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Previous studies have shown that infection of G0-synchronized human fibroblasts by human cytomegalovirus
(HCMV) results in a block to cellular DNA synthesis. In this study, we have examined the effect of viral
infection on the formation of the host cell DNA prereplication complex (pre-RC). We found that the Cdc6
protein level was significantly upregulated in the virus-infected cells and that there was a delay in the
expression of the Mcm family of proteins. The loading of the Mcm proteins onto the DNA pre-RC complex also
appeared to be defective in the virus-infected cells. This inhibition of DNA replication licensing was associated
with the accumulation of geminin, a replication inhibitor. Cdt1, which participates in the loading of the Mcm
proteins, was also downregulated and modified differentially in the infected cells. Early viral gene expression
was sufficient for the virus-induced alteration of the pre-RC, and the immediate-early protein IE1 was not
required. These studies show that the inhibition of replication licensing in HCMV-infected cells is one of the
multiple pathways by which the virus dysregulates the host cell cycle.

Human cytomegalovirus (HCMV), an ubiquitous betaher-
pesvirus, is the leading viral cause of birth defects and poses a
serious health threat to immunocompromised individuals (40).
The development of strategies to prevent HCMV infection
requires an understanding of the initial interactions between
the virus and the host cell that promote the progression of the
viral replication cycle and subsequent pathogenesis. As is the
case with mitogens, HCMV infection of quiescent cells results
in the rapid activation of the cellular proto-oncogenes c-fos,
c-jun, and c-myc as well as an increased expression of ornithine
decarboxylase, thymidine kinase, DNA polymerase alpha, and
dihydrofolate reductase (1, 8, 19, 22, 52). In addition, increased
levels of p53 and hyperphosphorylated Rb are observed in the
virus-infected cells (23). HCMV also induces elevated levels of
cyclin E and cyclin B and their associated kinase activities (23).
In contrast, the expression of cyclin A and its associated kinase
activity is inhibited (23). These combined effects suggest that
HCMV adopts a strategy of early cellular activation that facil-
itates viral replication but simultaneously inhibits host cell
DNA synthesis by an undefined mechanism.

Work from our laboratory and others has shown that the
HCMV infection blocks cell cycle progression in primary hu-
man fibroblasts. In these studies, cells that were synchronized
by serum starvation, contact inhibition, or both conditions, as
well as asynchronous, proliferating cells, were used (2, 7, 23,
29, 46). The arrest occurs primarily at G1/S, but blockage at
other points in the cell cycle also has been observed. It has
been proposed that the immediate-early proteins (IE1 and
IE2) and the virion constituent UL69 of HCMV contribute to
the virus-mediated alteration in cell growth control (3, 30, 36,
55, 56).

Previously, it was demonstrated that the cell cycle phase at
the time of the infection influences the virus-induced cell cycle
dysregulation (11, 46). Cells that are infected on release from
G0 arrest and most cells in G1 do not initiate cellular DNA
synthesis at a time corresponding to S phase in the mock-
infected cells. In contrast, nearly 50% of the cells infected in S
phase are able to pass through G2/M before they arrest (11).
Although the failure to induce cyclin A in the virus-infected
cells probably plays a role in the blockage of cellular DNA
synthesis, we were interested in determining whether the virus
might affect key steps in cellular DNA replication prior to the
requirement for cyclin A.

DNA replication in eukaryotic cells is precisely regulated
such that the genomic DNA is replicated completely and only
once during a single cell cycle (6, 12, 28). The first step involves
the assembly of prereplication complexes (pre-RC) at the rep-
lication origins. This happens in a stepwise manner. The origin
recognition complex (Orc) (44, 50, 51), a multisubunit com-
plex, binds to the origins of DNA replication and remains
bound during most of the cell cycle (see the model in Fig. 6A).
Cdc6 then binds to the complex and facilitates the loading of
the family of Mcm (Mcm2–7) proteins. Pre-RC formation, also
referred to as “licensing,” occurs during the interval between
the end of mitosis and the middle of the G1 phase (35, 39).
Recently, it has been found that another protein, Cdt1, is
recruited to the pre-RC independently of Cdc6 and is also
required for the loading of the Mcm2–7 complex (32, 37, 38,
45). Cdt1 itself is regulated by a protein called geminin, which
has been implicated as an inhibitor of DNA replication. The
evidence suggests that it interacts with Cdt1 and thus blocks
the binding of the Mcm complex to the pre-RC (31, 34, 48, 58).
The activation of the pre-RC occurs at the G1/S boundary after
licensing and is mediated by the action of S-phase cyclin-
dependent kinases (Cdks), mainly cyclin A/Cdk2, cyclin
E/Cdk2, and Cdc7/Dbf4 (24, 54). These protein kinases trigger
a chain of reactions that lead to the binding of Cdc45 to the
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origin and the phosphorylation of Cdc6 and the Mcms. As a
result, the DNA duplex unwinds, facilitating the loading of the
DNA polymerase machinery (53). The hexameric Mcm com-
plex possesses helicase activity and is thought to be involved in
both the initiation and elongation steps of DNA synthesis (26,
27). The phosphorylation of key components of this process by
the Cdks facilitates the initiation of replication and at the same
time helps to prevent rereplication during the G2 and M
phases of the cell cycle (10, 15). The ubiquitin-proteasome
degradation pathway also contributes to the process of DNA
replication by regulating the timely disappearance of certain
proteins (9, 34, 43).

