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Focus formation in human diploid fibroblasts (HDF cells) is known to require both the simian virus 40
(SV40) large-T and small-t antigens. Similarly, both SV40 proteins were required to stimulate confluent,
density-arrested HDF cells to reenter the cell cycle. This study used defective recombinant adenoviruses to
examine the roles of the individual SV40 proteins in altering specific steps in the cell cycle. Small-t antigen and,
to a lesser extent, large-T antigen increased the level of the S phase cyclin cyclin A but without increasing the
activity of associated cyclin kinases unless the two SV40 proteins were coexpressed. The absence of kinase
activity reflected the presence in density-arrested cells of high levels of the cyclin-dependent kinase inhibitors
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and p27%"™", We report here that expression of SV40 large-T antigen reduced levels of p21"™V**", while

expression of small-t antigen was required to decrease p27<'"'. The separate effects of large-T and small-t
antigens on these two inhibitors may explain the joint requirement for the two proteins to drive cell cycle
reentry of HDF cells and ultimately transform these cells.

Cellular transformation by simian virus 40 (SV40) is influ-
enced by two viral early proteins, the large-T and small-t an-
tigens (1, 10, 16, 26). Large-T is a key transforming protein that
functions through its binding of the cellular tumor suppressors
p53 and pRb (13). A Dnal-like domain is located in the amino-
terminal sequences shared by large-T and small-t (11), and this
also plays a role in several transformation systems and in the
targeting of p107 and p130, pRb family members, for degra-
dation (29-31, 37).

Small-t antigen is necessary for large-T to transform some
cell types to anchorage-independent growth (1, 10, 16), and
also for focus formation in some established rodent cells (38)
and in primary human diploid fibroblasts (HDF cells) (21, 24).
The ability of small-t to bind and inhibit protein phosphatase
2A (PP2A) correlates with its ability to enhance transforma-
tion by large-T in these systems. Interestingly, small-t can also
complement at least two amino-terminal mutations in large-T
antigen, allowing focus formation in HDF cells (21). The
mechanism for this complementation is presently unknown.

In animal models, the role for small-t antigen has been most
apparent in nondividing tissues. Transgenic animals or animals
injected with SV40 mutant viruses that lack small-t antigen
develop tumors in rapidly dividing tissues, but the absence of
small-t strongly reduces the appearance of other types of tu-
mors (2, 3). Along these lines, studies of Chinese hamster lung
cells in tissue culture showed that a few cell divisions could
replace the need for small-t antigen in anchorage-independent
growth assays (14). Experiments like these have reinforced the
basic theme that the primary role for small-t antigen in trans-
formation is in the induction of growth of target cells and that
the efficiency of transformation by large-T is increased in these
cells.

Because of the apparent role for small-t in nondividing tar-
get cells and because the earliest steps in the process of cell
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transformation involve the stimulation of cell cycle progres-
sion, it was important to determine the exact effects of small-t
or large-T expression in regulating activities that control the
cell cycle in normal cells. In this study, HDF cells were used as
a model of density-dependent growth arrest. We report here
that both small-t and large-T antigens are required to induce
cell cycle reentry and that this reflects the reduction in levels of
separate cyclin-dependent kinase inhibitors (CKIs) by the viral
proteins.

MATERIALS AND METHODS

Cell culture. Fibroblasts were isolated from newborn-human foreskins by
trypsin digestion to separate the dermal and epidermal layers, followed by col-
lagenase treatment to release fibroblasts from the dermal layer. Cells were plated
and grown in Dulbecco modified Eagle medium containing 10% fetal bovine
serum (FBS). Helper 293 cells were grown in Dulbecco modified Eagle medium
plus 10% FBS and used to grow recombinant adenoviruses as previously de-
scribed (9, 21).

Western blotting. Cells were washed twice with ice-cold phosphate-buffered
saline (PBS), scraped in a volume of 1 ml PBS, and collected by centrifugation
in a microcentrifuge. 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 [DTT], 2%
glycerol, 0.5% Nonidet P-40) containing protease and phosphatase inhibitors
(0.5 mM phenylmethylsulfonyl fluoride; 10 g each of leupeptin, pepstatin, and
aprotinin per ml; 1 mM NaF; and 1 mM sodium orthovanadate). Lysed cells were
vortexed for 15 s and then held on ice for 10 to 15 min with periodic vortexing
before removal of insoluble material by centrifugation. Protein concentrations
were determined by the Bio-Rad method, and then equal amounts of total
protein were loaded onto sodium dodecyl sulfate (SDS)-polyacrylamide gels
(11a), separated by electrophoresis, and transferred to Immobilon membranes
(Millipore) with a buffer containing 15% methanol, 0.08% SDS, and 1X
Laemmli buffer (11a) lacking SDS. After incubation with appropriate primary
and secondary antibodies, proteins were visualized by using enhanced chemilu-
minescence reagents (Pierce Chemical).

