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HBO1 histone acetylase is
a coactivator of the replication
licensing factor Cdtl
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HBOL1 histone acetylase is important for DNA replication
licensing. In human cells, HBO1 associates with repli-
cation origins specifically during the G1 phase of the cell
cycle in a manner that depends on the replication licens-
ing factor Cdt1, but is independent of the Cdt1 repressor
Geminin. HBO1 directly interacts with Cdt1, and it en-
hances Cdtl-dependent rereplication. Thus, HBO1 plays
a direct role at replication origins as a coactivator of the
Cdt1 licensing factor. As HBOL1 is also a transcriptional
coactivator, it has the potential to integrate internal and
external stimuli to coordinate transcriptional responses
with initiation of DNA replication.
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The initial step of DNA replication involves the forma-
tion of the prereplication complex (pre-RC) on origins of
replication distributed throughout the genome. Sequen-
tial assembly of two multiprotein complexes, ORC (ori-
gin recognition complex) and MCM (minichromosome
maintenance), result in a pre-RC that is “licensed” for
replication that will occur in the subsequent S phase
(Bell and Dutta 2002). ORC associates with replication
origins throughout the entire cell cycle, whereas the MCM
complex is specifically loaded during late mitosis
through G1 phase under the control of ORC and ORC-
associated licensing factors Cdtl and Cdc6 (Thommes
and Blow 1997; Bell and Dutta 2002). As cells enter S
phase, origins are activated to initiate DNA replication,
whereupon the pre-RC disassembles. Relicensing of rep-
lication origins does not occur in S phase, thereby re-
stricting DNA synthesis to once per cell cycle.
Regulation of Cdtl plays a critical role in the licensing
process. Inhibition of Cdtl activity occurs by multiple
mechanisms, including ubiquitin-dependent proteolysis
and binding to its potent inhibitor Geminin (Wohlschle-
gel et al. 2000; Tada et al. 2001; Arias and Walter 2007).
Misregulation of the licensing process and defects in the
ordered assembly and disassembly of the pre-RC alter
the integrity of the genome (Vaziri et al. 2003; Saxena
and Dutta 2005; Niida and Nakanishi 2006; Tatsumi et
al. 2006; Hook et al. 2007). Thus, cell cycle regulation of
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Cdtl expression and function is responsible for licensing
replication origins in G1 and preventing relicensing and
hence rereplication in S phase.

As expected for any molecular process involving DNA
in eukaryotic cells, DNA replication initiation is influ-
enced by chromatin structure. In particular, histone acety-
lation is linked to pre-RC assembly and the control of ini-
tiation of DNA replication. In yeast and mammalian cells,
early-firing origins are typically localized in genomic re-
gions that are transcribed and contain hyperacetylated
chromatin, whereas late-firing origins lie in silenced het-
erochromatic domains (Kemp et al. 2005; Zhou et al. 2005;
Karnani et al. 2007; Lucas et al. 2007; Goren et al. 2008).
In addition, histone acetylation is involved in origin ac-
tivation during early development in Xenopus (Danis et
al. 2004) and at the chorion gene loci in Drosophila fol-
licle cells (Aggarwal and Calvi 2004; Hartl et al. 2007).
However, it is unknown whether and how histone acety-
lases or deacetylases activities are targeted at origins to
promote pre-RC assembly and/or origin activity.

HBO1 (human acetylase binding to ORC1) is a MYST
family histone acetylase that interacts both with tran-
scriptional activator proteins (Georgiakaki et al. 2006;
Miotto and Struhl 2006; Miotto et al. 2006) and with
MCM2 and ORCI (lizuka and Stillman 1999; Burke et al.
2001; Doyon et al. 2006). HBO1 depletion reduces the
rate of DNA synthesis, the amount of MCM complex
bound to chromatin, and progression through S phase
(Doyon et al. 2006; Iizuka et al. 2006). In addition, the
Drosophila HBO1 homolog (Chameau) increases origin
activity when artificially recruited to a synthetic repli-
cation origin (Aggarwal and Calvi 2004). However, it is
unknown whether HBO1 associates with origins in vivo,
and the observation that HBO1 copurifies with MCM
subunits in the absence of ORC suggests that HBO1 may
control DNA replication during S phase rather than in
G1 (Doyon et al. 2006).

