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Hbo1 is a histone acetyltransferase (HAT) that is required for global histone H4 acetylation, steroid-
dependent transcription, and chromatin loading of MCM2-7 during DNA replication licensing. It is the
catalytic subunit of protein complexes that include ING and JADE proteins, growth regulatory factors and
candidate tumor suppressors. These complexes are thought to act via tumor suppressor p53, but the molecular
mechanisms and links between stress signaling and chromatin, are currently unknown. Here, we show that p53
physically interacts with Hbo1 and negatively regulates its HAT activity in vitro and in cells. Two physiological
stresses that stabilize p53, hyperosmotic shock and DNA replication fork arrest, also inhibit Hbo1 HAT activity
in a p53-dependent manner. Hyperosmotic stress during G1 phase specifically inhibits the loading of the
MCM2-7 complex, providing an example of the chromatin output of this pathway. These results reveal a direct
regulatory connection between p53-responsive stress signaling and Hbo1-dependent chromatin pathways.

The dynamic regulation of chromatin structure and function
is essential for normal cell proliferation and differentiation.
This regulation is mediated by several overlapping pathways,
including the posttranslational enzymatic modification of his-
tones, the alteration of nucleosome structure by DNA-depen-
dent ATPase complexes, and changes in the histone variant
composition of chromatin (4, 34, 58). Alterations in histone
modification enzymes, particularly histone acetyltransferase
(HAT) enzymes, have been linked to human cancer (23, 73).
Viral oncoproteins, such as adenovirus E1A or simian virus 40
large T antigen, target a number of these enzymes, including
p300, CBP, and PCAF. Furthermore, in addition to modifying
histones, these HATs can also directly acetylate and activate
tumor suppressors and key growth control transcription factors
such as p53, Rb, and E2F (24). The MYST family of histone
acetyltransferases, named for the four founding proteins in the
family (67), can also contribute to carcinogenesis and tumor
progression. The MYST proteins are part of large multisubunit
HAT complexes conserved from yeast to humans, and they
have diverse roles in gene expression, DNA replication, and
DNA repair (72). The human MOZ gene, encoding one of the
human MYST enzymes, was first identified as a translocation
fusion with CBP in acute myeloid leukemias (9). Subsequently,
a number of other translocation fusions involving the MYST
HATs MOZ and MORF and partners including CBP, p300,
MLL, and TIF2 have been identified. It is thought that the

mislocalization or misregulation of the HAT activities of these
fusions contributes to tumor formation or progression (72).

Hbo1 is a member of the MYST family of HAT enzymes and
is conserved from flies to humans. It has essential roles in DNA
replication and transcription (1, 12, 22, 32, 55, 59) and is the
catalytic subunit of at least two protein complexes comprised
of JADE1/JADE2/JADE3 paralogs, hEaf6, and either ING4
or ING5, two members of the “inhibition-of-growth” (ING)
tumor suppressor protein family (17). Hbo1 was originally
identified through its physical interactions with the human
DNA replication proteins ORC1 and MCM2 (12, 32). A crit-
ical step in DNA replication is the formation of a prereplica-
tive complex (pre-RC) involving the sequential assembly of the
origin recognition complex, Cdc6/Cdcl8, Cdtl, and the
minichromosome maintenance (MCM2-7) complex. The as-
sembly of the pre-RC on replication origins confers a license
for subsequent replication initiation. Disassembly of the
pre-RC following initiation ensures that replication occurs only
once per cell cycle (41). There is increasing evidence that
chromatin modulation plays important roles in DNA replica-
tion (for a review, see reference 63). Recently, we discovered
that Hbo1 is required for the chromatin loading of the
MCM2-7 complex, the final step in pre-RC assembly and DNA
replication licensing (31). Depletion of Hbo1 in human cells
and in Xenopus egg extracts specifically blocked MCM2-7 as-
sembly into the pre-RC and inhibited DNA replication. Fur-
thermore, this defect could be corrected in egg extracts by the
addition of excess Cdt1, a key positive regulator of pre-RC
assembly. Thus, Hbo1 function regulates the pathway, ensuring
that DNA replication occurs once, and only once, per cell
division cycle.

Members of the JADE and ING protein families are
thought to function, at least in part, by interacting with other
human tumor suppressors. For example, ING4 and ING5 have
been shown to physically interact with the human tumor sup-
pressor p53 and potentiate its activity (19, 56, 57). Similarly,
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Jade1 has been found to stabilize pVHL, the product of the
von Hippel-Lindau tumor suppressor gene, which in turn can
stabilize and activate p53 (51, 76). The tumor suppressor p53 is
a stress-induced regulatory protein which, upon a variety of
cellular stresses, can trigger cell cycle arrest or apoptosis (69).
These functions are significantly compromised by somatic mu-
tations in cancers, and approximately half of all human tumors
carry mutated alleles of p53. The best-understood role of p53
is as a sequence-specific DNA-binding transcription factor,
which regulates a number of key cell cycle and apoptotic genes
(28, 69). However, p53 may also function through transcrip-
tion-independent pathways to maintain genome integrity (33).
The best studied of these is its cytoplasmic role in regulating
apoptosis (45), but transcription-independent functions in ho-
mologous recombination, replication, and DNA damage
checkpoint responses have also been suggested (5, 15, 25, 49,
54, 75).

There are strong connections between chromatin regulation
and p53 function. The stability and activity of p53 are known to
be regulated by several histone modification factors, including
the p300/CBP and PCAF HAT complexes and the Set9 and
Smyd2 methylase complexes (2, 13, 24, 26, 30, 39, 53). Re-
cently, two different members of the MYST family HATs,
Tip60 and Mof, were shown to acetylate p53 and change its
transcriptional targets from genes that favor cell cycle arrest to
those that promote apoptosis (62, 64). Considerably less is
known about downstream p53-dependent pathways that might,
in turn, regulate the activity of histone modification complexes.
Thus, at present, it is unclear how such potent cellular factors
as Hbo1, ING4/5, Jade1/Jade2/Jade3, and p53 interact to reg-
ulate cell proliferation, and there are currently no known links
between Hbo1 and p53. While we were investigating the roles
of Hbo1 in DNA replication, we discovered that p53 copurifies
with protein complexes immunoprecipitated with Hbo1 anti-
sera. Here, we report studies designed to characterize the
regulation of Hbo1, its physical and functional interactions
with p53, and the stress signals that feed into the pathway. The
results of these experiments show that p53 physically interacts
with Hbo1 and down-regulates its HAT activity both in vitro
and in cells. Furthermore, we show that physiological stresses
that activate p53 are coupled to decreased Hbo1 HAT activity
in a p53-dependent manner. In particular, these results define
a previously unrecognized pathway linking the cell stress re-
sponse to replication control at the level of pre-RC assembly
via p53 and Hbo1.

MATERIALS AND METHODS

Mouse Hbo1 cDNA. A mouse dbEST cDNA (dbEST accession number
8230062; GenBank accession number BG519441), which showed extensive ho-
mology with the human Hbo1 protein by blastX search, was purchased (Research
Genetics).