The antibodies used were as follows: for cyclin A, rabbit polyclonal immuno-
globulin G anti-cyclin A H-432 (sc-751; Santa Cruz); for p27, mouse monoclonal
anti-p27 (K25020; Transduction Laboratories); and for p21, mouse anti-human
p21 (15091A; Pharmingen). Medium from the hybridoma cell line that produces
monoclonal antibody PAb419 (6) was used to detect small-t antigen.

Immunoprecipitation kinase assays. Cells were extracted in cold lysis buffer,
and then 100 to 200 wg of each extract was incubated with 15 pg of anti-cyclin A.
Immunoprecipitates were collected on prewashed protein A/G agarose beads
(Santa Cruz) and washed twice in lysis buffer and twice in kinase buffer (50 mM
HEPES [pH 7.4], 10 mM MgCl,, 10 mM MnCl,, 1 mM DTT). Immunoprecipi-
tates were resuspended in 40 pl of kinase buffer containing 1 pg of histone H1
and 15 p.Ci of [y->*P]JATP (3,000 Ci/mmol; Amersham) and then incubated at
37°C for 20 to 30 min. Reactions were stopped by the addition of SDS sample
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FIG. 1. Cell cycle progression in confluent and subconfluent HDF cells. (A) Confluent plates of HDF cells were subcultured 1:6 and then placed in serum-free
medium for 48 h. Medium containing 10% FBS was added to the arrested cells, which were harvested by trypsinization 16, 24, 30, and 34 h later. Cells were collected
by centrifugation, fixed, and stained for flow cytometry as described in Materials and Methods. (B) Confluent plates of HDF cells were placed in serum-free medium
for 48 h and then stimulated with medium containing 10% FBS. Cells were collected and stained at the same times as shown for panel A.

buffer, and then the mixtures were boiled for 5 min. Quantitation was done by
densitometric analysis on a Molecular Dynamics Personal Densitometer SI or by
phosphorimaging.

In vitro degradation of p27. Subconfluent HDF cells or infected (40-h) con-
fluent cultures were extracted by suspension of PBS-washed cells in cold distilled
water, followed by vortexing and one freeze-thaw cycle. Soluble extract protein
(40 pg) was then incubated with bacterially expressed and purified His,-p27 for
6 and 9 h as described previously (18). Briefly, degradation mixtures contained 10
mM Tris-HCI (pH 8.3), 10 mM MgCl,, 4 mM DTT, 2 mM ATP, 20 pM
phosphocreatine, 80 pg of creatine phosphokinase per ml, and 0.1% bovine
serum albumin. The plasmid that expressed recombinant p27 was provided by J.
Massague (19, 20). Levels of p27 were determined by Western blot analysis.

Cell cycle analysis by flow cytometry. Cells were removed from 6-cm-diameter
tissue culture plates by trypsinization and pelleted by centrifugation for 10 min at
2,000 rpm in a tabletop IEC centrifuge. Recovered cells were lysed and stained
in a solution containing 4 mM sodium citrate (pH 7.8), 100 pg of propidium
iodide per ml, 0.5 mg of RNase per ml, 0.1% Triton X-100, and 3% polyethylene
glycol 8000. After 20 min at 37°C, an equal volume of hypertonic salt solution
(0.35 M sodium chloride, 100 pg of propidium iodide per ml, 0.1% Triton X-100,
and 3% polyethylene glycol 8000) was added. Stained nuclei were held overnight
at 4°C, passed through nylon filters, and then analyzed on a Becton Dickinson
Flow Cytometer with Cell-Quest software.

