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Recombinant adenoviruses that express high levels of the simian virus 40 (SV40) small-t (ST) antigen have
been used to study the requirement for ST to drive cell cycle proliferation of confluent human diploid
fibroblasts. This occurs when either large-T (LT) antigen or serum is added to provide a second signal. While
cells readily completed S phase in these experiments, they were found to accumulate with 4N DNA content.
Cellular and nuclear morphology, as well as the biochemical status of cyclin B complexes, showed that these
cells entered mitosis but were blocked prior to mitotic metaphase. The defect appears to reflect an inability of
cells overexpressing ST to form organized centrosomes that duplicate and separate normally during the cell
cycle and, therefore, the absence of a mitotic spindle. The ability of ST to bind protein phosphatase 2A was
required for this pattern, suggesting that altered phosphorylation of key centrosomal components may occur
when ST is overexpressed. Although the possible significance of ST effects on the centrosome cycle is not fully
understood, these findings suggest that ST could influence chromosomal instability patterns that are a
hallmark of SV40-transformed cells and LT expression.

The early region of simian virus 40 (SV40) encodes three
proteins that can be detected in nonpermissive, transforming
infections (44, 50). The best understood of these is the large-T
(LT) antigen, which binds tumor suppressor proteins p53 and
pRb and has DNA binding, helicase, and transactivation capa-
bilities (reviewed in references 12, 22, and 32). An amino-
terminal dnaJ domain is also required for viral DNA replica-
tion and transformation (40, 49). In LT, the dnaJ domain
modulates the protein stability of p130 and p107, members of
the pRb family. (41). A key function of the small-t (ST) antigen
is its binding to protein phosphatase 2A (PP2A). ST mimics
cellular regulatory B subunits (28, 29, 48) of this trimeric en-
zyme and, presumably, modifies the substrate specificity and
intracellular localization of PP2A (36, 39). ST expression in
primary cells results in activation of key cellular kinases and
growth regulators, such as mitogen-activated protein kinase, its
kinase MEK, and the ion transporter, the Na-H antiporter (19,
38). These enzymes are all more highly phosphorylated in the
presence of ST, consistent with an inhibition of phosphatase
activity against these target molecules.

ST enhances the efficiency of virus transformation and tu-
mor formation in animal model systems. A role for ST in
hamsters (2) or transgenic mice is particularly apparent in
nondividing tissues (5), consistent with the general concept
that ST enhances cell cycle progression. Considerable evidence

to support this concept came from early tissue culture studies
(18, 23), one of which showed that a few rounds of cell division
could bypass the ST requirement in a hamster cell system (23).

ST is not required for the transformation of all cell types in
cultures. However, whenever ST is required, its ability to in-
teract with PP2A has proven to be essential for transformation
(25, 33). Human diploid fibroblasts (HDFs) are particularly
dependent upon ST in SV40-mediated transformation (3, 7,
33). Neither focus formation nor anchorage-independent
growth occurred when human cells were transfected with con-
structs that express LT but no ST. When both ST and LT were
introduced, transformation resulted with good efficiency.

One of the earliest steps leading to cell transformation by
SV40 is the induction of cell cycle progression. When defective
recombinant adenoviruses (Ads) that independently express
LT or ST were used to study cell cycle reentry of confluent,
density-arrested HDFs, neither LT nor ST expression alone
was sufficient to drive confluent HDFs back into the cell cycle.
Coinfection with Ad-LT and Ad-ST, however, allowed the
majority of the culture to progress through G1 and S phases of
the cell cycle (34). The joint requirement for these SV40 pro-
teins reflected the ability of LT to decrease levels of the cyclin
kinase inhibitor p21 in HDFs, while ST expression led to de-
creased levels of p27. Interestingly, fresh serum addition also
decreased p21 levels, leading to the prediction that Ad-ST-
infected cells would induce cell cycle progression in the pres-
ence of fresh serum, a prediction that was confirmed experi-
mentally.

In the course of studies with Ad-ST, there appeared to be a
block in the progression of cells through G2/M, despite efficient
cell cycle reentry. The present report extends studies of the cell
cycle in this system, with particular emphasis on the failure of
cells to complete mitosis. This correlated with an altered cen-
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trosome cycle as a consequence of the inhibition of PP2A by
ST.