Plasmids. His-tagged Hbo1 truncations were cloned into plasmid pET19Spe
(a gift from Masumi Hidaka). His-Hbo1(G485A) was created by PCR using
mutated primers. Glutathione S-transferase (GST)-tagged p53 deletion mutants
were PCR amplified from a wild-type human p53 plasmid (a gift from Takashi
Kohno) or mouse p53 and cloned into plasmid pET19GST (a gift from Masumi
Hidaka). The Hbo1 and p53 truncations were verified by DNA sequencing.

Antibodies and peptides. Rabbit antibodies to human Orc2 and Mcm2 were
provided by B. Stillman, and a rabbit antibody to Cdtl was obtained from H.
Nishitani. The following reagents were obtained commercially: anti-histidine
epitope tag (H-3), polyclonal antigeminin (FL-209), monoclonal anti-Cdc6 (D-l),
and anti-Mek2 (N-20) (Santa Cruz Biotechnology); monoclonal anti-p53 (BP53-

12), polyclonal anti-H2B, and monoclonal anti-ING1 (CAb3) (Upstate Biotech-
nology); anti-PMS2, anti-Mcm6, monoclonal anti-p53 (polyclonal antibody
[PAb] 1801), and monoclonal anti-C-terminal p53 (PAb 122) (BD Pharmingen);
mouse monoclonal antibody against �-tubulin (DM1A) and �-tubulin (GTU-88)
(Sigma); polyclonal anti-ING4 (Abcam); polyclonal anti-ING5 (Rockland Im-
munochemicals); monoclonal anti-p21 (EA10) (Calbiochem); monoclonal anti-
p53 (PAb 122) (BD Biosciences); and monoclonal anti-Mdm2 (D-7) (Santa
Cruz). Peptide L74-1 (residues 158 to 172 of human Hbo1) (32) and peptide
MBP4-14 (human myelin basic protein, residues 4 to 14) were synthesized by
Sawady Technology (Tokyo, Japan). Affinity-purified or crude rabbit polyclonal
antiserum (CS445) against Hbo1 peptide L74-1 (32) was used for Western blots.
Fusion protein GST-p53(1-393) was purchased from Santa Cruz.

Protein purification. His-tagged Hbo1(1-611) and His-Hbo1(311-611) were
expressed in bacteria and purified on heparin-Sepharose (Amersham Pharmacia)
and Ni-nitrilotriacetic acid-agarose (Qiagen). GST-tagged p53 truncations were
expressed in bacteria and purified on glutathione-Sepharose (Amersham Phar-
macia).

GST pull-down assay. Two microliters of settled and washed glutathione beads
(Amersham Pharmacia) was incubated with 2 �g of GST-tagged protein in 0.5 ml
buffer (20 mM Tris-Cl [pH 7.5], 0.2 M NaCl, 10% glycerol, 0.05% NP-40, 1 mM
dithiothreitol) for 2 h at 4°C. After extensive washing with buffer, the beads were
resuspended in 0.5 ml buffer and incubated with 0.5 �g of input protein for 4 h
at 4°C. After extensive washing, bound proteins were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and blotted
with antibody to the His epitope tag.

Cell lines, transfection, immunoprecipitation, and HAT assays. HeLa, MCF7,
Saos-2, and NIH 3T3 cell lines were purchased from the ATCC. For immuno-
precipitation and HAT assays or Western blot assays, 1 �g of DNA was trans-
fected per 10-cm plate using Lipofectamine Plus according to the manufacturer’s
instructions (Life Technologies). Forty-eight hours posttransfection, cells were
lysed with buffer (20 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP-40). Immunoprecipitation and HAT assays were performed as
reported previously (32). Human Hat1 holoenzyme, purified from 293 cells (68),
was a gift from Alain Verreault. Ethidium bromide (400 �g/ml) was added to
immunoprecipitation reaction mixtures and washes to prevent protein-nucleic
acid interactions (38). For peptide competition in immunoprecipitation, 2 mg/ml
of peptides was included in the immunoprecipitation and the first washing step.
For assays of HAT inhibition, GST-p53 (Santa Cruz Biotechnology) was added
to reaction mixtures prior to the addition of HAT enzymes. For p53 induction,
MCF7 cells were treated with either 1.5 mM hydroxyurea (HU) (Sigma) or 0.26
M NaCl, and mouse embryo fibroblast (MEF) cells were treated with either 10
mM HU or 0.24 M NaCl. Acetylation reactions and Western blot assays were
quantified by digitizing developed films using an Epson Perfection 4180 photo
scanner and integration of the pixel intensities of the bands.

Adenoviruses and siRNA. Information on the construction of the adenoviruses
is available upon request. Replication-deficient recombinant viruses were cre-
ated as described previously (27). Adenoviral stocks were maintained as de-
scribed previously (47) and purified by cesium chloride density gradient centrif-
ugation. Viruses were used at a multiplicity of infection of 100. SignalSilence p53
small interfering RNA (siRNA) (human specific) (catalog number 6231) was
purchased from Cell Signaling and used for the inhibition of p53 expression. The
control oligonucleotide for the siRNA experiments was siCONTROL Non-Tar-
geting siRNA no. 1 (catalog number D-001210-01-05), which was purchased
from Dharmacon. MCF7 cells were transfected with siRNA oligonucleotides
using RNAiMAX (Invitrogen) and incubated for 48 to 72 h to achieve the
inhibition of p53 expression.

Growth of MEFs. Wild-type p53�/� and homozygous p53�/� MEFs were
prepared from C57BL/6 wild-type and p53 knockout mice (Taconic) as described
previously (42). Cells were collected for HAT assays and protein analysis at
passage 3. For HAT assays, a total of 5 � 106 cells were lysed with M-PER
(Pierce) supplemented with 400 mM NaCl and a 1:100 dilution of protease
inhibitor cocktail for mammalian tissues (Sigma). A total of 2 � 105 cells were
resuspended in 2� Laemmli buffer with �-mercaptoethanol for whole-cell pro-
tein and Western blot analyses.

Nucleotide sequence accession number. The sequences determined here were
deposited in the GenBank database under accession number DQ076247.

RESULTS

Hbo1 interacts with p53 in human cells. We reasoned that
tumor suppressor p53 was a strong candidate for interactions
with Hbo1, given the role of Hbo1 in cell proliferation and its
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association with ING4 and ING5 (17, 31). To test this hypoth-
esis, anti-Hbo1 immunoprecipitates were prepared from
whole-cell extracts. The proteins were resolved by SDS-PAGE
and assayed by Western blotting using a monoclonal antibody
against p53 (BP53-12). As shown in Fig. 1A (lanes 1 to 6),
Hbo1 antibody specifically coimmunoprecipitated p53 from
extracts of MCF7 cells, a cell line with wild-type p53 expres-
sion. This coimmunoprecipitation was blocked by a peptide for
the Hbo1 antigenic epitope but not by an unrelated peptide or
the inclusion of ethidium bromide to disrupt protein-DNA
interactions (38).

