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Abstract
Viruses of the DNA tumor virus family share the ability to transform vertebrate cells through the
action of virus-encoded tumor antigens that interfere with normal cell physiology. They accomplish
this very efficiently by inhibiting endogenous tumor suppressor proteins that control cell proliferation
and apoptosis. Simian virus 40 (SV40) encodes two oncoproteins, large tumor antigen, which directly
inhibits the tumor suppressors p53 and Rb, and small tumor antigen (ST), which interferes with
serine/threonine protein phosphatase protein phosphatase 2A (PP2A). We have constructed a
Drosophila model for SV40 ST expression and show that ST induces super-numerary centrosomes,
an activity we also demonstrate in human cells. In early Drosophila embryos, ST also caused
increased microtubule stability, chromosome segregation errors, defective assembly of actin into
cleavage furrows, cleavage failure, a rise in cyclin E levels and embryonic lethality. Using ST mutants
and genetic interaction experiments between ST and PP2A subunit mutations, we show that all of
these phenotypes are dependent on ST’s interaction with PP2A. These analyses demonstrate the
validity and utility of Drosophila as a model for viral oncoprotein function in vivo.
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Introduction
Viruses of the DNA tumor virus family induce cell proliferation to promote the replication of
the viral genome. Extensively investigated members of this family include human
papillomavirus (HPV), adenovirus, polyomavirus and simian virus 40 (SV40). By hijacking
cell-cycle and apoptosis regulation, viral oncoproteins transform cells. Investigation of DNA
tumor virus oncoproteins has led to the identification of many fundamental mechanisms of
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tumor suppression (Lavia et al., 2003; Ahuja et al., 2005). By altering the activity of p53,
retinoblastoma protein and serine/threonine protein phosphatase 2A (PP2A), three key tumor
suppressors, SV40 can cause tumor formation in transgenic mouse models (Ahuja et al.,
2005; Arroyo and Hahn, 2005).

A single transcript expressed from the early region of the SV40 genome encodes three proteins
by alternative splicing: large tumor antigen (LT), small tumor antigen (ST) and 17kT (Sullivan
and Pipas, 2002). ST cooperates with LT to transform cells (Skoczylas et al., 2004). ST has
two domains and two known binding partners: a domain with homology to dnaJ proteins, or
‘J domain’ that binds Hsc70, and a PP2A-binding domain. The oncogenic activity of ST
requires PP2A binding, but not the J domain (Mungre et al., 1994; Saenz-Robles et al., 2001;
Skoczylas et al., 2004). Because of this property, ST has been used as a tool to assess PP2A’s
role in transformation (Chen et al., 2004; Skoczylas et al., 2004). By inhibiting PP2A, ST
disrupts dephosphorylation of targets for transformation, including c-myc and RalA (Mumby,
2007). The PP2A holoenzyme consists of three subunits, a scaffolding subunit (A), a regulatory
subunit (B) and a catalytic subunit (C). In addition, substrate specificity is conferred by four
classes of regulatory subunits: B, B’, B” and B”’ (Janssens and Goris, 2001; Sontag, 2001).
ST binds directly to the PP2A A subunit (PP2AA), displacing B subunits from the holoenzyme
but retaining the C subunit (Yang et al., 1991; Chen et al., 2007b). The structure of PP2AA

bound to ST revealed a direct association between several PP2AA HEAT repeats with the
second of two zincbinding domains in ST, an association that is similar to PP2AB’ bound to
PP2AA (Xu et al., 2006; Chen et al., 2007b; Cho and Xu, 2007; Cho et al., 2007). Thus, ST
might function as a PP2A B subunit (Cho et al., 2007). Therefore, in addition to inhibiting
activity toward normal substrates through competition with B subunits, ST may confer new
substrate specificities to PP2A.

Although DNA tumor virus oncoproteins disrupt pathways controlling the cell cycle and
apoptosis, they also compromise cell division, potentially leading to aneuploidy (Lavia et al.,
2003). For example, HPV E7 and adenovirus E1A induce centrosome overduplication,
impacting genomic stability by increasing the incidence of multipolar mitotic spindles (De
Luca et al., 2003; Duensing and Munger, 2003; Duensing et al., 2004). Although the
transforming properties of ST have been extensively investigated, there is little understanding
of the impact that disruption of normal signaling caused by ST and other viral oncoproteins
have on animal development. To address this question, we have constructed a Drosophila
melanogaster model for SV40 ST pathogenesis; the first Drosophila model for expression of
a viral oncoprotein. We show that ST causes increased centrosome numbers, chromosome
segregation defects, aberrant cytoskeleton assembly, cytokinesis failures and a rise in cyclin
E levels. Using ST mutations and Drosophila mutant analysis, we show that disruption of
embryogenesis by ST requires PP2A subunits, confirming the ST-PP2A connection from
vertebrate studies.