MATERIALS AND METHODS

Cell culture, synchronization, and infection. HDFs were isolated from infant
foreskins and grown for not more than nine passages at a split ratio of 1:10.
Ad-EIA/B-transformed human embyronic kidney (293) cells were used to grow
recombinant Ads. All cells were maintained in Dulbecco’s modified Eagle me-
dium (DME) containing 10% fetal calf serum (FCS), penicillin-streptomycin,
and L-glutamine at 37°C in 6% CO2.

The construction of the recombinant Ads has been previously described (33).
The viruses express wild-type (WT) ST (Ad-ST) or mutant forms of ST. One
virus, Ad-43/45, expresses ST with a double mutation (P43L K45N) in the dnaJ
domain. A second recombinant virus, Ad-103, expresses ST with a mutant PP2A
interaction domain (C103S). Ad-CMV is a control virus which contains the
cytomegalovirus (CMV) immediate-early promoter found in all other constructs
but no ST coding sequences.

HDFs arrest naturally at confluence with a G0/G1 2N DNA content. Cell cycle
analysis by flow cytometry (see below) showed that �90% of the cells had a 2N
DNA content. Subconfluent HDFs were arrested by two methods. First, cells
were plated in the presence of 2.5 mM hydroxyurea (HU; Sigma) and then
infected. HU was added to noninfected cells at the time of plating and again at
the end of the 1-h infection period. Cells were released from the HU block by
being washed twice with phosphate-buffered saline (PBS) and addition of fresh
DME and FCS to the cells. Such cells entered S phase almost immediately. In a
few experiments, subconfluent HDFs were arrested in G1 by incubation for 36 to
48 h in DME containing 0.5% FCS. Following readdition of serum, such cells
reached S phase after about 16 to 20 h. As for confluent cultures, cells arrested
either by HU or by low serum showed predominantly a 2N DNA content.

Cell cycle analysis by flow cytometry. Analysis of HDFs by flow cytometry was
described previously (34). Briefly, nuclei were prepared from trypsinized cells
using Triton X-100 and stained with propidium iodide in the presence of RNase
before analysis on a Becton Dickinson flow cytometer using Cell-Quest software.

Detection of BrdU incorporation. Subconfluent HDFs on coverslips were
transfected with 2 �g of a plasmid expressing ST antigen plus 0.5 �g of a plasmid
expressing green fluorescent protein (GFP) using Lipofectamine. The plasmids
used were derivatives of pCMVt, a plasmid that encodes a cDNA version of ST
under the control of the CMV promoter. On the morning after transfection,
residual reagents were removed by aspiration of the transfection medium and
fresh medium containing 0.5% FCS was added to the cells. Two days later (3 days
posttransfection), bromodeoxyuridine (BrdU) was added, the mixture was incu-
bated for 8 h, and then cells were fixed in 10% formaldehyde to preserve GFP
staining and permeabilized by washing in PBS containing 0.5% NP-40. Fixed
cells were treated for 20 min with 2 N HCl to denature double-stranded DNA,
thus exposing BrdU residues for antibody recognition. The timing of this step
was quite critical because prolonged exposure to acid eliminated the GFP signal.
Nuclei containing incorporated BrdU were detected by using antibodies to BrdU
(Boehringer) and rhodamine-conjugated secondary antibodies.

Western blotting. Cells were washed twice with ice-cold PBS and scraped in a
1-ml volume of PBS. Cells were pelleted by centrifugation at 5,000 rpm in a
Beckman J2-HS centrifuge for 5 min at 4°C. The supernatant was removed, and
the cells were lysed with cold lysis buffer (50 mM Tris [pH 7.4], 200 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 2% glycerol, 0.5% NP-40)
supplemented with protease and phosphatase inhibitors (0.5 mM phenylmethyl-
sulfonyl fluoride, 10 �g each of leupeptin, pepstatin, and aprotinin per ml; 1 mM
NaF, and 1 mM sodium orthovanadate). Extracts were incubated on ice for 15
min with periodic vigorous vortexing. Insoluble material was then removed by
centrifugation at 14,000 rpm in a Beckman J2-HS centrifuge for 10 min at 4°C
and transfer of the supernatant to a clean microcentrifuge tube. Total protein
concentrations were determined by using the Bio-Rad Protein Assay system with
bovine serum albumin as the calibration standard. Equal amounts of total pro-
tein were resolved by sodium dodecyl sulfate–12% polyacrylamide gel electro-
phoresis and transferred to Immobilon membranes (Millipore). For cyclin B
Western assays, the membranes were incubated with anti-cyclin B primary anti-
body (1:1,000 in PBS–0.1% Tween 20–5% milk; Santa Cruz Biotechnology),
followed by a horseradish peroxidase-conjugated secondary antibody. Monoclo-
nal antibody PAB419 (17) was used at a dilution of 1:50 for detection of ST
antigen. Proteins were visualized with enhanced-chemiluminescence reagents
(Pierce Chemical).