RESULTS

We have shown previously that focus formation by HDF
cells requires both the SV40 large-T and small-t antigens (21).
Focus formation is an assay in which transformed cells must
overcome density arrest (contact inhibition) and overgrow cell
monolayers. HDF cells are particularly susceptible to density-
dependent growth arrest, and they fail to reenter the cell cycle
even in response to addition of fresh medium and serum (24,
36). Figure 1 compares the cell cycle progression of serum-
arrested subconfluent (Fig. 1A) and confluent (Fig. 1B) cul-
tures of HDF cells. Readdition of serum to subconfluent cul-
tures resulted in significant levels of S and G,/M phase cells by
24 h. In the experiment shown here, over 60% of the cells had
DNA contents beyond diploid by this time. These cells divided

and returned to G, phase by 30 to 34 h after serum addition.
In contrast, fewer than 15% of the confluent cells entered S or
G,/M following serum addition, and these few did so at a lower
rate. Entry into S or G,/M was not simply delayed in these
cultures, and incubation for longer periods of time did not
increase the numbers of cells that left G,.

In an effort to mimic the ability of transformed cells to
overgrow cell monolayers, we first asked whether both SV40
proteins were required for the induction of cell cycle progres-
sion in confluent, density-arrested HDF cells. Recombinant
adenoviruses that express the individual SV40 protein were
used, because these allow efficient expression of recombinant
proteins by entire cultures of cells in short periods of time.
These viruses, Ad-LT and Ad-st, have been used in previous
studies (9, 33) and express either large-T or small-t antigen,
respectively, from the cytomegalovirus (CMV) promoter in-
serted in place of the adenovirus E1 A/B genes. HDF cells
were grown to confluence, held in medium with reduced serum
for 48 h, and then infected with 20 PFU of Ad-LT or Ad-st per
cell singly or in combination. As shown in Fig. 2, only cells that
were coinfected with Ad-LT and Ad-st were able to progress
through the cell cycle to the S and G,/M stages.

Early studies identified the cyclin A promoter as one target
of the transactivating function of small-t antigen (21). Conse-
quently, we examined the ability of the individual viral proteins
to increase levels of cyclin A in confluent HDF cells. As shown
in Fig. 3A, levels of cyclin A protein increased in cells infected
with either Ad-LT or Ad-st, and small-t was more effective
than large-T in this regard. The two proteins acted synergisti-
cally, and coinfection with Ad-LT and Ad-st led to dramatic
increases in the levels of cyclin A protein. Cells at confluence
expressed cyclin E, and no changes in the levels of cyclin E
were found in these experiments (data not shown).
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FIG. 2. Induction of cell cycle progression by large-T plus small-t antigens. Confluent monolayers of HDF cells were placed in serum-free medium for 48 h and then
infected with 20 PFU of Ad-CMV (A), Ad-LT (B), or Ad-ST (C) per cell or coinfected with 20 PFU each of Ad-ST and Ad-LT per cell (D). Medium removed from
cells at the beginning of the infection was replaced after the 1-h infection period. At 32 h postinfection, cells were harvested, fixed, and stained for flow cytometry as

described in Materials and Methods.

Cyclin A-associated kinase activity was also measured by
immunoprecipitation-kinase assay with histone H1 as a sub-
strate (Fig. 3B). Coinfection with the two viruses stimulated
high levels of the kinase activity. Surprisingly, when compared
to control infections (Ad-CMV), small-t was unable to activate
cyclin A-associated kinase activity, even though its expression
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FIG. 3. Induction of cyclin A and cyclin A-associated kinase activity by SV40
tumor antigens. Confluent monolayers of HDF cells were stimulated with me-
dium containing 10% FBS or infected with Ad-CMV (CMV), Ad-LT (LT),
Ad-ST (ST), or a combination of Ad-ST and Ad-LT (LT/ST) as described for
Fig. 2. At 27 h postinfection, cells were extracted with buffer containing 0.5%
Nonidet P-40 and protease and phosphatase inhibitors. (A) Equal amounts of
each extract were used for Western blot analysis of cyclin A (Cyc A). (B and C)
Equal portions of each extract were used for immunoprecipitation with anti-
cyclin A antibodies, and then immunoprecipitated proteins were assayed for
kinase activity with histone H1 and [*>P]ATP as substrates.

led to substantially increased cyclin A levels. Ad-LT also failed
to activate cyclin A-associated kinase activity, but this was less
surprising given the smaller amounts of cyclin A protein
present in Ad-LT-infected cells. Finally, addition of fresh se-
rum to confluent HDF cells failed to activate cyclin A-associ-
ated kinase activity (Fig. 3C), a finding that was consistent with
the inability of serum to induce cell cycle progression in these
cells.