Here, we show that HBOI1 is targeted to origins
through a direct interaction with the licensing regulator
Cdtl, and that HBO1 enhances Cdtl-dependent rerepli-
cation. As HBOI is not required for Cdtl association
with replication origins, these observations indicate that
HBOI1 functions as a coactivator of Cdtl during the li-
censing process.

Results and Discussion

HBO1 associates with replication origins
in mammalian cells

Although HBOI interacts with the ORC and MCM com-
plexes and affects DNA replication (Supplemental Fig.
S1), it is still unknown whether HBO1 directly associ-
ates with replication origins in vivo. As assayed by chro-
matin immunoprecipitation (ChIP), HBOI, but not the
related MYST acetylase hMOF, associates with origins
in several human cell lines (Fig. 1A-E; Supplemental Fig.
S2). In addition, HBO1 associates with the origin located
within the HPRT1 coding sequence (Cohen et al. 2004)
in mouse lymphocytes (Fig. 1F). Sequential ChIP assays
demonstrate that HBO1 and ORC1 coexist on origins
in human cells (Fig. 1G). As ORCI (unlike other ORC
subunits) is degraded after initiation of DNA replication
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Figure 1. HBOI associates with mammalian origins of replication.
(A) Binding profile of HBO1 at the MCM4 origin (OR) locus in
HEK293 kidney, HeLa adenocarcinoma, and CCL-156 lymphoblas-
toid cells. Control IgG (B), MOF (C), ORC1 (D), and MCM5 (E)
binding profile at the MCM4 origin in the same chromatin sample.
(F) ChIP analysis of HBO1 and ORC2 binding profile at the mice
HPRTI1 origin. (Insert) Western blot analysis of HBO1 antibody
specificity against human and mice whole cellular extracts. (G) Re-
ChIP analysis of HBO1 and ORCI1 co-occupancy on MCM4 and
LaminB2 origins in HeLa cells.

(Mendez et al. 2002), this observation suggests that
HBOL1 is bound at the time of DNA licensing.

HBOI1 can be copurified with ING4 and ING5 pro-
teins, and it has been suggested that such complexes
regulate replication (Doyon et al. 2006). However, de-
spite successful recovery of ING4 and ING5 in immu-
noprecipitates from HeLa and HEK 293 cells using dif-
ferent commercially available antibodies, we were un-
able to observe selective association with replication
origins (data not shown). Although not conclusive, this
observation suggests that HBO1 may associate with ori-
gins independently of ING proteins, and that ING/HBO1
complexes may regulate later stages of replication
(Doyon et al. 2006).

HBO1 association with origins is restricted to G1

Expression and/or chromatin association of several rep-
lication factors is maximal in G1, when DNA licensing
occurs, and reduced upon cell cycle exit or progression
in S phase (Bell and Dutta 2002). Expression of HBO1
mRNA and protein are not differentially regulated in re-
sponse to serum deprivation and cell cycle exit, nor are
they affected when cells re-enter the proliferative cycle
following serum readdition (Fig. 2A,B). The persistence
of HBOI1 expression in nonproliferating cells is consis-
tent with the important biological roles of HBO1 that are
unrelated to DNA replication (Doyon et al. 2006; Geor-
giakaki et al. 2006; Miotto and Struhl 2006). Further, as
previously reported (lizuka et al. 2006), HBO1 mRNA
expression and protein stability are also not cell cycle-
regulated (Supplemental Fig. S3).

Although HBOI1 protein levels are unregulated by
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growth conditions or cell cycle status, HBO1 does not
associate with replication origins in nonproliferating
cells (Fig. 2C). Furthermore, HBOI strongly associates
with origins in cells staged in G1 by mimosine treat-
ment, but not in cells staged in early S or in M phase by
hydroxyurea (HU) and nocodazole treatments, respec-
tively (Fig. 2D). In contrast, levels of HBO1 bound to
bulk chromatin (Supplemental Fig. S3) and HBO1 asso-
ciation with target sites unrelated to DNA replication
(HoxA9 and HoxC13) are unaffected by cell growth and
not restricted to G1 (Fig. 2D), indicating that cell cycle
regulation of HBO1 association is specific to origins.
Therefore, HBOLI is cyclically assembled onto origins in
Gl and disassembled following origin firing, strongly
suggesting that HBO1 function at origins is restricted to
G1. As ORC, but not the MCM complex, is loaded onto
chromatin in the absence of HBO1 (lizuka et al. 2006),
HBO1 may mediate and/or stabilize the interaction be-
tween ORC and MCM complexes at the origin.

