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DNA and histone synthesis are both triggered at the beginning of S phase by cyclin/cdk2 activity. Previous
studies showed that inhibition of DNA synthesis with hydroxyurea or cytosine arabinoside (AraC) triggers a
concerted repression of histone synthesis, indicating that sustained histone synthesis depends on continued
DNA synthesis. Here we show that ectopic expression of HIRA, the likely human ortholog of two cell cycle-
regulated repressors of histone gene transcription in yeast (Hir1p and Hir2p), represses transcription of
histones and that this, in turn, triggers a concerted block of DNA synthesis. Thus, in mammalian cells
sustained DNA synthesis and histone synthesis are mutually dependent on each other during S phase.
Although cyclin/cdk2 activity drives activation of both DNA and histone synthesis at the G1/S transition of
cycling cells, concerted repression of DNA or histone synthesis in response to inhibition of either one of these
is not accompanied by prolonged inhibition of cyclin A/cdk2 or E/cdk2 activity. Therefore, during S phase
coupling of DNA and histone synthesis occurs, at least in part, through a mechanism that is independent of
cyclin/cdk2 activity. Coupling of DNA and histone synthesis in S phase presumably contributes to the prompt
and orderly assembly of newly replicated DNA into chromatin.

Progression through the cell cycle is driven by the sequential
and periodic activation of cyclin/cdk complexes (23, 27). For
example, entry into and progression through S phase is pro-
moted by activation of cyclin E/cdk2 and cyclin A/cdk2,
whereas entry into mitosis is triggered by activation of cyclin
B/cdc2. Numerous lines of evidence demonstrate that cyclin/
cdk2 activity plays a key role in initiation of S-phase events.
Elevation of cyclin/cdk2 activity in G1 phase causes premature
entry into S phase (9, 56, 57, 72), and inhibition of cyclin/cdk2
activity inhibits entry into and progression through S phase (20,
52, 67, 76). Initiation of S phase depends on activation of a
number of biosynthetic processes, including DNA synthesis,
histone synthesis, and chromatin assembly (58).

According to current models distinct S-phase processes,
such as DNA synthesis and histone synthesis, are indepen-
dently activated by cyclin/cdk2 at the start of S phase (17, 30).
For example, activation of DNA synthesis depends on phos-
phorylation of Cdc6 and Cdc45. Increased histone synthesis in
S phase is due to regulation at transcriptional and posttran-
scriptional levels. Histone gene transcription increases three-
to fivefold as cells enter S phase, and this depends on phos-
phorylation of NPAT by cyclin E/cdk2 (30, 39, 42, 50, 74).
However, posttranscriptional regulation accounts for the ma-
jority of the 35- to 50-fold increase in histone synthesis during
S phase (42, 50). The processing of the immature intronless
pre-mRNA to the mature mRNA requires a cleavage within
the 3� untranslated region (UTR); this occurs more efficiently
in S phase (15, 19, 24, 37, 65), and the mRNA is also more
stable at this time (10, 24, 25, 62). The processing of the
pre-mRNA depends on a stem-loop structure within the 3�

UTR of the mRNA and a protein that binds to it, stem-loop
binding protein (SLBP) (66, 70). Efficient pre-mRNA process-
ing also requires the U7 snRNP, whose binding to a purine-
rich sequence downstream of the stem-loop is facilitated by
SLBP (13, 16), a heat-labile factor (HLF) (15), and novel zinc
finger protein hZFP100, which interacts with the U7 snRNP
and SLBP (14). Increased mRNA stability also depends on the
stem-loop in the 3� UTR and possibly SLBP, although the
requirement for SLBP has not been directly demonstrated (15,
38, 53). Due to control of the translation and degradation of
SLBP, its abundance varies through the unperturbed cell cycle
in a manner that parallels the histone mRNA abundance, and
this contributes to posttranscriptional regulation of histone
synthesis through the cell cycle (66, 71). Exactly how SLBP
levels are controlled through the cell cycle is unknown, al-
though, as for activation of histone transcription, control is
likely to be dependent on periodic cyclin/cdk2 activity. The
activity of both HLF and the U7 snRNP has also been reported
to increase as cells enter S phase (19, 26, 37, 65), although
some workers have failed to observe the regulation of the latter
(6).

Although the simultaneous activation of DNA synthesis and
histone synthesis by cyclin/cdk2 activity at the G1/S transition
ensures a certain level of coordination between them, in view
of the inevitable impact of chromatin structure on the fidelity
of nuclear processes, these processes are likely to be regulated
in a very closely coordinated and concerted manner through-
out S phase. Consistent with this idea, the size of the free
histone pool in S phase in mammalian somatic cells is very
small and hydroxyurea (HU)-mediated inhibition of DNA syn-
thesis in mammalian cells triggers a rapid and concerted de-
stabilization of histone mRNAs, indicating that sustained his-
tone synthesis is dependent on ongoing DNA replication (4,
25, 62, 68). Presumably, these results reflect the existence of
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controls during S phase which ensure that the rate of produc-
tion of histones matches the rate of their consumption by DNA
replication and chromatin assembly. This, in turn, facilitates
orderly chromatin assembly. However, the molecular mecha-
nism underlying this coupling of DNA and histone synthesis
and whether sustained DNA synthesis is likewise dependent on
ongoing histone synthesis are not known. Moreover, whether
cyclin/cdk2, in addition to its role in simultaneous activation of
these events at the G1/S transition, also plays a direct role in
coordination of these events in S phase is not known.

