observed that sites within the distal H4/n pro-
moter (HindIII/�625 and EcoRI/�586) exhibit less sensitivity
than those sites located more proximally in the promoter (Hin
dIII/�417 and EcoRI/�215). However, overall restriction en-
zyme accessibility is similar in actively growing and postprolif-
erative HL-60 cells.

We noted a modest but significant change between prolifer-

FIG. 3. Multiple DNase I-hypersensitive sites at the H4/n locus. Nuclei were digested with increasing concentrations of DNase I. DNA was
purified and cleaved with PstI/BamHI (A) or HpaI (B). After Southern blotting the filter was hybridized with the XbaI-PstI fragment (A) or the
HpaI PCR probe fragment (�336/�500) (B) (see Fig. 2A). The diagram at the left indicates the positions of transcription regulatory elements and
the transcription start site. The � sign designates the area of altered nuclease sensitivity. Other symbols and abbreviations are described in the
legend to Fig. 2.

FIG. 4. Altered chromatin organization of the p21cip1/WAF1 gene
locus during HL-60 cell differentiation. Nuclei isolated from control
and PMA-treated (2 days) HL-60 cells were incubated with increasing
concentrations of MNase or DNase I for 5 min at room temperature.
Purified DNA was digested with StyI, and hypersensitive sites were
detected by hybridization with a radiolabeled PCR fragment spanning
the p21 promoter region (�1500/�1250). The diagram at the left
indicates the position of the transcription start site (arrow) and the
probe (bar). Numbers at the right indicate positions of nuclease-sen-
sitive sites relative to the transcription start site of the p21 gene.
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ating and differentiated cells in the relative efficiency with
which AvaII cleaves its cognate sequences (�45 and �160)
located, respectively, within and outside the site II cell cycle
domain of the H4 promoter. The AvaII recognition sequence
within site II is cleaved preferentially in nuclei from differen-

tiated cells (P � 0.015). In contrast, there is no apparent
difference during HL-60 differentiation in MunI cleavage at the
3� edge of site I. The results are consistent with the subtle
changes in DNase I sensitivity of the H4/n proximal promoter
during HL-60 differentiation. These localized changes in nu-

FIG. 5. Differences in the restriction enzyme accessibility at the H4/n gene in proliferating and differentiated HL-60 cells. (A) Nuclei were
isolated from proliferating (P) and differentiated (D; 2 days of PMA treatment) HL-60 cells and digested with 75 to 500 U of restriction enzyme/ml.
Purified DNA was digested to completion with PstI and BamHI. Products were detected by Southern blotting using the XbaI/PstI probe. (B) The
relative nuclease sensitivity of restriction enzyme sites was quantitated, and the intensities of radioactive bands were used to calculate the
percentage of DNA digested. The relative positions of the restriction enzyme sites are shown in the diagram. The asterisk indicates statistical
significance at the P � 0.015 level using the two-tailed paired t test.
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clease sensitivity may directly reflect modifications in protein-
DNA interactions at H4/n gene regulatory elements when tran-
scription ceases (see below).

Patterns of histone H3 and H4 acetylation at the histone
H4/n locus are sustained during HL-60 differentiation. To
address whether histone acetylation at the H4/n locus is mod-
ified when histone gene expression is silenced during HL-60
differentiation, we performed ChIP assays, using a panel of
PCR primers that amplify segments of the histone H4/n gene.
In proliferating HL-60 cells, acetylated histones H3 and H4 are
associated with DNA segments spanning sequences between
�1600 and �900 bp (Fig. 6). Following induction of HL-60
differentiation by PMA treatment, we found that levels of
acetylated histones H3 and H4 at the histone H4/n gene are
similar to those in proliferating cells (Fig. 6 and data not
shown). Thus, the open chromatin structure of the H4/n locus
is associated with comparable levels of acetylated histones
whether or not the gene is transcriptionally active.