Licensing factor Cdt1 stabilizes HBO1 at origins

The results above strongly suggest that HBO1 associa-
tion with replication origins is mediated by a G1-specific
factor(s). Aside from the ORC and MCM complexes,
Cdc6 and Cdtl are essential for DNA licensing in G1
(Bell and Dutta 2002). In addition, HBO1 dissociates
from origins shortly (2 h) after cells are treated with the
DNA damaging agent actinomycin D (Fig. 3A; data not
shown), while the overall association of HBO1 with
chromatin is unaffected (Fig. 3C). Therefore, HBO1 dis-
sociation from origins is either triggered by proteolytic
degradation of a key licensing cofactor or by post-trans-
lational event(s) induced by HU and/or actinomycin D
treatment(s).

To address these issues, we analyzed HBO1 binding at
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Figure 2. HBOI association with origins is restricted to Gl. (A)
Expression level of HBO1, ORC1, Cdtl, and MCM2 mRNAs in
CCL-156 cells in culture (asynchronously), following serum depri-
vation and cell cycle exit (GO), and following readdition of 20%
serum in the media for 6 h after serum deprivation (GO + serum).
The Ieft panel illustrates the cell cycle profile of samples used in the
experiment. “no RT” referrs to the control condition where cDNA
synthesis was omitted prior to PCR analysis. (B) Expression level of
HBO1, MCM2, and ORC2 proteins upon readdition of serum for
indicated number of hours. (C) ChIP analysis of HBO1 binding at
origins and control sites in growing and serum-starved cells. (D)
ChIP analysis of HBOI binding at origins in cells staged at different
phase of the cycle.
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Figure 3. Licensing factor Cdtl stabilizes HBO1 at origins. (A) Im-
pact of proteasome inhibition on HBOI1 association with the lam-
inB2 origin in cells previously treated with DNA damaging agent
actinomycin D. (B) Impact of proteasome inhibition on ORCI,
HBO1, and Cdtl association with the LaminB2 origin in cells pre-
viously G1/S staged with HU. (C) Impact of proteasome inhibition
on Cdtl and HBOLI expression level and chromatin association in
HeLa cells treated with ActD. (D) Impact of proteasome inhibition
on Cdtl and HBOI expression level and chromatin association in
HeLa cells treated with HU. (E) Impact of Cdt1A32 overexpression
on HBOI1 association with LaminB2 origin in HeLa cells treated
with HU. (F) Impact of Cdt1A32 overexpression on HBO1 associa-
tion with LaminB2 origin in HeLa cells treated with ActD. (G) Im-
pact of Cdt1 depletion on HBO1 association with replication origins
in HeLa cells.

origins under conditions where the proteasome machin-
ery is inactivated (by MG132 treatment) prior to actino-
mycin D treatment or following HU treatment. Treat-
ment with MG132 partially restores HBO1 binding on
origins in both cases (Fig. 3A,B), strongly suggesting that
HBOI1 association with origins involves a factor that is
destroyed by the proteasome. Treatment with HU or ac-
tinomycin D did not affect the level of MCM2-7 and
ORC1 bound to chromatin (Supplemental Fig. S3). In ad-
dition, treatment with actinomycin D did not affect the
level of chromatin-bound Cdc6, and a significant propor-
tion of the protein is still bound during S phase. Thus,
association of HBO1 with origins in the presence of
MG132 is not correlated with increased association of
ORC1, MCM2-7, or Cdcé.

In contrast, Cdtl, the key regulator of DNA licensing
in metazoans, is proteolytically degraded at the G1/S tran-
sition (i.e., HU staged) and in response to DNA damage
(Supplemental Fig. S3; Arias and Walter 2007). When pro-
teasome activity is inhibited, Cdtl degradation is blocked
and HBO1 associates with origins (Fig. 3B-D). Further-
more, overexpression of Cdt1A32, a constitutive nonde-

HBOL1, a coactivator of Cdt1 licensing factor

gradable Cdtl protein that is otherwise fully functional
(Takeda et al. 2005), rescues HBO1 binding at origins
following HU and actinomycin D treatment (Fig. 3E,F).
Thus, selective and rapid (2 h) degradation of Cdtl upon
actinomycin D treatment impairs HBO1 loading, and
this effect is prevented by overexpression of Cdt1A32.
Lastly, selective depletion of Cdtl with siRNA duplexes
impairs HBO1 binding at origins (Fig. 3G). Therefore,
HBOI loading correlates with Cdtl presence at origins,
and Cdtl recruits HBO1 to replication origins.