To shed light on control of histone synthesis in S phase, we
have studied human HIRA, a likely regulator of histone gene
expression. Based on sequence analysis, HIRA is the best can-
didate to be an ortholog (functional equivalent) of two regu-
lators of histone gene transcription in Saccharomyces cerevi-
siae, Hir1p and Hir2p (35). The N-terminal half of HIRA is
related to Hir1p, and the C-terminal half is related to Hir2p.
Thus, the HIRA gene might combine the functions of the two
yeast genes. In wild-type yeast and mammalian cells, histones
are transcribed periodically throughout the cell cycle, with
expression peaking in S phase. In yeast, Hir1p and Hir2p
repress transcription of histones H2A and H2B in G1 phase
and, through their ability to recruit components of the SWI/
SNF chromatin-remodeling complex, activate expression in S
phase (12, 61, 64). In addition, Hir1p and Hir2p are implicated
in control of nucleosome assembly. Mutations in Hir genes
contribute to defects in gene silencing at telomeres and silent
mating loci, and Hir1p and Hir2p physically interact with the
chromatin assembly factor Asf1p (29, 33, 59). Hir1p localizes
to yeast centromeres and, together with chromatin assembly
factor I (CAF-I), is required for formation of proper chroma-
tin structure at these loci (60). In contrast, little is known
concerning the role of the human HIRA protein. Consistent
with HIRA being a regulator of cell cycle progression, like
Hir1p and Hir2p, we showed previously that HIRA is a nuclear
cyclin/cdk2 substrate that is phosphorylated in S phase of the
cell cycle (21). Moreover, we showed that ectopic expression of
HIRA inhibited DNA synthesis and arrested cells in S phase of
the cell cycle (21). De Lucia and coworkers showed that HIRA
is phosphorylated during mitosis and that phosphorylation is
accompanied by release from nuclear chromatin (11). HIRA
has been shown to interact with several proteins implicated in
control of transcription and nuclear structure, including Pax3
and histones (36, 40). Recently, HIRA in Xenopus laevis egg
extracts was shown to be necessary for DNA replication-inde-
pendent nucleosome assembly, suggesting that, like Hir1p and
Hir2p, vertebrate HIRA may have dual functions in control of
cell cycle-regulated histone transcription and chromatin as-
sembly (54).

Although results presented here support the notion that
HIRA, like Hir1p and Hir2p, is a regulator of histone gene
expression, the major conclusion of this work concerns con-
certed regulation of DNA synthesis and histone synthesis in S
phase. We show that the previously observed HIRA-induced
S-phase arrest is a secondary consequence of HIRA-induced
repression of histone gene transcription. Therefore, comple-
tion of DNA synthesis in S phase requires sustained histone
gene expression. Interestingly, HIRA-induced inhibition of
DNA synthesis is not accompanied by repression of cyclin/cdk2
activity. Similarly we show that HU-induced inhibition of his-

tone gene expression is not accompanied by prolonged inhibi-
tion of cyclin/cdk2 activity. Thus, in intact mammalian cells
completion of DNA synthesis and histone synthesis are mutu-
ally dependent and coupled through a cdk2-independent path-
way. This represents a novel level of S-phase control that might
contribute to coordinated DNA synthesis, histone synthesis,
and chromatin assembly.

MATERIALS AND METHODS

Cell culture and transfections. U2OS cells were cultured and transfected as
described previously (2). The cells were synchronized with HU as described
elsewhere (34).

Plasmid construction. pBS-GAPDH was a gift from Maureen Murphy. pMae
DHFR WT and �E2F were gifts from Peggy Farnham. pAd-LacZ was a gift from
Michael Xu. pECE-pRB�cdk was a gift from Paul Hamel. pcDNA3 HA-HIRA
has been described previously (21). All synthetic mutant versions of this plasmid
were made by standard molecular biology techniques and confirmed by direct
sequencing and/or restriction digest. cDNAs encoding the replication-dependent
histones H1, H2A, H2B, H3, and H4 were obtained by PCR from human
genomic DNA. Plasmids encoding these histones were generated by standard
molecular biology techniques and confirmed by direct sequencing. pSP64T �-glo-
binSLBP was a gift from William Marzluff. pcDNA3 HA-SLBP was made from
this by a standard PCR-based approach and was confirmed by direct sequencing.
pcDNA3 HA-SLBP RR/KK and pcDNA3 HA-SLBP QKQ were made by stan-
dard mutagenesis techniques. pAd HA-HIRA(421-729) was made with the Ad-
easy adenovirus construction kit (Qbiogene) by using standard molecular biology
techniques and by following the manufacturer’s instructions. Details of all clon-
ing methods are available upon request.

Immunological techniques. Purified rabbit polyclonal anti-SLBP was a gift
from William Marzluff. Anti-cyclin A (C160) was a gift from Ed Harlow. Anti-
hemagglutinin (HA; 12CA5) was purchased from Roche. Anti-cdk2 (M2), anti-
cyclin E (HE11), anti-cyclin A (BF683), and anti-PCNA (PC10) were purchased
from Santa Cruz Biotechnology. Anti-pRB (245) was purchased from Pharmin-
gen. Purified rabbit polyclonal anti-NPAT has been described previously (39).
Anti-HIRA monoclonal antibodies (WC15, -19, -117, and -119) have been de-
scribed previously (21). The anti-HDAC4 antibody will be described in a future
publication (G. D. Kao and T. J. Yen, unpublished data). Immunoprecipitation,
Western blotting, and immunofluorescence were performed as described previ-
ously (21).

Nuclear runoff transcription assay. The nuclear runoff transcription assay was
performed as described elsewhere. Briefly, 24 h after infection with the appro-
priate adenovirus, cells were harvested and intact nuclei were isolated in Tween
lysis buffer A (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.5%
Tween 20). Nuclear runoff transcription was performed, and total RNA was
isolated with TriZol (Gibco).

Collection of CD19� transfected cells by using magnetic beads. Cells tran-
siently transfected with a plasmid encoding CD19 were collected by using anti-
CD19-coated magnetic beads (Dynal) according to the manufacturer’s instruc-
tions.

MNase assay. The micrococcal nuclease (MNase) assay was performed as
described elsewhere (73). Briefly, 24 h after infection with the appropriate
adenovirus, cells were harvested and permeabilized for 2 min in 0.004% lysolec-
ithin (Sigma) and then treated for 5 min with the amounts of MNase (Roche)
indicated in the legend for Fig. 5. Total DNA was isolated by phenol-chloroform
extraction and ethanol precipitation and separated on 0.6% Tris-acetate EDTA-
agarose gels and visualized with ethidium bromide.

Other techniques. In vitro kinase assays (2), fluorescence-activated cell sorter
(FACS) analysis of CD19� transfected cells (2), luciferase assays (46), and
Northern blotting (49) have been described elsewhere.