Cyclin B immunoprecipitation kinase assays. Cells were extracted in cold lysis
buffer as described above. Equal amounts of protein (typically, 50 to 100 �g)
were used in all experiments and were incubated with 1 �g of anti-cyclin B

antibody. Extracts and antibody were incubated for 2 h at 4°C. Immunoprecipi-
tates were collected by using protein A-agarose beads (Santa Cruz Biotechnol-
ogy). The beads were washed three times in lysis buffer and twice in kinase buffer
(50 mM HEPES [pH 7.4], 10 mM MgCl2, 1 mM MnCl2, 1 mM dithiothreitol).
Immunoprecipitates were resuspended in 40 �l of kinase buffer containing 25 �g
of histone H1 (Gibco BRL) per ml and 15 �Ci of [�-32P]ATP (3,000 mCi/mmol;
Amersham) and then incubated at 37°C for 30 min. Reactions were stopped by
the addition of sodium dodecyl sulfate sample buffer and then boiled for 5 min.

Immunofluorescence microscopy. For visualization of mitotic antigens by the
antimitotic protein monoclonal 2 antibody (MPM-2; Upstate Biotechnology Inc.)
and DNA by 4�,6�-diamidino-2-phenylindole (DAPI; Sigma) staining, cells grown
on coverslips were fixed at room temperature for 20 min with 3.7% formaldehyde
in PBS containing Ca2� and Mg2� and permeabilized for 5 min with 0.3% NP-40
in PBS. For MPM-2 staining, fixed cells were incubated with MPM-2 antibody
(1:100 in PBS) for 1 h at 37°C, washed extensively, and then incubated with a
fluorescein-conjugated secondary antibody (4 �g/ml, 37°C for 1 h). To detect
chromosomal DNA morphology, DAPI was used at a concentration of 2 �g/ml.
For �-tubulin staining, formalin-fixed cells on coverslips were permeabilized for
6 min in cold methanol and then first incubated with mouse anti-�-tubulin
(Sigma; 1:8,000 in PBS containing 25% FCS). Centrin was visualized by using
monoclonal antibody 20H5, a kind gift of Jeffrey Salisbury (Mayo Clinic, Roch-
ester, Minn.) (30, 35). For anticentrin antibody staining, cells were fixed and
permeabilized in cold methanol-acetone (1:1) at �20°C for 10 min and the
primary antibody was used at a dilution of 1:500 in PBS containing 25% fetal
bovine serum. Secondary anti-mouse antibody for both anti-�-tubulin and anti-
centrin staining was fluorescein tagged and was used at 1:1,000 (PBS containing
40% fetal bovine serum). All stained coverslips were mounted onto slides by
using Gelvatol (Sigma) containing 1,4-diazabicyclo[2,2,2]octane (0.1 mg/ml; Sigma).

RESULTS

Cell cycle induction by Ad-ST and serum requires the PP2A
binding function. Previous studies showed that confluent (den-
sity-arrested) HDFs require two signals to reenter the cell
cycle, one provided by SV40 LT or fresh serum and the other
provided by ST. Cell cycle induction in this system depends on
the ability of ST antigen to bind and inhibit PP2A. This was
shown by using Ad-103, a recombinant virus that encodes the
C103S mutant form of ST (Fig. 1). Cells infected with this
mutant form of Ad-ST did not show significant S or G2/M
populations, even in the presence of 10% serum. In contrast, a
virus that expressed mutant ST with an altered dnaJ domain
(Ad-43/45) was able to drive cell cycle progression in the pres-
ence of serum. Although not shown here, comparable levels of
ST protein were found in cells infected with the various Ads if
the multiplicity of Ad-103 was increased two- to threefold.
However, no significant cell cycling was found, even with mul-
tiplicities as high as 50 PFU/cell. In contrast, even 5 PFU of
WT Ad-ST per cell led to cell cycle reentry.

