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Human Cytomegalovirus Infection Inhibits G,/S Transition
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Cell cycle progression during cytomegalovirus infection was investigated by fluorescence-activated cell sorter
(FACS) analysis of the DNA content in growth-arrested as well as serum-stimulated human fibroblasts.
Virus-infected cells maintained in either low (0.2%) or high (10%) serum failed to progress into S phase and
failed to divide. DNA content analysis in the presence of G,/S (hydroxyurea and mimosine) and G,/M
(nocodazole and colcemid) inhibitors demonstrated that upon virus infection of quiescent (G,) cells, the cell
cycle did not progress beyond the G,/S border even after serum stimulation. Proteins which normally indicate
G,/S transition (proliferating cell nuclear antigen [PCNA]) or G,/M transition (cyclin B,) were elevated by
virus infection. PCNA levels were induced in infected cells and exhibited a punctate pattern of nuclear staining
instead of the diffuse pattern observed in mock-infected cells. Cyclin B, was induced in infected cells which
exhibited a G,/S DNA content by FACS analysis, suggesting that expression of this key cell cycle function was
dramatically altered by viral functions. These data demonstrate that contrary to expectations, cytomegalovirus
inhibits normal cell cycle progression. The host cell is blocked prior to S phase to provide a favorable

environment for viral replication.

Human cytomegalovirus (CMV) is a betaherpesvirus that
replicates productively in many differentiated cell types, in-
cluding epithelial cells, endothelial cells, fibroblasts, and cer-
tain hematopoietic cell types (reviewed in reference 22). CMV
replication is species specific, and primary human fibroblasts
(HFs) are commonly used to support viral growth and to study
the function of viral gene products. Low-passage HFs have also
been the subject of many years of work on cell cycle regulation
in response to growth factors (28), passage number (16), and
genome stability (15). Recent analysis by Jault et al. (17) dem-
onstrated a profound alteration of cyclin-dependent kinase
activities in infected cells. Indeed, CMV infection has long
been associated with the stimulation of host DNA, RNA, and
protein metabolism in permissive as well as nonpermissive cells
(2, 12-14, 40, 41, 44). More recently, these findings have been
used to suggest a role for this virus in benign proliferative
diseases such as atherosclerosis (21) and restenosis (39). How-
ever, in situ studies by DeMarchi and colleagues (8, 10) raised
questions about the role of viral gene products in host cell
stimulation because highly stimulated cells did not support
viral replication. Viral gene expression and viral DNA repli-
cation occurred only in those cells that failed to activate cel-
lular DNA replication (8, 10, 11).

To investigate the interaction between CMV and the cell
cycle more closely, DNA content profiles and expression pat-
terns of proliferating cell nuclear antigen (PCNA, a marker of
G,/S progression) and cyclin B, (a marker for G,/M transition)
in high and low serum conditions as well as in the presence of
specific cell cycle inhibitors were analyzed on a single cell basis,
using fluorescence-activated cell sorter (FACS) analysis and
immunofluorescence. Contrary to expectations, CMV infec-
tion does not stimulate DNA synthesis in quiescent cells. Fur-
thermore, infection does not allow serum-induced cell cycle
progression beyond the G,/S border.

Cell cycle progression and viral replication under low and
high serum conditions. To determine whether CMV growth
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was dependent on cell cycle progression, the production of
progeny virus and viral DNA was assessed in resting and se-
rum-stimulated cells. HFs, arrested in the G, phase of the cell
cycle by serum starvation for 72 h, were infected and placed in
low (0.2%)- or high (10%)-concentration fetal bovine serum.
Following infection with a multiplicity of infection (MOI) of 1,
viral DNA and progeny accumulated in the supernatant of cells
maintained in either low or high serum. At 120 h postinfection
(p..), there was only a fivefold difference in progeny titers
(data not shown). This and recent results by (19) demonstrate
that viral replication was less dependent on serum stimulation
than was previously recognized (9 and reviewed in reference
22).