RESULTS

We showed previously that ectopic expression of human
HIRA in U2OS cells triggered S-phase arrest (21). Since hu-
man HIRA is a likely orthologue of yeast Hir1p and Hir2p, two
repressors of histone expression, we hypothesized that ectopic
expression of HIRA represses histone gene expression and
that this, in turn, triggers S-phase arrest. To test whether
HIRA is able to repress histone gene expression, human U2OS

7460 NELSON ET AL. MOL. CELL. BIOL.



cells were transiently transfected with a plasmid encoding wild-
type HA-tagged HIRA. RNA was prepared from the trans-
fected cells and Northern blotted to determine the abundance
of histone mRNAs. As shown in Fig. 1a, ectopic expression of
HIRA profoundly repressed the steady-state abundance of
mRNA encoding each histone subtype. Moreover, this repres-

sion was specific since there was no effect on the GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA. Of
note, the human genome contains multiple copies of each
histone subtype (http://genome.nhgri.nih.gov/histones/index
.html) (3). For example, there are 16 copies of histone H2A
clustered on the short arm of chromosome 6. Most of these are

FIG. 1. Ectopic expression of HIRA represses histone gene transcription. (a) U2OS cells were transiently transfected with pcDNA3 or pcDNA3
HA-HIRA as indicated together with pCMV-CD19. Transfected CD19� cells were collected, and total RNA was prepared and Northern blotted
to determine abundances of the indicated mRNAs. EtBr, ethidium bromide. (b) U2OS cells were transiently transfected with pcDNA3 (lanes 1
to 4), pcDNA3 HA-HIRA (lane 5 to 8), or pcDNA3 HA-HIRA plus pcDNA3 HA-SLBP (lanes 9 to 12) together with pCMV-CD19. Thirty-six
hours later 10 �g of actinomycin D/ml was added, and at the indicated times afterwards the CD19� transfected cells were collected and the
abundances of histone and GAPDH mRNAs were determined by Northern blotting. Total-cell lysates were Western blotted with anti-HA. (c) The
histone mRNA signals from panel b were quantitated on a phosphorimager and expressed as a percentages of control (100% � signal intensity
at time zero). (d) U2OS cells were infected with an adenovirus encoding LacZ (lanes 1 and 2) or HIRA(421-729) (lanes 3 and 4). Twenty-four
hours later nuclei were harvested and the rate of histone H2B transcription was determined in a runoff assay. 32P-labeled mRNA (5 � 106

ethanol-precipitable cpm per membrane) was used to probe a membrane slot blotted with pcDNA3� (lanes 2 and 4) or pcDNA3�H2B (lanes 1
and 3). (e) The signals in panel d were quantitated on a phosphorimager, corrected for the background hybridization on vector alone, and
expressed as arbitrary units.
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expressed specifically in S phase of the cell cycle (replication
dependent), and the DNA coding sequences are greater than
80% identical. However, there are also a number of histone
genes that are expressed outside of S phase (replacement vari-
ants). These replacement variants have greater sequence di-
vergence at the DNA level (the H2A Z gene is only 40 to 50%
identical to the replication-dependent H2A genes), and the
mRNAs are significantly larger due to a longer 3� UTR and
poly(A) tail. Under the conditions used here and with replica-
tion-dependent histones as probes, only the replication-depen-
dent histones are detectable (W. F. Marzluff, personal com-
munication). We focused on these histones because we
reasoned that their repression would be most likely to trigger
S-phase arrest.

The abundance of histone mRNAs is regulated at transcrip-
tional and posttranscriptional levels (50). If HIRA is an or-
tholog of Hir1p and Hir2p and represses histone gene tran-
scription, then the observed histone mRNA repression should
be due to decreased transcription rather than decreased
mRNA stability. To test whether HIRA altered the half-life of
histone mRNAs, U2OS cells were transiently transfected with
a plasmid encoding HA-HIRA and then treated with actino-
mycin D to block new transcription. RNA was harvested at
various times, and the abundance of histone mRNAs was de-
termined by Northern blotting. As shown in Fig. 1b and c,
although the steady-state mRNA abundance was lower in the
presence of HIRA, there was no significant difference in the
rates of decay of the mRNA with and without HIRA. The
observed decay of the mRNA was not an indirect consequence
of inhibition of DNA replication by actinomycin D because,

under these experimental conditions, the extent of inhibition of
DNA synthesis after 30 min of actinomycin D treatment was
only between 6 and 18% in different experiments, as deter-
mined by measuring 5� bromodeoxyuridine incorporation
(data not shown). In contrast, when HIRA was coexpressed
with SLBP, the half-life of the mRNA was greatly extended.
This observation is consistent with the fact that SLBP binds to
the stem-loop in the 3� UTR of the histone mRNA, which is
known to regulate mRNA stability. Indeed it has been pro-
posed previously that SLBP is the regulator of histone mRNA
stability (15). Taken together, the evidence indicates that
HIRA does not promote degradation of histone mRNAs. Next
we asked whether expression of HIRA decreased transcription
of histone genes. To answer this question, U2OS cells were
infected with an adenovirus directing the expression of LacZ or
HIRA(421-729) (a fragment of HIRA which efficiently de-
creases mRNA abundance [see Fig. 4]). Intact nuclei were
harvested and used in transcription runoff assays to determine
the rate of ongoing histone H2B transcription. As shown in
Fig. 1d and e, ectopic expression of HIRA(421-729), but not
LacZ, caused a decrease in histone H2B transcription. Ectopic
expression of HIRA(421-729) similarly repressed transcription
of histones H1, H2A, and H3 (data not shown).

Consistent with the finding that ectopically expressed HIRA
repressed histone gene expression at the transcriptional level,
endogenous HIRA and at least one molecule implicated in
repression of transcription, HDAC4, colocalized in nuclear
foci in primary WI38 cells (Fig. 2a to c) (45, 69). Similar foci
were observed with three out of four monoclonal antibodies to
HIRA (WC19, WC117, and WC119) but not with control an-