Protein occupancy of the H4/n site II regulatory region is
modified during HL-60 differentiation. Our laboratory has pre-
viously shown that histone H4 transcription is silenced upon
HL-60 differentiation (reference 33 and data not shown). The
data presented above indicate that this downregulation of hi-
stone H4/n gene transcription does not involve changes in
overall chromatin organization. Therefore, we used LM-PCR-
assisted genomic DNase I footprinting analysis to address
whether alterations in the in vivo occupancy of sites I and II of
the histone H4/n promoter are associated with transcriptional
inactivation. The site I proximal promoter region of the H4/n
gene interacts with ubiquitous transcription factors (i.e., Sp1,
ATF-1, and YY1), while site II interacts with cell growth-
related proteins (i.e., HiNF-D/CDP, HiNF-M/IRF, and HiNF-
P/H4TF-2) (35).

Our results indicate that proliferating HL-60 cells exhibit
two genomic DNase I footprints, which are located at nucleo-
tides �130 to �90 and �70 to �20 relative to the transcrip-
tional start site (Fig. 7, lanes 1 and 3). These footprints are in

agreement with sites of in vivo protein-DNA interactions (site
I and site II) previously observed for the same gene in HeLa S3
cells (24). Following HL-60 differentiation, we found that the
site I domain remains protected from DNase I digestion, show-
ing occupancy by the cognate factors (Fig. 7, lanes 2 and 4). In
contrast, the site II region becomes sensitive to DNase I di-
gestion in differentiated HL-60 cells, indicating that occupancy
of site II by the corresponding sequence-specific transcription
factors is significantly reduced. Thus, there is a selective loss of
in vivo protein-DNA interactions at the site II element of the
H4/n gene upon transcriptional downregulation during HL-60
differentiation.

HiNF-P binding activity is selectively downregulated during
HL-60 differentiation. We addressed the mechanism by which
changes in genomic occupancy at the site II cell cycle domain
are mediated by monitoring the activity of site II binding pro-
teins in proliferating and differentiated HL-60 cells. Using gel
mobility shift assays, we found that DNA binding activity of the
site II transcription factor HiNF-P is downregulated to unde-
tectable levels in differentiated cells (Fig. 8A). In contrast,
factors HiNF-M, HiNF-D, and the site I binding protein Sp1
are found in both proliferating and differentiated cells, al-

FIG. 6. Association of acetylated histones at the histone H4/n locus
during HL-60 differentiation. ChIP assays were performed with pro-
liferating HL-60 cells (0) or cells differentiated by treatment with PMA
for 1 or 2 days. The antibodies used recognize acetylated histone H4 (�
ac. H4) or acetylated histone H3 (� ac. H3). Normal rabbit serum
(NRS) was used as a negative control. Precipitated DNA was amplified
by PCR using primers detecting specific regions of the H4/n gene, as
indicated. A representative set of PCR data from one of two experi-
ments is shown.

FIG. 7. In vivo protein occupancy at the site II cell cycle element of
the H4/n gene is selectively downregulated during HL-60 differentia-
tion. Genomic occupancy of the site I and site II regulatory elements
of the H4/n gene was analyzed by in vivo DNase I footprinting using
LM-PCR. Nuclei from proliferating (P) or differentiated (D) HL-60
cells were digested with DNase I and DNA was purified before LM-
PCR analysis. Deproteinized and digested DNA is shown in the right
lane (N).
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though at late stages of differentiation HiNF-D activity also
begins to decrease (Fig. 8). For comparison, AP1 activity is low
or undetectable in proliferating HL-60 cells but is induced
following PMA treatment (Fig. 8E and data not shown). We
then performed Western blot analysis to assess HiNF-P pro-
tein levels. Our results show that the loss of HiNF-P DNA
binding activity during HL-60 differentiation is paralleled by
decreasing levels of HiNF-P nuclear proteins (Fig. 8F; com-
pare with Fig. 8A). We conclude that HiNF-P is selectively

downregulated during HL-60 differentiation, and this event
may account for the cessation of histone gene transcription.