To monitor cell cycle progression in CMV-infected cells, 5 X
10° confluent HFs (passage <15) were synchronized by serum
starvation for 72 h prior to infection. This resulted in =90% of
the cells being arrested in the G,/G, phase of the cell cycle.
Cells were infected (MOI of 6) as described previously (38),
except that the inoculum, CMV strain AD169, was prepared
from the supernatant of cells infected at an MOI of 0.01 and
cultured in 0.2% serum. After a 1-h adsorption period in se-
rum-free medium, the cells were maintained in either low
(0.2%)- or high (10%)-concentration fetal bovine serum. Indi-
rect immunofluorescence analysis to detect CMV nuclear an-
tigens (IE1,9;,, and IE25.,,,) in infected cells confirmed that
the infection was synchronous and showed that virus initiated
infection in a high proportion (=90%) of cells (data not
shown). Cells were harvested at various times p.i., and the
DNA content in isolated nuclei was measured by propidium
iodide (PI) staining and FACS analysis (36). Similar results
were obtained by using either the Towne or AD169 strains of
CMV. When cells were exposed to virus that had been neu-
tralized by anti-glycoprotein B antibodies, FACS analysis re-
vealed that cell cycle progression proceeded normally (data not
shown). These experiments demonstrated that the observed
alterations in cell cycle progression were not a consequence
of contaminating factors in the virus stock but required viral
entry.

Virus-infected cells held in low serum exhibited a G, /G,
peak at 24 h p.d. (Fig. 1D), but this peak broadened and
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FIG. 1. DNA content analysis of CMV-infected (24, 48, and 72 h p.i.; panels
D to I) and mock-infected (panels A to C) cells maintained in 0.2% serum.
Panels G to I show virus-infected cells maintained in the presence of PFA at 200
wg/ml. Cells were processed as previously described (36). The relative DNA
content depicted as PI fluorescence intensity and number of nuclei were deter-
mined by FACS analysis at 24, 48, and 72 h p.i. 20,000 events were evaluated for
each analysis. Standard G/G;, G,/M, and S peaks are indicated in panel A.

became progressively more intense between 48 and 72 h p.i,,
consistent with the expected accumulation of viral DNA (Fig.
1E and F). Mock-infected cells maintained in low serum re-
mained in Gy/G, at all times throughout the course of the
experiment (Fig. 1A, B, and C). The single peak of fluores-
cence in infected cells at 24 h p.i. was broader than that in the
mock-infected control. However, there was no indication of a
significant S or G,/M population in infected cells. This increase
may be the result of input viral DNA binding to PI or of
progression from G,/G, toward the G,/S border. The presence
of 200 ng of phosphoroacetic acid (PFA) per ml, a specific
inhibitor of viral but not cellular DNA replication (46, 47),
abolished the increase in overall DNA content (Fig. 1G, H,
and I), consistent with our interpretation that accumulating
progeny viral DNA contributed substantially to the DNA con-
tent at late times. Greater than 4 N PI fluorescence has been
observed up to 120 h p.i., and the PI intensity of infected cells
at late times correlated with the size of the viral inoculum (data
not shown). The CMV genome has 60% G+C content and is
2.3 X 10° bp in length. Approximately 10° to 10* genome
equivalents have been detected in an infected cell (23). Thus,
given the preference of PI to intercalate into G+ C-rich regions
of the DNA (33), the PI signal of accumulating virus progeny
is in the range of the expected signal from cellular DNA (10°
bp) and can account for the peak observed.

Morin et al. (24) showed that when 45 pg of PFA per ml was
used, the overall DNA content increased at late times in CMV-
infected HFs, despite a drastically reduced rate of thymidine
incorporation into viral DNA. It is likely that under high MOI

J. VIROL.
10 % serum
AD169 B300r
A C
mock :
B D
pfa :

numkber
of
nuclei

Pl-flunrescence

FIG. 2. DNA content analysis of cells at 72 h p.i. after infection with AD169
(A and B) or AD169-B300" (C and D) strains of CMV maintained in 10% serum
in the absence (A and B) or presence (C and D) of PFA at 200 wg/ml. Shown are
the relative DNA content depicted as PI fluorescence intensity and number of
nuclei as determined by FACS analysis.

conditions the accumulation of viral DNA can be detected by
FACS analysis even at greatly reduced rates of synthesis. To
further characterize the contribution of viral DNA to the PI
signal, we employed a mutant virus (B300") derived from
AD169 which was highly resistant to PFA (42). Figure 2 shows
that the increase in DNA content followed the growth prop-
erties and PFA sensitivity of the input viruses. The DNA con-
tent of wild-type infected cells was once again reduced by PFA
(compare Fig. 2B and 2A) at 72 h p.i., whereas the DNA
content of cells infected with the PFA-resistant mutant in-
creased with a similar profile in the presence or absence of
inhibitor (Fig. 2C and D). In summary, virus-infected cells
differ from mock-infected, serum-stimulated cells in exhibiting
a block in cell cycle progression and they differ from mock-
infected, serum-starved cells because they exhibit a synchro-
nous increase in DNA content at 48 h p.i., which correlates
with the accumulation of viral DNA.

