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Infection of cells by many viruses affects the cell division cycle of the host cell to favor viral replication. We
examined the ability of the paramyxovirus simian parainfluenza virus 5 (SV5) to affect cell cycle progression,
and we found that SV5 slows the rate of proliferation of HeLa T4 cells. The SV5-infected cells had a delayed
transition from G1 to S phase and prolonged progression through S phase, and some of the infected cells were
arrested in G2 or M phase. The levels of p53 and p21CIP1 were not increased in SV5-infected cells compared
to mock-infected cells, suggesting that the changes in the cell cycle occur through a p53-independent mecha-
nism. However, the phosphorylation of the retinoblastoma protein (pRB) was delayed and prolonged in
SV5-infected cells. The changes in the cell cycle were also observed in cells expressing the SV5 V protein but
not in the cells expressing the SV5 P protein or the V protein lacking its unique C terminus (VDC). The unique
C terminus of the V protein of SV5 was shown previously to interact with DDB1, which is the 127-kDa subunit
of the multifunctional damage-specific DNA-binding protein (DDB) heterodimer. The coexpression of DDB1
with V can partially restore the changes in the cell cycle caused by expression of the V protein.

Infection of cells by many viruses affects the cell division
cycle of the host cell to favor viral replication. The DNA tumor
viruses promote progression through the cell cycle by the spe-
cific interaction of viral and cellular proteins. For example, it is
known that the simian virus 40 large T antigen protein, ade-
novirus E1A protein, and papillomavirus E7 protein interact
with the cellular tumor repressor protein, retinoblastoma pro-
tein (pRB) to allow pRB to release the transcription factor
E2F from a pRB-E2F complex (11, 19, 46, 77). Release of E2F
from the pRB-E2F complex permits E2F-mediated transacti-
vation of genes necessary for DNA replication and cell prolif-
eration and promoting the entry of the host cell into S phase
(reviewed in reference 49). Other viruses encode proteins
which block cell cycle progression: human cytomegalovirus
UL69 protein prevents progression from G1 to S phase (15, 23,
45), herpes simplex virus blocks G1 to S phase progression by
blocking pRB phosphorylation (20, 70) and the human immu-
nodeficiency virus Vpr protein causes cells to accumulate in
G2-M phase by preventing cyclin B/cdc2 activation (26, 60, 61).
Less is known about the interaction of RNA viruses with the
host cell cycle, but it is known that measles virus, a paramyxo-
virus, causes G1 arrest in virus-infected T lymphocytes (47).

Simian virus 5 (SV5) is a prototype of the genus Rubulavirus
of the virus family Paramyxoviridae which includes Sendai vi-
rus, human parainfluenza virus types 1 to 4, mumps virus,
Newcastle disease virus, and measles virus. The paramyxovi-
ruses are enveloped viruses with a nonsegmented, single-
stranded, negative-sense RNA genome of ;15,000 nucleo-
tides. The SV5 genome contains 15,246 nucleotide, and it has
eight proteins encoded from seven genes: the V and P proteins
(50, 55) are both transcribed from the V/P gene by a process
termed pseudotemplated transcription (54, 73). The SV5 V
mRNA is a faithful transcript of the V/P gene, whereas the P
mRNA contains two nontemplated G residues which are

added cotranscriptionally by the viral polymerase as it stutters
at a specific site, 39-AAAAUUCU-59, located just upstream of
the G nucleotide insertion site (73, 75) (reviewed in reference
36). The consequence of the addition of two G residues to
create the P mRNA is that the translational reading frame is
changed relative to the V protein. SV5 V and P proteins share
an N-terminal domain of 164 amino acids but have unique
C-terminal domains (73). The process of pseudotemplated
transcription at a specific site in the V/P gene occurs for almost
all members of the subfamily Paramyxovirinae. However,
whereas for the rubulaviruses the V mRNA is transcribed
directly from the genome RNA, for the respiroviruses and the
morbilliviruses the P mRNA is transcribed directly from the
genome RNA and the V mRNA contains the additional
pseudotemplated G nucleotide(s) (reviewed in reference 29).
The sequence of the unique C-terminal domain of the V pro-
teins is highly conserved among the paramyxoviruses. It con-
tains seven cysteine residues, reminiscent of a zinc finger do-
main (73), and it has been shown that the measles virus, SV5,
Newcastle disease virus V proteins bind atomic zinc (43, 52, 72).

The SV5 V protein is incorporated into virions (;350 mol-
ecules per virion), and it is found associated with the nucleo-
capsid (52). However, for Sendai virus and measles virus the V
protein does not appear to be incorporated into virions. The
SV5 V protein has been shown to interact with soluble NP (58)
and the shared N-terminal domain of V and P has been shown
to bind RNA through a basic region (41). Despite extensive
effort recovery of SV5 from an infectious cDNA (25) contain-
ing a deletion of the V gene has not been possible (B. He,
unpublished observations), suggesting an essential role for the
V protein in the SV5 life cycle. Recently, it has been shown
that the SV5 V protein is involved in inhibition of the inter-
feron pathway by targeting the transcription factor STAT-1,
directly or indirectly, for proteosome-mediated degradation
(14). Recombinant Sendai virus, measles virus, and rinderpest
virus unable to synthesize the V protein [V(2) viruses] have
been recovered from cloned DNA, indicating that the V pro-
tein is not essential for these viruses for replication in tissue
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culture (3, 13, 30, 64). However, the V proteins are important
for pathogenicity of these viruses in animals (3, 30, 31, 74).

The SV5 V protein has been shown to interact, via its C-
terminal zinc binding domain, with a cellular protein (DDB1),
the 127-kDa subunit of the damage-specific DNA-binding pro-
tein (DDB; also known as the UV-damaged DNA binding
protein [UV-DDB], xeroderma pigmentosum group E binding
factor [XPE-BF], and the hepatitis B virus X-associated pro-
tein 1 [XAP-1]) (42). Purified DDB consists of a weakly asso-
ciated heterodimer of a 127-kDa subunit (DDB1) and a 48-
kDa subunit (DDB2) (33). The DDB complex has been found
to interact with the transcription factor E2F1 and, in in vitro
assays, DDB was found to overcome the inhibition by pRB of
E2F1-mediated transactivation (24). It has been suggested that
when damaged DNA is present in a cell, DDB binds to the
damaged DNA and no longer interacts with E2F1 (24). As the
E2F family of transcription factor proteins have been found to
have a very important role in the G1-S phase transition, it has
been suggested that the lack of interaction with DDB may be
important in slowing down cell growth during the repair pro-
cess (24). DDB has also been found to interact with CUL-4A
(68), a member of the cullin family of proteins. The function of
CUL-4A is not known, but CUL-1 and CUL-3 are involved in
the ubiquitin-mediated degradation of cyclin E (reviewed in
reference 79) and cyclin D and p21CIP (80).

We report here that infection of HeLa T4 cells with SV5
slows their proliferation. SV5-infected cells have a prolonged
G1-S phase transition and S phase, and some of the infected
cells are arrested in G2-M phase. The changes in the cell cycle
were also observed in cells expressing the V protein but were
not observed in cells expressing the P protein or a V protein
lacking its unique C terminus of V (VDC). The changes in the
cell cycle can be partially restored by coexpression of DDB1.
Thus, although the functions of the SV5 V protein are not fully
elucidated, the V protein appears to be a multifunctional pro-
tein.