FIG. 2. Endogenous HIRA forms subnuclear foci that contain HDAC4 in a subpopulation of primary cells. Primary human WI38 cells grown
on coverslips were stained with anti-HIRA (a and d), anti-HDAC4 antibodies (b), and DAPI (c and e) to visualize the DNA. Bars, 10 �M.
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tibodies (data not shown). Interestingly, only 10 to 30% of the
nuclei contained detectable HIRA foci (Fig. 2d and e). There-
fore we tested whether the appearance of HIRA foci was cell
cycle regulated by using NPAT staining as a marker of cell
cycle position. NPAT, a regulator of histone gene expression, is
localized in subnuclear structures called Cajal bodies, and the
number and localization of NPAT-containing Cajal bodies vary
in the cell cycle (39, 74). In primary human fibroblasts in mid-
and late G1, there are two NPAT-containing Cajal bodies as-
sociated with histone gene clusters on chromosome 6. During
S phase, two additional foci are recruited to histone gene
clusters on chromosome 1. Four foci are maintained until
metaphase, when they disappear. Soon after reentry into G1,
two NPAT-containing foci reform on chromosome 6. Thus, the
number of NPAT-containing foci can be used as a general
measure of cell cycle position. As shown in Fig. 3a to c cells
with uncondensed chromatin containing HIRA foci generally
contained zero or two NPAT-containing foci. Moreover, those
rare cells that contained four NPAT-containing foci and HIRA
foci generally contained the fewest and least-intense HIRA
foci (data not shown). Conversely, cells lacking HIRA foci
frequently contained four NPAT-containing foci. As summa-
rized in Fig. 3j, approximately 85% of cells with HIRA foci had
zero or two NPAT dots (probably G1 phase). In contrast, of the
total cell population (visualized by DAPI [4�,6�-diamidino-2-
phenylindole] staining) approximately 55% had zero or two
NPAT dots. This proportion is comparable to the proportion
of G1-phase cells determined by FACS analysis (data not
shown).

To verify that HIRA foci were absent from S- and G2-phase
cells, we double stained cells with antibodies to HIRA and two
other markers of cell cycle position, PCNA and CENP-F.
PCNA is expressed only in S-phase cells, whereas CENP-F is
expressed only in cells in G2 phase and M phase (28, 43). As
expected based on the results obtained with anti-NPAT anti-
bodies, CENP-F and PCNA were virtually absent from cells
containing HIRA foci (Fig. 3d to i, k, and l). We also observed
that cells with HIRA foci tended to stain less brightly with
DAPI (Fig. 2d and e), which is also consistent with them having
a 2n DNA content (39). Taken together, the results based on
double staining with NPAT, PCNA, and CENP-F antibodies
show that HIRA foci are absent from S- and G2-phase WI38
cells. This indicates the cells with HIRA foci are in G1 or G0

phase or they are senescent. Ongoing experiments are de-
signed to differentiate between these possibilities and deter-
mine the function of the HIRA foci.

Previously we reported that in human U2OS cells (an osteo-
sarcoma cell line) HIRA was present diffusely throughout the
entire nucleus (21). The staining patterns reported for each
cell line were observed with multiple monoclonal antibodies to
HIRA but not control antibodies of the same subclass(immu-
noglobulin G1; data not shown). The reason for the difference
is not known at this point but may relate to the cell type or the
transformed (U2OS) versus primary (WI38) nature of the
cells. Unfortunately, the fact that HIRA is present as a diffuse
nuclear stain in U2OS cells prevented us from asking whether
HIRA and HDAC4 colocalize in these cells. Despite this, the
colocalization of HIRA with HDAC4 in primary WI38 cells is
consistent with these two proteins having a shared function in
human cells. Since HDAC4 activity is linked to transcriptional

repression, this, in turn, is consistent with the results for U2OS
cells that implicate HIRA in repression of histone gene tran-
scription (45, 69).

To test whether S-phase arrest and repression of histone
transcription might depend on the same molecular activity of
HIRA, we tested a panel of synthetic HIRA mutants for their
ability to repress histone expression and cause S-phase arrest
when transiently expressed in cells. As shown in Fig. 4a and b,
there was a perfect correlation between the ability of the mu-
tants to cause S-phase arrest and histone repression. Interest-
ingly, we noted that all active HIRA mutants retain residues
439 to 475 of human HIRA. This stretch of amino acids in
human HIRA was previously identified based on sequence
comparisons as a domain (the B domain) that is conserved in
HIRA orthologues from a wide range of species, from humans
to yeast (32). To specifically test whether the B domain is
required for HIRA activity, we made a mutant lacking only the
B domain (HIRA�B). As shown in Fig. 4c and d, HIRA�B
was unable to induce either S-phase arrest or histone repres-
sion. This suggests that HIRA-induced repression of both hi-
stone transcription and S-phase arrest results from a single
conserved molecular function of HIRA that is mediated by the
evolutionarily conserved B domain.

If HIRA-induced histone mRNA repression is the cause of
the S-phase arrest, then histone repression should precede
S-phase arrest. To test this, we analyzed the kinetics of the
onset of the two events in synchronized cells. U2OS cells were
transfected with a plasmid encoding wild-type HIRA and then
treated with HU for 20 h. Because HU arrests cells at the G1/S
transition and within S phase, this method provides an enrich-
ment of cells at G1/S rather than perfect synchronization (Fig.
5a). The cells were then released from the arrest, and at var-
ious times afterward the cells were harvested and the cell cycle
distribution and the histone mRNA abundance were deter-
mined. As shown in Fig. 5a, mock-transfected cells progressed
through S phase and by 12 h were mostly in the G2/M phase of
the cell cycle. Expression of histone H2B peaked in mid-S
phase. HIRA-expressing cells progressed relatively normally
through S phase initially and then arrested between 3 and 6 h
into S phase. However, in these cells histone H2B mRNA
barely increased even during the first few hours of S phase,
when DNA replication was occurring. In contrast, two other
genes normally expressed in S phase of the cell cycle, the E2F1
and dihydrofolate reductase genes, were unaffected by ectopic
HIRA expression (Fig. 5a and data not shown). Thus, histone
mRNA repression is specific and occurs before S-phase arrest.