Cell cycle progression after serum stimulation and CMV
infection. To determine whether normal cell cycle progression
could be inhibited by CMV, DNA content profiles were re-
corded from virus- and mock-infected cells after serum stim-
ulation. At 24 h after serum stimulation and infection, CMV-
infected cells remained in the G,/G; phase of the cell cycle
(Fig. 3E), whereas mock-infected cells progressed to G,/M
(Fig. 3A), suggesting that CMV prevented cell cycle progres-
sion. At 72 h p.i., infected cells showed a DNA content profile
similar to that of infected cells maintained in low serum (com-
pare Fig. 1F with 3F). This demonstrated that after infection of
quiescent cells CMV inhibited the cellular response to serum
which was consistent with the failure of CMV-infected cells to
grow exponentially when maintained in high serum (data not
shown).

To determine whether cellular DNA synthesis contributed
to the DNA content at all and to better locate the CMV-
induced block of cell cycle progression, virus-infected cells
were serum-stimulated in the presence or absence of hydroxyu-
rea. At 1 mM, hydroxyurea arrests cells at the G,/S border by
inhibiting ribonucleotide reductase and preventing cellular
DNA replication (3, 18). This concentration of hydroxyurea



VoL. 71, 1997

NOTES 1631

10 % serum

mock CMV
none 1T mM HU none 1 mMHU 10 mM HU
54 h A C E G |
7o h B (D] F H J
number

of
nuclei

Pl-flucrescence

FIG. 3. DNA content analysis of cells from CMV-infected (E to J) and mock-infected (A to D) cells (24 and 72 h p.i.) maintained in 10% serum in the absence
(A, B, E, and F) or presence (C, D, and G to J) of hydroxyurea (HU). Shown is the relative DNA content depicted as PI fluorescence intensity and number of
RNase-treated cells as determined by FACS analysis. Standard G/G, G,/M, and S profiles are indicated by arrowheads in panel A.

does not inhibit viral DNA replication (1). Serum-stimulated
cells (Fig. 3C) held in 1 mM hydroxyurea remained at the G,/S
border, whereas untreated mock-infected cells progressed
through the cell cycle by 24 h (Fig. 3A). Serum-stimulated
virus-infected cells held in the absence (Fig. 3E) or presence
(Fig. 3G) of the drug showed a DNA content profile identical
to that of hydroxyurea-treated mock-infected cells (Fig. 3C),
demonstrating that CMV-infected cells were arrested before
the cell cycle stage (G,/S) defined by this drug block.

At later times (72 h p.i.), the DNA content in virus-infected
cells increased with similar pattern in untreated and hydroxyu-
rea-treated cells (Fig. 3F and H). The DNA content of virus-
infected cells was far greater than that of mock-infected cells
(Fig. 3B and D) under either condition. Higher doses of hy-
droxyurea (10 mM), which are known to inhibit viral replica-