Cell cycle progression of transfected HDF. Ad-ST experi-
ments have the advantage that the entire population of cells
can be infected, making it possible to detect alterations in
levels of proteins such as the cyclin kinase inhibitors p21 and
p27. However, the levels of ST expressed by the recombinant
viruses are very high, beyond even those expressed by cells that
are productively infected with SV40. To examine ST effects on
cell cycle progression in a different system, we turned to trans-
fections of subconfluent HDFs. When cells are mock trans-
fected and then placed in low concentrations of serum the next
day, they become increasingly quiescent over the next 2 days.
By 60 to 72 h posttransfection, there is little ongoing cell
cycling, as measured by BrdU incorporation (Fig. 2). In con-
trast, 25 to 30% of cells transfected with plasmids that express
ST continue to incorporate BrdU under these conditions, in-
dicative of continued S phase progression. As for the Ad-ST
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experiments, the PP2A-binding mutant form of ST (mutant
103) was particularly defective in allowing continued DNA
synthesis. In contrast to experiments with recombinant Ads,
the dnaJ mutant (mutant 43/45) also had a greatly reduced
ability to support cell cycling in transfection experiments. This
suggests that the dnaJ domain of ST may contribute to the
stimulation of cell growth but that the need for this domain
may be overcome when high levels of ST are expressed in cells.
Interestingly, cotransfections with the 103 and 43/45 mutant
plasmids showed at least partial complementation between
these two mutant forms of ST antigen.

Overexpression of ST affects G2/M progression. During the
course of the Ad-ST experiments described above, we noticed
an accumulation of cells in G2/M in the fluorescence-activated
cell sorter (FACS) profiles (Fig. 1; note the Ad-ST plus serum
panel, in particular). As shown in Fig. 3, Ad-ST-infected cells
showed significant G2/M accumulation by 1 day postinfection,
reaching a maximum of 40% of the cells in G2/M. The accu-
mulation in G2/M persisted for even as long as 52 h postinfec-
tion, when only a small fraction of the cells appeared to reenter
G1, reducing the G2/M peak. There was no evidence in these
experiments of a cycling tetraploid population, which would
have been evident if peaks with greater DNA contents had
appeared at later times.

The expression of cyclin B is necessary as cells transit G2 and
enter mitosis (20). To determine whether ST was affecting the
expression of cyclin B and therefore inhibiting the progression
of the cells through G2, Western blot analyses were performed
to ascertain the cyclin B protein levels in cells induced by ST
plus serum. As shown in Fig. 4A, cells infected with Ad-ST in
the presence of serum showed an increase in the amount of
cyclin B expressed by 24 h postinfection and levels increased
further by 32 h postinfection. High levels of cyclin B persisted
for at least another day, additional evidence that cells cannot
complete mitosis where cyclin B destruction occurs normally in
the cell cycle (20).

Accumulated cyclin B is typical of both G2 and M phases of
the cell cycle. Activation of the cyclin B-dependent kinase cdc2
does not occur in G2 but is typical of the prophase stage of
mitosis. To measure cdc2 activity, cyclin B-cdc2 complexes
were immunoprecipitated by using an anti-cyclin B monoclonal
antibody and then assaying immune complexes for the ability
to phosphorylate H1 histone in the presence of [�-32P]ATP.
Cells infected with Ad-ST in the presence of serum showed

FIG. 1. Cell cycle induction by Ad-ST in the presence of serum. Confluent HDFs were mock infected or infected at 20 PFU/cell with Ad-ST
or the mutant Ad-43/45 or Ad-103. In profiles labeled � Serum, cells were incubated after infection in DME containing 10% FCS. For the Ad-ST
control (upper right panel), cells were incubated in DME containing only 0.5% FCS after infection. At 32 h postinfection, cells were trypsinized
and processed for flow cytometry.