MATERIALS AND METHODS

Cells and viruses. HeLa T4 cells were grown in Dulbecco modified Eagle’s
medium (DMEM) (Gibco BRL, Gaithersburg, Md.), containing 10% fetal bo-
vine serum (FBS), and penicillin and streptomycin (P/S). MDBK cells were
grown as described previously (51). The W3A strain of SV5 was grown in MDBK
cells as described previously (55).

Plasmids. The SV5 V and P cDNA and the VDC mutant (deletion of residues
168 to 222 of the V protein) were subcloned into pCAGGS-MCS (48) from
pGEM2-P/V-203, pGEM2-P/V103 (73), and pGEM-VD168-222 (42), respec-
tively, to yield pCAGGS-V, pCAGGS-P, and pCAGGS-VDC. pCAGGS-NP was
constructed by subcloning from pBH269 (25) and was kindly provided by An-
thony Schmitt. pCAGGS-HN and pCAGGS-F were subcloned from pGEM-HN
and pGEM-F (53). pCAGGS-SH and pCAGGS-M were constructed by subclon-
ing from pBH276 (25) and were kindly provided by Biao He. pCAGGS-DDB1
was constructed by subcloning from pBluescript SK(2) DDB1 (42). The
pCAGGS-HA-DDB1 plasmids were constructed by adding an oligonucleotide
encoding the hemagglutinin (HA)-epitope tag sequence to the 59 (HA-DDB1) or
the 39 (DDB1-HA) end of the DDB1 cDNA by PCR using Vent polymerase
(New England Biolabs, Beverly, Mass.). Oligonucleotides were synthesized at the
Northwestern University Biotechnology facility.

Cells proliferation assays. Monolayer cultures (;10% confluent) of HeLa T4
cells were either mock infected or infected with SV5 at a multiplicity of infection
(MOI) of 3 PFU/cell. After 1 h the inoculum was removed and replaced with
DMEM–0.5% FBS–P/S. At 12-h intervals, the cells were harvested by trypsiniza-
tion and resuspended in phosphate-buffered saline deficient in calcium and
magnesium (PBS2; Gibco BRL). The cells were counted using a hemacytometer.

The proliferation of cells was assessed by determining the decrease in car-
boxyfluorescein succinimidyl ester (CFSE; Molecular Probes, Eugene, Oreg.)
staining essentially as described previously (47). Monolayer cultures (;10%
confluent) of HeLa T4 cells were infected with SV5 or were mock infected as
described above. After 1 h the inoculum was removed, and the cells were washed
twice in phosphate-buffered saline (PBS1; Gibco BRL). A 5 mM CFSE stock
solution, in dimethyl sulfoxide, was made immediately before labeling cells and
diluted in PBS1 to a final concentration of 50 mM before addition to cells. Cells
were labeled in 50 mM CFSE for 30 min, washed three times with PBS1, and

then grown in DMEM–0.5% FBS–P/S. At 24-h intervals, the cells were harvested
by trypsinization and fixed in 0.25% paraformaldehyde in PBS2. The cells were
then analyzed by flow cytometry on a FACSCalibur flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, Calif.), and data were analyzed
by using the Proliferation Wizard module of the ModFIT LT program, version
2.0 (Verity Software House, Inc., Topsham, Maine).

For expression of individual SV5 cDNAs in the proliferation assays and in all
other experiments, monolayer cultures were transfected with pCAGGS plasmids
expressing the SV5 genes using Lipofectamine Plus (Gibco BRL), essentially
according to the manufacturer’s instructions. At 16 to 18 h posttransfection, the
cells were washed twice with PBS1 and then labeled with CFSE as described
above. The cells were harvested at 24-h intervals by trypsinization and fixed in
0.25% formaldehyde in PBS2. The pCAGGS-P-, pCAGGS-V-, pCAGGS-
VDC-, pCAGGS-NP-, and pCAGGS-M-transfected cells were permeabilized in
1 ml 50% DMEM–50% FBS and 3 ml of 70% ethanol. The pCAGGS-SH-
transfected cells were permeabilized in PBS1 with 0.1% saponin (Sigma-Al-
drich, St. Louis, Mo.) and incubated with antibodies in the presence of 0.1%
saponin. To examine protein expression, the cells were treated with rabbit anti-
sera raised against SH (27) or one of the following mouse monoclonal antibodies
(MAb): P-k, which recognizes the shared N-terminal domains of P and V; NP-a;
M-f; F1a; or HN5a (59). The secondary antibodies used were goat antisera to
mouse antibodies conjugated to phycoerythrin or goat antisera to rabbit anti-
bodies conjugated to phycoerythrin (Molecular Probes). The cells were then
analyzed on the FACSCalibur flow cytometer. The transfected cells were gated
on a FL2-H (viral protein expression) versus FL1-H (CFSE staining) plot. The
generation of the cells was determined using the Proliferation Wizard module of
the ModFIT LT program.

Cell cycle analysis. HeLa T4 cells were synchronized at the G1-S phase bound-
ary essentially as described previously (71). The cells were initially blocked in
DMEM–10% FBS–P/S with 2 mM thymidine (Sigma-Aldrich) for 12 to 14 h, the
cells were released from the first block by incubation with DMEM–10% FBS–P/S
for 8 h, and then the cells were blocked by incubation with DMEM–10% FBS–
P/S with 0.4 mM mimosine (Sigma-Aldrich) for 12 to 14 h. After synchronization
the cells were either infected with SV5, mock infected, or transfected with
expression plasmids. For the SV5 infections, HeLa T4 cells were infected with
SV5 at an MOI of 3 or 10 PFU/cell. After 1 h the inoculum was removed and
replaced with DMEM–0.5% FBS–P/S.

The pCAGGS plasmids were transfected into synchronized HeLa T4 cells. For
transfections with single plasmids, 2 mg of pCAGGS, pCAGGS-P, pCAGGS-V,
or pCAGGS-VDC was used. For the coexpression experiments, 2 mg of
pCAGGS-V, 3 mg of pCAGGS-HA-DDB1, or 3 mg of pCAGGS-DDB1-HA was
used, and 5 mg of DNA total was present in each transfection with the balance
amount made up using pCAGGS vector. After 6 h, the transfection mixes were
replaced with DMEM–0.5% FBS–P/S.

At 3- or 4-h intervals, the mock- or SV5-infected or transfected cells were
harvested by trypsinization and fixed in 0.25% paraformaldehyde for 1 h at 4°C.
The cells were then permeabilized in 1 ml of 50% DMEM–50% FBS and 3 ml
of 70% ethanol at 4°C overnight or longer as described above, and the cells
washed with PBS2. A portion of the cells was then treated for cell cycle analysis
by DNA content or treated for measuring the expression of cyclins E, A, or B.

For cell cycle analysis by DNA content, cells were treated essentially as de-
scribed elsewhere (Source Book, section 2.20.1; Becton Dickinson). To deter-
mine if the cells were infected or transfected, the primary antibodies used
included the following MAb: P-k or 12CA5 (78). The secondary antibody used
was goat antisera to mouse antibodies conjugated to fluorescein isothiocyanate
(FITC) (Organon Teknika Corp., Charlotte, N.C.). The cells were treated with
0.5 mg of RNase A (Sigma-Aldrich) and 50 mg of propidium iodide (Sigma-
Aldrich) per ml for at least 30 min at 4°C. The cells were then analyzed on the
FACSCalibur flow cytometer. The data were analyzed using the Synch Wizard
module of the ModFit LT program. Since single cells in G2-M are smaller than
an aggregate of two G0-G1 cells or two cells fused together, the single cells were
selected on an FL2-Width (FL2-W; size of cells) versus FL2-Area (FL2-A; DNA
content) plot, and the infected or transfected cells were gated on a FL2-A (DNA
content) versus FL1-H plot (P-k or 12CA5 staining). The percentage of cells in
each phase of the cell cycle was then determined by modeling with the Synch
Wizard module algorithm.