tion (1), blocked any increase in DNA content (Fig. 3J), con-
sistent with our interpretation that the DNA content at 72 h
p.i. was of viral origin. Mimosine, which at the dose used (0.1
mM) arrests cells at the G,/S border by interfering with cellular
ion metabolism (48), was used to confirm that infected cells did
not proceed beyond the G,/S border. Serum-stimulated mock-
infected (Fig. 4B) and virus-infected cells held in the presence
(Fig. 4D) or absence (Fig. 4C) of 0.1 mM mimosine exhibited
a similar G,/S block, whereas mock-treated uninfected cells
progressed through the cell cycle in a 24-h period (Fig. 4A).
These data demonstrate that the virus-induced block was sim-
ilar to the mimosine-induced block. At 72 h, virus-infected cells
in the presence or absence of the inhibitor showed increased
DNA content compared to uninfected cells (Fig. 4E to H),
since at these concentrations mimosine did not inhibit CMV
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FIG. 4. DNA content analysis of cells from CMV-infected (C, D, G, and H) and mock-infected (A, B, E, and F) cells (24 and 72 h p.i.) maintained in 10% serum
in the absence (A, E, C, and G) or presence (B, F, D, and H) of 0.1 mM mimosine. Shown are the relative DNA content depicted as PI fluorescence intensity and
number of RNase-treated cells as determined by FACS analysis. Standard Gy/G,, G,/M, and S profiles are indicated by arrowheads in panel E.
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FIG. 5. Simultaneous FACS analysis of cyclin B, expression (A to E) or DNA content (F to J) in mock-infected (A, B, D, F, G, and I) or virus-infected (C, H, E,
and J) cells maintained in 0.2% serum (B, C, G, and H) or serum stimulated in the absence (A and F) or presence (D, I, E, and J) of 40 ng of nocodazole per ml at
24 h p.. The dotted line indicates background cyclin B fluorescence. In the top panels, the contour line density correlates with cell number. Standard Gy/G,, G,/M,

and S profiles are indicated by arrowheads in panel F.

DNA replication (reference 7 and data not shown). These
experiments show that the CMV-infected cells fail to exhibit a
normal serum response and that viral replication proceeds
independently of the presence or absence of two mechanisti-
cally different inhibitors of cell cycle progression.

To determine whether any quiescent (G,) cells infected and
maintained in low serum could escape the CMV-induced G,/S
block, the experiments were repeated in the presence of the
microtubule inhibitor nocodazole which at 40 ng/ml slows the
progression through G,/M (50). In the presence of the drug,
mock-infected cells accumulated in G,/M at 24 h after serum
stimulation (Fig. 5I) while CMV infected cells accumulated in
G,/S (Fig. 5J). Similar results were obtained by using colcemid
as another inhibitor of G,/M transition, and comparable levels
of progeny virus were produced in the presence and absence of
either inhibitor (data not shown). Colcemid or nocodazole at
these concentrations induce a G,/M cell cycle block that is not
a result of the general inhibition of microtubule formation (6).
These data demonstrate that CMV replication is independent
of cell cycle progression. Cells infected at G, remain at the
G,/S border throughout infection.

Analysis of PCNA and cyclin B, expression during CMV
infection. The inhibition in cell cycle progression in CMV-
infected cells could have resulted from a virus-specific block, a
cellular DNA damage response, or competition for cellular
replication factors. In order to determine whether cell cycle-
regulated gene expression in infected cells correlated with the
failure to progress beyond G,/S, we examined proteins that
normally show cell cycle-regulated expression. Biochemical
studies had shown that p53 was induced by CMV infection,
suggesting a DNA damage response which normally coincides
with G, arrest or apoptosis (5, 20) but also that cyclin A and
cyclin B, expression were induced consistent with a G,/M
block (17). We extended these observations with immunofiu-
orescence and FACS analysis to demonstrate that PCNA and
cyclin B, levels, albeit induced, did not follow their normal
expression patterns in infected cells.

In HFs, cyclin B, expression is induced in S phase, reaches
maximal levels in G, phase, localizes to the nucleus in M

phase, and is degraded prior to cell division (30). Cyclin B,
degradation is necessary for cell division to occur (26). Cyclin
B, kinase activity has been previously shown to be induced and
to remain high at all times during viral infection (17), consis-
tent with a cell cycle block prior to mitosis. We assessed cyclin
B, levels and DNA content simultaneously by using FACS
analysis. Figure SF to J, depict the DNA content profiles, and
panels A to E depict contour plots showing the relationship
between cyclin B, expression and DNA content. Virus-infected
cells held in low serum exhibited increased cyclin B, levels
despite a G,/S DNA content (Fig. 5C and 5SH) at 24 h p.i. As
expected, only the G,/M fraction of mock-infected cells
showed high cyclin B, levels at 24 h after serum stimulation,
whereas the Gy/G, DNA content fraction of mock-infected,
serum-stimulated cells exhibited low levels of cyclin B, (Fig.
5A and F) as did cells maintained in low serum (Fig. 5B and
G). These results demonstrate that in virus-infected cells, cy-
clin B, expression is not correlated with the G,/M phase but is
induced in cells with a G,/S DNA content. The virus-induced
dysregulation of cyclin B, expression was exaggerated in no-
codazole-treated cells. Virus-infected cells in the presence of
the inhibitor showed a G,/S DNA content (Fig. 5J) but high
cyclin B, levels (Fig. SE) similar to those in virus-infected
serum-stimulated cells in the absence of nocodazole (Fig. 5C
and H). Mock-infected serum-stimulated cells in the presence
of nocodazole had an increased fraction of cells with a G,/M
DNA content compared to untreated cells (Fig. 5F and I) and
increased cyclin B, expression (Fig. SA and D) at 24 h after
serum stimulation. This confirmed that CMV induces cyclin B,
expression, but this induction occurred in cells exhibiting a
G,/S DNA content.