FIG. 2. BrdU incorporation (S phase progression) by transfected
cells. HDFs plated on coverslips (30 to 40% confluent) were trans-
fected with 0.5 �g of pEGFP and 2 �g of a pCMVt-derived construct
that expressed WT ST, the P43L K45N mutant (column 43), C103S
(column 103), or a mixture of the two mutant constructs (column
43�103). These plasmids all encode cDNA versions of ST. The DL
control plasmid is not a cDNA but carries a deletion of the ST splice
donor and makes no ST protein or truncated fragment. On the day
after infection, the medium was changed to DME–0.5% serum. At 48 h
later, BrdU was added, the mixture was incubated for 8 h, and then
coverslips were fixed for immunofluorescence assay using anti-BrdU
antibodies and a rhodamine-tagged secondary antibody. Data are ex-
pressed as the percentage of GFP-positive cells showing positive anti-
BrdU staining.
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high levels of cyclin B kinase, which persisted for more than
20 h with only a slight decline (Fig. 4B). These data suggest
that the cells have indeed entered mitosis and are either unable
to degrade their cyclin B, which is required for exit from
mitosis, or have not reached anaphase, the stage at which
cyclin B would normally be degraded.

Immunohistochemistry provided additional evidence that
Ad-ST-infected cells actually enter mitosis. Cells were stained
with antibodies to MPM-2, a phosphorylated epitope shared by

a set of proteins phosphorylated at the onset of mitosis (6, 9).
As seen in Fig. 5B, many cells in Ad-ST-infected cultures (right
panel) showed increased MPM-2 staining. These cells were
rounder and showed stain in both their nuclear and cytoplas-
mic portions. This staining pattern would be expected for nor-
mal cells because the initiation of mitosis is associated with the
breakdown of the nuclear envelope. In addition, dense, dark
areas in the nuclear areas of cells stained with anti-MPM2
antibody appeared like a ring of condensed chromosomes. This
suggested that cells had undergone chromosome condensation
and entered mitosis. Cells stained with DAPI (Fig. 5A) con-
firmed the presence of condensed chromosomes that were not
aligned on a metaphase plate. Thus, these cells have a promet-
aphase profile in which cells have undergone chromosome
condensation and breakdown of the nuclear membrane and
have high levels of cyclin B-cdc2 kinase activity.

An analysis of the mitotic profiles of cells in one experiment
is shown in Table 1. In this experiment, 63% of the cells had 4N
DNA content and about half of these appeared to be in
prophase (condensed chromatin not aligned on a metaphase
plate). None of the cells showed metaphase or anaphase chro-
mosomal patterns, suggesting that one block to cell cycle pro-
gression occurred in the progression to or through metaphase.
Interestingly, this analysis also revealed an earlier premitotic
block that had not been appreciated previously. Only half of
the cells with 4N DNA content were actually in prophase,
suggesting that the other half of these cells remained blocked
in G2 and never entered mitosis. It is possible that confluent
cells that overcome a G1 arrest now encounter a G2 check-
point. ST may allow some, but not all, cells to bypass this
checkpoint but then blocks their progression through M.

PP2A binding is necessary for prometaphase block. The
dnaJ domain of ST was not required for the premetaphase

FIG. 3. Kinetics of cell cycle induction by ST in the presence of serum. Confluent HDFs were infected with Ad-ST at 20 PFU/cell, and then
medium containing 10% serum was added back at the end of the infection period. Cells were collected and processed for flow cytometry at 18,
25, 32, 42, and 52 h postinfection (hpi).

FIG. 4. Cyclin B and cyclin B-associated kinase levels of arrested
cells. (A) Confluent HDFs were infected with Ad-ST at 20 PFU/cell
and then maintained in 10% FCS after infection. Extracts were pre-
pared at 24, 32, 42, and 52 h postinfection, and levels of cyclin B were
compared to those found in controls (Ad-ST alone, FCS alone) by
Western blot analysis. (B) The same extracts were used for immuno-
precipitation-kinase assays in which histone H1 was the substrate for
cyclin B1-associated kinase activity.
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block to cell cycle progression, because cells infected with
Ad-43/45 showed the same MPM2 and DAPI staining patterns
described above (data not shown). To analyze the role of the
PP2A-binding domain, it was necessary to drive cell cycle pro-
gression in an ST-independent fashion, because cells infected
with Ad-103 do not enter G1/S and progress to G2/M (Fig. 1).
In contrast to confluent HDFs which cannot reenter the cell
cycle in response to serum stimulation, serum-deprived sub-