For analysis of expression of cell cyclins, a portion of the cells, which were
synchronized, infected or transfected, and harvested as described above, were
stained for cyclin expression. To determine if the cells (SV5 infected or trans-
fected) expressed the V protein, cells were stained with MAb P-k. To determine
if the cells were expressing the cyclin proteins, the following primary antibodies
were used: rabbit polyclonal antisera to cyclin A (H-432; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) or mouse MAb to cyclin B1 (14541C) or mouse
MAb (14591C) to cyclin E (PharMingen, San Diego, Calif.). The bound MAb
P-k was then detected with goat anti-mouse immunoglobulin G2a (IgG2a) con-
jugated to R-phycoerythrin (Southern Biotechnologies Associates, Inc., Birming-
ham, Ala.). The other secondary antibodies were goat anti-rabbit antiserum
conjugated to FITC (Jackson ImmunoResearch Laboratories, Inc., West Grove,
Pa.) which recognizes the cyclin A antisera or goat antimouse IgG1 conjugated
to FITC (Southern Biotechnologies Associates, Inc.) which recognizes the cyclin
B1 and E antibodies. The percentage of cells expressing P, V, or VDC and the
cyclins was determined by flow cytometry on the FACSCalibur. The data were
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analyzed with the Cell Quest program (Becton Dickinson) where quadrant mark-
ers were set with mock-infected or vector-transfected cells which were treated
with MAb P-k and irrelevant rabbit antisera or irrelevant mouse MAb of the
same isotype.

Immunoblotting. HeLa T4 cells were synchronized as described above and
then mock-infected or SV5-infected (MOI of ;10 PFU/cell). At each time point
two 6-cm-diameter plates of cells were harvested and treated as described above
for DNA content analysis. At each time point, one plate of cells was lysed in
protein lysis buffer (2% sodium dodecyl sulfate SDS; 62.5 mM Tris-HCl, pH 6.8;
2% dithiothreitol [DTT]), briefly sonicated, and an aliquot of cell lysate was
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on a 15% gel for
the p53 and p21 blots or a 9.25% acrylamide-DATD cross-linked gel (70) for the
pRB blots. The proteins were transferred to Immobilon-P (Millipore Corp.,
Bedford, MA) using a Transblot SD apparatus (Bio-Rad, Hercules Calif.). Im-
munoblotting was performed essentially as previously described (6, 51). The
primary antibodies used were a mixture of MAb to p53 (DO-1) and p21 (MAb
187) (Santa Cruz Biotechnology, Inc.) or p21 (65951A; PharMingen). For pRB
immunoblotting, the primary antibody used was a mouse MAb (14001A; Phar-
Mingen). The secondary antibody used was a goat-anti mouse antisera conju-
gated to alkaline phosphatase (Amersham Pharmacia, Piscataway, N.J.) or goat
anti-mouse antisera conjugated to horseradish peroxidase (Promega Biotech,
Madison, Wis.). The immobilized protein was detected with either by using the
ECF kit (Amersham Pharmacia) according to the manufacturer’s instructions
and chemifluorescence detected using a Storm Phosphorimager (Molecular Dy-
namics, Sunnyvale, Calif.) or by using the SuperSignal Plus kit (Pierce, Rockford,
Ill.).

Quantification of V expression in SV5-infected cells and pCAGGS-V-trans-
fected cells. HeLa T4 cells were either mock infected, SV5 infected at an MOI
of 3 PFU/cell, or transfected with pCAGGS-V. At 24 h after infection or trans-
fection, the cells were trypsinized, fixed, and permeabilized as described for the
cell cycle analysis. The cells were stained with an MAb (V MAb 11) unique to the
C-terminal domain of V (52), followed by goat anti-mouse antisera conjugated to
FITC. The cells were then analyzed by single-wavelength (color) flow cytometry.

Apoptosis assays. Asynchronous populations of HeLa T4 cells were trans-
fected with 2 mg each of pCAGGS, pCAGGS-P, pCAGGS-V, and pCAGGS-
VDC with or without 3 mg of pCAGGS-HA-DDB1. Additional pCAGGS was
added if necessary to ensure that 5 mg of DNA was present in each transfection.
At 1 or 2 days after transfection, the cells were harvested by trypsinization, fixed
in paraformaldehyde, and permeabilized as described above for the cell cycle
analysis. The cells were stained with MAb P-k for the P-, V-, and VDC-expressing
cells and with MAb 12CA5 for the HA-DDB-expressing cells. The cells were
then treated with 0.5 mg of RNase A (Sigma-Aldrich) and 50 mg of propidium
iodide per ml for at least 30 min at 4°C and analyzed by flow cytometry. The
single cells were selected on FL2-W versus FL2-A plots as described above, but
the aggregated cells and debris which have a signal for FL2-A but no signal for
FL2-W were not selected. The percentage of cells with sub-G0-G1 DNA content
was determined using the Cell Quest software (Becton Dickinson).

RESULTS

HeLa T4 cells infected with SV5 proliferate more slowly
than mock-infected cells. To determine if SV5 infection affects
the growth rate of HeLa T4 cells, the number of viable mock-
or SV5-infected cells was determined at 12-h intervals (Fig.
1A). By 36 and 48 h postinfection (p.i.) there were fewer cells
present on the SV5-infected plates than on the mock-infected
plates (Fig. 1A), suggesting that infection of cells with SV5
slows their rate of multiplication.

To examine further the growth of SV5-infected HeLa T4
cells, proliferation assays were performed in which living cells
were labeled with the fluorescent dye CFSE. As the cells di-
vide, each successive generation of cells contains a decreasing
amount of CFSE. Mock- or SV5-infected cells were analyzed
by flow cytometry, and the percentage of cells in each gener-
ation was determined using an algorithm (see Materials and
Methods). The primary data for mock-infected cells and SV5-
infected cells are shown in the righthand-side panels (Fig. 1)
and the computed data are in Fig. 1B and C, respectively. The
mock-infected cells showed a progressive dilution of the dye,
and the algorithm modeled ;75% of the cells in the third
generation after 1 day and 65% of the cells in the fourth
generation on day 2. In contrast, although the SV5-infected
cells did not remain blocked in any generation, indicating that
SV5 does not cause a pronounced growth arrest in the cells,
SV5 infection caused a decrease in the proliferation rate of the

HeLa T4 cells (Fig. 1C). After 1 day ;75% of the SV5-infected
cells were in the second generation, and on day 2 ;55% of the
SV5-infected cells were still in the third generation. The SV5-
infected cells continued to progress through the generations
more slowly than the mock-infected cells for up to 4 days after
labeling (Fig. 1C), before the cells became confluent and the
cells stopped proliferating.

SV5-infected HeLa T4 cells have a prolonged cell cycle. To
analyze the point in the cell cycle where the delay to cell
proliferation occurred, cell cycle analysis of mock- and SV5-
infected HeLa T4 cells was performed. Cells were synchro-
nized at the G1-S phase boundary with thymidine and mi-
mosine blocks. Following synchronization, the cells were
released from the G1-S phase block, and the cells were either
mock or SV5 infected for 1 h. At various times the cells were
harvested and analyzed for their position in the cell cycle by
measuring DNA content using propidium iodide staining. To
distinguish between SV5-infected cells and uninfected cells,
cells were stained with MAb P-k, which recognizes the com-
mon N-terminal domain of the P and V proteins. The cells
were analyzed by flow cytometry detecting two wavelengths
(two color), and the portion of the cells in each phase of the
cell cycle was calculated by an algorithm (see Materials and
Methods). Since the expression of the P or V proteins was not
detected until 12 h p.i., initially all of the cells were selected for
modeling on FL2-A (DNA content) versus FL1-H (P-k stain-
ing) plots, but after 12 h only the P-k-stained cells were se-
lected.