PCNA is a processivity factor of host cell 3 polymerase (31),
which exhibits a nuclear localization with dramatically in-
creased levels in both early S phase and during DNA repair
(37). CMV infection induced PCNA expression in low serum
(Fig. 6C) at 24 h; however, at 48 h p.i. PCNA was seen in a
punctate staining pattern in virus-infected cells (Fig. 6D) con-
sistent with the formation of replication compartments (29).
The PCNA staining pattern was nuclear based on counter-
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FIG. 6. Analysis of PCNA expression in mock-infected (A and B) or virus-
infected (C and D) cells at 24 h p.i. (A, B, and C) and 48 h p.i. (D) maintained
in low (0.2%, panels A, C, and D) or high (10%, panel B) serum by indirect
immunofluorescence confocal microscopy with a biotinylated anti-PCNA mono-
clonal antibody (PC-10; Santa Cruz Biotechnology) followed by Texas red-con-
jugated streptavidin (Vector Laboratories) according to manufacturer’s instruc-
tions. Colchicine-fluorescein isothiocyanate (FITC) (Molecular Probes) counter
staining was used to indicate cell shape. In parallel experiments (not shown),

FITC-conjugated antibody to CMV IE1/IE2 (810-FITC; Chemicon) was used to
identify infected cell nuclei. Final magnification, X600.

staining cells with either colchicine-fluorescein (to indicate the
cytoplasm) or with an antibody directed against CMV nuclear
antigens (IE1/IE2; data not shown). The cellular localization of
PCNA in CMV-infected cells differed from that of mock-in-
fected cells which showed no detectable PCNA signal when
maintained in low serum (Fig. 6A) and diffuse nuclear staining
24 h after serum stimulation (Fig. 6B). Thus, despite induction,
the unusual localization of PCNA suggested that its function
was altered in virus-infected cells. This result was consistent
with a virus-induced cell cycle arrest in which accessory cellular
replication functions were induced but not functional in cellu-
lar DNA replication.

We have shown that CMV replication is complete regardless
of serum conditions and that quiescent (G,) cells infected with
CMYV do not proceed beyond the G,/S border. Through the
use of inhibitors for cell cycle progression (hydroxyurea, mi-
mosine, nocodazole, and colcemid) or viral replication (PFA),
we showed that the increase in DNA content in infected cells
correlates with viral and not cellular DNA synthesis.

How can these findings be reconciled with earlier experi-
ments showing that CMV stimulates cell DNA synthesis?
Many of the earlier studies were carried out with lower virus
inocula that failed to successfully initiate infection in all cells.
This was best documented by the work of DeMarchi (8-10).
Also, some of the data suggesting that CMV stimulates cell
cycle progression was derived from nonpermissive cell systems
rather than permissive HFs (14). The results of previous met-
abolic labeling experiments might be reconciled with a G,/S
block if the incorporation of metabolic precursors (12-14, 40,
41, 43, 44) represented incomplete DNA replication or exten-
sive DNA repair. Consistent with this interpretation, an in situ
analysis showed localization of bromodeoxyuridine incorpora-
tion (19, 29) and PCNA into a punctate pattern in virus-
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infected cells rather than diffuse staining seen in actively grow-
ing uninfected cells.