Results
ST induces centrosome overduplication, and cytoskeletal and cleavage defects that lead to
embryonic lethality

Expression of the SV40 early region, which encodes the LT, ST and 17kT proteins through
alternative splicing (Figure 1a)(Sullivan and Pipas, 2002), in Drosophila early embryos caused
an increase in centrosome numbers and lethality (Figures 1c and d; Supplementary Results;
Supplementary Figure S1). ST was expressed exclusively from this construct (Figure 1e). To
test whether ST indeed caused the increased centrosome numbers and other phenotypes (see
below) observed with the early region construct, and to eliminate a potential contribution from
undetectable expression of LT and 17kT, transgenic flies that express an ST cDNA fused to a
3 × FLAG tag at the C terminus were generated (ST-FLAG). As a control, transgenic flies

Kotadia et al. Page 2

Oncogene. Author manuscript; available in PMC 2009 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



containing the FLAG tag vector were generated (vector). Comparison among several ST-
FLAG transgenic lines showed that independent lines varied in expression levels, with
embryonic lethality directly correlating with the level of ST-FLAG (Supplementary Figure
S1).

We next examined embryos that express ST-FLAG (hereafter referred to as ST embryos) for
centrosome duplication, cytoskeleton, chromosome organization and cleavage defects by
immunostaining embryos with antibodies to centrosomin (CNN) and α-tubulin to label
centrosomes and microtubules, respectively, and with dyes for DNA and filamentous actin
(Figures 2a-d). Normally, centrosomes duplicate with high fidelity once each cleavage cycle,
ensuring a single centrosome at each spindle pole at mitosis (Figure 2a). ST not only caused
centrosome overduplication by the first mitotic cycle (Figure 2b, arrow), but also caused other
spindle assembly defects (for example, Figure 1d) including a failure to organize or maintain
chromosomes within the spindle (Figure 2b). Often, the extra centrosomes in ST embryos were
free, and not associated with a mitotic spindle (for example, Figure 1d). Thus, ST disrupts
centrosome duplication and chromosome segregation from the earliest embryonic cleavage
cycles.

As induction of supernumerary centrosomes is a novel phenotype associated with ST, we asked
whether ST elicited this activity in mammalian cells. To test for centrosome duplication effects
of ST in human cells, we transiently transfected U2OS cells with a plasmid that expresses
native ST protein. Figures 2e-g show that ST-expressing U2OS cells also have increased
centrosome numbers, with 23.2±3.9% (mean±s.d.) having >2 centrosomes, compared to 9.8
±2.9% of control cells.

To examine the effects of ST on centrosome duplication within the time frame of a single cell
cycle, we established a stable Drosophila cell line that expresses ST-FLAG under inducible
control from the metallothionein promoter (Figure 2h). The doubling time of Kc cells is
approximately 24 h at 25 °C, yet after only 20 h of induction, ST-FLAG caused a significant
increase in centrosome number within a single cell cycle from 21.2±1.6% (mean±s.d.)
(uninduced)to 44.8±3.8% of cells that contain ≥4 centrosomes (Figures 2i and j). The excess
centrosomes coalesced at the spindle poles in mitotic cells, resulting in bipolar spindles (Figure
2i). For this analysis, we restricted centrosome counts to mitotic cells, making it unlikely that
tallied cells experienced cytokinesis during the 20-h induction period. Flow cytometry was
used to examine cell-cycle effects of ST expression in Kc cells, yet no significant differences
in cell-cycle parameters or in the polyploid cell population were seen at 20 and 42 h of induction
of ST compared to the controls (Supplementary Figure S2). Therefore, centrosome
overduplication did not arise as an indirect perturbation of the cell cycle by ST. Moreover,
double staining of Kc cells for Cid, a kinetochore marker, and CNN showed that there was no
increase in chromosome number coinciding with increased centrosome numbers
(Supplementary Figure S3). Thus, supernumerary centrosomes induced by ST are achieved by
overduplication rather than through a failure of cytokinesis in Kc cells.

Although centrosomes function primarily as microtubule-organizing centers (MTOCs), they
also have a critical role in organizing actin at the cortex and cleavage furrow assembly in
syncytial Drosophila embryos during cleavage cycles 10-14 (Raff and Glover, 1989; Rothwell
and Sullivan, 2000). We find that during cortical cleavage divisions the MTOC activity of
centrosomes is enhanced in ST embryos, resulting in larger astral microtubule arrays containing
longer microtubules (Figure 2d). Moreover, the organization of actin into cleavage furrows is
severely aberrant in ST embryos, frequently failing to assemble into furrows, but rather
organizing into clumps nearby the centrosomes (Figure 2c). Neighboring spindles, normally
separated by cleavage furrows, come into direct contact with each other in ST embryos, with
astral microtubules from one spindle integrating with the spindle microtubules of their
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neighbors (arrows in Figure 2d), aprobable consequence of cleavage furrow failure (Rothwell
and Sullivan, 2000). Thus, in late syncytial embryonic cleavage cycles, ST enhances
microtubule stability and disrupts assembly of actin into cleavage furrows.