It was found that the mock-infected and SV5-infected cells
grew similarly for the first 18 h after release from the synchro-
nization block, suggesting that the effect of SV5 on the cell
cycle requires synthesis of viral proteins (primary data are
shown in Fig. 2 side panels and the computed data are shown
in Fig. 2A, B, and C). After 18 h, the SV5-infected cells were
observed to proceed more slowly through the cell cycle than
the mock-infected cells. SV5-infected cells exited G0-G1 more
slowly and peaked in S phase 3 h later than mock-infected cells
(Fig. 2A and B), indicating that the progression from G1 to S
phase was slower in SV5-infected cells than in mock-infected
cells. The number of cells in S phase decreased more slowly in
SV5-infected cells than in mock-infected cells, suggesting that
S phase was prolonged (Fig. 2B). Furthermore, about 20% of
the SV5-infected cells remained in G2-M phase compared to
less than 5% of the mock-infected cells (Fig. 2C), suggesting
that the progression through G2 or M phase may be blocked in
some of the SV5-infected cells. To examine the generality of
the cell cycle changes observed in SV5-infected HeLa T4 cells,
we also analyzed the cell cycle progression in SV5-infected
MDBK cells, and very similar data were obtained (data not
shown).

To investigate further changes in the cell cycle, the expres-
sion of the cyclin proteins was examined. An aliquot of the
same cells that were synchronized and infected with SV5 as
described above was stained with MAb P-k to select for SV5-
infected cells and then stained with antibodies to cyclin E (Fig.
2D), cyclin A (Fig. 2E), or cyclin B (Fig. 2F). The cells were
then analyzed by two-color flow cytometry. The side panels
show the primary flow cytometry histograms for mock- and
SV5-infected cells at 27 and 36 h p.i. with cyclin expression
shown on the FL1-H axis. For the primary data for cyclin E,
vertical lines are drawn to show the differences between the
levels of cyclin E in mock- and SV5-infected cells.

Cyclin E, which interacts with the cyclin-dependent protein
kinase 2 (CDK2) to promote entry into S phase (17, 21; re-
viewed in references 10 and 66), was expressed to similar levels
and in an approximately equal percentage of mock- or SV5-
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infected cells through the first 21 h after release from the
synchronization block (Fig. 2D). After 24 h, a greater number
of SV5-infected cells than mock-infected cells continued to
express cyclin E (Fig. 2D). The similar rates of accumulation of
cyclin E in mock- and SV5-infected cells 15 h after the release
of the synchronization block suggest that the slower G1-to-S-
phase transition observed in SV5-infected cells (Fig. 2B) is not
due to a slower or a decreased accumulation of cyclin E. Cyclin

E levels normally decrease through S phase (reviewed in ref-
erence 10), so the prolonged expression of cyclin E in SV5-
infected cells corresponds with the prolonged S phase as de-
termined by DNA content analysis.

The fraction of cells expressing cyclin A, which interacts with
CDK2 to promote passage through S phase (17, 21; reviewed
in references 10 and 66), was similar for up to 27 h after release
of the synchronization block (Fig. 2E). These data indicate that

FIG. 1. Cell growth and proliferation in SV5-infected and mock-infected cells. (A) Cell growth assay. Equal numbers of HeLa T4 cells were either mock infected
(}) or SV5 infected ( ) and then harvested at 12-h intervals, and the cells were counted. Each time point represents the average of three separate plates of cells. (B
and C) Proliferation assay. HeLa T4 cells were either mock infected or SV5 infected and then labeled with 50 mM CFSE. At various times after labeling, cell were
harvested by trypsinization, fixed in paraformaldehyde, and analyzed by flow cytometry. Primary data are shown in side panels: thick line, SV5-infected cells; thin line,
mock-infected cells. (B and C) Computed data for mock-infected cells (B) and SV5-infected cells (C). With each successive generation of cells the amount of label in
each cell decreases. Cell generations were modeled using the Proliferation Wizard algorithm of the ModFIT LT program. Averaged data from three plates of cells for
each time point are presented.
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FIG. 2. Cell cycle analysis of mock-infected or SV5-infected HeLa T4 cells by DNA content and by cyclin expression levels. HeLa T4 cells were synchronized at
the G1-S-phase boundary by a 2 mM thymidine block, released, and then synchronized at the G1-S-phase boundary by a 0.4 mM mimosine block. Cells were released
from the mimosine block and then either mock infected or SV5 infected at an MOI of ;3 PFU/cell. After 1 h the inoculum was replaced by DMEM–0.5% FBS–P/S.
Cells were harvested by trypsinization, fixed, and permeabilized. The cells were treated with MAb P-k, which recognizes the shared N-terminal domain of P and V, to
stain cells which were virus infected. The cells were treated with propidium iodide for DNA content analysis and analyzed by two-color flow cytometry. The side panels
show preliminary data for 21 to 39 h. The percentage of cells in each phase of the cell cycle was then computed by using the Synch Wizard algorithm of the ModFIT
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the prolonged G1-S-phase transition and prolonged S phase of
SV5-infected cells, as observed by propidium iodide staining, is
not due to lack of cyclin A expression. After 27 h the amount
of SV5-infected cells that expressed cyclin A remained ele-
vated through 30 h and then decreased at a rate slower than

observed in mock-infected cells (Fig. 2E). Cyclin A normally
accumulates during S phase, reaches a peak at the end of G2,
and is degraded during prometaphase of mitosis (17, 21, 56, 57;
reviewed in references 10 and 66); thus, the continued expres-
sion of cyclin A in the SV5-infected cells suggests that the cells

LT program, and the cells in G0-G1 phase (A), S phase (B), and G2-M phase (C) are shown in the line graphs. Each time point represents data averaged from three
plates of cells. Symbols: }, mock-infected cells; , SV5-infected cells. (D, E, and F) Cyclin expression levels. Aliquots of the cells form the DNA content experiment
were analyzed for expression of cyclin E (D), cyclin A (E), and cyclin B (F) using antibodies to the specific cyclin proteins. To analyze only cells infected with SV5,
cells were stained with MAb P-k. The cells were analyzed by two-color flow cytometry, and the percentage of cells positive for expression of cyclins and P or V proteins
was determined. Each time point represents the average from three plates of cells. Symbols: }, mock-infected cells; , SV5-infected cells. The four panels at the right
of each line graph show the raw histogram data of cyclin expression from mock-infected (left) or SV5-infected (right) cells at 27 or 36 h after release from the mimosine
block. The level of cyclin expression (FL1-H) is graphed along the x axis, and the number of cells is graphed on the y axis. For the cyclin E primary data, vertical lines
are drawn to show the difference between the levels of cyclin E in mock- and SV5-infected cells.
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did not pass prometaphase of mitosis. These data provide
further evidence that some of the SV5-infected cells remained
in G2-M, confirming the DNA content analysis.