In addition to being regulated by proteolysis, Cdtl li-
censing activity is restricted in G1 by association with
a potent repressor, Geminin (Wohlschlegel et al. 2000;
Tada et al. 2001). Overexpression of Geminin™>®#, a vari-
ant of Geminin that can accumulate in G1, prevents en-
try in S phase (Supplemental Fig. S4; Wohlschlegel et al.
2002). In cells overexpressing Geminin™***, and hence
efficiently blocked in GO/G1, HBOLI still associates with
origins, whereas MCM loading is impaired (Supplemen-
tal Fig. S4).

These observations strongly suggest that HBO1 asso-
ciation with origins requires Cdtl, and occurs prior to
loading of the MCM complex. HBO1 loading does not
appear to depend on the function of Cdtl that is inhib-
ited by Geminin, but rather on Cdtl association. Lastly,
as HBO1 and Cdtl are both required for loading of the
MCM complex onto origins during G1, our results sug-
gest that HBOLI is directly involved in pre-RC formation
as a recruited cofactor of Cdtl.

Cdt1 directly interacts with HBO1 in a manner
that is independent of Geminin

To address whether HBOL1 directly interacts with Cdtl,
we performed reciprocal coimmunoprecipitation assays
in cell-free extracts and GST pulldown experiments in
vitro. As shown in Figure 4A, endogenous HBO1 copre-
cipitates with HA-tagged Cdtl, and endogenous Cdtl co
precipitates with Flag-tagged HBO1. Other factors [Su(z)12,
Spl, HoxA10] were not coimmunoprecipitated, demon-
strating the specificity of the interaction (Fig. 4A; data not
shown). Furthermore, significant amounts of HBO1 are
recovered in endogenous Cdtl immunoprecipitates, and
immunoprecipitation of HBO1 also pulls down Cdtl
(Fig. 4B). Addition of ethidium bromide to denature DNA
did not affect the coimmunoprecipitation (data not shown),
indicating that the interaction is mediated through pro-
tein/protein interaction(s). The interaction between HBO1
and Cdtl is direct, because HBOI translated in vitro in-
teracts with a His-Cdtl(full-length) fusion, but not with
His-Geminin (Fig. 4C). In a reverse experiment, in vitro
translated HBO1 purified and immobilized on beads in-
teracts with recombinant His-Cdtl (Fig. 4D).

The interaction of Cdtl with HBO1 is not affected by
Geminin (Fig. 4E). In addition, HBO1 and Geminin co-
immunoprecipitate in the presence of Cdtl (Fig. 4F), in-
dicating that HBO1, Cdtl, and Geminin can form a tri-
partite complex in vitro. Consistent with these observa-
tions, forcing Geminin expression in G1 does not abrogate
HBO1 interaction with origins (Supplemental Fig. S4).
Therefore, Cdtl directly binds to HBO1 and its repressor
Geminin does not regulate this interaction.

In addition, the Drosophila counterpart of HBO1, Cha-
meau, interacts with human Cdtl when overexpressed
in human cells, and this interaction is observed with its
MYST acetylase domain (74.4% identical; 92% similar
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Figure 4. Cdtl directly interacts with HBO1. (A) Detection of HBO1
association with Cdtl by reverse coimmunoprecipitation in HeLa cells
overexpressing either HA-Cdtl or Flag-HBO1. (B) Same experiment
using antibodies directed against endogenous HBO1 and Cdtl. (C)
Interaction of in vitro translated Flag-HBO1 with full-length His-
Cdtl and His-Geminin. (D) Interaction of purified in vitro translated
Flag-HBO1 with His-Cdtl. (E) In vitro preformed Cdt1/HBO1 com-
plex were challenged by increasing amount of bacterially produced
Geminin. (F) Mix of Cdtl, Geminin, and HBOI proteins were incu-
bated with the indicated antibodies, and the purified complexes was
determined by Western blot analysis. (G) Role of the MYST zinc
finger. (Left panel) The indicated HBO!1 derivatives were analyzed
for interaction with Cdtl or occupancy at the MCM4 and LaminB2
origins. (*) P <0.05; (**) P <0.15.