confluent HDFs can proliferate in response to freshly added
serum. Thus, HDFs were plated and grown to one-third con-
fluence, deprived of serum to synchronize the cells in G0/G1,
and then infected with Ad-ST and serum stimulated. As shown
in Fig. 6, a majority of the cells infected with Ad-ST became
blocked in G2/M and remained in this stage of the cell cycle for
over 50 h. In contrast, cells infected with Ad-103 reached G2/M
but failed to remain in mitosis and reentered G1 within 8 h.
DAPI staining confirmed that Ad-103-infected cells decon-
densed their DNA and resumed interphase appearance at this
time (data not shown). It is also worth noting that the exper-
iments with the 103 mutant and similar experiments with
Ad-LT (not shown) showed that the mitotic arrest was not an
artifact related to Ad infection. Rather, mitotic arrest required
ST antigen, specifically, its PP2A inhibition function. This sug-
gests that sequestering of PP2A by ST may prevent critical
dephosphorylation reactions required for the progression of
mitosis.

PP2A inhibition inhibits centrosome maturation and dupli-
cation. The prometaphase appearance of nuclei from Ad-ST-
infected cells suggested that cells were unable to assemble a

FIG. 5. MDM-2 staining and chromosomal morphology in arrested cells. HDFs were plated on coverslips and then infected with Ad-ST in the
presence of 10% serum. At 32 h postinfection, cells were fixed with formalin and permeabilized with NP-40 as described in Materials and Methods.
The cells in panels A were stained with DAPI, and those in panels B were stained with anti-MPM-2 antibody. Ad-ST-infected cells are shown on
the right side of both sets, while control Ad-CMV-infected cells are on the left.

TABLE 1. Distribution of mitotic figures in arrested,
Ad-ST-infected cells

Stage of cell cycle No. of cells counted % of totala

Interphase nuclei (noncondensed,
envelope present)

258 70

Prophase nuclei (condensed
DNA, nonaligned)

113 30

Metaphase nuclei (metaphase
plate alignment)

0 0

Anaphase nuclei (separating
chromosomes)

0 0

a FACS analysis showed that 63% of the cells had 4N DNA content.
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mitotic spindle. Indeed, staining of arrested cells with �-tubu-
lin (data not shown) provided no evidence for a mitotic spin-
dle, in agreement with the nonaligned appearance of the con-
densed chromosomes. A key component of the spindle
apparatus is the centrosome, so we looked for centrosomal
structures by staining for the centrosome-associated tubulin
�-tubulin. Centrosomes mature and thicken during G1 and S
phases of the cell cycle, forming structures that are clearly
detectable by �-tubulin staining (27). In late S or early G2,
centrosomes duplicate and then begin to move away from one
another toward the poles of the cell. To determine how the
normal centrosome cycle was affected in Ad-ST-infected cells,
we compared the �-tubulin staining patterns of uninfected and
Ad-ST-infected subconfluent cells at defined times in the cell
cycle. Cells were first plated in the presence of HU to arrest
them at the G1/S border before infection. This procedure was
used rather than serum deprivation because, following release
of the HU block, cells transit S and proceed toward M in a
more rapid and synchronized fashion. On the day after plating
in HU, cells were infected with Ads and then kept in HU for
8 h to allow ST expression. Cells were then washed to remove
HU and allowed to proceed through S and into G2. Centro-
some patterns were studied at various times after release of the
HU block. Figure 7A shows an example of the staining pat-
terns of cells 10 h after the release of the HU block, and the
data shown in Table 2 summarize the patterns from viewing
many fields of cells. The 10-h time point was chosen because
this was when the maximum numbers of duplicated and sepa-
rated centrosomes were found in control cell populations. As
shown in Table 2, centrosomes were clearly visible in nearly all
Ad-CMV-infected cells, with 18% showing clearly separated
centrosomes that were at or moving toward the poles of the
cells. In contrast, none of the Ad-ST-infected cells showed
duplicated centrosomes and only a few had distinct single cen-
trosomes. The vast majority showed diffuse, disorganized stain-
ing with anti-�-tubulin, suggesting that centrosomal matura-
tion had not occurred and thickened centrosomes of detectable
size and structure were not present in these cells. These find-

ings suggest that the failure of ST-expressing cells to transit
mitosis reflected the inability of their centrosomes to undergo
a normal cycle to produce a normal spindle apparatus.