The expression of cyclin B, which interacts with CDK1 to
form the maturation promoting factor (reviewed in references
10 and 35), was also examined. The percentage of cells that
expressed cyclin B over the first 21 h post-release of synchro-
nization block was similar in mock- and SV5-infected cells.
However, after 24 h the expression of cyclin B was delayed and
then prolonged compared to mock-infected cells (Fig. 2F).
Cyclin B levels usually begin to accumulate during S phase and
reach maximum levels as the cell enters mitosis (17, 57; re-
viewed in reference 10); therefore, the delay in cyclin B ex-
pression observed in SV5-infected cells further suggests that
progression through S phase is perturbed in SV5-infected cells.
Since degradation of cyclin B during anaphase is necessary for
the cell to complete telophase and re-enter G1 phase (reviewed
in reference 34), the slower decrease of cyclin B in SV5-in-
fected cells also indicates that progression through mitosis is
affected, confirming the DNA content analysis.

SV5 infection does not induce either accumulation of p53 or
expression of p21. Stress to cells, including viral infection, has
been shown to cause activation of p53 transcription and stabi-
lization of p53, which increases the amount of p53 in the cell.
In turn, increased levels of p53 causes transactivation of
p21CIP1 which can bind to cyclin and cyclin-dependent kinase
complexes and inactivate them, leading to cell cycle arrest (16,
22; reviewed in reference 39). p53 has also been implicated in
G2-M-phase arrest (2, 5; reviewed in reference 39). For HeLa
cells the caveat has to be added that they contain sequences
from human papillomavirus type 18 (HPV18), including se-
quences encoding the p53 interacting protein, E6 (65), but
HeLa cells do have cell cycle regulation. Although the E6
protein was not detected in HeLa cells (65), it is known that

the E6 protein of HPV18 causes ubiquitin-mediated degrada-
tion of p53 (62). To determine if SV5 infection affected the
levels of p53 and p21CIP1 in the HeLa T4 variant of HeLa cells,
cells were synchronized and infected with SV5, and p53 and
p21CIP1 levels determined by immunoblotting. As shown in
Fig. 3, p53 was detected, and the p53 levels were found to be
similar between the mock- and SV5-infected cells (Fig. 3A),
but p21CIP1 expression was not detected (data not shown).
These results suggest that the changes in the cell cycle in
SV5-infected cells are not due to increased accumulation of
p53 and p53-induced expression of p21CIP1.

SV5 infection and pRB phosphorylation. pRB is a cell cycle
regulatory protein important for progression though the G1-
to-S transition. pRB mediates its action by binding to the E2F
transcription factor family of proteins. The hypophosphory-
lated form of pRB is present during the G0 and G1 phases and
binds to E2F. pRB is phosphorylated at multiple sites at the
G1-S-phase boundary and through S and G2 phases by the
cyclin E-CDK2 and cyclin A-CDK2 complexes with the conse-
quence that E2F is released (4, 12, 17, 28, 38, 40; reviewed in
references 18 and 66). The HPV18 E7 protein, which binds to
pRB (19), has been detected in HeLa cells (65), but the pres-
ence of phosphorylated pRB during S phase and G2-M in
HeLa cells was found to be similar to primary T cells and to
cell lines which have not been transformed by viruses (4, 12).

To determine if pRB phosphorylation is affected in SV5-
infected HeLa T4 cells, cells were synchronized, infected with
SV5, and lysed at various times p.i., and the polypeptides were
analyzed by immunoblotting. As shown in Fig. 3B, less of the
phosphorylated forms of pRB was present in the SV5-infected
cells at 24, 27, and 30 h p.i. compared to the mock-infected
cells, and increasing amounts of pRB were present as the cell
enters S phase as seen previously (12). Furthermore, the
amount of the slowest-migrating form of pRB began to de-

FIG. 3. Analysis of p53 and pRB expression in synchronized mock-infected or SV5-infected HeLa T4 cells. Cells were synchronized as described in the legend to
Fig. 2, released from the block, and infected at an MOI of ;10 PFU/cell. The cells were harvested in protein lysis buffer containing DTT and sonicated briefly, and
the polypeptides were analyzed by SDS-PAGE followed by immunoblotting. (A) The blots were probed with an MAb specific for p53. (B) The polypeptides were
separated on a 9.25% acrylamide–DATD cross-linked gel, and the polypeptides were immunoblotted using an MAb specific for pRB. MI, mock-infected cells; SV5,
SV5-infected cells; pRB, hypophosphorylated pRB; pRB-ppp, phosphorylated forms of pRB.
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crease by 33 h in the mock-infected cells, and there was less of
the phosphorylated forms in the mock-infected cells at 39, 42,
and 45 h p.i. than in the SV5-infected cells (Fig. 3B). As an
indicator of cell cycle progression and of cyclin-CDK activity,
the delay in accumulation of the phosphorylated forms of pRB
and the prolonged presence of phosphorylated pRB in SV5-
infected cells suggests that there is a delay in the G1-S-phase
transition and that cells are not returning to G0-G1 as quickly
as did the mock-infected cells. Although cyclin E and cyclin A
begin to accumulate similarly in mock- and SV5-infected cells,
the cyclin-CDK complexes begin to phosphorylate pRB later.
The delay in pRB phosphorylation can prevent release of the

members of the E2F transcription factor family and delay
E2F-mediated transactivation of genes necessary for S phase.
However, the direct relationship of the phosphorylation
changes observed to the changes in the cell cycle is confounded
by the fact that HeLa cells contain DNA sequences that could
express HPV18 E7 protein (65). Thus, it would be anticipated
that the binding of E7 to pRB may interfere with the normal
function of pRB.

Determination of the SV5 gene product that slows cell pro-
liferation. To determine which of the SV5-encoded proteins
slows cell proliferation, the SV5-specific cDNAs were ex-
pressed transiently in HeLa T4 cells using the pCAGGS ex-
pression plasmid. At 16 h posttransfection, cells were labeled
with CFSE as described above. The expression of P, F, HN,
SH, NP, and M did not significantly (Student two-tailed t test;
P . 0.05) alter the proliferation of the HeLa T4 cells com-
pared to the vector-transfected cells (Fig. 4). However, more of
the V-expressing cells remained in the parent generation after
1 and 2 days compared to vector-transfected cells, indicating
that many (45 to 70%) of the V-expressing cells were not
proliferating (Student two-tailed t test; P , 0.0005). Since the
P and V proteins share 164 N-terminal amino acids but have
unique C-terminal domains, these results suggested that the
unique C-terminal domain of V is involved in the arrest of cell
proliferation. To determine if the V C-terminal domain is
involved in cell cycle regulation, a plasmid expressing VDC
(which lacks the cysteine-rich domain of V) was constructed.
The VDC-expressing cells were then tested for cell prolifera-
tion and found to proliferate similarly to vector-transfected
cells (Fig. 4), further indicating that the unique C-terminal
domain of V is involved in the arrest of cell proliferation.

HeLa T4 cells expressing the V protein, but not the P or
VDC proteins, have a prolonged cell cycle. The pCAGGS ex-
pression vector exhibits a broad spectrum of expression levels
of the foreign gene. Therefore, to compare levels of expression
of the V protein in transfected cells to SV5-infected cells, the
cells were stained with an MAb specific for the unique C
terminus of V (V-MAb 11) (52), and the cells were analyzed by
flow cytometry (Fig. 5). The higher-expressing population of
V-transfected cells (see below) contained an amount of V
protein greater than or equal to the amount of V protein
contained in SV5-infected cells. This higher-expressing popu-

FIG. 4. Proliferation assays of HeLa T4 cells transiently expressing individual
viral proteins. Cells were transfected with pCAGGS plasmids expressing the
individual SV5-specific cDNAs. At 16 to 18 h post transfection, the cells were
labeled with CFSE. At various times after labeling, the cells were harvested by
trypsinization and fixed in formaldehyde. All of the cells except those expressing
HN or F were permeabilized and then stained with antisera recognizing the viral
proteins. The cells were then analyzed by flow cytometry. The loss of CFSE signal
in cells expressing the viral proteins were then modeled using the Proliferation
Wizard algorithm of the ModFIT LT program. The fraction of cells containing
the original amount of CFSE staining (the parent generation) after 1 or 2 days
is shown. Averaged data are from three plates for each time point. Panels A and
B represent data from two different experiments.