In reciprocal experiments, we were unable to detect endog-
enous Hbo1 directly in immunoprecipitates prepared with anti-
p53 antibody, presumably due to the large number of p53
binding partners, the nature of the interactions, or limitations
in the sensitivities of available antibodies. Similar limitations
were reported previously for other p53 binding factors (18, 51,
60). However, when we ectopically expressed FLAG-Hbo1,
coimmunoprecipitation with p53 was readily detected (Fig. 1A,
lanes 7 to 15). Direct analysis of cell lysates by Western blotting
with rabbit anti-Hbo1 confirmed that FLAG-Hbo1 was de-
tected only in cells transfected with the FLAG-Hbo1 construct

and not after mock transfection or transfection with the empty
vector. Furthermore, a mouse monoclonal antibody to the un-
related protein PMS2, but of the same idiotype (immunoglob-
ulin G1 [IgG1]) as that of the antibody to p53, did not immu-
noprecipitate Hbo1. Together, these results demonstrate that
Hbo1 and p53 are subunits of one or more of the same protein
complexes in MCF7 cells.

Endogenous Hbo1, p53, and ING4/ING5 coprecipitate. Our
finding that p53 physically associates with Hbo1 in cells sug-
gested that Hbo1, p53, and ING4 or ING5 might all be com-
ponents of the same protein complexes in cells (17, 57). There-
fore, we sought to test this coassociation and ensure that the
interactions could be detected among the endogenous proteins
and not simply ectopically expressed tagged proteins. As shown
in Fig. 1B, immunoprecipitation of MCF7 whole-cell extracts
with anti-Hbo1 antibody specifically coprecipitated both ING4
and ING5 (lanes 1 to 3). In contrast, we found that anti-Hbo1
antibody failed to coprecipitate ING1 (data not shown), which
is part of a protein complex known to lack Hbo1 (17, 36). In
reciprocal experiments, immunoprecipitation with either anti-
ING4 or anti-ING5 antibodies also coprecipitated Hbo1 (Fig.
1B, lanes 4 to 7). In addition, p53 was clearly present in anti-

FIG. 1. Hbo1, ING4, ING5, and p53 associate in shared protein complexes in cells. (A) Hbo1 and p53 specifically coprecipitate from MCF7
whole-cell extracts. (Left) Results of Western blotting using a monoclonal anti-p53 antibody (�-p53) to detect the presence of p53 in the labeled
samples. Lane 1, 13% of the input MCF7 whole-cell extract used for the other immunoprecipitations; lane 2, control immunoprecipitation (IP)
prepared using purified rabbit IgG; lane 3, precipitates prepared with anti-Hbo1 antibody alone; lane 4, Hbo1 antibody plus the specific antigenic
peptide L74-1; lane 5, Hbo1 antibody plus a nonspecific peptide, MBP4-14; lane 6, Hbo1 antibody plus ethidium bromide (EtBr). (Right) Results
of Western blotting using anti-Hbo1 antibody to detect the presence of Hbo1 in the labeled samples. Lanes 7, 10, and 13, MCF7 cells that were
mock transfected; lanes 8, 11, and 14, cells transfected with FLAG vector without insert; lanes 9, 12, and 15, cells transfected with vector expressing
FLAG-tagged Hbo1; lanes 7 to 9, samples of 4% of the input extracts used for the other immunoprecipitations; lanes 10 to 12, immunoprecipitates
prepared with anti-p53 antibody (PAb 1801) (�-p53); lanes 13 to 15, immunoprecipitates prepared with anti-PMS2 antibody of the same IgG1
subtype as PAb 1801 (�-PMS2). (B) Hbo1 and ING4 coprecipitate, and Hbo1, ING5, and p53 coprecipitate. (Left) Results of Western blotting
of anti-Hbo1 immunoprecipitations using anti-ING4 and anti-ING5 antibodies (lanes 1 to 3). Lane 1, whole-cell extract (WCE) which was first
immunoprecipitated with anti-ING4 antibody (top row) or anti-ING5 antibody (bottom row) and then run together with the control (lane 2) and
anti-Hbo1 immunoprecipitates (lane 3) for Western blotting; lane 2, immunoprecipitates prepared with control preimmune serum; lane 3,
immunoprecipitates prepared with anti-Hbo1 antibody. (Right) Results of Western blotting using anti-Hbo1 and anti-p53 antibodies (lanes 4 to
7). Lane 4, 1% of the whole-cell extract; lane 5, immunoprecipitates prepared with control goat IgG; lane 6, immunoprecipitates prepared with
anti-ING4 antibody; lane 7, immunoprecipitates prepared with anti-ING5 antibody.
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ING5 immunoprecipitates but not in anti-ING4 immunopre-
cipitates. However, we cannot rule out association of p53 with
Hbo1-ING4 complexes since the antigenic epitope used to
raise the anti-ING4 antibody may overlap with the p53 binding
domain of ING4 (74). In any case, these results demonstrate
the pairwise coassociations of normal endogenous levels of
Hbo1, ING4, and ING5 and show that p53 also physically
associates with complexes containing Hbo1 and ING5.

Hbo1 directly interacts with p53 in vitro. We next sought to
determine if p53 could interact directly with Hbo1 or whether
its association might be entirely explained by its binding to
ING5. A series of full-length and truncated forms of p53,
representing known functional domains, were expressed as
GST fusions in bacteria and purified, and equivalent amounts
of protein were tested for binding to His-Hbo1 using GST
pull-down assays (Fig. 2A). As shown in Fig. 2B, full-length
GST-p53, but not GST alone, was able to pull down full-length
His-Hbo1 (lanes 1 to 3). Further mapping demonstrated that
this interaction is complex. Deleting the extreme C-terminal 30
amino acids of p53 in derivative GST-p53(1-363) improved the
relative recovery of His-Hbo1 (Fig. 2A, lanes 4 to 6), while the
most efficient copurification was observed with the 108-residue
C-terminal GST-p53(286-393) fragment (lanes 7 and 8). A
substantial portion of the latter interaction could be mapped to
the 33-residue fragment expressed in GST-p53(361-393) (Fig.
2A, lane 16). Thus, this C-terminal region appears to partially
restrict binding to Hbo1 in the context of full-length p53 but
favors interactions with Hbo1 by itself and in the context of
other C-terminal-region fragments.

We carried out similar mapping studies on Hbo1. Full-
length and truncated versions of His-HBO1 were expressed in
bacteria, purified, and assayed using equivalent amounts of
protein in each reaction mixture (Fig. 2C and D). As expected,
constructs containing the entire MYST domain retain HAT
activity, whereas those that lack the MYST domain do not.
Interestingly, Hbo1(311-611) is more active than Hbo1(1-611)
in vitro, suggesting that the N-terminal domain of HBO1 may
negatively regulate the HAT activity of the C-terminal MYST
domain. Surprisingly, GST pull-down experiments revealed
that p53 interacts with the catalytic MYST domain of Hbo1. As
shown in Fig. 2E, full-length GST-p53 was able to interact with
the Hbo1(311-611) MYST domain fragment (lanes 1 to 3).
Indeed, just the C-terminal domain represented by GST-
p53(328-393) also specifically bound to the MYST domain of
Hbo1 (Fig. 2E, lanes 4 to 6). Previous work showed that p53
also interacts with CBP, another histone acetyltransferase, but
in that case, p53 binds to the noncatalytic region of CBP
(26, 53).