DISCUSSION

Downregulation of proliferation-specific gene transcription
in differentiating cells involves the removal of gene activators,
recruitment of repressors, and/or alterations in chromatin
structure. Here, we have assessed the mechanisms by which the

FIG. 8. EMSA of protein-DNA interactions at site I and site II of the H4/n promoter. Radiolabeled oligonucleotides detecting the site II
binding proteins HiNF-P (A), HiNF-M (B), and HiNF-D (C), the site I binding protein Sp1 (D), and the ubiquitous AP1 factor (E) were each
incubated with 4 �g of nuclear protein. Nuclear extracts were prepared from proliferating HL-60 cells (0) or HL-60 cells that were treated with
PMA for 15 or 50 h. The same nuclear extracts were used for Western immunoblot analysis (F) to assess HiNF-P protein levels. Lamin B was used
as loading control. W, wild-type oligo; M, mutant oligo. Arrows designate specific DNA-protein complexes, and the arrowhead shows free probe.
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cell growth-and cell cycle-regulated histone H4/n gene is tran-
scriptionally silenced during PMA-induced HL-60 differentia-
tion. Our findings establish that transcriptional inactivation of
this gene is mediated by modifications in protein-DNA inter-
actions without substantially altering overall chromatin confor-
mation.

Classical studies of the globin, lysozyme, and ovalbumin loci,
as well as more recent studies of many other genes (e.g., ref-
erences 10, 16, 19, 28, and 30) support the concept that gene
activation involves increased sensitivity to nuclease digestion
and association with acetylated histones (8, 17, 32). Our exam-
ination of the histone H4/n gene using MNase, DNase I, and
restriction enzymes, as well as ChIP assays, indicates that this
promoter is organized in an open chromatin structure inde-
pendent of its transcriptional status (Fig. 9). Thus, chromatin
of the H4/n gene remains poised for transcription in differen-
tiated cells, perhaps to support rapid induction of histone
mRNA synthesis in response to postproliferative demands for
histone protein. Furthermore, an open chromatin organization
of the H4/n locus is also evidenced by association with acety-
lated histones H3 and H4. This finding parallels previous ob-
servations that acetylation of the histone H4 protein is sus-
tained at the c-myc and c-fos loci during HL-60 differentiation
(23). Thus, elevated levels of histone acetylation remain con-
stitutively present at multiple proliferation-associated genes
following differentiation of HL-60 cells.

This report provides additional evidence for the concept that
nuclease hypersensitivity and histone acetylation are not nec-
essarily indicative of gene activity. While nuclease sensitivity of
the H4/n locus persists in differentiated HL-60 cells, the gene
is not transcribed (reference 33 and unpublished observations).
Genomic DNase I footprinting shows that there is a selective
loss of key protein-DNA interactions in the proximal promoter
at the site II cell cycle regulatory element. Work from our
laboratory has identified three distinct factors that interact

at site II: HiNF-M(IRF-2), the CDP-cut-containing HiNF-D
complex, and the H4 subtype-specific factor HiNF-P (35). Mu-
tagenesis studies indicate that each of these factors contributes
to H4 gene transcription through partially overlapping recog-
nition sequences. However, the loss of site II occupancy in
vivo, observed here for differentiated HL-60 cells, correlates
with downregulation of DNA binding activity and protein lev-
els of HiNF-P, a principal regulator of histone H4 gene tran-
scription via the cyclin E/CDK2/NPAT pathway (39; P. Mitra,
R.-L. Xie, R. Medina, H. Hovhannisyan, S. K. Zaidi, Y. Wei,
J. W. Harper, J. L. Stein, A. J. van Wijnen, and G. S. Stein,
submitted for publication).

In summary, we have analyzed the regulatory mechanism(s)
by which histone H4 gene transcription is silenced during my-
eloid differentiation of HL-60 cells. Changes in transcription
are mediated by modifications in genomic occupancy of the site
II cell cycle element and modulations in the activities and
protein levels of the cognate factors.
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