The disruption of actin assembly into cleavage furrows is predicted to have a severe impact on
proper progression of cleavage cycles. To examine cleavage dynamics live, we imaged ST
embryos using eGFP-tagged CNN and mRFP-tagged histone to label centrosomes and
chromosomes, respectively (Schuh et al., 2007; Zhang and Megraw, 2007). The fluorescent
signals were too weak to image early cleavage deep within the embryo; however, cortical cycles
10-13 were recorded by time-lapse confocal imaging. Control centrosomes split late in
telophase and the nuclei divided synchronously as normal for blastoderm divisions (Figure 3a;
Supplementary movie S1)(Callaini and Riparbelli, 1990; Rothwell and Sullivan, 2000). In ST
embryos, cleavage cycles retained synchrony and progressed on a similar timescale as control
embryos, demonstrating no delay in cycle completion. However, some nuclei failed to
complete cleavage, causing daughter chromosomes to collapse back together after anaphase
and producing polyploid nuclei associated with four centrosomes that fail to enter the next
cleavage cycle (Figure 3b; Supplementary movie S2). From this analysis we conclude that ST
causes cytokinesis failure in blastoderm embryos.

ST activities in the embryo depend on PP2A binding
To determine the relative contributions of PP2A and Hsc70 binding to the ST-associated
embryonic phenotypes, we introduced independent mutations in the J domain and PP2A-
binding domains (Figure 1b). To disrupt the J domain, we mutated the aspartic acid at amino
acid 44 in the conserved HPD loop to asparagine (STD44N). This mutation, when introduced
into LT, disrupts its interaction with Hsc70 (Sullivan et al., 2000; Sullivan and Pipas, 2002).
To disrupt ST’s ability to bind PP2A, we introduced two independent mutations: a cysteine to
serine amino-acid substitution at position 103 (STC103S) and a nonsense mutation at 111
(STΔPP2A). These mutations block PP2A binding and inhibition completely (STΔPP2A) (Mateer
et al., 1998) or by approximately 50% (STC103S) (Mungre et al., 1994). Transgenic lines that
express ST-FLAG and these mutants at similar levels (Figure 4a) were selected for phenotype
analysis.

As ST interacts directly with PP2AAC (Yang et al., 1991), association of ST and ST mutant
proteins with PP2A was assayed in embryo extracts by immunoprecipitation (IP). The PP2A
catalytic subunit (PP2AC)coimmunoprecipitates (co-IP) with ST and STD44N efficiently from
embryo lysates (Figure 4a). In reciprocal binding assays, ST co-IP with PP2AC (Figure 4b).
However, IP of the two ST PP2A-binding mutants showed either reduced (STC103S), or no
binding to PP2A (STΔPP2A) (Figure 4a). These data show that the association of ST with PP2A
is conserved between mammals and Drosophila.

We next examined the effects of expression of ST mutants in embryos to compare their
contribution to the phenotypes associated with ‘wild-type’ ST expression. The first phenotype
we quantified, lethality, was dependent on PP2A binding, but not on the J domain: embryonic
expression of ST and STD44N was deleterious, with ∼70% of embryos failing to hatch.
Expression of STC103S and STΔPP2A, on the other hand, had little effect on embryonic survival
(Figure 5a). These results indicate that binding/inhibition of PP2A, but not association with
Hsc70, is required for ST-induced lethality in early embryos.

To examine developmental delay or arrest as a possible cause for lethality, we compared
embryonic stages between ST and ST mutants from a 3-h embryo collection and found that
most ST and STD44N embryos failed to progress beyond the early syncytial and blastoderm
cleavage cycles of embryogenesis, whereas significantly greater numbers of the vector control,
STC103S and STΔPP2A embryos progressed farther to cellularization and gastrulation stages
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(Figure 5b). These data indicate that ST blocks or delays embryonic development during the
early cleavage cycles, a stage in development that is dependent on rapid division and dynamic
cytoskeletal rearrangements (Rothwell and Sullivan, 2000).

Next, we compared ST embryos to ST mutant embryos to determine which phenotypes—
increased centrosome numbers, microtubule aster size and actin organization—are affected by
ST mutations. We find that ST and STD44N cause supernumerary centrosomes in 55-60% of
early embryos (Figure 5c). At mitosis, vector control embryos had normal bipolar spindles
with one centrosome at each pole (Figure 5d), whereas ST and STD44N embryos assembled
spindles with multiple centrosomes at spindle poles (Figures 5e and f). Supernumerary
centrosomes occur rarely in STC103S and STΔPP2A embryos (Figures 5c, g and h). In addition,
large astral microtubule arrays and disorganized cleavage furrows formed in ST and STD44N

embryos compared to control embryos (Figures 5i-l). However, these effects were reduced or
absent when the PP2A-binding mutants STC103S and STΔPP2A were expressed (Figures 5i, m
and n). These results demonstrate that the centrosomal and cytoskeleton defects caused by ST
are due to PP2A binding.