FIG. 2. p53 binds to Hbo1 directly in vitro. (A) Schematic showing
the locations of known functional domains of human p53 (shaded
boxes). Shown below are the extents of the GST-p53 fusion fragments
tested for their interactions with Hbo1, labeled “A1” to “A8.”
(B) Mapping of the Hbo1 interaction domains of human p53 by GST
pull-down. Full-length His6-Hbo1 protein was loaded at 5% (lane 1)
and 10% (lanes 4, 7, and 10) of the amounts used in the accompanying
binding reaction mixtures. Glutathione beads carrying GST only (lanes
2, 5, 8, and 11) or various GST-p53 deletion mutants (lanes 3, 6, 9, and
12 to 16) were incubated with purified His-Hbo1(1-611) protein. After
extensive washing, the bound proteins were resolved by SDS-PAGE
(10% gel) and assayed by Western blotting using rabbit antiserum to
the His6 epitope tag. The individual GST-p53 fusions are labeled “A1”
to “A8” and correspond to the constructs depicted above (A). (C) The
Hbo1 constructs illustrated were expressed as His6-tagged proteins in
bacterial cells and affinity purified. Hbo1(G485A) carries a point mu-
tation predicted to be catalytically dead based on the structure of the
MYST domain (71). The constructs are labeled “C1” to “C5.” ZF, zinc
finger. (D) Results of HAT assays using the subclones shown above
(C). The affinity-purified proteins (12 pmol each) were assayed using
chicken core histones as a substrate in a filter binding assay. The
plotted values represent means and standard errors of the incorpora-

tion of [3H]acetyl-CoA into histone (n � 3). A control without Hbo1
enzyme is labeled “N,” and the different Hbo1 enzyme fragments used
in the reaction mixtures are labeled “C1” to “C5,” corresponding to
the fragments shown above (C). (E) The C-terminal domain of human
p53 binds the MYST domain of Hbo1. Glutathione beads carrying
GST only (lanes 2 and 5), full-length GST-p53(1-393) protein A1 (lane
3), or C-terminal-domain GST-p53(328-393) protein A3 (lane 6) were
incubated with the MYST domain His-Hbo1(311-611) and processed
as described above. Five percent of the input His6-Hbo1(311-611) is
shown in lane 1, and 10% of the input is shown in lane 4.
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FIG. 3. p53 inhibits Hbo1 HAT activity in vitro and in vivo. (A) Addition of p53 inhibits Hbo1 HAT activity in vitro. The results of HAT assays
using [3H]acetyl-CoA and chicken-free core histones are shown. Control incubations with histones only (lanes 1 and 9) or with histones plus
GST-p53 only (lane 7, 12.5 pmol GST-p53; lane 8, 50 pmol GST-p53) did not give histone acetylation. However, the addition of His-Hbo1 (14
pmol) to the reaction mixtures gave strong histone acetylation (lanes 2 and 10). This activity was inhibited by the addition of GST-p53 (lane 3, 12.5
pmol; lane 4, 50 pmol) but not GST alone (lane 5, 12.5 pmol; lane 6, 50 pmol). Inhibition activity was retained in only the C-terminal regulatory
domain represented on GST-p53(328-393) (lane 11, 12.5 pmol; lane 12, 50 pmol). (B) The inhibition of Hbo1 by p53 in vitro is specific. Hbo1 HAT
activity is not inhibited by GST-p53(286-330), a fragment that does not bind well to the enzyme (Fig. 2B). HAT assays with and without the enzyme
served as positive and negative controls (lanes 1 and 2). His-Hbo1 (14 pmol) was incubated with the GST-p53(286-330) protein (lanes 3 and 4)
or GST alone (lanes 5 and 6) at 12.5 pmol (lanes 3 and 5) and 50 pmol (lanes 4 and 6). A different histone H4 acetyltransferase, Hat1, is not
inhibited by p53 in vitro (lanes 7 to 12). Purified human Hat1 (0.7 pmol) was incubated with free chicken core histones and [3H]acetyl-CoA in the
absence (lane 8) or presence (lanes 9 and 10) of GST-p53 or GST alone (lanes 11 and 12) at 12.5 pmol (lanes 9 and 11) or 50 pmol (lanes 10 and
11). Reactions were separated by SDS-PAGE and assayed by measuring the incorporation of [3H]acetate into histones (“Fluorogram”). The
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p53 inhibits Hbo1 HAT activity in vitro. The finding that p53
binds the catalytic domain of Hbo1 suggested that it might
regulate the HAT activity of Hbo1. To test this prediction, we
first compared the HAT activities of purified His-Hbo1 in the
presence and absence of GST-p53 in vitro. As shown in Fig.
3A, GST-p53 specifically inhibits the HAT activity of Hbo1
(lanes 2 to 6). To determine whether this inhibition correlated
with Hbo1 binding, we assayed two fragment derivatives of
p53: GST-p53(328-393), which binds strongly to Hbo1 in pull-
down assays, and GST-p53(286-330), which binds poorly to
Hbo1 (Fig. 2B, lanes 10, 11 and 14). Assays with GST-p53(328-
393) demonstrated that this derivative is sufficient to inhibit the
HAT activity of Hbo1 (Fig. 3A, lanes 9 to 12). In contrast, an
identical concentration of GST-p53(286-330) is poor at inhib-
iting Hbo1 HAT activity (Fig. 3B, lanes 1 to 6). These results
suggest that the inhibition of Hbo1 catalytic activity by p53 may
be a direct consequence of its binding to the enzyme.

Because p53 polypeptides were potential substrates for acet-
ylation by Hbo1, we considered the possibility that p53 inhib-
ited Hbo1 HAT activity by competing as substrate for limiting
amounts of Hbo1 and [3H]acetyl coenzyme A (acetyl-CoA). To
test this alternative, we assayed the ability of Hbo1 to acetylate
these substrates individually. Hbo1 strongly prefers histone
substrates, and p53 acetylation is detected only in reaction
mixtures that do not contain histones, arguing against the com-
petition model (data not shown). We also considered the pos-
sibility that p53 might appear to inhibit Hbo1 activity through
indirect mechanisms such as an associated histone deacetylase
activity or by blocking access to the N-terminal tails. In that
case, p53 would appear to inhibit the acetylation activity of any
HAT enzyme and not just Hbo1. However, we found that the
HAT activity of Hat1, a different histone H4 acetyltransferase,
was not altered in the presence of p53 (Fig. 3B, lanes 7 to 12),
arguing against these alternatives. These results show that the
inhibition of Hbo1 HAT activity by p53 in vitro is specific and
is likely to be a direct consequence of the binding interactions.

p53 inhibits Hbo1 HAT activity in cells. We next sought to
determine whether p53 can inhibit Hbo1 HAT activity in hu-
man cells by expressing the exogenous p53 alleles in p53�/�

Saos-2 osteosarcoma cells (16). Anti-Hbo1 immunoprecipi-
tates were isolated from equivalent amounts of whole-cell
extract, and both the p53 contents and HAT activities of these
immunoprecipitates were compared. As shown in Fig. 3C, p53
protein was observed only in the cells transfected with the p53
expression construct. As expected, this also resulted in the
increased expression of the Mdm2 and p21Waf1/Cip1 genes, two
genes transcriptionally activated by p53. However, even though
similar amounts of Hbo1 were present in the immunoprecipi-

tates, the HAT activity of Hbo1 was inhibited more than 2.5-
fold in cells expressing p53. We also transfected Saos-2 cells
with an adenovirus expressing only the C-terminal 66 amino
acids of p53 (p53C). This fragment lacks transcriptional acti-
vation potential, and, as expected, there were no changes in
expression of the p53-activated Mdm2 or p21 gene in cells
transfected with p53C. Nevertheless, the specific HAT activity
of Hbo1 was almost entirely inhibited in cells expressing p53C
(Fig. 3D). Together with our in vitro results, these experiments
demonstrate that overexpressed p53 is capable of negatively
regulating Hbo1 activity in cells through a transcription-inde-
pendent pathway.