In this work, we have extended our studies of the virus-host
cell interactions by examining the effect of the HCMV infec-
tion on the cellular replication machinery. We find that HCMV
induces elevated levels of Cdc6 and geminin but delays the
expression of Mcm proteins. In addition, we present evidence
that replication licensing is defective in the infected cells at the
step of Mcm loading. These results suggest that the virus has
evolved multiple and redundant pathways to inhibit the cell
cycle. A possible mechanism underlying these effects and its
implications are discussed.

MATERIALS AND METHODS

Cells and virus. Primary human foreskin fibroblasts were obtained from the
University of California, San Diego, Medical Center, and cultured in minimum
essential medium with Earle’s salts (Gibco-BRL) supplemented with 10% heat-
inactivated fetal bovine serum, L-glutamine (2 mM), penicillin (200 U/ml), strep-
tomycin (200 �g/ml), and amphotericin B (1.5 �g/ml). The Towne strain of
HCMV was obtained from the American Type Culture Collection and propa-
gated as described previously (49). The recombinant Towne strain of HCMV
that contains a deletion in exon 4 of the IE1 gene (CR208) (16) was a generous
gift from Edward S. Mocarski (Department of Microbiology and Immunology,
Stanford University School of Medicine, Stanford, Calif.).

Synchronization and infection. All experiments were performed under G0

synchronization conditions as previously described (46). The cells were allowed
to become confluent, and after 3 days of confluence, they were trypsinized and
replated at a lower density to induce progression into the cell cycle. At the time
of replating, they were infected with HCMV at a multiplicity of infection of 5 or
mock infected with tissue culture supernatants as described previously (46). At
different times post infection (p.i.), the cells were harvested, washed with phos-
phate-buffered saline, counted, and processed as described for each experiment.
All experiments were performed at least twice.

Western blot analysis. The cells were lysed in Laemmli reducing sample buffer
(62.5 mM Tris [pH 6.8], 2% SDS, 10% glycerol, 5% �-mercaptoethanol, 8 �g
each of aprotinin and pepstatin A per ml, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1 mM benzamidine, 1 mM sodium metabisulfite, 50 mM sodium fluo-
ride, 1 mM sodium orthovanadate, 5 mM �-glycerophosphate) at 104 cells/�l of
buffer. The cells were sonicated, boiled for 5 min, and centrifuged for 5 min at
16,000 � g. Equal amounts of lysate (105 cells/lane) were loaded onto an
SDS–8% polyacrylamide gel for SDS-polyacrylamide gel electrophoresis
(PAGE) unless otherwise stated. Following electrophoresis, the proteins were
transferred to nitrocellulose (Schleicher & Schuell) and Western blot analysis
was performed using appropriate mouse or rabbit antibody followed by appro-
priate horseradish peroxidase-linked secondary antibody. The Pierce Supersignal
West pico and West femto chemiluminescent detection methods were used to
visualize the proteins as specified by the manufacturer.

Subcellular fractionation. At appropriate times p.i., the cells were harvested,
washed with cold phosphate-buffered saline, and lysed in CSK buffer (10 mM
HEPES-KOH, [pH 7.4], 300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 0.5%
NP-40), containing 8 �g each of aprotinin and pepstatin A per ml, 1 mM PMSF,
1 mM benzamidine, 1 mM sodium metabisulfite, 50 mM sodium fluoride, 1 mM
sodium orthovanadate, and 5 mM �-glycerophosphate, at 2 � 104 cells per �l.
The cells (3 � 106) were kept on ice for 15 min with occasional mild vortexing
and then centrifuged at low speed (325 � g for 3 min). The supernatant was
collected, and the pellet was washed twice; the supernatant was retained after
each wash. The three resulting supernatants were centrifuged at high speed

(16,000 � g for 5 min) and designated as the soluble fractions—fraction 1 (F1),
fraction 2 (F2), and fraction 3 (F3). The residual pellet (F4) remaining after
three washes was resuspended in lysis buffer and sonicated. An equal volume of
2� SDS-PAGE loading buffer was added to each of the fractions, and the
samples were boiled for 5 min and analyzed by SDS-PAGE and Western blot-
ting.