Genetic enhancement of ST by heterozygous PP2A subunit mutants
Although our results show that PP2A binding is required for ST embryonic phenotypes, we
turned to genetic analysis to examine potential modifying effects that mutations in PP2A
subunit genes have on ST embryos. Drosophila have single genes encoding PP2AC, PP2AA

and PP2AB’ subunits, and two genes that encode PP2AB subunits. PP2AC is encoded by the
microtubule star (mts)gene, PP2AA by PP2A-29B, PP2AB by twins (tws), PP2AB’-1 by well
rounded (wrd)and PP2AB’-2 by widerborst (wdb). Mutations in all of these PP2A subunit genes
were available or, in the case of wdb generated here.

To generate a mutation in wdb in which PP2AB’-2 expression is eliminated, we mobilized a P
element transposon located at the 5′ end of the wdb gene, resulting in a 1.9-kb deletion that
removes both promoters (wdb12-1; see Supplementary Figure S4). Disruption of PP2AB’-1 and
PP2AB’-2 expression in these mutants was confirmed using antibodies specific to each B’
subunit (Supplementary Figure S4). The wrdKG01108 mutant was viable, producing fertile
adults. On the other hand, the wdb12-1 mutation was lethal, arresting development at late pupal
stages. These observations are consistent with published reports of wdb and wrd mutants
(Hannus et al., 2002; Viquez et al., 2006). We also generated a wrd wdb double mutant to test
for genetic redundancy between these two PP2AB’-encoding genes. The wrdKG01108 wdb12-1

double mutant arrests development at an earlier stage than the single wdb12-1 mutant, dying as
third instar larvae. This novel finding indicates that the two PP2AB’ subunits are at least
partially redundant in function.

With the exception of the wrdKG01108 mutant, the PP2A subunit mutations are homozygous
lethal. In the heterozygous state, all the PP2A subunit mutants are viable and healthy and are
maintained as heterozygous stocks.

To test for genetic interactions between ST and PP2A subunit genes, we crossed PP2A subunit
mutants with ST-expressing flies to generate embryos that express ST and are heterozygous
for each PP2A subunit mutation being tested. At 25 °C, a temperature that results in lower ST
expression and therefore increased embryo survival, approximately 20% of ST embryos fail
to hatch into larvae (Figure 6a; compare to 68% lethality at 29°C in Figure 5a). However, the
addition of one mutant copy of mts, PP2A-29B or tws enhanced STembryonic lethality to
>90%, whereas the wrd wdb double mutant enhanced ST-dependent lethality to 78% (Figure
6a). Although the wrd wdb double mutant enhanced ST lethality, the wrd and wdb single
mutants exhibited little or no enhancement of ST-dependent lethality, again indicating
redundancy between the two PP2AB’ subunits.
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To determine any developmental stage, cell-cycle phase, and PP2A subunit bias associated
with the enhancement of ST pathology, we examined ST + PP2A+/- mutant embryos by
immunostaining for centrosomes, microtubules, actin and DNA. By scoring embryonic stages
among a 3-h collection, we determined that ST + PP2A+/- mutations showed a delay or arrest
of embryos at early cleavage cycles, including the wrd wdb double mutant, but less so for the
single mutants of either PP2AB’ gene (Figure 6b). A small increase in mitotic index occurs in
ST embryos (Figure 6c). This mitotic delay is limited to the very early cleavage cycles (cycles
1-9), before the cortical cycles (10-13) (data not shown). This accounts for our observation,
by live imaging, of no difference in cortical cleavage cycle duration between control and ST
embryos (Figure 3; Supplementary movies S1 and S2). Nevertheless, mutations in PP2AC,
PP2AA and the PP2AB’ double mutant all enhanced the mitotic index (Figure 6c).

Centrosome number increase by ST was enhanced by PP2AC, PP2AA, PP2AB and the
PP2AB’ double mutant, but not by the individual PP2AB’ mutants (Figures 6d-g). In addition
to increased centrosome replication, PP2A subunit mutations also enhanced spindle
abnormalities, including aberrant microtubule assembly (Figure 6f), large spindles (Figure 6e)
and chromosome scattering or loss from spindles (Figures 6e-g). At the cortex, the abundant
centrosomes organize long microtubule asters associated with clusters of actin filaments
(Figure 6h). Interestingly, although the centrosome replication, spindle microtubule and
chromosome arrangement defects were associated with PP2AC, PP2AA, PP2AB and the
PP2AB’ double mutants, enhancement of long astral microtubules at the cortex were seen with
the PP2AC, PP2AA and PP2AB mutants, but not with the PP2AB’ double or single mutants.
This suggests that the microtubule stabilization imposed by ST is mediated through competition
with the PP2A-AB’C complex and not PP2A-AB’C. These strong genetic interactions between
ST and PP2A subunit mutants unequivocally support a primary role for PP2A in ST-induced
pathology in vivo.

Downstream effects of ST expression
PP2A has approximately 75 reported substrates, with likely more yet undiscovered (Janssens
and Goris, 2001). Although ST binds PP2A and disrupts normal PP2A activity in
Drosophila embryos, it did not affect the expression levels of PP2A subunits PP2AC (Figure
4)or PP2AB’-2 (data not shown). One downstream target of ST action is increased cyclin A
expression (Porras et al., 1996; Schuchner and Wintersberger, 1999; Goetz et al., 2001;
Skoczylas et al., 2005). We found that cyclin A levels were not altered in ST embryos (data
not shown). However, the levels of another G1/S cyclin and Cdk2 activator, cyclin E, were
elevated in response to ST expression by 2.3±0.58 fold (mean±s.d.) at 29 °C (Figure 7).