Hbo1 HAT activity in p53�/� and p53�/� mouse cells. Since
the HAT-specific activity of Hbo1 decreases when ectopic p53
or p53C is expressed in Saos-2 cells, we predicted that the
opposite should also be true: Hbo1 HAT activity should in-
crease when p53 is deleted from wild-type cells. MEFs isolated
from p53�/� and p53�/� mice provide a system to test this
prediction. As a first step, we characterized key aspects of
Hbo1 structure and function in the mouse. We subcloned and
sequenced an expressed-sequence-tag cDNA (dbEST acces-
sion number 8230062) for Myst2, the mouse gene encoding
Hbo1 (GenBank accession number DQ076247). The deduced
amino acid sequence is identical to that of its human counter-
part, except for the 63rd amino acid (Gln in human Hbo1 and
Pro in mouse Myst2) and is identical to the coding sequences
of the reference genomic Myst2 locus (GenBank accession
number NT_039521). Western blots of NIH 3T3 cell extracts
revealed an 83-kDa protein comigrating with human Hbo1
(Fig. 4A). Mouse Myst2 immunoprecipitates displayed HAT
activity (data not shown), and a GST fusion with the C-termi-
nal region of mouse p53 (amino acids 325 to 390) interacted
with full-length His-Hbo1 (Fig. 4B).

To assess the role of p53 in regulating Hbo1 HAT activity in
MEF cells, we examined early-passage primary embryonic fi-
broblast cells derived from p53�/� and p53�/� animals. Anal-
ysis of these cultures by flow cytometry demonstrated that they
had similar cell division cycle distributions (Fig. 4C), although
the p53�/� cultures contained a subpopulation of tetraploid
cells, as expected (8, 21). Whole-cell extracts were prepared
from third-passage cell cultures, and Hbo1 complexes were
immunoprecipitated. These Hbo1 immunocomplexes were
then assayed for HAT activity (Fig. 4D). Western blot analysis
showed that the total expression of Hbo1 was the same in both
the p53�/� and p53�/� cells. Nevertheless, the Hbo1 HAT
activity of p53�/� cells was elevated by an average of 3.7-fold 	
1.2-fold (n � 3) compared to that of wild-type mouse cells.
This increase is consistent with p53 negatively regulating Hbo1

amounts of histone substrate were measured by Coomassie staining of the gels (“Stain”). Histone acetylation activity in these reaction mixtures
required the addition of the Hat1 enzyme as expected (lane 7). (C) Expression of p53 in cells inhibits Hbo1 acetylation activity. Saos-2 cells
(p53�/�) were transiently transfected with either empty pcDNA3.1Zeo(�) plasmid (lane 1) or a pcDNA3.1Zeo(�) clone expressing p53 (lane 2).
Whole-cell extracts were separated by PAGE and assayed by Western blotting with antibodies against p53, Hbo1, Mdm2, p21, and �-tubulin.
Immunoprecipitates pulled down from the extracts with anti-Hbo1 antibody were assayed for HAT activity using [3H]acetyl-CoA incorporation
(“Fluorogram”) with chicken core histones as a substrate (“Stain”). (D) Expression of the C-terminal domain of p53 is sufficient to inhibit the
HAT activity of Hbo1 in cells. Saos-2 cells were transfected with either adenovirus expressing GFP (lane 1) or adenovirus expressing only
the C-terminal regulatory domain of p53, residues 328 to 393 (lane 2). Whole-cell extracts were probed by Western blotting as described
above (B), with the exception that p53C was detected by slot blot Western analysis of the chromatin-enriched fractions using an antibody
(PAb 122) specific for the C-terminal region of p53. Immunoprecipitation (IP) and HAT assays were carried out as described above (B).
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and, moreover, shows that this role is conserved between
mouse and human cells.

p53C inhibits pre-RC assembly. The direct inhibition of
Hbo1 expression by antisense knockdown or immunodepletion

specifically blocks MCM2-7 association with chromatin, a late
step in pre-RC assembly (31). We reasoned that this step might
also be inhibited by the down-regulation of Hbo1 by p53. To
test this prediction, we transfected HeLa cells with either p53C

FIG. 4. Hbo1 is negatively regulated by p53 in MEFs. (A) Whole-cell extracts of human 293T cells (lane 1) and mouse NIH 3T3 cells (lane 2)
were resolved by 12% SDS-PAGE, transferred onto a membrane, and immunoblotted with anti-Hbo1 antibody. (B) Mouse GST-tagged p53 or
GST alone was incubated with His-Hbo1 and purified on glutathione beads. The bound proteins were separated by SDS-PAGE and immuno-
blotted for His-Hbo1. His-Hbo1 was used in these assays, rather than creating a His-Myst2 construct, since Hbo1 differs from Myst2 only at residue
63, which is outside the region of interaction with p53. (C) Flow cytometry of MEF cell cultures. Primary MEF cells cultured from wild-type mouse
embryos (“p53�/�”) and p53 null embryos (“p53�/�”) were stained with propidium iodide and assayed for DNA content. The histograms of cell
number versus relative DNA fluorescence are shown. The experimentally determined cell counts are plotted as solid dots. The histograms were
fit to G1-phase (green), S-phase (gray), and G2/M-phase (blue) populations, which are plotted at half-scale below the experimental data. The
overall fit is shown by the red line. Note that the p53�/� MEF cell cultures contained both diploid cells, cycling between 1C and 2C DNA content,
and tetraploid cells, cycling between 2C and 4C DNA content (8, 21). Therefore, these cultures were treated as a mixture of cycling diploid and
tetraploid cells with similar division cycle distributions. (D) Whole-cell extracts of the p53�/� and p53�/� cells were probed with anti-Hbo1
antibody (top). Immunoprecipitates prepared with Hbo1 antibody were subjected to HAT assays with [3H]acetyl-CoA, and incorporation was
monitored by fluorography (middle). The histone substrate levels were monitored by Coomassie blue staining (bottom).
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adenovirus or green fluorescent protein (GFP) control adeno-
virus. After 48 h of infection, the cells were fractionated to give
total cell extract and soluble cytoplasmic (S2), soluble nuclear
(S3), and chromatin-enriched (P3) fractions as described pre-
viously (43). Good fractionation was achieved, as indicated by
the predominant recovery of Mek2 in the cytoplasmic fraction
and Hbo1 in the chromatin fraction (Fig. 5). These fractions
were then subjected to SDS-PAGE, and the amounts of
pre-RC components were determined for each fraction by
Western blotting (Fig. 5). The overall levels of expression of
pre-RC components remained unchanged, with or without
p53C (Fig. 5, lanes 1 and 2). Nevertheless, the overexpression
of p53C caused a sixfold decrease in the chromatin binding of
Mcm2 and Mcm6 (lanes 5 and 6) without affecting the binding
of Orc2, Cdc6, or Cdtl. This outcome matches the effect of
depleting Hbo1 expression in human cells (31). Thus, these
results suggest that p53 can be coupled to the control of
pre-RC assembly in cells through its regulation of Hbo1 HAT
activity.