to HBO1) in GST pulldown experiments (data not shown).
The C372A derivative of HBO1, which disrupts the zinc
finger in the MYST domain, abolishes Cdtl interaction
and impairs HBOI loading onto origins (Fig. 4G). In con-
trast, the I380T derivative of HBO1, which selectively
abolishes MCM2 interaction but does not disrupt the
overall zinc finger structure (Burke et al. 2001), does not
affect Cdtl interaction and has only a modest effect on
HBO1 loading at select origins (Fig. 4G). Thus, the Cdtl-
dependent recruitment of HBO1 to origins in vivo is
likely to occur via a direct interaction between Cdtl and
HBOI1 that is mediated by the MYST domain.

HBO1 enhances Cdtl-dependent rereplication

Overexpression of Cdtl causes cells to accumulate in
G2 and in some cases >4N ploidy, indicative of rerepli-
cation (Vaziri et al. 2003; Saxena and Dutta 2005; Tat-
sumi et al. 2006). To demonstrate further the importance
of the interaction between Cdtl and HBOI, we exam-
ined whether HBO1 influences Cdtl-dependent rerepli-
cation events. In comparison with cells overexpressing
Cdtl, cells overexpressing both Cdtl and HBO1 further
show a significantly increased proportion of cells with
>4N DNA in all four cell lines tested (Fig. 5). However,
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overexpression of HBO1 alone does not result in rerepli-
cation, indicating that HBO1 is insufficient to license
origins, but rather acts as an enhancer of Cdtl licensing
activity. As HBO1 does not affect Cdtl stability and
loading onto origins (lizuka et al. 2006), even under con-
dition of overexpression (Supplemental Fig. S3), HBO1
regulates licensing activity after it is recruited to origins
via its interaction with Cdtl.

HBO1 acts as a coactivator of the licensing factor
Cdt1

HBOL1 associates with the ORC and MCM complexes in
vitro, and it is important for replication licensing, the
process that ensures that DNA replication initiates only
once per cell cycle. Here, we provide strong evidence
that HBOI functions directly at replication origins dur-
ing pre-RC formation as a coactivator of the licensing
factor Cdtl.

HBOL1 associates with replication origins in vivo (Fig. 1),
and this association is restricted to G1 (Fig. 2). HBO1 load-
ing on origins occurs after association of ORC and Cdtl,
but prior to the assembly of the MCM complex. HBO1
association is affected by conditions that specifically de-
plete or alter regulation of Cdtl (Fig. 3), suggesting that
Cdtl is required for HBO1 recruitment. Inhibition of
Cdtl proteolysis (MG132 treatment or the Cdt1A32 de-
rivative) permits HBOI to associate with origins outside
of G1 (Fig. 3), and overexpression of Geminin*>¢# does
not affect HBO1 association, whereas it inhibits MCM
recruitment (Supplemental Fig. S4). Cdtl directly inter-
acts with HBOI in vitro and in vivo, and Geminin does
not influence this interaction (Fig. 4). This strongly sug-
gests that HBO1 recruitment to origins depends on Cdtl
itself and not on a Geminin-inhibited function of Cdtl.

Both Cdtl and HBO1 are important for loading of the
MCM complex and subsequent DNA replication. Over-
expression of HBOI does not affect MCM complex load-
ing or cell cycle distribution, nor does it cause aberrant
rereplication, but it enhances rereplication mediated by
Cdtl in all four cell lines tested (Fig. 5). Given that Cdtl
association occurs prior to, but is required for, HBO1
recruitment, this observation suggests that HBO1 is im-
portant for the licensing activity of Cdtl. By analogy
with transcriptional coactivators that are recruited to en-
hancers by DNA-binding proteins, our combined results
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Figure 5. HBOI enhances Cdtl licensing activity. Rereplication
events in the indicated cells lines overexpressing HBO1, Cdtl, or
Cdtl + HBOL1 as defined by the percentage of cells with >4N content
as determined by FACS analysis.



strongly support a model in which HBO1 is a recruited
coactivator of Cdtl.