In addition to factors directly involved in cellular or viral
replication, many regulatory functions are dysregulated in
CMV-infected cells. Expression of many proteins such as DNA
polymerase a, ornithine decarboxylase, thymidine kinase, dy-
hydrofolate reductase, and many transcription factors is in-
duced during CMV replication (reviewed in reference 22). p53
is induced in CMV-infected cells, suggestive of a DNA damage
response (25, 39). While this would normally lead to cell cycle
arrest or apoptosis (5, 20), these pathways are apparently in-
hibited in infected cells (49). Furthermore, the late induction
of cyclin A-dependent kinase activity in infected cells and the
dysregulated expression of cyclin B, (17) suggest a complex
interplay between CMV and the cell cycle machinery. This is
consistent with a model in which CMV induces a cell cycle
state that fosters viral proliferation, increasing the availability
of replication factors and nucleotide pools, while at the same
time abolishing competition by cellular polymerases, inhibiting
cell division and apoptosis. The virus-induced cell cycle arrest
likely depends on the state of the host cell at the time of
infection insofar as cells infected in G, are arrested before the
G,/S border, whereas cells already in S or G, may proceed to
the G,/M border, as suggested by Jault et al. (17).

Small DNA tumor viruses like the adenoviruses, papilloma-
viruses, and simian virus 40 have evolved to induce the cellular
replication machinery and depend on cellular enzymes for viral
DNA replication (reviewed in references 27 and 45). In these
viruses, expression of the viral regulatory proteins leads to
cellular transformation in the appropriate settings. The her-
pesviruses, including CMV, appear less dependent on host
enzymes for viral DNA replication (4, 35). Herpes simplex
virus types 1 and 2 have evolved to shut down macromolecular
host cell synthesis (32, 34), whereas CMV has often been held
out as an exceptional herpesvirus that stimulates the host cell
(2, 12, 13, 21, 39, 40, 41, 44); our work suggests that CMV
replicates in resting cells without stimulating cell cycle progres-
sion. Instead of a broad shutdown of host cell proteins, CMV
causes a specific cell cycle arrest at or before the G,/S border.
Cellular functions that normally associate with S phase (E2F,
dihydrofolate reductase, PCNA, DNA polymerase «, and cy-
clin A) are induced, but cellular DNA replication fails to com-
mence.

(Portions of this work were first presented at the 1995 In-
ternational Herpesvirus Workshop.)

We thank Michael McVoy, Mark Prichard, and Peter Jackson for
critical reading of the manuscript.

This work was supported by PHS grant R01 AI20211. D.D. was
supported by the Stipendium fiir Infektionsbiologie of the German
Cancer Research Center.

REFERENCES

1. Anders, D. G., A. Irmiere, and W. Gibson. 1986. Identification and charac-
terization of a major early cytomegalovirus DNA-binding protein. J. Virol.
58:253-262.

2. Boldogh, I, E. Gonczol, L. Gartner, and L. Vaczi. 1978. Stimulation of host
DNA synthesis and induction of early antigens by ultraviolet light irradiated
human cytomegalovirus. Arch Virol. 58:289-299.

3. Brown, P. C., T. D. Tlsty, and R. T. Schimke. 1983. Enhancement of meth-
otrexate resistance and dihydrofolate reductase gene amplification by treat-
ment of mouse 3T6 cells with hydroxyurea. Mol. Cell. Biol. 3:1097-1107.

4. Challberg, M. D. 1986. A method for identifying the viral genes required for
herpesvirus DNA replication. Proc. Natl. Acad. Sci. USA 83:9094-9098.

5. Clarke, A. R., C. A. Purdie, D. J. Harrison, R. G. Morris, C. C. Bird, M. L.
Hooper, and A. H. Wyllie. 1993. Thymocyte apoptosis induced by p53-
dependent and independent pathways. Nature 362:849-852.

6. Cross, S. M., C. A. Sanchez, C. A. Morgan, M. K. Schimke, S. Ramel, R. L.
Idzerda, W. H. Raskind, and B. J. Reid. 1995. A p53-dependent mouse
spindle checkpoint. Science 267:1353-1356.



1634

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

NOTES

Dai, Y., B. Gold, J. K. Vishwanatha, and S. L. Rhode. 1994. Mimosine
inhibits viral DNA synthesis through ribonucleotide reductase. Virology
205:210-216.

. DeMarchi, J. M. 1983. Correlation between stimulation of host cell DNA

synthesis by human cytomegalovirus and lack of expression of a subset of
early virus genes. Virology 129:274-286.