Activation of p53 by hyperosmotic stress inhibits Hbo1. A
strong prediction of this model is that physiological stress con-
ditions that activate p53 should, in turn, inhibit Hbo1 and its
downstream functions such as pre-RC formation. To test this
prediction, we first examined the consequences of high salt, a
stress known to stabilize and activate p53 (35), which can be
imposed during G1 phase at the time of pre-RC assembly.
MCF7 cells were arrested at metaphase with nocodazole for
16 h and then released into fresh medium. Cells were allowed
to recover for 2 h, and the cultures were adjusted to 0.26 M
NaCl to activate p53 and incubated for an additional 6.5 h.
Flow cytometry confirmed that cells were arrested at meta-
phase by nocodazole and that both salt-treated cells and their
untreated controls exited metaphase and were in G1 phase at
the time of harvest (Fig. 6A). Analysis of whole-cell extracts

demonstrated that salt treatment increased p53 levels approx-
imately 1.7-fold, as expected (Fig. 6B). We also observed a
reproducible decrease of roughly 2.5-fold in Mdm2 and p21
after 6.5 h of salt treatment. The decrease in Mdm2 is in
agreement with data from previous experiments that demon-
strated a transient decrease in Mdm2 in response to osmotic
shock, with a minimum at approximately 6 h posttreatment
(35). This decrease in Mdm2 contributes to the stabilization of
p53. The relative expression of p21 following salt stress in
synchronized MCF7 cells has not been examined previously,
but our results presumably reflect the kinetics of activation of
p53 by phosphorylation of Ser33 by p38MAPK (35). Hbo1 im-
munoprecipitates from these extracts were then assayed for
p53 association and HAT activity. As seen in Fig. 6C, although
similar amounts of Hbo1 were recovered in the precipitates
from control and salt-treated cells, salt stress increased the
amount of p53 recovered in Hbo1 complexes by approximately
3.3-fold. Furthermore, the HAT activity of Hbo1 in the treated
cells was inhibited proportionally by 3.4-fold, consistent with
the activation of p53.

We next assayed the state of pre-RC assembly in control and
salt-treated cells by monitoring the chromatin loading of
pre-RC component proteins. Total cell extracts were fraction-
ated as described above and assayed for p53 levels and pre-RC
subunits by Western blotting (Fig. 6D). We observed either no
change or a slight increase in the overall relative level of
expression of Hbo1 and pre-RC components in salt-treated
cells (Fig. 6D, lanes 1 and 2). As expected, salt treatment
increased p53 levels in the total cell extract and increased its
recovery in the chromatin fraction by 2.4-fold (Fig. 6D, lanes 1
and 2 and 7 and 8). The chromatin-bound levels of Orc2 and
Cdt1 were unaltered by salt treatment. However, the chro-
matin-bound amounts of Mcm2 and Mcm6 were strongly in-
hibited by at least 2.6-fold in extracts from the treated cells,
consistent with down-regulation of Hbo1 by activated p53 (Fig.
6D, lanes 7 and 8). These results show that physiological
stresses that stabilize p53 during the time of DNA replication
licensing result in the inhibition of Hbo1 HAT activity and the
association of MCM2-7 with chromatin.

Activation of p53 by HU arrest inhibits Hbo1. After pre-RC
assembly, DNA replication is initiated by a series of regulated
steps that result in the disassembly of the pre-RC and the
release of MCM2-7 to travel with the DNA replication fork
(3). We were curious whether p53 activation following repli-
cation initiation would also inhibit Hbo1 activity and whether
it would affect the chromatin association of MCM2-7. HU,
which inhibits ribonucleotide reductase, blocks DNA synthesis
within S phase by limiting deoxynucleotide triphosphates (66).
This stress, in turn, stabilizes p53, leading to increased protein
levels (25, 65). To test the effect of this pathway on Hbo1
activity in S phase, we treated MCF7 cells with HU and exam-
ined p53 and Hbo1 functions at time intervals after the block.
Flow cytometry of these cells showed that they were predom-
inantly in G1 and S phases with underreplicated DNA (Fig.
7A). The expression of p53 was significantly increased after 6 h
of HU treatment, and p21 expression was increased as well
(Fig. 7B), consistent with previous observations (29). Hbo1
immunoprecipitates were then assayed for HAT activity and
their Hbo1 and p53 protein levels (Fig. 7C). Equivalent
amounts of Hbo1 were recovered in the immunoprecipitates

FIG. 5. A C-terminal fragment of p53 is sufficient to inhibit pre-RC
assembly of the MCM2-7 complex. HeLa cells were transfected with
adenovirus expressing either control GFP or p53C, the C-terminal
regulatory domain of p53 (amino acids 328 to 393). Cells were har-
vested and fractionated as described previously (43). Fractions were
separated by SDS-PAGE and assayed by Western blotting with anti-
bodies against the proteins indicated. The results are shown for the
total cell extracts (TCE), the soluble cytoplasmic fractions (S2), and
the chromatin-enriched fractions (P3).
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from control and HU-treated cells; however, the precipitates
from HU-arrested cells were enriched approximately twofold
in the p53 protein. Along with this increased p53 association,
we observed a 2.6-fold decrease in the relative HAT activity of
immunocomplexes recovered from cells arrested with HU.
Thus, as with hyperosmotic shock, the activation of p53 by HU
stress correlated with an inhibition of Hbo1 HAT activity.
Whole-cell extracts were then fractionated as described above
to assess MCM2-7 loading under HU stress conditions (Fig.
7D). As expected, HU treatment increased p53 binding in the
chromatin faction. However, in this case, the chromatin levels
of Mcm2 and Mcm6 did not decrease, despite the down-reg-
ulation of Hbo1 activity (Fig. 7D, lanes 7 and 8). The only
pre-RC factor apparently affected by HU stress was geminin,
which displayed increased expression and association with
chromatin (Fig. 7D, lanes 1, 2, 7, and 8). This is likely due to
the normal increase in its expression during S phase and en-
richment of those cells by HU treatment (48). The continued
association of MCM2-7 with chromatin in the face of de-
creased Hbo1 activity is consistent with the disassembly of the

pre-RC and relocation of MCM2-7 to the replication fork
following replication initiation (7, 11, 37, 40).