Discussion
SV40 ST, together with LT, promotes cell transformation through disruption of key regulators
of cell proliferation and apoptosis (Saenz-Robles et al., 2001; Lavia et al., 2003; Skoczylas et
al., 2004; Arroyo and Hahn, 2005; Sontag and Sontag, 2006). Here, we show that SV40 ST
causes lethality when expressed in early Drosophila embryos. In addition, ST induces increased
centrosome numbers in human and Drosophila cultured cells as well as in Drosophila embryos.
Moreover, in Drosophila embryos, ST expression induces multiple defects in cytoskeleton
organization and in cleavage divisions, including longer astral microtubules, defective
microtubule organization into mitotic spindles, chromosome segregation defects, aberrant actin
assembly into cleavage furrows and cytokinesis failure. The phenotypes elicited by ST are due
to disruption of PP2A, since mutations in the PP2A-binding domain, but not the J domain of
ST inhibit disruption of embryo development. Moreover, mutations in the genes that encode
the PP2A C, A B and B’ subunits are strong enhancers of ST phenotypes, consistent with PP2A
as the primary effector of ST pathogenesis in Drosophila embryos. In addition, the levels of
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cyclin E, a regulator of cell-cycle entry and centrosome duplication, are elevated in ST
embryos. These data establish the first Drosophila model for a viral oncoprotein, and show the
efficacy of this model for genetic manipulation and for the potential to discover novel features
of viral oncoprotein biology.

ST causes centrosome overduplication
Centrosomes have a dominant role in microtubule assembly into the bipolar spindle apparatus
at mitosis. Therefore, centrosome duplication must be tightly regulated to ensure spindle
bipolarity and accurate chromosome segregation at cell division (Nigg, 2002; Sluder and
Nordberg, 2004). Chromosome missegregation leads to aneuploidy, a common feature of
cancer cells. Supernumerary centrosomes are another common feature of cancer cells, and
centrosomal proteins have been implicated as tumor suppressors or oncogenes (Brinkley,
2001; Pihan et al., 2001; Lingle et al., 2002; Nigg, 2002; Fukasawa, 2007).

The ability of ST to induce supernumerary centrosomes in Drosophila and human cells is a
novel finding, and indicates conservation of this activity. Expression of ST in human cell
culture was previously reported to block centrosome assembly and function (Gaillard et al.,
2001). This discrepancy with our findings may be attributed to differences in the levels of ST
expressed and/or the cell type used, suggesting context-dependent effects of ST expression.
We found that centrosome overduplication was potent in ST-naïve Drosophila Kc cells: a 20-
h induction of ST increased the incidence of supernumerary centrosomes from approximately
21 to 45%. Although centrosome numbers can increase through overduplication or can arise
as a consequence of failed cytokinesis, ST expression in Kc cells specifically affected
centrosome duplication with little or no effect on cytokinesis. Interestingly, multiple centrioles
induced by ST in U2OS cells appear to assemble around a single parent centriole, similar to
that seen with overexpression of Plk4, a key regulator of centriole duplication (Duensing et
al., 2007; Kleylein-Sohn et al., 2007). Increased centrosome numbers are elicited by ST
through PP2A perturbation, as this activity is abolished by ST mutations that block PP2A
binding, and enhanced by PP2A subunit mutations. Other viral oncoproteins, including E7
from HPV-16, E1A from adenovirus-5, HBx from Hepatitis-B and Tax from HTLV-1, also
induce supernumerary centrosomes (De Luca et al., 2003; Duensing and Munger, 2003; Fujii
et al., 2006; Nitta et al., 2006). As E7, E1A and Tax bind to PP2A and affect its phosphatase
activity (Liao and Hung, 2004; Pim et al., 2005; Hong et al., 2007), PP2A disruption may
represent a shared mechanism for deregulating centrosome replication by viral oncoproteins.