Phosphatase treatment. The cells were lysed in buffer A (50 mM Tris-HCl [pH
7.5], 10 mM KCl, 1 mM MgCl2, 10% glycerol, 300 mM NaCl, 0.1% NP-40, 8 �g
each of aprotinin and pepstatin A per ml, 1 mM PMSF, 1 mM benzamidine) or
in buffer B (buffer A plus 50 mM sodium fluoride, 1 mM sodium orthovanadate,
and 5 mM �-glycerophosphate). After incubation on ice for 5 min, the cells were
subjected to three cycles of freezing and thawing (5 min at �80°C and then 5 min
at 37°C). The lysate was then centrifuged at 16,000 � g for 10 min, the super-
natant was collected, and the protein concentration was determined using the
Bio-Rad protein assay. For �-phosphatase treatment, the lysate (200 �g) was
incubated with 1� �-phosphatase buffer (New England Biolabs), 2 mM MnCl2,
and 1,000 U of �-phosphatase (New England Biolabs) for 30 min at 30°C. The
controls (cell lysate in the presence of phosphatase inhibitors) were incubated in
parallel. The reactions were terminated by adding SDS-PAGE loading buffer,
and the samples were then boiled and analyzed by SDS-PAGE and Western
blotting.

Antibodies. The sources of the antibodies used were as follows: Orc1 (MS-
649-P0; Neomarkers), Cdc6 (SC-9964; Santa Cruz Biotechnology), Mcm2
(68676E; BD Pharmingen), Mcm3 (68686E; BD Pharmingen), Mcm4 (68696E;
BD Pharmingen), Mcm5 (68706E; BD Pharmingen), Mcm6 (68716E; BD
Pharmingen), Mcm7 (MS-862-P0; NeoMarkers), lamins A/C (SC-7292; Santa
Cruz Biotechnology), proliferating-cell nuclear antigen (PCNA) (SC-56; Santa
Cruz Biotechnology), Dbf4 (SC-11354; Santa Cruz Biotechnology), and acety-
lated histone H3 (06-599; Upstate Biotech). The antibody against Cdt1 was a
kind gift from Hideo Nishitani (Graduate School of Medical Science, Kyushu
University, Kyushu, Japan), and the antibody against geminin was a kind gift
from Anindya Dutta (Department of Pathology, Brigham and Women’s Hospital
and Harvard Medical School, Boston, Mass.). The antibody against Cdc7 was a
gift from Hisao Masai (Department of Molecular and Developmental Biology,
Institute of Medical Science, University of Tokyo, Tokyo, Japan). The CH16.0
antibody against the HCMV IE1 and IE2 proteins was obtained from the Good-
win Institute.

RESULTS

The expression of proteins associated with cellular DNA
replication is altered by the HCMV infection. We and others
have demonstrated that infection of G0-synchronized human
fibroblasts with HCMV results in dysregulation of the expres-
sion of various cellular proteins and arrest of the cell cycle (2,
7, 29, 46). Cellular DNA synthesis was blocked in cells infected
at the time of release from G0, and this was associated with the
absence of cyclin A mRNA and protein in these cells. To
examine more closely the effects of the HCMV infection on
earlier events involved in the initiation of cellular DNA syn-
thesis that occur before a requirement for cyclin A, we used
Western blot analysis to measure the steady-state level of pro-
teins associated with the formation of the prereplication com-
plex during the course of the infection. As shown in Fig. 1, the
expression of the respective proteins in the mock and viral
samples was noticeably different between 16 and 32 h p.i.

The levels of Orc1 were slightly higher in both the mock- and
virus-infected cells than in the G0 cells after 8 h p.i. and
remained at these levels up to the 24-h time point (Fig. 1A).
However, after 32 h the Orc1 level declined in the infected
cells while remaining the same in the mock-infected cells.