The coupling of stress signals to Hbo1 is p53 dependent. If
p53 is mediating the Hbo1 response to salt and HU stress
signals, then the deletion of p53 should abolish this response.
To test this prediction, we first examined the effect of these
stresses on p53�/� and p53�/� MEF cells. Primary early-pas-
sage cell cultures were treated with either NaCl for 3 h or HU
for 6 h. The DNA content histograms of treated and control
cells are shown in Fig. 8A. Whole-cell extracts were prepared
from these cultures and assayed for protein levels by Western
blotting and HAT activity in Hbo1 immunoprecipitates. As
shown in Fig. 8B, both NaCl and HU stresses induced the
activation of p53 in wild-type p53�/� cells greater than sixfold
and caused an inhibition of Hbo1 HAT activity of over 2.5-
fold. In contrast, the HAT activity of Hbo1 was not inhibited by
either high salt or HU arrest in p53�/� cells. These results
demonstrate that the inhibition of Hbo1 HAT activity caused
by hyperosmotic stress and DNA replication arrest is depen-
dent on p53 function in MEFs.

FIG. 6. Salt stress in G1 phase activates p53 expression, inhibits Hbo1 HAT activity, and blocks chromatin loading of the MCM2-7 complex.
(A) MCF7 cells were arrested at metaphase with nocodazole for 16 h (“Noc Arrest”). The synchronized cell cultures were then split into fresh
medium without nocodazole and allowed to release from arrest. After 2 h of recovery, one set of cells was left untreated (“Released Untreated”),
while the other was treated with 0.26 M NaCl (“Released �NaCl”). Cells were harvested from the cultures after 6.5 h, stained for DNA, and
assayed for their cell cycle distributions by flow cytometry. (B) Effect of salt stress on the amounts of key proteins. Whole-cell extracts were
prepared from untreated (lane 1) (“�”) and NaCl-shocked (lane 2) (“�”) cultures described above (A). The extracts were separated by PAGE
and assayed by Western blotting with antibodies against p53, Hbo1, Mdm2, p21, and �-tubulin. (C) Immunoprecipitates were prepared using
anti-Hbo1 antibody and whole-cell extracts of untreated cells (lane 1) and NaCl-shocked cells (lane 2) as described above (A). Portions of the Hbo1
immunoprecipitates were then assayed by Western blotting for the presence of Hbo1 and p53 (“p53/Hbo1 in the complex”) and for HAT activity
by [3H]acetate incorporation (“Fluorography”) into chicken core histones (“Stain”). (D) MCF7 cells, either untreated or NaCl shocked as
described above (A), were fractionated into total cell extract (TCE), a soluble cytoplasmic fraction (S2), a soluble nuclear fraction (S3), and a
chromatin-enriched fraction (P3) as described previously (43). Fractions were separated by PAGE and assayed by Western blotting with antibodies
against p53, Mcm2, Mcm6, Hbo1, Cdt1, Orc2, and Mek2.
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To test the p53 dependence of the pathway in human cells,
we used siRNA to block p53 expression and assayed the inhi-
bition of pre-RC assembly by osmotic shock. MCF7 cells were
transfected with an siRNA oligonucleotide directed against
p53 expression, or a nontargeted control siRNA oligonucleo-
tide, and were incubated for 48 to 72 h. The cells were then
arrested at metaphase by treatment with 50 ng/ml nocodazole
for 16 h, and the rounded mitotic cells were collected by de-
taching them from the culture surface by shaking. Flow cytom-
etry confirmed that the recovered cell population was synchro-
nized in mitosis with a G2 DNA content (Fig. 9A). The cells
were then incubated in medium without extra salt for 2.5 h to
allow recovery from mitotic arrest. Cells were then treated with
0.26 M NaCl for 6.5 h and then collected for biochemical
fractionation. As shown in Fig. 9A, both the control siRNA
and p53 siRNA cell populations exited from mitosis and dis-
played similar flow cytometry profiles, with predominantly G1

DNA contents at harvest. In cells transfected with control
siRNA oligonucleotides, osmotic shock increased the amount
of p53 in the whole-cell extracts, and the levels of MDM2 and
p21 decreased (Fig. 9B, lanes 1 and 2). The chromatin associ-

ation of p53 in the P3 fraction also increased about twofold,
and in two independent experiments, the chromatin associa-
tion of Mcm2 and Mcm6 specifically decreased by approxi-
mately twofold (Fig. 9B, lanes 10 and 11). These results are in
agreement with the above-described osmotic shock experi-
ments (Fig. 6) demonstrating that pretreatment with siRNA
did not affect the p53-Hbo1 regulatory pathway. The transfec-
tion of cells with p53 siRNA successfully blocked p53 expres-
sion in total cell extracts and also reduced the association of
p53 in the P3 chromatin fractions (Fig. 9B, lanes 2, 3, 11, and
12). However, osmotic shock failed to inhibit the chromatin
loading of Mcm2 and Mcm6 when p53 expression was knocked
down by siRNA (Fig. 9A, lanes 10 to 12). These results show
that p53 is required to couple the Hbo1-dependent regulation
of pre-RC assembly to osmotic stress.

DISCUSSION

Our results identify a previously unrecognized pathway that
links stress response signaling through p53 to the output of a
histone acetyltransferase complex. In the case of salt stress

FIG. 7. DNA replication arrest in S phase with HU activates p53 expression and inhibits Hbo1 HAT activity. (A) An asynchronously dividing
culture was split and either left untreated or arrested with 1.5 mM HU treatment. Cells were harvested from the cultures after 6 h of HU treatment
and assayed by flow cytometry. The DNA content histograms are plotted as shown. (B) MCF7 cells were either left untreated (lane 1) (“�”) or
treated for 6 h with 1.5 mM HU (lane 2) (“�”) as described above (A). Whole-cell extracts were separated by PAGE and assayed by Western
blotting with antibodies against p53, Hbo1, p21, and �-tubulin as a loading control. The pairs of Western blot bands presented in columns 1 and
2 are from nonadjacent lanes of the same gel images. (C) MCF7 whole-cell extracts as described above (A) were immunoprecipitated with
anti-Hbo1 antibody. Portions of the Hbo1 immunoprecipitates were then assayed by Western blotting for the presence of Hbo1 and p53
(“p53/Hbo1 in the complex”) and for HAT activity by [3H]acetate incorporation (“Fluorography”) into chicken core histones (“Stain”). (D) MCF7
cells, either untreated or HU arrested as described above (A), were fractionated into total cell extract (TCE) (lanes 1 and 2), a soluble cytoplasmic
fraction (S2) (lanes 3 and 4), a soluble nuclear fraction (S3) (lanes 5 and 6), and a chromatin-enriched fraction (P3) (lanes 7 and 8) (43). Fractions
were separated by PAGE and assayed by Western blotting with antibodies against p53, Mcm2, Mcm6, Hbo1, geminin, Cdt1, Orc2, and Mek2.

VOL. 28, 2008 p53 MODULATES Hbo1 HAT ACTIVITY 149



during G1 phase, this pathway results in the inhibition of
pre-RC assembly. These results are consistent with the previ-
ous observation that p53 can inhibit nuclear DNA replication
in vitro in Xenopus egg extracts in a transcription-independent
manner (15). In addition to p53, the tumor suppressors RB and
p16 also regulate the initiation of DNA replication (10, 50).
The Rb protein, which binds to Mcm7, inhibits DNA unwind-
ing in vitro in Xenopus extracts. The tumor suppressor p16
inhibits the chromatin association of minichromosome main-
tenance proteins at G1 phase, presumably through the inhibi-
tion of G1 cyclin-dependent kinase activity. Thus, tumor sup-
pressor proteins employ diverse molecular mechanisms to
modulate the initiation of DNA replication.