FIG. 5. Expression levels of V protein in SV5-infected or pCAGGS-V trans-
fected HeLa T4 cells. Cells were infected with SV5 at an MOI of 3 PFU/cell or
transfected with 2 mg of pCAGGS-V. After 24 h the cells were harvested by
trypsinization, fixed, permeabilized, and stained with an MAb specific for the
unique C terminus of V (V MAb 11) (52). Expression levels were analyzed by
flow cytometry. Dotted line, mock-infected cells; narrow line, SV5-infected cells;
bold line, pCAGGS-V-transfected cells.
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FIG. 6. Cell cycle analysis of HeLa T4 cells expressing P, V, or VDC proteins. HeLa T4 cells were synchronized as described in the legend to Fig. 2. After release
from the G1-S-phase block, cells were transfected with 2 mg of the following plasmids: pCAGGS, pCAGGS-P, pCAGGS-V, or pCAGGS-VDC. The cells were treated
and analyzed as described in the legend for Fig. 3. The population of cells expressing high levels of V protein were selected for analysis. (A) The panels show
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representative flow cytometry data at the 44-h time point. The density plots graph DNA content (FL2-A) versus the level of P or V protein expression (FL1-H). The
density plots show the selection of the high-expressing population of transfected cells (gate R2). (B) The DNA content (FL2-A) histograms of the high-expressing
population of cells at 44 h post-release of synchronization block are shown. (C, D, and E) The percentage of cells in G0-G1 phase (C), S phase (D), and G2-M phase
(E) are shown. Each time point is the average of three plates of cells. (F, G, and H) Cell cycle analysis and cyclin expression for HeLa T4 cells expressing P, V, or VDC.
Cells were treated as described in the legend for Fig. 2. Each time point represents the average of three plates of cells. Symbols: }, control vector-transfected cells;

, P-expressing cells; Œ, V-expressing cells; , VDC-transfected cells.
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lation of V-transfected cells was selected for cell cycle an
analysis.

To determine whether transiently expressed P, V, or VDC
proteins have an effect on the cell cycle, HeLa T4 cells were
synchronized at the G1-S-phase boundary with thymidine and
mimosine blocks and then transfected with the plasmids ex-
pressing the P, V, or VDC proteins. An aliquot of the cells was
treated with MAb P-k to identify transfected cells and stained
with propidium iodide to enable determination of DNA con-
tent and the cells analyzed by flow cytometry. The transfected
cells were examined for DNA content (FL2-A) versus P-k
staining (FL1-H), and examples of the raw data at 44 h are
shown in Fig. 6A. For the cells expressing V protein, there
appeared to be two populations of cells: low-level V-protein-
expressing cells and high-level V-protein-expressing cells (Fig.
6A). At 44 h post-release from the synchronization block, the
population expressing lower amounts of V protein was deter-
mined to be in the G0-G1 stage of the cell cycle, whereas the
high-expressing V protein population of cells was determined
to be in the G2-M stage of the cell cycle. The population of
cells expressing the low level of V protein showed a cell cycle
progression similar to that of mock-transfected cells (data not
shown). Thus, the populations of cells expressing the high
levels of P, V, or VDC were selected for analysis, and the raw
histograms for DNA content (FL2-A) of these cells 44 h after
release of the synchronization block are shown in Fig. 6B. The
average of the computed data of cells in each phase of the cell
cycle is shown in Fig. 6C, D, and E.

The cell cycle progression for control, P, V, and VDC-ex-
pressing cells was similar for the first 24 h after release of the
synchronization block, but at that time expression of proteins
from the transfected plasmids was at very low levels (data not
shown). After 24 h, the cells expressing the P protein (or the
VDC protein) progressed through the cell cycle at a rate sim-
ilar to that of the control vector-transfected cells (Fig. 6C, D,
and E). In contrast, for the cells expressing the V protein the
peak of cells in S phase occurred at 32 h, which is 4 h later than
the control cells, suggesting there was a delay in the G1-S-
phase transition (Fig. 6D). The number of cells in S phase
decreases more slowly in V-expressing cells than in control
vector-transfected cells (Fig. 6D). Furthermore, half of the
V-protein-expressing cells remained in G2-M after 36 h after
release of block. The changes in the cell cycle in the V-protein-
expressing cells were similar to those seen in SV5-infected
cells. The amount of V protein expressed in the transfected
cells was greater than or equal to the amount expressed in
SV5-infected cells (Fig. 5), and the cells expressing high levels
of V protein had a more pronounced G2-M arrest than that
found in SV5-infected cells. Thus, these data indicate that the
levels of the V protein in the cell affect the extent of cell cycle
changes observed.

To characterize further the changes in the cell cycle of trans-
fected cells, a portion of the cells, which were synchronized and
transfected as described above, was stained with antibodies to
cyclin E (Fig. 6F), cyclin A (Fig. 6G), or cyclin B (Fig. 6H) and
P/V protein-specific MAb P-k, and the cells were then analyzed
by flow cytometry. The cells expressing high levels of P, V, or
VDC were selected for analysis.

The control vector-transfected cells and P-protein- and
VDC-protein-expressing cells showed similar expression pat-
terns for cyclin E (Fig. 6F). The V-expressing cells showed a
cyclin E protein expression pattern similar to that of control
cells up to 28 h post-release of the synchronization block.
However, after 32 h the level of cyclin E did not decline as
observed in control cells (Fig. 6F). The continued expression of

cyclin E in V-protein-expressing cells corresponds with the
prolonged S phase observed by DNA content analysis.

Analysis of the cyclin A expression levels in control cells and
cells expressing the P, V, and VDC proteins showed very sim-
ilar levels of cyclin A for the first 28 to 32 h after release of the
synchronization block (Fig. 6G). However, after 28 to 32 h the
cyclin A level began to decline in control and P- and VDC-
expressing cells. In contrast, the cyclin A level did not decline
in V-protein-expressing cells (Fig. 6G). The altered cyclin A
expression pattern in V-protein-expressing cells parallels the
cyclin A expression pattern observed in SV5-infected cells.
Furthermore, the continued expression of cyclin A in V-pro-
tein-expressing cells is consistent with the G2-M arrest ob-
served by the DNA content analysis in V-protein-expressing
cells.

Analysis of the cyclin B levels in control and in P-, V-, and
VDC-protein-expressing cells (Fig. 6H) paralleled the data ob-
tained for cyclin A expression levels. The expression of cyclin
B in control and in P- and VDC-expressing cells began to
decrease after 32 h post-release of the synchronization block,
but the cyclin B level in V-protein-expressing cells expressing
cyclin B continued to increase until 36 h and then decreased
more slowly than control cells (Fig. 6H). The delayed peak of
expression and the prolonged expression of cyclin B in the
V-protein-expressing cells suggest that the V-protein-express-
ing cells progress through S phase more slowly than control
cells and that the cells were not progressing through mitosis
when cyclin B would normally be degraded.