The absence of detectable cyclin A-associated kinase activity
in Ad-LT- or Ad-st-infected cells, as well as in serum-stimu-
lated cells, suggested that one or more CKIs might be present
in these cells. Accordingly, extracts were tested for the pres-
ence of several CKIs, results for two of which are shown here.
The first, p21WAF!, also known as p21<™!, is known to be
present in confluent cells and is particularly responsive to tran-
scriptional induction by p53 (4, 5, 7, 35). As shown in Fig. 4A,
p21 was present at high levels in confluent HDF cells, and
levels of this inhibitor were reduced when cells were infected
for 28 h with the Ad-LT, but not the Ad-st, virus. Serum
addition was also able to decrease p21 levels.

The second CKI studied was p27<'™!, an inhibitor that is
particularly important in contact inhibition (19). Levels of p27
were high in confluent cells and decreased only in Ad-st- or
doubly infected cultures (Fig. 4B and C). Expression of small-t
alone was sufficient to decrease levels of p27, but coexpression
of both large-T and small-t antigens resulted in a more rapid
decline in the levels of this inhibitor (Fig. 4B).

In an effort to determine the mechanism through which
small-t antigen reduced p27 levels, degradation of Hiss-tagged
p27 was monitored in vitro. One of the best-known mecha-
nisms for regulating p27 levels occurs at the level of protein
stability. As reported by others (18), extracts from subconflu-
ent, cycling cells promoted the degradation of the recombinant
p27 molecule (Fig. 5). A prominent degradation fragment was
apparent after incubation for 6 or 9 h, and the total level of p27
was reduced. Extracts from density-arrested cells had no effect
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FIG. 4. Effects of large-T and small-t antigens on cyclin inhibitors p21WAF!
and p27%'P!. Confluent monolayers of HDF cells were serum stimulated or
infected as described for Fig. 2 and 3. The experiments shown in the three panels
were performed at different times. (A) Cells were extracted at 27 h postinfection,
and then 50 pg of protein from each extract was used for Western blot analysis
of the CKI p21WAF! (B) Cells were extracted at 20, 28, and 34 h postinfection,
and then extracts were analyzed for p27%'F! as for panel A. (C) Cells were
treated with serum or infected for 32 h and then were extracted for p27¥IP!
analysis.

on p27 levels in the same time periods. Under the conditions
used here, small-t did not appear to promote the degradation
of p27, at least in vitro.

In summary, both large-T expression and fresh serum addi-
tion decreased the levels of p21, while small-t antigen expres-

LT/ST CMV MOCK SUBCONF
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FIG. 5. Failure of infected-cell extracts to degrade p27 in vitro. Confluent
cultures of HDF cells were infected with Ad-LT plus Ad-ST for 40 h, and then
cell extracts made with water were used to assay cell-free degradation of recom-
binant p27. Negative controls in this experiment were Ad-CMV-infected or
uninfected (MOCK) confluent cultures, while extracts of subconfluent cells
(SUBCONF) were used as a positive control. Levels of p27 were determined by
Western blot analysis, following incubation periods of 0, 6 or 9 h under the
conditions described in Materials and Methods.
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FIG. 6. Induction of HDF cell cycle progression by small-t antigen in the
presence of serum. Confluent monolayers of HDF cells were infected with
Ad-ST or the small-t mutant virus Ad-C103S and then fed with fresh medium
containing 10% FBS at the end of the infection period. Cells were harvested,
fixed, and stained for fluorescence-activated cell sorter analysis at 32 h postin-
fection. The patterns shown are for serum-stimulated cells (A), cells infected
with Ad-ST in the absence of serum (B), cells infected with Ad-ST in the
presence of 10% serum (C), and cells infected with Ad-LT in the presence of
10% serum (D).

sion alone could trigger a decline in p27. Assuming that the
joint role for large-T and small-t in cell cycle reentry reflects a
requirement for reduction of the levels of both inhibitors, we
predicted that the expression of small-t antigen (but not of
large-T antigen) in the presence of serum should also allow cell
cycle progression. This was, in fact, found to be the case (Fig.
6). When confluent cells were infected with 20 PFU of Ad-st
per cell and then placed in medium containing 10% serum,
significant numbers of cells left G; and accumulated in the
G,/M stage of the cell cycle (Fig. 6C). Nearly 75% of all cells
could be driven into the cell cycle when cells were infected with
higher multiplicities of Ad-st or with both Ad-st and Ad-LT in
the presence of serum (data not shown). Cells infected with
Ad-LT were completely unable to reenter the cell cycle, even
in the presence of fresh serum (Fig. 6D). The failure of large-T
and serum to cooperate in growth induction was of interest
because we had observed previously that LT by itself was
unable to cause focus formation in HDF cells, even when high
serum levels were maintained throughout the 4- to 6-week
assay period (data not shown). This reinforces the concept that
small-t would be needed for regulation of the CKI p27 for cell
growth and eventual focus formation to occur.