If repression of histone synthesis is the cause of the S-phase
arrest, then it might be possible to detect defects in chromatin
structure that result from reduced levels of histones during
chromatin assembly. To test this, cells were infected with an
adenovirus directing the expression of HIRA or, as a control,
LacZ. Twenty-four hours later the cells were harvested and
chromatin was prepared and digested with MNase. Since
MNase cleaves DNA between nucleosomes (73), perturbations
in nucleosome incorporation are expected to increase MNase
sensitivity. Chromatin from HIRA-expressing cells was more
sensitive to MNase digestion, as indicated by the more rapid
degradation of high-molecular-weight DNA in chromatin from
HIRA-expressing cells (Fig. 5b, lanes 4 and 5). In addition the
extended “nucleosomal ladder” was less apparent in chromatin
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FIG. 3. Endogenous HIRA forms subnuclear foci in G1 phase of the cell cycle. Primary human WI38 cells were stained with antibodies to HIRA
(a, d, and g), NPAT (b), CENP-F (e), and PCNA (h) and with DAPI (c, f, and i) to visualize the DNA. (j) The NPAT-containing foci in 60 randomly
selected DAPI-stained nuclei (hatched bars) and 60 nuclei containing HIRA foci (shaded bars) were counted, and the numbers of cells with zero,
two, and four foci were expressed as percentages of the total. (k) The cells staining positive for CENP-F-containing foci in 100 randomly selected
DAPI-stained nuclei (hatched bars) and 100 nuclei containing HIRA foci (shaded bars) were counted, and the numbers of positive and negative
cells were expressed as percentages of the total. (l) Same as panel k except that cells stained with antibodies to PCNA were counted. Bars, 10 �M.
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from HIRA-expressing cells (Fig. 5b, lanes 6 and 7). The dif-
ference in MNase sensitivity between chromatin from control
and HIRA-expressing cells was subtle but reproducible and
comparable to the difference in MNase sensitivities of chro-
matin from wild-type and histone-deficient yeast (22, 31). To
rule out the possibility that the heightened MNase sensitivity of
chromatin from HIRA-expressing cells was a consequence of
the HIRA-induced enrichment of the cells in S phase of the
cell cycle, cells were again infected with adenovirus directing
expression of HIRA or LacZ. Six hours after infection the cells
were treated for 24 h with HU to arrest them at the G1/S
transition and then released into S phase of the cell cycle for
6 h. As shown in Fig. 5d, both populations of cells had DNA
contents indicative of predominantly S-phase cells. However,
the chromatin from HIRA-expressing cells was, once again,
more sensitive to digestion by MNase (Fig. 5c). Taken together
these results indicate that chromatin from HIRA-expressing
cells is more sensitive to MNase digestion. Although changes
in MNase sensitivity might result from other alterations in
nuclear structure, this result is entirely consistent with DNA

replication occurring in the absence of proper chromatin as-
sembly.

Next we reasoned that, if histone repression is the sole cause
of S-phase arrest, then it should be possible to override the
S-phase arrest by restoring the level of histones to normal. This
was accomplished by coexpressing HIRA with SLBP, which, as
shown earlier, stabilizes the residual histone mRNA and over-
rides HIRA-induced histone mRNA repression (Fig. 1b and
c). In addition, ectopic expression of SLBP is likely to promote
more-efficient processing of the pre-mRNA (66, 71). U2OS
cells were transiently transfected with a plasmid encoding
HIRA in the absence or presence of increasing amounts of
SLBP. Cells were then harvested for FACS analysis to deter-
mine the cell cycle distribution. Expression of HIRA alone
caused histone mRNA repression (Fig. 6c, lane 2) and S-phase
arrest (Fig. 6b, lane 2). When SLBP was coexpressed with
HIRA, it restored histone mRNA levels to normal (Fig. 6c,
lane 4) and completely overcame the HIRA-induced S-phase
arrest in a dose-dependent manner (Fig. 6b, lanes 3 to 8). In
addition, coexpression of SLBP was able to override HIRA-

FIG. 4. S-phase arrest and histone mRNA repression depend on the evolutionarily conserved B domain of HIRA. (a) U2OS cells were
transiently transfected with a plasmid encoding wild-type (WT) HA-HIRA (lane 2) or a series of deletion mutants (lanes 3 to 9) or the empty vector
(pcDNA3; lane 1) together with pCMV-CD19. The cells were harvested, and cell cycle distribution and abundances of histone H2B and GAPDH
mRNAs in the transfected CD19� cells were determined. (b) Total-cell lysates were Western blotted with anti-HA. (c) U2OS cells were transiently
transfected with pcDNA3 (lane 1), 3, 10, or 28 �g of pcDNA3 HA-HIRA WT (lanes 2 to 4), or 3, 10, or 28 �g of pcDNA3 HA-HIRA�B (lanes
5 to 7) together with pCMV-CD19. The cells were harvested, the cell cycle distribution of the CD19� transfected cells was determined, and an
aliquot of total-cell lysate was Western blotted with anti-HA. (d) U2OS cells were transiently transfected with pcDNA3 (lane 1), pcDNA3
HA-HIRA WT (lane 2), or pcDNA3 HA-HIRA �B (lane 3) together with pCMV-CD19. Transfected CD19� cells were collected, and total RNA
was Northern blotted to determine expression of GAPDH and histone H2B mRNAs.
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induced S-phase arrest in synchronized cells that were first
arrested in mimosine and then released into S phase of the cell
cycle (Fig. 6d and e). Twelve hours after release from mi-
mosine-induced arrest most of the control cells were in G2/M
phase of the cell cycle. In contrast, most of the HIRA-express-
ing cells were arrested in S phase. Coexpression of SLBP with
HIRA largely abolished the S-phase arrest. There was no effect
of SLBP alone on cell cycle progression in synchronized or
unsynchronized cells (Fig. 6b and data not shown). Since SLBP

has not been reported to have any activity other than control of
histone mRNA metabolism, it seems likely that the ability of
SLBP to override the HIRA-induced S phase is a consequence
of its effect on histone mRNA abundance. However, as con-
firmation of this we tested the ability of two subtle SLBP
mutants that, as Dominski and coworkers have shown, do not
bind to histone mRNAs (13) to override HIRA-induced S-
phase arrest. Although both mutants were expressed equiva-
lently to the wild-type protein, neither mutant was able to