Mutations in PP2AC (mts) cause uncoupling of centrosome and nuclear divisions, and longer
astral microtubules that fail to attach to kinetochores (Snaith et al., 1996). Although mts mutant
embryos show excess centrosomes, increased centrosome numbers were not observed in
PP2AB (tws) mutant cells (Mayer-Jaekel et al., 1993; Snaith et al., 1996). RNAi depletion of
PP2AC and PP2AA in Drosophila S2 cells also showed elongated microtubules in mitotic cells
(Chen et al., 2007a). However, depletion of PP2AA, PP2AC or PP2AB did not increase
centrosome numbers in S2 cells, and even resulted in decreased centrosome numbers (Chen
et al., 2007a), a result that differs from ST expression presented here. These data suggest that,
in addition to inhibiting activities toward normal PP2A substrates, ST may direct PP2A toward
novel targets that regulate centrosome duplication. The idea that ST confers new target
specificities to PP2A is consistent with reports of ST increasing PP2A substrate specificity for
histone H1, and for novel targeting of PP2A to the androgen receptor (Yang et al., 1991,
2005). Moreover, the crystal structures of PP2A AB’C heterotrimer and the A-ST dimer are
consistent with ST acting as a viral B-type PP2A subunit, perhaps conferring a new range of
substrate specificities (Xu et al., 2006; Chen et al., 2007b; Cho et al., 2007; Cho and Xu,
2007). Thus, ST inhibits endogenous PP2A activity while bestowing novel target specificities.
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Although the targets of PP2A-ST that contribute to the phenotypes presented here are unknown,
one downstream effector of ST is cyclin E, whose levels are elevated in ST embryos. In other
systems, ST stimulates AP-1 to promote transcription of cyclin D (Frost et al., 1994; Watanabe
et al., 1996), which is expected to then induce cyclin E expression, driving G1 cells into S
phase (Reed, 1997). Cyclin E/Cdk2 activity is required for centrosome duplication, and cyclin
E + Cdk2 overexpression induces centrosome amplification (Tsou and Stearns, 2006; Duensing
et al., 2007; Nigg, 2007). However, although Cdk2 + cyclin E overexpression can act
synergistically with Plk4 overexpression, HPV-16 E7 expression or proteasome inhibitors to
induce centriole overduplication, cyclin E or Cdk2 + cyclin E overexpression alone has only
a minor effect on centriole replication (Duensing et al., 2004, 2007). Thus, the elevation of
cyclin E levels induced by ST expression is unlikely sufficient to account for the increased
centrosome replication we observed, but may be a contributing factor.

Microtubule stability and actin organization
The major pool of cellular PP2A is associated with microtubules and centrosomes, showing
the highest degree of association at S phase, when centrosome duplication occurs (Sontag et
al., 1995). Previous studies showed that PP2AC mutant Drosophila embryos display longer,
more stabilized microtubules, which is why the gene encoding PP2AC was named ‘mts’ (Snaith
et al., 1996). Consistent with a role for PP2A in promoting shorter microtubules, ST embryos
have longer and more abundant astral microtubules. Moreover, this phenotype is dependent on
ST-PP2A binding and is strongly enhanced by PP2A subunit mutants, sometimes producing
astral microtubules >100-μm long. Interestingly, although the PP2A A, C and B subunit
mutants enhanced microtubule stability and actin disruption at cleavage furrows, the B’ and
double B’ mutants did not. This suggests that the targets for PP2A that regulate these
cytoskeleton dynamics are dependent more on the B subunit than on B’. Microtubule assembly
at centrosomes requires γ-tubulin for nucleation and regulators such as Aurora A kinase to
promote microtubule polymerization or stability (Wiese and Zheng, 2006). PP2A regulates
Aurora A levels (Horn et al., 2007) and the activity of the microtubuledestabilizing
phosphoprotein Op18/Stathmin (Tournebize et al., 1997). The large asters in ST embryos may
therefore be due to alterations in levels or activities of these factors. Elucidating the role of ST
in microtubule stability will require the identification of PP2A substrates that regulate
microtubule dynamics.

Actin assembly into cleavage furrows is severely aberrant in ST embryos, showing thicker
bundles of actin cables and abnormal clumps of actin at the cortex. Enhancement of actin
defects in ST embryos by PP2A A, C and B subunit mutants resulted in clumping of actin in
the proximity of centrosomes, with furrow assembly severely inhibited. The conserved small
G-protein regulators of actin, Cdc42 and Rac are activated by ST in MDCK cells, whereas Rho
is inhibited (Nunbhakdi-Craig et al., 2003). Consistent with this, actin assembly into
Drosophila cleavage furrows is regulated differentially by the active or inactive forms of Rho
and Cdc42, but not Rac (Crawford et al., 1998). Thus, Cdc42 and Rho are potential ST targets
affecting cleavage in Drosophila embryos. In addition, proteins that regulate actin at
cytokinetic furrows are targets of PP2A (Sontag and Sontag, 2006), and therefore may be
affected in ST embryos causing cytokinesis failure.

We have created the first Drosophila model for expression of a viral oncoprotein. Compared
to mammalian models, some unique advantages this in vivo model for ST expression has are
the molecular genetic tools available for Drosophila research, and the relative rapidity of
experimental approaches to investigate the determinants of ST pathology. Establishment of
this model has revealed novel ST functions, including stimulation of centrosome duplication,
stabilization of microtubules, chromosomal instability (Supplementary Discussion) and
inhibition of cytokinesis, all of which could reflect fundamental mechanisms by which ST
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contributes to transformation. Furthermore, Drosophila is a useful model for genetic screens
targeting tumorigenesis and metastasis (Brumby and Richardson, 2003; Pagliarini and Xu,
2003). Future experiments based on ST expression in somatic tissues will test tumor-promoting
capabilities of ST and possibly pave the way for genetic dissection of ST pathways.