The Cdc6 level was low in G0 and then began to increase
between 16 and 24 h p.i. in both the mock- and virus-infected
cells, with the level in the infected cells being considerably
higher than that in the controls (Fig. 1A). In the mock-infected
cells, the Cdc6 level remained high up to 32 h and then de-
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clined gradually, reflecting the cycling of this protein during
the cell cycle. In contrast, Cdc6 protein levels in the infected
cells remained high throughout the infection. Analysis of the
mRNA showed that this increase was not due to effects at the
transcriptional level (data not shown).

The level of Mcm proteins was low in G0, began to increase
at 16 to 24 h p.i. in both the mock- and virus-infected cells, and
remained relatively constant thereafter. In general, the accu-
mulation of Mcm proteins lagged in the infected cells, with
Mcm5 and Mcm6 showing the greatest difference between
virus- and mock-infected samples (Fig. 1A).

Several changes in mobility of the Mcm proteins were also
noticed. A faster-migrating form of Mcm2, which has been
reported to be the hyperphosphorylated species, was present in
the mock-infected but not in the virus-infected cells at the 24-,
32-, and 48-h time points. We also detected a slower-migrating
form of Mcm4 in the infected cells at 48 and 72 h p.i. Overall,
these observations indicate that the expression of the Mcm
proteins is delayed in the infected cells during the first 24 h p.i.

and that there is probably differential modification of some of
the proteins.

Cdc7 was upregulated in the infected cells between 8 and
16 h p.i., and the level remained high throughout the infection
(Fig. 1B). For Dbf4, the regulatory subunit of Cdc7, there was
a modest induction in the mock-infected cells at around 16 h
p.i. (Fig. 1B). Although the level of Dbf4 was somewhat lower
in the infected cells between 16 to 32 h p.i., it increased at the
later time points. The most striking change was the accumula-
tion of a higher-molecular-weight form of Dbf4 in the infected
cells at late times in the infection. The mobility of this slower-
migrating protein did not change after phosphatase treatment
(data not shown), indicating that the infected-cell specific pro-
tein does not represent a highly phosphorylated form of Dbf4.
Whether this protein is an alternative form of Dbf4 or simply
a virus-induced cross-reacting species remains to be deter-
mined.

We also measured the expression of two other proteins in-
volved in the initiation of replication, Cdt1 and geminin (Fig.

FIG. 1. Effects of the HCMV infection on the accumulation of cellular replication proteins. Human fibroblasts were synchronized at G0 by
contact inhibition. The cells were then stimulated to enter the cell cycle by replating at lower density and were simultaneously infected with either
HCMV or tissue culture supernatant (mock) in 10% fetal bovine serum. At various time points, the cells were harvested, lysed in SDS loading
buffer, and analyzed by Western blotting. Lysates from an equal number of cells (105) were loaded in each lane for the mock-infected (lanes M)
and virus-infected (lanes V) samples. The proteins shown are Orc1, Cdc6, and Mcm proteins (A), Cdc7 and Dbf4 (B), and geminin and Cdt1 (C).
HeLa in panel C is a HeLa cell lysate obtained from Transduction Laboratories and was used to identify the band that corresponds to Cdt1. The
asterisk in panel C indicates reactivity with a nonspecific protein.
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1C). A 65-kDa protein band corresponding to Cdt1 appeared
in the mock-infected cells at 16 to 18 h p.i., after which its level
diminished steadily. The asterisk next to the band migrating
slower than the 66-kDa marker indicates reactivity with a non-
specific protein. The induction of Cdt1 also occurred in the
virus-infected cells, but the protein was detected as a faster-
migrating form throughout the infection. At 17 h p.i., the Cdt1
protein level was slightly lower in the virus-infected cells than
in the mock-infected control. In contrast, the expression of
geminin was upregulated in the infected cells as early as 8 h p.i.
and its level increased significantly as the infection progressed.
There also appeared to be accumulation of a slightly slower-
migrating form in the infected cells. A faster-migrating band
was observed in the mock-infected samples between 24 and
32 h p.i., and its level decreased at later times. This band was
also seen in the infected cells, but the level remained very low
throughout the infection (Fig. 1C).

HCMV infection affects the formation of the pre-RC. It has
been reported that the assembly of the pre-RC complex or RC
on a DNA replication origin is associated with a nuclear matrix
and/or chromatin structure that can not be extracted by non-
ionic detergents (13, 25, 35). To analyze the components of the
pre-RC in the virus- and mock-infected cells more closely, a
subcellular fractionation was carried out as described in Ma-
terials and Methods. The cells were extracted with nonionic
detergent to remove all of the soluble proteins, and the frac-
tions containing the soluble proteins (F1) and chromatin-nu-
clear matrix-bound proteins (F4) were then analyzed (Fig. 2A).
It should be noted that the Western blot shown has been
overexposed so that the F4 lanes can be visualized. Thus, the
exposure for most of the F1 lanes is out of the linear range.