. DeMarchi, J. M., and A. S. Kaplan. 1977. Physiological state of human lung

cells affects their response to human cytomegalovirus. J. Virol. 23:126-132.
DeMarchi, J. M., and A. S. Kaplan. 1976. Replication of human cytomega-
lovirus DNA: lack of dependence on cell DNA synthesis. J. Virol. 18:1063—
1070.

DeMarchi, J. M., and A. S. Kaplan. 1977. The role of defective cytomega-
lovirus particles in the induction of host cell DNA synthesis. Virology 82:
93-99.

Furukawa, T., A. Fioretti, and S. Plotkin. 1973. Growth characteristics of
cytomegalovirus in human fibroblasts with demonstration of protein synthe-
sis early in viral replication. J. Virol. 11:991-997.

Furukawa, T., S. Sakuma, and S. A. Plotkin. 1976. Human cytomegalovirus
infection of WI-38 cells stimulates mitochondrial DNA synthesis. Nature
262:414-416.

Furukawa, T., S. Tanaka, and S. A. Plotkin. 1975. Stimulation of macromo-
lecular synthesis in guinea pig cells by human CMV. Proc. Soc. Exp. Biol.
Med. 148:211-214.

Hartwell, L. 1992. Defects in a cell cycle checkpoint may be responsible for
the genomic instability of cancer cells. Cell 71:543-546.

Hayflick, L., and P. S. Moorhead. 1961. The serial cultivation of human
diplid cell strains. Exp. Cell Res. 25:585-621.

Jault, F. M., J. M. Jault, F. Ruchti, E. A. Fortunato, C. Clark, J. Corbeil,
D. D. Richman, and D. H. Spector. 1995. Cytomegalovirus infection induces
high levels of cyclins, phosphorylated Rb, and p53, leading to cell cycle
arrest. J. Virol. 69:6697-6704.

Lewis, W. H., and P. R. Srinivasan. 1983. Chromosome-mediated gene
transfer of hydroxyurea resistance and amplification of ribonucleotide re-
ductase activity. Mol. Cell. Biol. 3:1053-1061.

Lu, M., and T. Shenk. 1996. Human cytomegalovirus infection inhibits cell
cycle progression at multiple points, including the transition from G, to
S. J. Virol. 70:8850-8857.

Martinez, J., I. Georgoff, J. Martinez, and A. J. Levine. 1991. Cellular
localization and cell cycle regulation by a temperature-sensitive p53 protein.
Genes Dev. 5:151-159.

Melnick, J. L., C. Hu, J. Burek, E. Adam, and M. E. DeBakey. 1994. Cyto-
megalovirus DNA in arterial walls of patients with atherosclerosis. J. Med.
Virol. 42:170-174.

Mocarski, E. S. 1995. Cytomegaloviruses and their replication, p. 2447-2492.
In B. N. Fields, D. M. Knipe, and P. M. Howley (ed.), Fields virology, 3rd ed.
Lippincott-Raven Publishers, New York, N.Y.

Mocarski, E. S., and M. F. Stinski. 1979. Persistence of the cytomegalovirus
genome in human cells. J. Virol. 31:761-775.

Morin, J., S. Johann, B. O’Hara, and Y. Gluzman. 1996. Exogenous thymi-
dine is preferentially incorporated into human cytomegalovirus DNA in
infected human fibroblasts. J. Virol. 70:6402-6404.

Muganda, P., O. Mendoza, J. Hernandez, and Q. Qian. 1994. Human cyto-
megalovirus elevates levels of the cellular protein p53 in infected fibroblasts.
J. Virol. 68:8028-8034.

Murray, A. 1995. Cyclin ubiquitination: the destructive end of mitosis. Cell
81:149-152.

Nevins, J. R. 1995. Adenovirus E1A: transcription regulation and alteration
of cell growth control. Curr. Top. Microbiol. Immunol. 199:25-32.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

J. VIROL.

Pardee, A. B. 1989. G1 events and regulation of cell proliferation. Science
246:603-608.

Penfold, M., and E. Mocarski. 1996. Unpublished observation.

Pines, J., and T. Hunter. 1991. Human cyclins A and B1 are differentially
located in the cell and undergo cell cycle-dependent nuclear transport. J.
Cell Biol. 115:1-17.