FIG. 5. HIRA-induced histone gene repression precedes S-phase arrest and generates incompletely assembled chromatin. (a) U2OS cells were
transiently transected with pcDNA3 or pcDNA3 HA-HIRA WT as indicated together with pCMV-CD19. The cells were arrested at the G1/S
transition with HU and then released into S phase. Cells were harvested at the indicated times afterwards, and the cell cycle distribution of the
CD19� cells (top) and abundances of histone H2B, GAPDH, and E2F1 mRNAs (indicated at the right) in the CD19� cells were determined.
Total-cell lysates were Western blotted with anti-HA (HIRA). (b) U2OS cells were infected with an adenovirus expressing LacZ (lanes 3, 5, 7, and
9) or HIRA(421-729) (lanes 2, 4, 6, and 8). Twenty-four hours later the cells were permeabilized and treated without MNase or with 0.25, 2.5, or
25 Worthington units of MNase/ml (shaded boxes). Genomic DNA was purified, fractionated by 0.6% agarose gel electrophoresis, and visualized
with ethidium bromide. The size markers in lane 1 are a 100-bp ladder. (c) U2OS cells were infected with an adenovirus expressing LacZ or
HIRA(421-729). After 4 h 2 mM HU was added to the cells, and 20 h later it was washed off and the cells were allowed to progress into S phase
for 4 h. The cells were harvested, permeabilized, and treated without MNase or with 0.25 or 2.5 Worthington units of MNase/ml (shaded boxes).
Genomic DNA was purified, fractionated by 0.6% agarose gel electrophoresis, and visualized with ethidium bromide. The size markers in lane 1
are a 100-bp ladder. (d) Samples from cells harvested for panel c were also processed for FACS analysis to determine the cell cycle distribution.
Ad, adenovirus.
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override the arrest (Fig. 7). Therefore, this result very strongly
indicates that HIRA-induced S-phase arrest is a consequence
of reduced histone gene expression.

Since activation of DNA synthesis at the G1/S transition

requires activation of cyclin/cdk2 activity, next we wanted to
test whether inhibition of DNA synthesis due to repression of
histone synthesis depends on inhibition of cyclin/cdk2 activity.
To do this, we asked whether ectopic expression of wild-type

FIG. 6. HIRA-induced S-phase arrest is overridden by the histone mRNA-stabilizing protein, SLBP. (a) U2OS cells were transiently transected
with pcDNA3 (lanes 1 and 9) or pcDNA3 HA-HIRA WT (lanes 2 to 8) in the absence or presence of pcDNA3 HA-SLBP (0.01, 0.1, 0.25, 0.5, 1,
or 3 �g [triangle]) together with pCMV-CD19. Total-cell lysates were prepared and Western blotted with antibodies to SLBP or HA-HIRA. (b)
Same as panel a except that the cell cycle distribution of CD19� cells was determined. (c) RNA was prepared from transfected CD19� cells and
Northern blotted to determine abundance of histone H2B. (d) U2OS cells were transiently transfected with pcDNA3 or pcDNA3 HA-HIRA WT
in the absence or presence of pcDNA3 HA-SLBP (3, 8, or 18 �g [triangle]) together with pCMV-CD19. The cells were arrested in G1 phase with
mimosine and then released into S phase. The cell cycle distribution of the CD19� cells was determined 12 h after release. (e) Cell lysates from
panel d were Western blotted with anti-HA antibodies.

FIG. 7. Override of HIRA-induced S-phase arrest by SLBP requires binding of SLBP to 3� UTR of histone mRNA. (a) U2OS cells were
transiently transfected with pcDNA3 or pcDNA3 HA-HIRA WT in the absence or presence of pcDNA3 HA-SLBP WT, pcDNA3 HA-SLBP
RR/KK, or pcDNA3 HA-SLBP QKQ (0.2 or 1 �g [triangles]) together with pCMV-CD19. Cells were harvested, and the cell cycle distribution was
determined by FACS. (b) Lysates were Western blotted with antibodies to HA.
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HIRA (or active mutants; Fig. 4) affected a number of markers
of cyclin/cdk2 activity. As shown in Fig. 8, ectopic expression of
HIRA had no significant effect on expression of cdk2 or cyclin
A. Similarly, HIRA did not affect cdk2-, cyclin A-, or cyclin
E-associated kinase activity or pRB phosphorylation. In con-
trast, ectopic expression of the cyclin/cdk2 inhibitor p21cip1
inhibited cyclin/cdk2 activity and pRB phosphorylation as ex-
pected. Interestingly, ectopic expression of HIRA had no effect
on other markers of normal S-phase progression, such as
PCNA expression and phosphorylation of cdk2 on T160 (the
faster-migrating form of cdk2 in Fig. 8a). Taken together, these
results indicate that HIRA-induced inhibition of DNA synthe-
sis is not accompanied by inhibition of cyclin/cdk2 activity.

Previous studies showed that inhibition of DNA synthesis
with HU triggers a concerted destabilization of histone mR-
NAs (4, 25, 62, 68). Although the mechanism underlying de-
stabilization is unknown, this shows that sustained histone syn-
thesis depends on continued DNA synthesis. Conversely, here
we have shown that sustained DNA synthesis depends on con-
tinued histone synthesis. Together, these results establish that
DNA synthesis and histone synthesis are dependent on each
other. In view of our results showing that HIRA-induced in-
hibition of histone synthesis and DNA synthesis is independent
of changes in cyclin/cdk2 activity, we tested whether HU-in-
duced inhibition of DNA synthesis and histone synthesis is also
independent of changes in cyclin/cdk2 activity. Asynchronously
growing U2OS cells were treated without or with HU for 2 or
22 h. Within 2 h of HU treatment there was a discernible
decrease in the number of cells in G2/M phase of the cell cycle
(Fig. 9a). By 22 h there was a very marked decrease in the
G2/M compartment and a corresponding increase in the G1

population. As expected, and as shown in Fig. 9b, HU treat-
ment caused a marked decrease in the steady-state abundance
of histone mRNAs within 2 h. Abundance of histone mRNAs
remained repressed for at least 22 h. In contrast, HU had no
effect on cyclin A/cdk2 activity at either 2 or 22 h after addition
(Fig. 9c). Interestingly, although HU caused a transient inhi-
bition of cyclin E/cdk2 activity at 2 h, by 22 h after HU addition
cyclin E/cdk2 activity levels returned to normal. Consistent
with HU transiently inhibiting cyclin E/cdk2 is a previous re-
port showing that HU treatment for 12 h or less inhibited cdk2
(in a cdk2 immunoprecipitate) and its activator cdc25A (47),
and another report showing that activity of cyclin A/cdk2 and
E/cdk2 isolated from cells arrested with HU for 20 or 40 h is

higher than the activity of the same complexes in G1 phase
(44). The observed transient inhibition of cyclin E/cdk2 activity
by HU is similar to the transient inhibition of this kinase by
other forms of genotoxic stress, such as UV light and ionizing
radiation (18, 41). Taken together, these results suggest that,
although a transient inhibition of cyclin E/cdk2 activity might
contribute to initial repression of histone mRNA abundance,
inhibition of cyclin/cdk2 activity does not account for the re-
pression of histone gene expression caused by prolonged HU
treatment. After prolonged treatment with HU, DNA synthe-
sis and histone synthesis are both repressed but cyclin/cdk2
activity is elevated.