The level of Cdc6 in both F1 and F4 was higher in the
virus-infected cells than in the mock-infected cells at all time
points. Lower exposure revealed the presence of two or three
Cdc6 bands in the soluble fraction (F1), whereas the chroma-
tin-matrix fraction (F4) contained primarily the slower migrat-
ing form. The soluble fractions of both the mock-infected and
virus-infected samples also showed several bands of approxi-
mately 45 kDa, which may be degradation products.

The amount of Mcm2 and Mcm7 present in the soluble
fraction (F1) was comparable for the mock-infected and virus-
infected samples throughout the time course. Although the
chromatin-matrix fraction (F4) from the virus-infected cells
had traces of these two proteins, the mock-infected sample
showed significant amounts of Mcm2 and Mcm7 at the 24- and
32-h p.i. time points. Acetylated histone H3, lamins A and C,
and PCNA served as controls for the fractionation, with the
acetylated histone H3 and lamins A and C representing the
chromatin-matrix fraction and PCNA representing the soluble
fraction (Fig. 2B).

Cells infected in G1 show partial Mcm loading. Previously,
we showed that the pattern of HCMV-mediated cell cycle
arrest is related to the phase of the cell cycle at the time of the
infection (46). To determine whether the observed effects of
the infection on the Mcm proteins and Cdc6 showed a similar
dependence on the phase of the cell cycle, the cells were
synchronized at G0 as described previously and plated at lower
density and, at 12 h postplating (corresponding to the G1

phase), either mock infected or infected with the virus. The
cells were then harvested at 12 h p.i., and the proteins present
in the soluble (F1 and F2) and insoluble (F4) fractions were
analyzed (Fig. 3). As observed for the G0 infection, the amount
of Cdc6 present in F1 and F4 from the virus-infected cells was
larger than that in the respective fractions from the mock-
infected cells. However, in contrast to what was observed for
the G0 infection, there was some accumulation of Mcm2 and
Mcm7 in F4 from the virus-infected samples during the G1

infection.
Early viral gene expression is sufficient for the virus-in-

duced alteration of the pre-RC and the HCMV IE1-72 protein
is not required. To examine whether viral DNA replication is
required for the effect on pre-RC formation, the cells were
infected with HCMV in the presence and absence of phospho-
noacetic acid (PAA), an inhibitor of viral DNA replication.
The cells were harvested at 24 h p.i., and the soluble (F1) and
chromatin-matrix (F4) fractions were analyzed (Fig. 4A). In
the presence of PAA, there was little detectable accumulation
of Mcm2 and Mcm7 in the chromatin-matrix fraction, similar

FIG. 2. HCMV infection leads to the alteration of pre-RC formation. The cells were lysed at 8, 16, 24, and 32 h p.i. in CSK buffer containing
0.5% NP-40, and the soluble (F1, F2, and F3) and chromatin-matrix (F4) fractions were prepared as described in Materials and Methods. (A) Only
the soluble (F1) and chromatin-matrix (F4) fractions are shown. The wash fractions, F2 and F3, contained only traces of the proteins. Lysates from
an equal number of cells (3 � 105) were loaded in each lane. The Western blot shown has been overexposed so that the F4 lanes can be visualized.
Thus, the exposure for most of the F1 lanes is out of the linear range. (B) As controls, the fractionated samples from the 24-h time point were
assayed for lamins and acetylated histone H3 (chromatin-matrix fraction) and PCNA (soluble fraction).
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to the control viral infection. The pattern of accumulation of
Cdc6 in the infected cells also was unaffected by the presence
of PAA.

HCMV encodes two immediate-early proteins, IE1-72 and
IE2-86, which play a role in the expression of viral early genes.
To address whether IE1-72 is required for the virus-mediated
alteration in the expression of Mcm proteins or Cdc6, an IE1
deletion mutant virus (CR208) (16) was used. The cells were
synchronized in G0 as before and then mock infected or in-
fected with wild-type HCMV or CR208. The cells were har-
vested for Western blot analysis at 24 h p.i., and the expression
of Mcm2, Mcm7 and Cdc6 in the mutant virus-infected cells
was compared to that in the cells infected with wild-type virus.
As shown in Fig. 4B, similar effects were observed in the
HCMV wild-type- and CR208-infected cells, indicating that
IE1-72 is not required for the virus-mediated changes in Mcm
and Cdc6 expression.