Materials and methods
Antibodies

Soluble GST-ST fusion protein (amino acids 1-110) from Escherichia. coli was purified by
glutathione agarose chromatography. 6XHis-tagged B56-1 (amino acids 543-656) and B56-2
(amino acids 425-524) were purified from E. coli using immobilized Ni+ + on chelating
sepharose fast flow (Amersham Biosciences). Antisera were raised in rabbits by Cocalico
Biologicals Inc.. For immunostaining, the following antibodies were used: rabbit anti-CNN
(Zhang and Megraw, 2007) 1:2000, α-tubulin DM1a 1:1000 (Sigma), Alexa546-phalloidin
1:200 (Molecular Probes), γ-tubulin GTU-88 1:500 (Sigma), green fluorescent protein (GFP)
1:1000 (Invitrogen), rabbit anti-Cid 1:100 (Abcam), Draq5 1:1000 (Axxora). Secondary
antibodies included Alexa 488 and 546 coupled goat antibodies used at 1:400 (Invitrogen). For
western blotting, the following antibodies were used: FLAG (M2 monoclonal from Sigma)
1:10 000, cyclin E (a gift from H Richardson) 1:20, cyclin A clone A12 (Developmental Studies
Hybridoma Bank (DSHB)) 1:5, cyclin B clone F2F4 (DSHB) 1:1000, anti-B56-1 1:10 000,
anti-B56-2 1:10 000, anti-PP2AC clone 1D6 (Upstate Cell Signaling) 1:5000, anti-ST (UT450)
1:10 000, pAb280 1:1000 (Oncogene), pAb419 1:1000 (Oncogene), α-tubulin DM1a 1:10 000
(Sigma). Horseradish peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies
were diluted 1:20 000 (Jackson IRL Inc.). Western blots were processed with SuperSignal West
Pico chemiluminescent substrate (Pierce).

Additional ‘Materials and methods’ are provided in the Supplementary information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Centrosome abnormalities in Drosophila embryos expressing Simian virus 40 (SV40) small
tumor antigen (ST). (a) Schematic diagram of the SV40 early region gene products large tumor
antigen (LT), ST and 17kT, produced by alternative splicing. Black lines indicate introns. Size
of each protein (in amino acids) and region used to raise antibodies (Ab) are indicated. (b) ST
has two domains: a J domain and a PP2A-binding domain. The mutations used in this study
are indicated. (c, d) SV40 ST-expressing embryos exhibit supernumerary centrosomes and
mitotic spindle abnormalities. Early cleavage stage embryos were stained for centrosomin
(red), α-tubulin (green), and DNA (blue). Note some of the spindle poles are located outside
of the image stack shown. Bar: 25 μm. (e) SV40 early region-expressing embryos produce ST
protein, but no detectable LT. Lysate from mouse liver expressing SV40 early region
(Comerford et al., 2003) is included as a positive control.
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Figure 2.
Small tumor antigen (ST) induces centrosome overduplication and cytoskeleton disruption.
(a, b) Expression of FLAG-tagged ST causes centrosome overduplication and chromosome
segregation errors from the earliest embryonic divisions. Spindles in ST-FLAG embryos have
extra centrosomes at spindle poles and scattered arrangement of chromosomes, some displaced
completely from the spindle (arrow in (b)). Embryos were stained for α-tubulin (green),
centrosomin (CNN) (red) and DNA (blue). At cortical cleavage stages (c, d) actin is not
assembled properly into furrows, astral microtubules are larger and interact with neighboring
spindles in ST embryos (arrows in (d)). (c, d) Embryos were stained for α-tubulin (green),
filamentous actin (red) and DNA (blue). (e) In human U2OS cells, ST expression increases
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centrosome numbers. Cells transfected with pGFP-histone (a marker for transfected cells) with
or without the ST expression plasmid pCMV5/Smt (Sontag et al., 1993)were stained for γ-
tubulin (red) and green fluorescent protein (GFP) (green). Insets show the centrosomes; note
the flower-like arrangement of the multiple centrosomes in ST-expressing cells. (f)
Quantitation of supernumerary centrosomes in human U2OS cells. Mean±s.d. (23.2±3.9%) of
ST-expressing cells had >2 centrosomes, versus 9.8±2.9% in control cells. n = 200 cells per
sample for three independent experiments. (g) Western blot for ST expression in U2OS cells.
(h) Western blot for ST-FLAG expression in Drosophila Kc cells. Lanes labeled ‘Induced’
were exposed to 1.0 mM CuSO4 for 20 h. Detection of α-tubulin in each blot was used as a
loading control. (i) Supernumerary centrosomes in Kc cells following induction of ST-FLAG.
Cells were stained for α-tubulin (green) and CNN (red). (j) Quantitation of centrosome
overduplication in Kc cells. Mitotic cells were counted following a 20 h induction period. Four
or more centrosomes were found in 44.8±3.8% (mean±s.d.)of ST-induced cells versus 21.2
±1.6% for uninduced ST cells; n = 200 cells per sample for three independent experiments.
Bars: 25 μm in (a, b), 15 μm in (c, d, e) and 10 μm in (i).
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Figure 3.
Live imaging of small tumor antigen (ST) embryos shows cytokinesis failures. Syncytial
blastoderm embryos that express eGFP-centrosomin (CNN) to label centrosomes (green) and
His2Av-mRFP to label chromosomes (red) were imaged by time-lapse confocal microscopy
in (a) vector control embryos, and (b) ST embryos. Movies corresponding to these still images
are found in Supplementary materials (movies 1 and 2). In the vector time series (a), a pair of
centrosomes is followed (arrows) through mitosis and centrosome splitting until cleavage is
completed. In the ST series (b), two pairs of centrosomes (arrows) are followed through a
cleavage cycle in which the nuclei collapse back onto each other and fuse during centrosome
separation. The following cleavage cycle for this series shows that the two indicated polyploid
nuclei, each associated with four centrosomes, fail to proceed into the next mitosis (see
Supplementary movie 2).