DISCUSSION

These results provide the first experimental evidence to sug-
gest that human HIRA, like Hir1p and Hir2p in yeast, is a cell
cycle-regulated repressor of histone gene transcription (Fig. 1
to 3). First, the fact that ectopic expression of HIRA represses
histone gene transcription is obviously consistent with the idea
that it normally functions to repress transcription of these
genes in vivo. Second, the observation that HIRA colocalizes
with a known transcriptional repressor, HDAC4, in G1 phase
of the cell cycle is also consistent with HIRA being a transcrip-
tional repressor molecule. The fact that HIRA activity specif-
ically required the evolutionarily conserved B domain (Fig. 4)
is consistent with the idea that transcriptional repression and
S-phase arrest depend on the interaction of HIRA with a
conserved HIRA effector protein (32). However, while these
data are consistent with HIRA being a repressor of histone
gene transcription in vivo, they by no means prove this, and
future studies will address this issue in more detail. A major
question concerns the role of the HIRA/HDAC4 foci. Al-
though these foci are consistent with a shared role of HIRA
and HDAC4 in transcription repression, in G1-phase cells
these foci do not colocalize with NPAT-containing foci, which
are thought to be located at the histone gene cluster on chro-
mosome 6 (39, 74). This clearly argues against a direct role for
these foci in repression of histone gene transcription. The
visible HIRA/HDAC4 foci might represent sites of assembly of
active repressor complexes that subsequently relocalize to hi-
stone genes, or they may indicate that HIRA has functions
unrelated to control of histone gene expression.

Previously we showed that HIRA is an in vivo substrate of a

FIG. 8. HIRA-induced S-phase arrest is independent of changes in cyclin/cdk2 activity. (a) U2OS cells were transiently transfected with
pcDNA3 (lane 1), pcDNA3 encoding the indicated HIRA deletion mutants (lanes 2 to 4), or pRC-CMVp21cip1 (lane 5) together with
pCMV-CD19. The transfected CD19� cells were collected, and lysates were prepared and Western blotted with anti-PCNA, anti-cyclin A, and
anti-cdk2 as indicated. (b) Same as panel a except lysates were used to assay cdk2, cyclin A, and cyclin E by immunoprecipitation-kinase assay. (c)
Same as panel a except cell lysates were Western blotted with anti-pRB.

7468 NELSON ET AL. MOL. CELL. BIOL.



cyclin/cdk2 complex and that it is phosphorylated by cyclin
A/cdk2 or E/cdk2 in S phase of the cell cycle (21). Moreover,
De Lucia and coworkers showed that HIRA is phosphorylated
during mitosis (11). The role of HIRA phosphorylation is

unknown at present. It is tempting to speculate that phosphor-
ylation regulates the subcellular localization of HIRA and/or
HIRA-dependent transcriptional repression of histone genes.
Consistent with the former idea, De Lucia and coworkers
showed that the mitotic phosphorylation of HIRA was accom-
panied by release of the protein from chromatin (11). How-
ever, understanding the role of phosphorylation is complicated
by the fact that HIRA contains 15 potential cyclin/cdk2 phos-
phorylation sites. We found that mutation of 13 of these to
nonphosphorylatable residues specifically or nonspecifically
destabilizes the protein (data not shown).

Regardless of the precise role of HIRA/HDAC4 foci and
HIRA phosphorylation, the major conclusion of this study
concerns the coordination of DNA synthesis and histone syn-
thesis. Several lines of evidence show that HIRA-induced re-
pression of histone gene transcription triggers S-phase arrest.
First, there was a perfect correlation between the ability of
HIRA mutants to repress histone gene expression and arrest in
S phase. This suggests that both activities depend on the same
molecular function of HIRA and is consistent with histone
repression being the cause of S-phase arrest or vice versa.
However, if S-phase arrest caused decreased histone mRNA
abundance, then we would expect to see decreased histone
mRNA stability, as shown previously (4, 25, 62). We did not
observe such a decrease. Second, we failed to detect any other
biochemical defect in HIRA-expressing cells that might ac-
count for S-phase arrest. Ectopic expression of HIRA did not
affect other markers of normal S-phase progression, including
expression and/or phosphorylation of pRB, cdk2, PCNA,
E2F1, dihydrofolate reductase, and cyclin A, and cyclin A/cdk2
or E/cdk2 activity (Fig. 5 and 8). Moreover, ectopic expression
of HIRA did not affect the level of expression of housekeeping
genes, such as the GAPDH gene (Fig. 1). Taken together,
these results strongly suggest that the effect of HIRA on his-
tones is relatively specific and that S-phase arrest is a direct
consequence of histone mRNA repression rather than an in-
direct consequence of gross perturbation of nuclear function.
Third, histone gene repression preceded S-phase arrest.
Fourth, cells arrested in S phase by HIRA contained chroma-
tin that was markedly and reproducibly more sensitive to di-
gestion by MNase. This is consistent with depletion of “free”
histones and an inability to properly assemble chromatin being
the causes of S-phase arrest. Fifth, restoration of histone
mRNA abundance to normal levels by coexpression of the
histone mRNA regulator, SLBP, overrode the S-phase arrest,
and this required the binding of SLBP to the stem-loop of the
histone mRNA 3� UTR. Taken together, multiple lines of
evidence very strongly support the conclusion that completion
of DNA synthesis requires continued histone synthesis.