Modification of Mcm2, Mcm4, and Cdt1 in infected cells.
Protein phosphorylation plays a critical role in the regulation
of various proteins. Western blot analysis revealed protein
bands with altered mobility for Mcm2, Mcm4, and Cdt1 in the
virus-infected cells. All of these proteins have multiple Cdk
phosphorylation sites, and their phosphorylated forms have
been described (15, 38, 42). Previously, we found that cyclinE/
Cdk2 and cyclinB/Cdk1 activity in the infected cells was up-
regulated while cyclinA/Cdk2 activity was downregulated.
Thus, we were interested in determining whether the modified
forms of the proteins correlated with the Cdk activities present
in the infected cells. Extracts from nocodazole-arrested unin-
fected cells served as a control for the phosphorylated forms of
the respective proteins.

In uninfected cells, Mcm2 appears as a doublet, with the
lowest band representing the hyperphosphorylated protein and
the upper band a partially phosphorylated form. When the
proteins that were harvested at 24 h p.i. from the mock-in-
fected cells were treated with phosphatase, the unphosphory-
lated Mcm2 migrated at an intermediate position (Fig. 5). In
the virus-infected cells, only the slowest-migrating partially

phosphorylated protein was observed, and after phosphatase
treatment it comigrated with the phosphatase-treated form
from the mock-infected samples.

Mcm4 from the nocodazole-arrested cell extract appeared as
several slower-migrating forms (Fig. 5). At 48 h p.i., Mcm4
from the infected cells was moderately phosphorylated, and
after phosphatase treatment, it ran as a faster-migrating band,
which comigrated with Mcm4 (plus or minus phosphatase)
from the mock-infected cells.

Cdt1 from the viral samples migrated slightly faster than the
protein from the mock-infected cells but slower than the phos-
phatase-treated mock-infected samples (Fig. 5). There was a
small difference in the migration of Cdt1 from the virus-in-
fected samples after phosphatase treatment, but it still mi-
grated slightly slower than did the phosphatase-treated protein
from the mock-infected cells. Although the mobility differ-
ences are small, they were consistently observed. These results
suggest that the altered mobility of the viral species is not due
entirely to phosphorylation.

FIG. 3. Cells infected in G1 do not show a complete absence of
licensing. The human foreskin fibroblasts were synchronized at G0 by
contact inhibition and stimulated to enter the cell cycle by replating at
lower density. At 12 h postplating, the cells were infected with HCMV
or mock infected. After an additional 12 h, the cells were harvested
and subjected to fractionation as described in Materials and Methods.
Lanes in the Western blot contain the soluble (F1 and F2) and chro-
matin-matrix (F4) fractions from an equal number of cells (3 � 105).
The Western blot has been overexposed so that the F4 lanes can be
visualized.

FIG. 4. The effects on the pre-RC in infected cells do not require
expression of the IE1-72 gene product or late proteins. (A) The cells
were G0 synchronized and either mock infected (M) or infected with
HCMV (V) in the absence or presence of 0.36 mM PAA (V�PAA).
The cells were harvested after 24 h p.i. and subjected to fractionation,
and the soluble (F1) and chromatin-matrix (F4) fractions from an
equal number of cells (3 � 105) were analyzed by SDS-PAGE and
Western blotting. The Western blot has been overexposed so that the
F4 lanes can be visualized. Thus, the exposure for the F1 lanes is out
of the linear range. (B) The cells were G0 synchronized by contact
inhibition and mock infected (M), infected with CR208 (dIE1), or
infected with Towne strain (V). The cell lysates were prepared at 24 h
p.i. and analyzed as in panel A.
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DISCUSSION

In this paper, we have focused on the effect of HCMV
infection on the early steps of cellular DNA synthesis. Our
findings can be summarized as follows: (i) the expression of the
Mcm proteins is delayed in the infected cells; (ii) the loading of
the Mcm proteins onto the pre-RC is defective, as evidenced
by the absence of Mcm2 and Mcm7 in the chromatin-matrix
fraction of the infected cells; (iii) the expression of a second
licensing factor, Cdt1, is downregulated, and it is present as a
faster-migrating form in the virus-infected cells; and (iv) the
expression of geminin, an inhibitor of cellular DNA replica-
tion, is upregulated in the infected cells. Taken together, these
results suggest that the licensing of host cell DNA replication
is impaired in the HCMV-infected cells. Thus, DNA replica-
tion is blocked before a requirement for active cyclin A kinase.