HBO1, a coactivator for transcriptional regulation
and a recently evolved molecule in the licensing
process

The proteins comprising the pre-RC (ORC and MCM
complexes, Cdtl, Cdc6) are conserved from yeast to hu-
man, and regulated proteolysis of Cdtl is critical for li-
censing replication origins such that they fire only once
per cell cycle. Metazoans have additional mechanisms to
control pre-RC formation such as inhibition of Cdtl li-
censing activity by Geminin (Wohlschlegel et al. 2000;
Tada et al. 2001). Intriguingly, HBO1 does not appear to
exist in yeasts or worms (Sanjuan and Marin 2001;
Grienenberger et al. 2002), suggesting that HBO1 is a
recently evolved molecule in the licensing process and
indicating species-specific differences in the mechanism
of MCM complex loading. In yeast, a direct interaction
with Cdtl is critical for loading the MCM complex,
whereas in human cells the Cdtl-recruited HBO1 is criti-
cal. It is unknown to what extent direct interactions be-
tween Cdtl and the MCM complex are important for re-
cruitment of the MCM complex to origins in human cells.
However, the fact that Geminin inhibits Cdtl-dependent
licensing, but not HBO1 association, suggests a role for a
direct Cdt1-MCM complex interaction.

As might be expected for a recently evolved function,
HBOL1 appears to affect different steps in DNA replica-
tion in a species-specific manner. As shown here for hu-
man cells, HBO1 affects Cdtl licensing activity but not
its chromatin loading. However, in Drosophila, targeting
of Chameau (the HBO1 homolog) in the vicinity of an
artificial chorion origin promotes ORC redistribution on
origins and replication initiation (Aggarwal and Calvi
2004), whereas depletion of HBO1 in Xenopus extracts
affects Cdtl association with chromatin but not ORC
recruitment (lizuka et al. 2006). We note, however, that
these apparent species-specific differences in the mo-
lecular function of HBO1 may reflect the assays used.

HBO1 also functions as a transcriptional coactivator
for hormone receptors and AP-1 proteins (Georgiakaki et
al. 2006; Miotto and Struhl 2006; Miotto et al. 2006), and
we speculate that it may have evolved from this role to
become a coactivator for the Cdtl licensing factor. In
addition, the dual role of HBO1 as a coactivator for tran-
scriptional regulation and DNA licensing suggest the
possibility that HBO1 might integrate internal and ex-
ternal stimuli to coordinate transcriptional responses
with initiation of DNA replication. In particular, DNA
damage activated p53 transcription factor regulates
HBO1 enzymatic activity and may regulate HBO1 func-
tion during DNA licensing (lizuka et al. 2008).

Materials and methods

The sources of DNAs, antibodies, and other materials are described in
the Supplemental Material. Mammalian cell lines were grown as de-
scribed in the Supplemental Material. To measure growth-dependent
regulation of Cdtl, ORC2, MCM2, and HBO1 mRNAs and proteins ex-
pression, CCL-156 cells were arrested in the GO phase by culture in the
presence of 0.1% fetal bovine serum for 48 h (i.e., serum deprivation). For
cell cycle synchronization in Gl, early S phase and M phase, exponen-
tially growing HeLa or CCL-156 cells were treated, respectively, with
mimosine (300 pM for 20 h), HU (2 mM for 24 h), or nocodazole (40
ng/mL for 16 h). In all cases, propidium iodide staining and flow cytom-

HBOI, a coactivator of Cdt1 licensing factor

etry (FACSCalibur system; Becton Dickinson) assays were used to deter-
mine the quality of the synchrony. DNA damage was generated by ad-
dition of actinomycin D (2 nM for 2 h) in the presence of serum (10%]).

Coimmunoprecipitation and in vitro pulldown assays, analysis of RNA
levels by RT-PCR, chromatin fractionation, immunofluorescence, and
flow cytometry were performed by standard procedures that are detailed
in the Supplemental Material. ChIP and sequential ChIP analyses were
performed as previously described (Cawley et al. 2004; Geisberg and
Struhl 2004). Enrichment for a specific genomic region was defined with
respect to a control genomic region (histone H3 exon 2) and expressed as
occupancy value (occupancy).
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