Prelich, G., C. K. Tan, M. Kostura, M. B. Mathews, A. G. So, K. M. Downey,
and B. Stillman. 1987. Functional identity of proliferating cell nuclear anti-
gen and a DNA polymerase-delta auxiliary protein. Nature 326:517-520.
Read, G. S., and N. Frenkel. 1983. Herpes simplex virus mutants defective in
the virion-associated shutoff of host polypeptide synthesis and exhibiting
abnormal synthesis of o (immediate-early) viral polypeptides. J. Virol. 46:
498-512.

Reinhardt, C. G., and T. R. Krugh. 1978. A comparative study of ethidium
bromide complexes with dinucleotides and DNA: direct evidence for inter-
calation and nucleic acid sequence preferences. Biochemistry 17:4845-4854.
Roizman, B., G. S. Borman, and M. Kamali-Rousta. 1965. Macromolecular
synthesis in cells infected with herpes simplex virus. Nature 206:1374-1375.
Roizman, B., and A. Sears. 1996. Herpes simplex viruses and their replica-
tion. In B. N. Fields, D. M. Knipe, and P. M. Howley (ed.), Virology.
Lippincott-Raven Publications, New York, N.Y.

Sherwood, S. W., and R. T. Schimke. 1995. Cell cycle analysis of apoptosis
using flow cytometry. Methods Cell Biol. 46:77-97.

Shivji, K. K., M. K. Kenny, and R. D. Wood. 1992. Proliferating cell nuclear
antigen is required for DNA excision repair. Cell 69:367-374.

Spaete, R. R., and E. S. Mocarski. 1985. Regulation of cytomegalovirus gene
expression: o and B promoters are frans activated by viral functions in
permissive human fibroblasts. J. Virol. 56:135-143.

Speir, E., R. Modali, E. S. Huang, M. B. Leon, F. Shawl, T. Finkel, and S. E.
Epstein. 1994. Potential role of human cytomegalovirus and p53 interaction
in coronary restenosis. Science 265:391-394.

St. Jeor, S., and R. Hutt. 1977. Cell DNA replication as a function in the
synthesis of human cytomegalovirus. J. Gen. Virol. 37:65-73.

St. Jeor, S. C., T. B. Albrecht, F. D. Funk, and F. Rapp. 1974. Stimulation of
cellular DNA synthesis by human cytomegalovirus. J. Virol. 13:353-362.
Sullivan, V., and D. M. Coen. 1991. Isolation of foscarnet-resistant human
cytomegalovirus patterns of resistance and sensitivity to other antiviral drugs.
J. Infect. Dis. 164:781-784.

Takehara, N., K. Ryoke, and T. Kurimura. 1982. Mitogenic activity in human
embryonic fibroblasts early after infection by human cytomegalovirus. Infect.
Immun. 38:273-281.

Tanaka, S., T. Furukawa, and S. A. Plotkin. 1975. Human cytomegalovirus
stimulates host cell RNA synthesis. J. Virol. 15:297-304.

Tooze, J. E. 1981. DNA tumor viruses, molecular biology of DNA tumorvi-
ruses. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Tyms, A. S., J. M. Davis, J. R. Clarke, and D. J. Jeffries. 1987. Synthesis of
cytomegalovirus DNA is an antiviral target late in virus growth. J. Gen.
Virol. 68:1563-1573.

Wabhren, B., and B. Oberg. 1980. Inhibition of cytomegalovirus late antigens
by phosphonoformate. Intervirology 12:335-339.

Watson, P. A., H. H. Hanauske-Abel, A. Flint, and M. Lalande. 1991. Mi-
mosine reversibly arrests cell cycle progression at the G1-S phase border.
Cytometry 12:242-246.

Zhu, H., Y. Shen, and T. Shenk. 1995. Human cytomegalovirus IE1 and IE2
proteins block apoptosis. J. Virol. 69:7960-7970.

Zieve, G. W., D. Turnbull, J. M. Mullins, and J. R. McIntosh. 1980. Pro-
duction of large numbers of mitotic mammalian cells by use of the reversible
microtubule inhibitor nocodazole. Nocodazole accumulated mitotic cells.
Exp. Cell. Res. 126:397-405.