Using antibodies against native proteins, we found that en-

dogenous Hbo1 coprecipitates with endogenous ING4 and
ING5, in agreement with previous work using epitope-tagged
constructs (17). In addition, the Hbo1/ING5 complex also as-
sociates with p53 in MCF7 cells. We considered the possibility
that p53 and ING4/ING5 compete for binding to Hbo1. How-
ever, this is unlikely since the interaction between ING5 and
Hbo1 was not disrupted by the stabilization of p53 following
HU treatment (data not shown). At present, the functions of
ING4 and ING5 in the complexes are unclear. On one hand,
their properties strongly suggest that they are tumor suppres-
sor proteins, formally analogous to p53 in their actions (52, 57).
On the other hand, the inhibition of ING4 and ING5 expres-
sion by RNA interference in HeLa cells causes phenotypes
similar to those produced by the loss of Hbo1 (17, 31); that is,

FIG. 8. Stress regulation of Hbo1 is p53 dependent in MEFs. (A) Flow cytometry of MEF cells. MEF cell cultures from wild-type mouse
embryos (top row) and p53 null embryos (bottom row) were split into three portions and either left untreated, treated with 10 mM HU for 6 h,
or salt shocked with 0.24 M NaCl for 3 h. Cells were harvested, stained for DNA, and assayed by flow cytometry. The DNA content histograms
are plotted as described for Fig. 7A. (B) Primary MEF cell cultures from p53�/� and p53�/� animals were left untreated (lanes 1 and 4), stressed
for 3 h with 0.24 M NaCl (lanes 2 and 5), or treated for 6 h with 10 mM HU (lanes 3 and 6). Whole-cell extracts were probed for levels of Hbo1,
p53, and �-tubulin, as a loading control, by Western blot assays. Immunoprecipitates were prepared from the extracts with anti-Hbo1 antibody and
assayed for HAT activity by [3H]acetate incorporation (“Fluorogram”) using chicken core histones as a substrate (“Stain”).
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ING4 and ING5 apparently act as positive factors in their
respective Hbo1/ING/Jade complexes and yet also act in par-
allel with p53, which negatively regulates the Hbo1 HAT ac-
tivities of the complexes. Resolving this apparent paradox
through further molecular and genetic experiments promises
to provide novel insights into the control of cell growth and
proliferation.

Based on our data, and those reported previously by others,
we speculate that Hbo1 and p53 may serve to integrate and
balance conflicting mitogenic and stress signals that impinge
upon cell proliferation. Several observations support the idea
that Hbo1 responds positively to mitogenic signaling pathways
to promote replication licensing and proliferation. For exam-
ple, the cyclin-dependent kinase CDK11p58 has recently been
found to bind Hbo1 and simulate its HAT activity (77). This

fits well with our observation that removing the N-terminal
serine-rich domain increases Hbo1 HAT activity (Fig. 2D).
Counterbalancing these proliferative responses, growth-inhib-
itory stress signals would result in p53 activation and thus the
inhibition of Hbo1 activity. Pre-RC assembly provides a model
example of this regulation. The activation of Hbo1 during G1

phase serves to facilitate MCM2-7 loading onto chromatin and
ensure the efficient completion of pre-RC assembly (31). How-
ever, if cells experience hyperosmotic shock during G1 phase,
this activates p53 expression, which in turn inhibits Hbo1 ac-
tivity, blocking MCM2-7 loading and delaying pre-RC assem-
bly. Another example of this regulatory pathway may be the
cellular response to human cytomegalovirus infection, which
both increases the expression of p53 and prevents MCM2-7
loading and replication licensing (6, 46, 70).

FIG. 9. Osmotic stress regulation of MCM2-7 loading is p53 dependent. (A) Flow cytometry of synchronized cultures. MCF7 cells were
transfected with either control siRNA or p53-specific siRNA (“p53 siRNA”) and cultured asynchronously for 72 h (“Asynchronous”). Cells were
then arrested in mitosis with nocodazole for 16 h (“Noc Arrest”). The synchronized cell cultures were then split into fresh medium without
nocodazole and allowed to release from arrest. After 2 h of recovery, cells were then treated with 0.26 M NaCl (“Released �NaCl”). Cells were
harvested from the cultures after 6.5 h, stained for DNA, and assayed for their cell cycle distributions by flow cytometry. (B) MCM2-7 chromatin
loading under osmotic stress is p53 dependent. MCF7 cells were fractionated into total cell extract (TCE) and soluble cytoplasmic, soluble nuclear,
and chromatin-enriched fractions as described previously (43). Fractions were separated by PAGE and assayed by Western blotting with antibodies
against p53, Mcm2, Mcm6, Hbo1, Cdt1, Orc2, and Mek2. Whole-cell extracts were also assayed for MDM2 and p21 by Western blotting. The
standard cell population was transfected with control siRNA but not shocked with NaCl (lanes 1, 4, 7, and 10). The stress control cell population
was transfected with a control siRNA and treated with 0.26 M NaCl (lanes 2, 5, 8, and 11). The stress- and p53-depleted cell population was
transfected with p53 siRNA and treated with 0.26 M NaCl (lanes 3, 6, 9, and 12).
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The extent to which this regulatory pathway influences cell
proliferation remains to be determined, but it is likely to affect
more than just replication licensing. Blocking DNA replication
fork progression with HU causes a p53-dependent down-reg-
ulation of Hbo1 activity (Fig. 8). However, in this case, the
MCM2-7 complex remains bound to chromatin. While this
result makes sense given the importance of MCM2-7 for
stalled replication forks and subsequent replication elongation
following restart (7, 11, 37, 40), it leaves open the question of
why Hbo1 is inhibited under these conditions. One possibility
is that Hbo1 has additional unknown roles during S phase, and
the results of experiments using RNA interference to inhibit
ING4 and ING5 expression support this interpretation (17). In
addition, it is also likely that other functions of Hbo1, such as
its role as a transcriptional coactivator (22, 44, 55), must be
kept in check by p53 during cellular stress responses.

The negative regulation of Hbo1 by p53 suggests that this
HAT may be a candidate oncogene, and several observations
are consistent with this idea. Hbo1 maps to 17q21, a locus that
shows frequent allelic gain in a variety of human tumors.
Moreover, the Hbo1 gene has been found to be amplified or
overexpressed in several breast cancer cell lines (14). As p53 is
deficient in many breast cancers, this would exacerbate the
oncogenic potential of Hbo1 if amplified or overexpressed.
Interestingly, retroviral tagging screens have identified two in-
dependent tumor lines in which the site of retroviral insertion
mapped to locations consistent with a dominant activation of
Hbo1 expression (61). Finally, the acetylation pattern of his-
tone H4 in many cancers is consistent with the substrate spec-
ificity of Hbo1 in vivo (17, 20).
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