Another indication that centrosomes were aberrant came
from staining with an anticentrin antibody. Centrin is a struc-
tural component of the centrosome body but is also found in
centrosome-free pools within the cell (30). As cells approached
mitosis 15 h after release of the HU block, centrin was partic-
ularly enriched in the nuclei of Ad-CMV-infected cells (Fig.
7B). In contrast, centrin staining was much weaker in Ad-ST-
infected cells and was not localized to the nuclear compart-
ment. The disorganized, weak centrin staining in these cells
further suggests a defect in normal centrosome dynamics when
ST is overexpressed in HDFs.

DISCUSSION

During studies of the role of ST antigen in promoting cell
cycle progression, a pronounced block to G2/M progression
was noted in experiments using recombinant Ads which over-
express ST antigen. This was first apparent by an accumulation
of cells with 4N DNA content in FACS analyses. Such cells
showed the increased levels of cyclin B1 that would be ex-
pected in either G2 or early M, but the presence of active cyclin
B-associated cdc2 activity suggested that at least some cells had
moved into early mitosis. This was confirmed by immunofluo-
rescence for the MPM-2 mitotic epitope (6, 9). In nonmitotic
cells, MPM-2 staining is faint and localized to the nucleus.
When cells enter mitosis, fluorescence intensity increases and
staining is found throughout the cell because the integrity of
the nuclear envelope is altered in mitotic cells. Of the cells
infected with Ad-ST in the presence of serum, 30 to 50%
showed this early mitotic staining pattern. DAPI staining
showed that a similar fraction of cells contained highly con-
densed chromosomes that were not aligned in a metaphase
arrangement. This pattern was observed for about half of the
cells with 4N DNA content. The remaining half were arrested
at an earlier point, in G2 but before M.

FIG. 6. The C103S mutation alters G2/M arrest patterns. Subconfluent cells were kept in DME–0.5% FCS for 38 h and then infected with
Ad-ST (WT or C103S) at 20 PFU/cell. Medium containing 10% FCS was added after infection to allow the cells to reenter the cell cycle. Cells
were collected at 24, 32, and 50 h postinfection (hpi) and processed for flow cytometry.
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The interference with mitosis described here almost cer-
tainly reflects the overexpression of ST that occurs with the Ad
vectors, but this finding raises the possibility that ST transiently
interferes with mitotic progression, a possibility discussed later
in greater detail. It is not surprising that low levels of ST do not
cause the severe phenotypes found in the Ad-ST-infected cells
because a complete block to mitotic completion would be

incompatible with cell survival. Interestingly, a lethal mutation
with phenotypes similar to those reported here was described
in drosophila (37). In this case, P element insertion into the
PP2A catalytic subunit inactivated its function. Homozygous
mutant embryos totally deficient in PP2A showed overcon-
densed chromatin and an arrest between prophase and an-
aphase (37) at a stage in development where rapid mitotic
cycles are required. Our studies of Ad-ST-infected cells con-
firm in a completely different system that PP2A activity is
required for the assembly of a functional mitotic spindle and
suggest that PP2A inhibition blocks an early step in centro-
some assembly and maturation.

Consistent with the behavior of the drosophila mutant, mi-
totic arrest by ST depends on its binding to PP2A. This func-
tion of ST maps to its C-terminal half, in particular, to a
CXXXPXC motif found at residues 97 to 103 (25). Studies
with the C103S mutant indicated that it is the PP2A interaction

FIG. 7. Anti-�-tubulin and anticentrin immunofluorescence. HDFs were plated on coverslips in the presence of HU for 24 h and then mock
infected or infected with Ad-ST at 20 PFU/cell for 8 h. Cell cycle progression was then initiated by washing out the HU and adding DME–10%
FCS. At various times after HU release, cells were fixed and permeabilized and then stained for �-tubulin. The cells shown were stained with
anti-�-tubulin (A) 10 h after HU release or with anticentrin antibody (B) 15 h after HU washout. Cells infected with Ad-ST are shown on the right
side of each panel, and control Ad-CMV-infected cells are on the left.

TABLE 2. Centrosomal patterns observed by immunofluorescence
assay for �-tubulin

Pattern
% of cell infected with:

Ad-CMV control Ad-ST

Duplicated centrosomes 18 0
Single centrosome 75 21
No apparent centrosomes 7 74
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function that accounts for the cell cycle arrest described in
Ad-ST-infected HDFs. In contrast, mutation of the dnaJ do-
main of ST, a region involved in STs transactivation function,
had no effect on the ability of ST to drive cell cycle progression
and mitotic arrest (25).