Taken together, the changes in the cell cycle as determined
by DNA content analysis and cyclin expression in the V-pro-
tein-expressing cells were, for the most part, similar to those
observed in SV5-infected cells. Thus, these data suggest that
the SV5 V protein is involved in prolonging the cell cycle.
Furthermore, since the expression of P and VDC did not affect
the cell cycle, the data indicate that the unique C-terminal
domain of the SV5 V protein is important for prolonging the
cell cycle.

The effect of V and DDB1 coexpression on the cell cycle. The
SV5 V protein was found previously to interact with DDB1
through its unique C-terminal domain (42). To facilitate de-
termining if the V and DDB1 protein interaction is involved in
cell cycle progression, the DDB1 protein was tagged at either
its N or its C terminus with an epitope tag (HA) to yield the
HA-DDB1 and DDB1-HA proteins, respectively. Alternative
tags were used to reduce the possibility that the tag interfered
with DDB1 functions. When both tagged DDB1 proteins were
expressed in HeLa cells, using pCAGGS, both proteins showed
primarily a diffuse cytoplasmic distribution (data not shown).
The primarily cytosolic expression of DDB1 confirms recent
data indicating that DDB1 is found primarily in the cytoplasm
(67, 76), despite the fact that the protein was initially purified
from nuclear extracts of HeLa cells (9). The coexpression of V
and DDB1-HA or HA-DDB1 did not affect the localization of
DDB1 (data not shown).

If the V protein interaction with DDB1 reduces the effective
concentration of DDB1 available to interact with E2F, then
overexpression of HA-DDB1 protein might block the V pro-
tein effect on the cell cycle. To test this hypothesis, HeLa T4
cells were synchronized at the G1-S-phase border and then
transfected with control plasmid or with plasmids expressing V,
HA-DDB1, or both plasmids to express the V and HA-DDB1
proteins (Fig. 7A, B, and C). A range of HA-DDB1 plasmid
DNA from 0.5 to 3 mg of DNA was used. The cells were
stained with MAb types specific for V and for the HA epitope
tag. The V- or V–HA-DDB1-expressing cells were gated for
the population of cells expressing a high level of V protein.
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Interpretation of the DDB-1 and V coexpression data is con-
founded by the fact that overexpression of DDB1 is deleterious
to cells. A total of 45 to 50% of cells transfected with HA-
DDB1 were in the sub-G0-G1 population, indicating that over-
expression of HA-DDB1 probably causes apoptosis (Fig. 7D).
Coexpression of P, V, or VDC had much smaller effects on the
apoptotic population by 2 days posttransfection (Fig. 7D).

For the viable cells, DNA content analysis indicated that
somewhat more of the HA-DDB1-expressing cells (3 mg of
DNA) than the control-vector-transfected cells entered S
phase by 24 h post-release of the synchronization block (Fig.
7B), but both entered G2-M by 32 h (Fig. 7C) and reentered
G0-G1 by 36 h (Fig. 7A). These data suggest that overexpres-
sion of HA-DDB1 causes a small increase in the rate of pro-
gression from G1 to S phase. The cells expressing the V protein
showed a delayed G1-to-S phase progression (Fig. 7A and B)
and a G2-M arrest as found above (Fig. 7C). The delay in the
G1-to-S phase transition was similar in cells coexpressing V
and DDB1 and cells expressing V alone. However, by 40 h
;30% of the V- and HA-DDB1-coexpressing cells were ar-
rested in G2-M, compared to ;45% of the V-expressing cells
(Fig. 7C), but the DNA content of these cells remained ele-
vated compared to the DNA content of control-plasmid-trans-
fected cells. Increasing the amount of the HA-DDB1 plasmid
from 0.5 to 3 mg of DNA cotransfected with 2 mg of V plasmid
DNA overcame the effect of expressing V alone and resulted in
decreasing amounts of cells arrested in G2-M phase (e.g., see
Fig. 7C). Coexpression of HA-DDB1 and P (or VDC) protein
did not affect cell cycle progression (data not shown). Thus, the
data suggest that the coexpression of HA-DDB1 with V pro-
tein partially restores progression through the cell cycle. Sim-
ilar data was obtained when the V protein was coexpressed
with DDB1 tagged with the HA epitope at its C terminus
(DDB1-HA) (data not shown). Triple transfections using plas-
mids expressing V, DDB1, and FLAG-epitope-tagged-DDB2
were also performed but the changes in the cell cycle were
similar to those found for V and DDB1 coexpression (data not
shown). Thus, although the effect of DDB1 overexpression on
the cell is more complex than a direct effect on G2-S-phase
transition, it is possible that DDB-1 could ameliorate the V
protein effects on the cell cycle but these are largely masked by
DDB1 overexpression-induced apoptosis.

FIG. 7. Cell cycle analysis on coexpression of V and HA-DDB1 proteins.
Cells were synchronized as described in the legend for Fig. 2. After the release
from the mimosine block, the cells were transfected with pCAGGS, 2 mg of
pCAGGS-V, 3 mg of pCAGGS-HA-DDB1, or 2 mg of pCAGGS-V plus 3 mg of
pCAGGS-HA-DDB1. Additional pCAGGS DNA was added to the transfections
if necessary to ensure that 5 mg of DNA was present in each transfection. The
cells were harvested, fixed, and permeabilized. The cells were stained with MAb
P-k for the V-expressing cells or with MAb 12CA5, which recognizes the HA-
epitope tag of the cells expressing HA-DDB1. The cells were stained with
propidium iodide and analyzed by flow cytometry as described above. The high-
expressing population of the V-expressing cells was selected for analysis. The
percentages of cells in the G0-G1 (A), S phase (B), and G2-M phase (C) are
shown. Each time point is the average of three plates of cells. Symbols: },
vector-only-transfected cells; Œ, V-expressing cells; , HA-DDB1-expressing
cells; , V and HA-DDB1-expressing cells. (D) DDB1 expression causes cells to
accumulate in a sub-G0-G1 state. Asynchronous populations of HeLa T4 cells
were transfected with 2 mg each of pCAGGS, pCAGGS-P, pCAGGS-V, or
pCAGGS-VDC with or without 3 mg of HA-DDB1. Additional pCAGGS was
added if necessary to ensure that 5 mg of DNA was present in each transfection.
At 1 or 2 days after transfection, cells were harvested by trypsinization, fixed in
paraformaldehyde, and permeabilized. The cells were stained with MAb P-k for
the P-, V-, and VDC-expressing cells and with MAb 12CA5 for the HA-DDB-
expressing cells. The cells were then stained with propidium iodide and analyzed
by flow cytometry. The percentage of cells in the sub-G0-G1 population is shown.
Each time point is the average of three plates of cells.
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DISCUSSION

Many viruses have been shown previously to affect progres-
sion of the cell cycle of host cells to favor viral replication
(reviewed in reference 49). Here we have shown that HeLa-T4
cells, infected with the paramyxovirus SV5, proliferate more
slowly than mock-infected cells. DNA content analysis of syn-
chronized cells infected with SV5 and measurement of the
accumulation of cyclins A, B, and E indicated that, for the first
18 h p.i., SV5 infection had little effect on the cell cycle.
However, after 18 h p.i., a time when viral RNA and protein
synthesis reaches a plateau (8), DNA content analysis indi-
cated all phases of the cell cycle were prolonged. The G1-S-
phase transition was delayed compared to that found in mock-
infected cells, and the duration of S phase was prolonged. In
uninfected cells, cyclin E expression usually peaks around the
G1-S-phase boundary and its accumulation decreases through
S phase, and cyclin A and B accumulate through S phase
before their expression decreases during mitosis (reviewed in
reference 10). In SV5-infected HeLa-T4 cells, at between 18
and 48 h p.i., cyclin E and A levels reached a peak similar to
mock-infected cells but declined more slowly. Thus, the data
indicate that the prolonged G1-S-phase transition and pro-
longed S phase occurring at 18 to 48 h p.i. was not caused by
a lack of cyclin E and A expression. Taken together, the DNA
content analysis and measurement of cyclin levels indicate that
SV5 infection causes a delay in both the beginning of S phase
and a delay in the progression through S phase.