According to the current view of mammalian cell DNA
replication (a model is given in Fig. 6), formation of the
pre-RC occurs after mitosis during G1. In actively cycling cells,
the levels of Orc1 and Mcm proteins remain relatively constant
throughout the cell cycle while the levels of some of the rep-
lication initiation proteins (i.e., Cdc6, Cdt1, Dbf4, and gemi-
nin) fluctuate. Since the studies reported here used G0-syn-
chronized cells, progression of the cell cycle requires the
synthesis and/or induction of the majority of the replication
proteins. We observed the induction of Cdc6, Mcm proteins,
Cdc7, Dbf4, and Cdt1 in both the mock- and virus-infected
cells (Fig. 1). The induction of several Mcm RNAs has been
described in the HCMV-infected cells (47), and the expression
of these proteins in the infected cells may be delayed at the
translational level.

In uninfected cells, the induction of Cdc6 during G1 occurs
at the transcriptional level and is regulated by the E2F tran-
scription factors (17, 57). To ensure that only a single round of
DNA replication occurs during each cell cycle, the level of
mammalian Cdc6 is highly regulated at both the transcriptional
and posttranslational levels. One of the two forms of Cdc6 can
be extracted with nonionic detergent and is present in variable
amounts (Fig. 2A). The level of the other insoluble form re-
mains constant during the cell cycle (4, 14). Biochemical stud-
ies suggest that Cdc6 undergoes phosphorylation at the G1/S

transition and is then exported to the cytoplasm (5, 25, 42).
The mobility of Cdc6 in the mock- and virus-infected cells
remained identical (Fig. 1A), indicating that the virus did not
significantly affect the phosphorylation of Cdc6. In early G1,
the ubiquitin-mediated proteolytic breakdown of Cdc6 is reg-
ulated by the anaphase-promoting complex, an E3 ubiquitin
ligase (43). Our finding that there are high levels of Cdc6 in the
virus-infected cells without a concomitant increase in the
mRNA level suggests that this degradative pathway may be
affected by the infection (Fig. 1A and 2A), and this possibility
is being investigated in our laboratory.

Previously, we reported that HCMV infection induces hy-
perphosphorylation of Rb (23). In this study, we have also
observed virus-mediated changes in the phosphorylation of
Mcm2 and Mcm4, as evidenced by their mobility differences
and sensitivity to phosphatase treatment (Fig. 1A and 5). Both

FIG. 5. Alteration of phosphorylation of Mcm2 and Mcm4 in in-
fected cells. Human fibroblasts were confluence synchronized at G0
and mock infected or infected with HCMV. The cells were harvested
at 24 h p.i. for detection of Mcm2, at 48 h p.i. for detection of Mcm4,
and at 17 h p.i. for detection of Cdt1. Cell lysates were treated with
lambda phosphatase as described in Materials and Methods. The
treated (M� and V�) and untreated (M� and V�) samples were
assayed for Mcm2, Mcm4, and Cdt1 by Western blotting. Noc corre-
sponds to the nocodazole-arrested cell extract. The dots represent the
mobility of three respective bands.

FIG. 6. Model for the inhibition of replication licensing in HCMV-
infected cells. (A) Formation of the pre-RC occurs in G1 by sequential
loading of Cdc6, Cdt1, and Mcm proteins on an origin of DNA repli-
cation. Activation of the pre-RC or origin firing occurs in S phase
under the influence of S-phase Cdks. Formation of the pre-RC is
prevented during the remainder of the S, G2, and M phases mainly by
the presence of the replication inhibitor geminin. On exit from M
phase, geminin is degraded, thus allowing subsequent association of
replication initiator proteins onto the origin in G1. (B) In HCMV-
infected cells, accumulation of geminin inhibits the loading of Mcm
proteins onto the origin, thereby blocking cellular DNA replication at
the step of licensing.
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Mcm2 and Mcm4 exhibit different phosphorylation states that
depend on the cell cycle phase and their association with chro-
matin (15). Mcm2 is a key physiological substrate for Cdc7/
Dbf4 kinase and undergoes phosphorylation at the time of
pre-RC activation (24, 33). Mcm2 also can be phosphorylated
by Cdks, and the hyperphosphorylated form is present in the
G2/M phase of the cell cycle and contributes to the suppression
of rereplication. The reason for the lack of the hyperphosphor-
ylated form of Mcm2 in infected cells is unknown, particularly
since the Cdc7/Dbf4 kinase activity does not seem to be sig-
nificantly affected by the infection (data not shown). Neverthe-
less, this result is consistent with the absence of chromatin-
bound Mcm2 in the infected cells. In contrast to Mcm2, the
hyperphosphorylated form of Mcm4 is present at later times
during the infection (Fig. 1A). In uninfected cells, Mcm4 is
phosphorylated by cyclinA/Cdk2 and cyclinB/Cdk1, primarily
during mitosis (15). The protein is then dephosphorylated as
the cells progress to G1 to allow for association of the hexa-
meric Mcm complex with the chromatin (41). Phosphorylation
of Mcm4 by Cdks leads to the loss of Mcm4, Mcm6, and Mcm7
helicase activity (18, 20, 21). Thus, the presence of hyperphos-
phorylated Mcm4 in the virus-infected cells might inhibit the
activity of the hexameric Mcm complex as the infection
progresses (Fig. 5). Cdt1 also undergoes different modifica-
tions in S phase and mitosis (38). Our results suggest that Cdt1
in the virus-infected cells is modified, but only partially, by
phosphorylation (Fig. 1C and 5). At present, it is not known
whether phosphorylation is required for its activity or for its
interaction with geminin (see below).