Kotadia et al. Page 16

Oncogene. Author manuscript; available in PMC 2009 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Small tumor antigen (ST) interacts with PP2A in Drosophila embryos. (a) PP2AC co-
immunoprecipitates (co-IP) with ST-FLAG, but poorly with ST PP2A-binding mutants
STC103S and STΔPP2A. Western blotting of lysates shows that ST-FLAG and mutant derivatives
are expressed at similar levels, except for STΔPP2A-FLAG, which is approximately 1.8-fold
higher than the others. α-Tubulin was used as a loading control. PP2AC co-IPs with ST-FLAG
and STD44N-FLAG. A reduced amount of PP2AC co-IPs with STC103S-FLAG, and none is
detected with STΔPP2A-FLAG. (b) ST-FLAG co-IPs with PP2AC from embryo lysates.
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Figure 5.
Small tumor antigen (ST) phenotypes are dependent on the PP2A-binding domain. (a)
Approximately 70% of ST-FLAG (ST) and STD44N-FLAG (STD44N) embryos fail to hatch
(y axis is the percent of embryos that fail to hatch) at 29 °C. (b) The relative phases of
embryogenesis among 3-h collections of embryos from the indicated cross. Fewer ST and
STD44N embryos progress to later embryonic stages compared to control and PP2A-binding
mutant ST embryos. (c) Supernumerary centrosomes occur in 55-60% of ST and STD44N

embryos, whereas STC103S and STΔPP2A embryos are similar to control. (d-h) Multiple
centrosomes are associated with spindle poles in ST and STD44N embryos. Control (d), ST
(e) and ST mutant (f-h) embryos were stained for α-tubulin (green), centrosomin (CNN) (red)
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and DNA (blue). (i) Larger astral microtubules and disruption of actin assembly into cleavage
furrows occurs during cortical cycles with ST and STD44N embryos, but less so in STC103S and
STΔPP2A embryos. (j-n) Assembly of actin into cleavage furrows is disrupted by ST in a PP2A-
dependent manner. Embryos were stained from control (j), ST (k) and ST mutants (l-n) for
α-tubulin (green), actin (red) and DNA (blue). In ST and STD44N embryos, spindles collide
with each other because of defective furrow assembly (k, l). The embryo in (n) is at a later
cycle than those in (j-m), which is why the spindles are smaller. Bars: 25 μm in (d-h), 15 μm
in (j-n).
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Figure 6.
Small tumor antigen (ST) embryonic phenotypes are enhanced by PP2A subunit-encoding
mutations. Heterozygous microtubule star (mts)(PP2AC), PP2A-29B (PP2AA), tws (PP2AB),
well-rounded (wrd)(PP2AB’-1), widerborst (wdb) (PP2AB’-2)and the wrd wdb double mutant
were introduced into ST embryos at 25 °C. (a) All mutations enhanced lethality except for
PP2AB’-1.(b) Inhibition of early embryonic development by PP2A subunit mutants. (c) The
PP2AC, PP2AA and PP2AB’ double mutant increased the mitotic index. In some embryos,
cleavage was disrupted to such a degree that cell-cycle stage could not be determined
(‘undetermined’). (d) Supernumerary centrosomes were enhanced by all mutations except for
the PP2AB’ single mutants. Representative phenotypes include multiple centrosomes (e-g), ST
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+ PP2AA + / - showing a large spindle and scattered chromosomes (e), ST PP2AB + / -
demonstrating linked spindles with aberrant microtubules and lagging chromosomes (f, arrow
marks a lagging chromosome), ST + PP2AB +/- and ST + PP2AB’-1,B’-2 + / - showing loss of
chromosomes from the spindle or localized near centrosomes (f, g, arrowheads) and ST
PP2AC +/- demonstrating large microtubule asters associated with clumps ofactin filaments
near the cortex (h). Bars: 25 μmin (e-g), 15 μm in (h).

Kotadia et al. Page 21

Oncogene. Author manuscript; available in PMC 2009 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Cyclin E levels are elevated in small tumor antigen (ST) embryos. Western blot of embryo
lysates from ST embryos show that cyclin E levels are elevated in ST embryos at 25 °C, and
more so at 29 °C when ST levels are also increased.

Kotadia et al. Page 22

Oncogene. Author manuscript; available in PMC 2009 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