Conversely, it has been shown previously that inhibition of
DNA synthesis with HU or AraC causes rapid destabilization
of histone mRNAs (4, 25, 62). Thus sustained histone synthesis
and DNA synthesis are dependent on each other during S
phase. The molecular mechanism underlying the HU-induced
histone mRNA destabilization has been elusive. Here we show
that concerted inhibition of DNA synthesis and histone syn-
thesis, caused by histone repression and inhibition of DNA
synthesis, respectively, are related in that inhibition occurs
without a prolonged inhibition of cyclin/cdk2 activity. Thus,
although cyclin/cdk2 activity is rate-limiting for activation of

FIG. 9. HU-induced histone mRNA repression is independent of
changes in cyclin/cdk2 activity. (a) U2OS cells were treated with 2 mM
HU for 0, 2, or 22 h as indicated and then harvested and processed for
FACS analysis to determine the cell cycle distribution of the cells. (b)
Cells were treated as in panel a, and total cellular RNA was prepared
and Northern blotted to determine the abundances of the histone H2B
and GAPDH mRNAs. (c) Cells were treated as in panel a, lysates were
prepared and processed for immunoprecipitation-kinase assay with
antibodies to cyclin E (HE111; top), cyclin A (C160; middle), and cdk2
(M2; bottom) as indicated. In each case, lane 1 is derived from extract
immunoprecipitated with an appropriate negative-control antibody
(mouse 9E10 for HE111 and C160 and purified rabbit anti-mouse
polyclonal for M2).
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both DNA and histone synthesis at the start of S phase, both
processes can be inhibited in a cdk2-independent manner dur-
ing S phase. Interestingly, and in contrast to inhibition of DNA
synthesis at the end of a normal S phase, HU-induced histone
mRNA destabilization was not accompanied by degradation of
SLBP (71). Taken together, the evidence is consistent with a
cyclin/cdk2- and SLBP-dependent pathway that regulates his-
tone mRNA stability in a normal S phase and a distinct path-
way that triggers mRNA destabilization in response to replication
stress.

This is, to our knowledge, the first demonstration that com-
pletion of DNA synthesis requires histone synthesis. More-
over, it could not have been easily predicted that inhibition of
histone synthesis would block DNA synthesis for two reasons.
First, in vitro replication of plasmid DNA in mammalian cell
extracts or Drosophila melanogaster embryo extracts does not
require assembly of the newly replicated DNA into chromatin
(7, 63). In both of these systems presynthesized histones are
already present in cell extracts or added exogenously, and the
replication of a plasmid in an extract is obviously significantly
different from replication of a whole genome in an intact cell.
However, despite these differences, if DNA synthesis is inde-
pendent of chromatin assembly, there is no reason to believe it
is dependent on synthesis of histones, the essential precursors
to chromatin assembly. Second, yeast expressing histones from
conditional promoters can seemingly replicate their entire ge-
nomes even when new histone synthesis is repressed (22, 31).
In these studies, yeast lacking either histone H2B or histone
H4 appeared to arrest in G2 phase after DNA replication,
rather than in S phase itself. Although it is possible that the
arrest was in late S phase rather than G2, this was not apparent
from the data, and the authors concluded that a full round of
replication occurred after repression of histone synthesis. Sim-
ilarly, Drosophila embryos with hypomorphic alleles of the
dSLBP gene and dramatically reduced levels of histone mRNA
have no obvious defect in DNA synthesis but display failures in
chromosome condensation that block normal anaphase (66).
Thus we have shown for the first time that completion of DNA
synthesis in intact mammalian cells requires ongoing histone
synthesis and/or chromatin assembly. Taken together, our data
and the published data are consistent with the idea that in
intact mammalian somatic cells tight controls operate to coor-
dinate DNA synthesis and histone synthesis such that these
processes are dependent on each other. This may not be the
case in lower eukaryotes, mammalian-cell extracts, or develop-
ing embryos with simpler cell cycles. Consistent with this idea,
the eggs, oocytes, and embryos of a variety of species build up
large pools of free histones and to do so must undergo a large
amount of histone synthesis in the absence of DNA synthesis,
indicating that, in contrast to what is found for mammalian
somatic cells, histone synthesis is not dependent on DNA syn-
thesis (68).

Since both histone gene expression and DNA synthesis are,
like most S-phase events, thought to be triggered directly or
indirectly by cyclin/cdk2 activity (17, 39, 74), it is interesting
that concerted regulation of these two processes during S
phase should be independent of cyclin/cdk2 activity. We spec-
ulate that the reason for this stems from the fundamental role
played by cyclin/cdk2 activity in cell cycle control. In eu-
karyotes S-phase cyclin/cdk activity not only activates DNA

synthesis but also inhibits relicensing of replication origins and,
therefore, rereplication within S phase (5). If a block to histone
synthesis or chromatin assembly blocked DNA synthesis
through inhibition of cyclin/cdk2 activity, this would be ex-
pected to promote the relicensing of replication origins and,
potentially, rereplication of portions of the genome when rep-
lication resumed. This would contribute to genome instability.

What is the cdk2-independent mechanism that underlies
concerted control and mutual dependence of DNA and his-
tone synthesis? As has been proposed previously, the cell
might monitor the size of the pool of free histones (8). Ac-
cording to this model, when DNA replication is inhibited, the
pool of free histones rises and represses histone gene expres-
sion through an autoregulatory mechanism. Conversely, when
histone synthesis is inhibited, the pool of free histones falls and
DNA replication is inhibited. Consistent with this idea, expres-
sion of histones in yeast is subject to autoregulation. That is,
elevated levels of histones H2A and H2B trigger a negative
feedback that reduces histone transcription of the HTA1-HTB1
locus that codes for these two histones. Interestingly, this au-
toregulation requires the yeast homologues of human HIRA,
Hir1p and Hir2p (48, 51, 55). Alternatively, stalled replication
forks induced by HU might trigger repression of histone syn-
thesis through the same cell cycle checkpoint pathways that are
known to mediate viable cell cycle arrest in HU (1, 75). Con-
versely, when DNA replication occurs in the absence of his-
tones, accumulation of unusually long stretches of newly rep-
licated DNA that are not fully incorporated into nucleosomes
may inhibit further DNA synthesis through a putative “chro-
matin assembly checkpoint.” This too might depend on known
cell cycle checkpoint pathways. Current efforts are directed
toward addressing these various possibilities.

Whatever the monitoring mechanism, this concerted regu-
lation and mutual dependence of DNA and histone synthesis
may ensure that free histones and DNA are both synthesized at
the same rate. Since newly synthesized DNA is quickly incor-
porated into nucleosomes, this would account for the observed
small pool of free histones present in somatic mammalian cells
(68). The ability to coordinate the relative rates of DNA syn-
thesis and histone synthesis in S phase facilitates the ordered
assembly of chromatin, the physiological substrate for most
nuclear processes.
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