A fraction of the SV5-infected cells appeared to be arrested
in G2 or M phase based on DNA content analysis. In unin-
fected cells, mitosis is initiated by the cyclin B-CDK1 (CDC2)
complex; thus, a delay in expression of cyclin B would be
expected to delay the onset of mitosis (reviewed in reference
34). Indeed, cyclin B expression observed in SV5-infected cells
peaked later and declined more slowly. In uninfected cells,
cyclin A is degraded during prometaphase, and cyclin B is
degraded during anaphase (17, 21, 56, 57; reviewed in refer-
ences 10 and 34). Direct analysis of the stability of cyclin A in
pulse-labeling and chase experiments suggested that cyclin A
degradation was decreased in SV5-infected cells compared to
control cells (data not shown). The prolonged expression of
cyclin A and B in SV5-infected cells suggests that some of the
cells do not progress through mitosis and are arrested in G2
phase.

Activation of p53 increases the amount of p53 in the cell by
stabilizing the protein from degradation. Activation of p53 has
also been shown to cause transcriptional transactivation of
expression of p21CIP1. This results in p21CIP1 binding to cyclin
and cyclin-dependent kinase complexes, resulting in their in-
activation which in turn causes cell cycle arrest (reviewed in
reference 39). Therefore, we examined whether the delay in
the cell cycle observed in SV5-infected cells were related to
altered p53 and p21CIP1 accumulation. The levels of p53 and
p21CIP1 expression were not increased in SV5-infected cells
compared to mock-infected cells, suggesting that the delay in
entry into S phase and progression through S phase occurs
through a p53-independent mechanism. pRB phosphorylation
is important for progression through the G1-S transition. In
SV5-infected cells the phosphorylation of pRB was delayed
and prolonged. These data suggest that although cyclin E and
cyclin A begin to accumulate, the activity of the cyclin-CDK
complexes is delayed even though p21CIP was not detected.

To analyze the viral protein responsible for the effects on the
cell cycle, viral cDNAs were expressed transiently in HeLa-T4
cells. In cells expressing high levels of V protein (but not
control transfection or P-transfected cells) delays through the

stages of the cell cycle occurred that were very similar to those
observed in SV5-infected cells, except that the G2-M arrest was
more pronounced. Expression of VDC which lacks the V pro-
tein unique C-terminal cysteine-rich domain exhibited a cell
cycle progression comparable to control-transfected or
P-transfected cells. Thus, the data indicate the alteration to the
cell cycle is mediated through the V-protein cysteine-rich C-
terminal domain. The amount of V protein expressed tran-
siently in the high-expressing population of transfected cells
was higher than that found in SV5-infected cells. The extent of
G2-M arrest in V-transfected cells was also higher than in
SV5-infected cells. Thus, these data suggest that the level of V
protein expression affects the extent of the G2-M arrest. There-
fore, it is possible that in SV5-infected cells the expression
level of V is regulated such that it is only sufficient to prolong
the cell cycle but not to cause G2-M arrest.

SV5 V protein interacts with the DDB1 subunit of the
weakly associated DDB heterodimer complex, through the
unique C-terminal domain of V (42). The V proteins of mumps
virus, human parainfluenza virus type 2, and measles virus also
interact with DDB1 (42). DDB1 was initially characterized as
a protein that bound to damaged DNA and was proposed to be
a part of the nucleotide excision repair pathway (9). However,
DDB was found subsequently to be nonessential for nucleotide
excision repair in vitro (1, 32). DDB may be a multifunctional
protein involved in multiple transcription-related events since
it has been shown to interact with the hepatitis B virus X
protein (7, 37), and recently the DDB complex has been found
to interact with the transcription factor E2F1 (24). In in vitro
assays DDB was found to overcome the inhibition by pRB of
E2F1-mediated transactivation (24). It has been suggested that
when damaged DNA is present in a cell, DDB binds to dam-
aged DNA and no longer associates with E2F, and thus E2F
remains associated with pRB and is unable to activate tran-
scription (24). As the E2F family of proteins have been found
to be essential for the G1-S-phase transition (reviewed in ref-
erence 69), it has been suggested that the lack of interaction of
E2F with DDB may be important in slowing cell growth during
the DNA repair process (24). The DDB complex has also been
found to interact with CUL-4A, a member of the cullin family
of proteins (68). The function of CUL-4A is not known but
other members of the cullin family, CUL-1 and CUL-3, are
involved in the ubiquitin-mediated degradation of cell cycle
proteins such as cyclin D, cyclin E, and p21CIP (reviewed in
references 79 and 80).

Since V and DDB1 interact and because of the possible role
of DDB1 in E2F1-mediated transactivation and DDB complex
interaction with a cullin protein, the effect of transient coex-
pression of V and DDB1 was examined. The overexpression of
DDB1 was found to restore partially normal progression
through the cell cycle, especially by decreasing the fraction of
cells which remained in G2-M, suggesting that the interaction
between V and DDB1 may play a role in the cell cycle changes.
It is also possible that the V protein prevents DDB1 from
interacting with E2F1 and thus decreasing transactivation of
S-phase-specific genes by E2F1; the slower increase in S-phase-
specific gene transcription would affect the G1-S-phase transi-
tion and prolong the S phase. There are several possible rea-
sons for the partial effect on cell cycle progression. (i) There
may be varying levels of V and DDB1 expression in each cell
due to the wide range of expression of proteins from the
pCAGGS expression system. Although several concentrations
of DDB1 cDNA were used, it is possible that not enough DDB
was synthesized to interact with all of the V protein present in
the cell. (ii) After overexpression of DDB1, .40% of the
transfected cells were in the sub-G0-G1 population, indicating
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that these cells were apoptotic. (iii) It is also possible that V
interacts directly with other cellular proteins, yet to be identi-
fied, that are involved in cell cycle regulation. To facilitate
future analysis, it would be useful to derive mouse embryonic
stem cells with DDB1 deleted to analyze cell cycle progression
in uninfected and SV5-infected cells. It would also be useful to
obtain a viable SV5 containing a deletion of V or VDC, but
despite repeated attempts this has not been successful (He,
unpublished observations), suggesting an essential role for V in
the SV5 life-cycle.

A rapidly dividing cell would not provide a very favorable
environment for SV5 assembly since the peak of virus release
occurs 18 to 24 h p.i., a time frame similar to that of the cell
cycle for many cell types. In mitotic cells, the Golgi apparatus
fragments during mitosis causing an inhibition of vesicle fusion
and hence glycoprotein transport is blocked (reviewed in ref-
erence 44). Fragmentation of the Golgi using ilimaquinone, a
metabolite that has been used as a model of Golgi fragmenta-
tion, causes the predicted block in transport of the F and HN
proteins (data not shown). Furthermore, transport of the SV5
glycoproteins to the plasma membrane is required for virus
assembly to occur (63). Therefore, the observed prolongation
of the cell cycle in SV5-infected cells that is mediated by the V
protein cysteine-rich domain, is consistent with the hypothesis
that the prolonged cell cycle serves to promote transport of the
glycoproteins to the cell surface and thus permits viral assem-
bly and budding at the cell surface.
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