To study the composition of the pre-RC, we used subcellular
fractionation. The accumulation of Cdc6 in the chromatin-
matrix fraction in the mock- and virus-infected cells suggests
that pre-RC formation proceeded normally through Cdc6
loading (Fig. 2A and 6). The presence of the slower-migrating
form of Cdc6 in the chromatin-matrix fraction is consistent
with observations from other laboratories (14). After origin
firing, the rebinding of Mcm proteins is prevented by the pres-
ence of high Cdk activities in the G2 and M phases of the cell
cycle. Although the elevated levels of cyclinE/Cdk2 and cy-
clinB/Cdk1 kinase activities in the infected cells might suggest
a reason for the absence of Mcm loading (Fig. 2A), we would
then expect that the Mcm proteins should be present in their
hyperphosphorylated forms. As noted above, only Mcm4 was
significantly phosphorylated in the infected cells. We did not
observe any mobility differences for Mcm3, Mcm5, Mcm6, and
Mcm7 up to 32 h p.i. (Fig. 1A), and the hypophosphorylated
form of Mcm2 predominated in the infected cells (Fig. 1A and
5).

We hypothesize that the high level of geminin in the infected
cells may play a key role in blocking Mcm loading (Fig. 1C and
6). Geminin is a known inhibitor of DNA replication, possibly
through its interaction with Cdt1 (31, 48, 58). However, the
mode of association of these two proteins has not yet been well
defined. The presence of Cdt1 in the immunoprecipitate of
geminin from both the mock- and virus-infected cells at 17 h
p.i. suggests that the complex formation between these pro-
teins is not affected (results not shown). Thus, the high ratio of
geminin to Cdt1 (Fig. 1C) could be responsible for preventing
the loading of the Mcm proteins onto the chromatin in the
virus-infected cells. The degradation of geminin, which occurs

at the metaphase-anaphase transition, is thought to be medi-
ated by the anaphase-promoting complex (APC) in uninfected
cells, and this degradation continues through early G1. Hence,
the low geminin concentration in G1 allows Cdt1 to promote
the association of Mcm proteins onto the pre-RC. The finding
that in the infected cells there is concomitant accumulation of
geminin and cdc6, which are both normally regulated by the
APC E3 ubiquitin ligase, provides additional support for the
hypothesis that there might be virus-induced alteration of the
APC pathway.

Previously, it has been shown that a small population of cells
infected in the G1 phase enter the S phase rather than arrest
(11, 46). In support of this, we observed some accumulation of
Mcm proteins in the chromatin-matrix fraction of G1-infected
cells (compare F4 of virus-infected cells at 24 h p.i. [Fig. 2A]
and F4 of virus-infected cells [Fig. 3]). Thus, during the first
12 h postplating, some synthesis of replication proteins as well
as licensing can take place before the addition of virus. Since
we have observed the inhibition of replication licensing in
G0-infected cells treated with PAA, which blocks viral DNA
replication (Fig. 4A), it appears that neither viral DNA syn-
thesis nor late-gene expression is required for the virus-in-
duced inhibition of replication licensing.

Taken together, the studies presented here suggest that
HCMV has adopted multiple redundant pathways to halt the
cell cycle. Inhibition of the replication licensing thus provides
another mechanism to block cell DNA replication in the in-
fected cells.
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