DISCUSSION

The first step in the process of transformation of growth-
arrested cells is reentry into the growth cycle. The results
presented here argue that, for many cells types, the combined
action of CKIs may block cell cycle progression, thus requiring
more than a single stimulus for a response. In the case of SV40,
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the joint requirement for small-t and large-T antigens may be
explained by their independent actions on the inhibitors
p21WVAFL and p27¥P, In HDF cells, a system in which both
viral proteins are required for focus formation, large-T antigen
expression decreases p21 levels while small-t antigen expres-
sion decreases p27 levels. HDF cells are particularly sensitive
to density arrest and are not readily stimulated at confluence to
undergo even a single round of cell cycling. This behavior
contrasts with that of many established rodent cell lines, in
which density arrest occurs but is easily overridden by the
addition of medium containing fresh serum. The fact that
SV40 large-T antigen is often sufficient to cause focus forma-
tion in such established rodent cells may reflect this less tight
regulation of growth and confluence. It may be that p27 plays
a less significant role in density-dependent growth arrest of cell
lines that respond both to serum and to large-T antigen alone.

The regulation of p27 levels by small-t may also play a role
in other small-t-dependent systems. Small-t-dependent focus
formation has also been observed in mouse 10T1/2 cells (18a,
30, 38), rat 3Y1 cells (32), and rat embryo fibroblasts (38).
Several cell lines for which small-t is not required in focus
formation do depend on small-t for anchorage-independent
growth (1, 14, 23). It is interesting that the cell cycle arrest that
occurs when normally adherent cells are placed under nonad-
herent conditions involves the inhibitors p21 and p27 (17). This
suggests that reductions of p21 by large-T and of p27 by small-t
could account for the need for both of these proteins for SV40
to induce anchorage-independent growth in relevant target
cells.

The mechanism through which large-T causes a decline in
p21 levels may well involve its binding of the tumor suppressor
protein p53. The expression of p21 is known to reflect levels of
pS3 present in cells, and in fact, one of the ways in which p21
was first identified was as a p53-responsive gene (5). Formal
proof of this possibility will require the study of large-T mu-
tants with reduced or no binding to pS3. Assuming that this is
the case, it seems unlikely that large-T regulation of p21 levels
is a key feature of the transforming activity of large-T. Binding
of large-T antigen to p53 is often not required for transforma-
tion or tumorigenesis, although p53 binding plays a significant
role in protecting cells from apoptosis (15, 22, 27, 30). Also, in
the HDF focus formation assay, it is unlikely that large-T is
required to regulate p21 protein levels, at least in the first few
days of the assay, because 10% serum is present during this
initial period until cells achieve confluence (21).

The mechanism through which small-t affects levels of p27 is
completely unknown. Much of the regulation of p27 is believed
to be at either the translational (8) or the posttranslational (18,
25) level. The half-life of p27 is reduced in subconfluent cells
relative to density-arrested ones, and this can be demonstrated
by using cell extracts (18). Although we were able to reproduce
this finding for subconfluent cells, extracts from cells express-
ing small-t did not promote p27 degradation, and conse-
quently, other mechanisms through which small-t might func-
tion will need to be explored. For example, small-t might affect
the translational efficiency of the p27 message or the efficiency
of its transcription, a possibility suggested by the known ability
of small-t to function as a transcriptional regulator (12, 21, 34).
It may also be the case that small-t will promote p27 degrada-
tion, but with reaction requirements that have not yet been
duplicated in cell extracts.

The reduction of p27 levels by small-t is a novel addition to
the known activities of small-t antigen that contribute to the
enhancement of transformation by SV40. Earlier studies
showed that the binding and inhibition of PP2A was essential
in this regard (16, 21), and this is likely to reflect the activation

J. VIROL.

of key cellular enzymes such as MEK, MAPK (9, 28), and the
Na/H antiporter (9). It will be interesting to determine whether
the reduction in p27 levels is completely separate from these
other functions of small-t. The recent demonstration that the
half-life of p27 was influenced by its phosphorylation (25)
suggests a possible connection between PP2A inhibition and
p27 stability, a potential mechanism that is currently being
tested in this laboratory.
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