A well-defined mitotic checkpoint responds to damage to
the mitotic spindle. Proteins such as BUB1 and MAD1 (21) or
the polo-like kinases are critical in the metaphase-anaphase
transition and may well be sensitive to the state of PP2A in
cells (8, 16). In yeast, there is strong genetic evidence that a
specific PP2A B subunit is required for the spindle checkpoint
response (47). However, there is a key difference here. Cells
arrested by ST expression never form a mitotic spindle, so the
block to mitotic progression occurs before this checkpoint is
believed to function.

The absence of identifiable centrosomes in Ad-ST-infected
cells suggests that arrest occurs not through activation of a
checkpoint but because the spindle cannot form. The centro-
some cycle is coupled to the cell cycle. However, the failure of
Ad-ST-infected cells to assemble centrosomes does not corre-
late with an obvious difficulty in cell cycle transit because these
cells clearly reach G2/M and many enter early mitosis. In ad-
dition, ST is known to promote cell cycle progression and to
relieve p27-mediated inhibition of cell cycle kinases (34). One
might expect that reduced p27 levels would result in overly
active cyclin E-cdk2 and that this would lead to excessive cen-
trosome amplification (10, 51). In contrast, the inability to
detect any centrosomes in Ad-ST-infected cells suggests that
an even earlier step in centrosome maturation or assembly,
one that precedes centrosome duplication, is blocked.

It is possible that interference with some upstream activity
indirectly affects the centrosome cycle, although this would
have to be a function that is nonessential for cell cycle pro-
gression. Alternatively, inhibition of PP2A may directly alter a
key centrosomal component (14), many of which are known to
be regulated by phosphorylation. An interesting example is
NPM/B23 (26), a protein associated with unduplicated centro-
somes that dissociates from them after phosphorylation with
cyclin E-2 cdk2. Other molecules are C-Nap1 (24), a protein
that mediates centriole-centriole adhesion, and Nek2, a pro-
tein which influences centrosomal separation (15, 45). Some
preliminary experiments have been performed for centrosomal
proteins for which good reagents are available. While no dif-
ferences in the kinetics or accumulation of Nek2 were found
(unpublished observations), the reduced centrin staining found
in Ad-ST-infected cells (Fig. 7B) lends further support to the
idea that centrosomal components are directly affected. The
expression and phosphorylation status of key centrosomal pro-
teins like these should provide greater insights into whether
effects of ST on the centrosome cycle are likely to be direct or
indirect.

Finally, although the severe defects found in Ad-ST infec-
tions could not persist if cells were to survive, the possibility of
transient interference with normal centrosome function evokes
an interesting speculation on its possible contribution to chro-
mosomal instability. This phenotype has been described for
several tumor cell lines and results from a failure of the mitotic
spindle checkpoint (1). When mitotic progression is blocked by
drugs like colchinine and vinblastine, some tumor lines fail to
arrest but rather decondense their chromosomes and reenter

the cell cycle, leading to increased ploidy and subsequent chro-
mosomal rearrangement. Defects in p53 activity, among other
things, can contribute to bypass of mitotic arrest. In SV40
infections, in which LT binds and inhibits p53 activity, a tran-
sient delay to mitotic progression caused by altered activity of
centrosomal proteins could lead to a similar scenario. It is very
unlikely that the pronounced arrest described here ever occurs
in a natural infection, where levels of viral proteins may be high
immediately after infection but fall shortly thereafter. Lower
levels are also present in stably transformed cells lines. How-
ever, even a temporary delay in the progression of cells
through mitosis could promote aberrant cell cycle reentry and
chromosomal decondensation.

There is increasing evidence that tumor viruses can interfere
with normal mitotic progression, leading to altered ploidy and
genetic instability. LT and the papillomavirus E6 protein serve
as prototypes for proteins that alter p53-sensitive checkpoints
(4, 31, 42, 43, 46), and mechanisms that influence the centro-
some cycle have also been recently described in papillomavirus
systems (11). LT expression leads to tetraploidization of per-
missive monkey cells (13) through unknown mechanisms. It
will be interesting to formally test whether ST contributes to
LT-driven genetic instability in systems where levels and dura-
tion of expression of the viral proteins can be limited and
controlled.
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