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ABSTRACT

Murine polyomavirus small t antigen (PyST) regulates cell cycle, cell survival, apoptosis, and differentiation and cooperates with
middle T antigen (MT) to transform primary cells in vitro and in vivo. Like all polyomavirus T antigens, PyST functions largely
via its interactions with host cell proteins. Here, we show that PyST binds both Yes-associated protein 1 (YAP1) and YAP2, inte-
gral parts of the Hippo signaling pathway, which is a subject of increasing interest in human cancer. The transcription factor
TEAD, which is a known target of YAP, is also found in PyST complexes. PyST enhanced YAP association with protein phospha-
tase 2A (PP2A), leading to decreased YAP phosphorylation. PyST increased YAP levels by decreasing its degradation. This effect
was mediated by a reduction in YAP association with �-transducin repeat protein (�TRCP), which is known to regulate YAP
turnover in a phosphorylation-dependent manner. Genetic analysis has identified PyST mutants defective in YAP binding. These
mutants demonstrated that YAP binding is important for PyST to block myoblast differentiation and to synergize with the phos-
phodiesterase inhibitor isobutylmethylxanthine (IBMX) to promote cell death in 3T3-L1 preadipocytes placed under differentia-
tion conditions. In addition to YAP binding, both of these phenotypes require PyST binding to PP2A.

IMPORTANCE

The Hippo/YAP pathway is a highly conserved cascade important for tissue development and homeostasis. Defects in this path-
way are increasingly being associated with cancer. Polyomavirus small t antigen is a viral oncogene that cooperates with middle
T antigen in transformation. On its own, small t antigen controls cell survival and differentiation. By binding YAP, small t anti-
gen brings it together with protein phosphatase 2A. This work shows how this association of small t antigen with YAP is impor-
tant for its effects on cell phenotype. It also suggests that PyST can be used to characterize cellular processes that are regu-
lated by YAP.

Studies of murine polyomavirus have been instrumental in the
identification and establishment of several key signaling path-

ways, including tyrosine phosphorylation (1), regulation of c-src
(2), and phosphoinositide-3-kinase (3). Small t antigen (PyST),
which can complement middle T antigen (MT) for transforma-
tion (4, 5), has provided insights into cellular control mechanisms
for differentiation and survival. PyST can promote either cell sur-
vival or cell death, depending on the circumstances (6). It is a
“professional killer,” causing cell death via mitotic catastrophe
even at low levels of expression. PyST blocks differentiation to
adipocytes, myocytes, or osteoblasts (7, 8). From a virology per-
spective, it is interesting that these effects are not generally ob-
served with simian virus 40 (SV40) small t antigen (SV40ST).

Studies on proteins that bind t antigens have been enormously
fruitful in explaining their biological functions in normal and
transformed cells. Work on the biology of PyST and SV40ST fo-
cused attention on protein phosphatase 2A (PP2A). A comparison
of SV40 to polyomavirus showed that only PyST strongly associ-
ated with the A� scaffold subunit of the PP2A family of enzymes
(7). Subsequent work showed the importance of the A� isoform in
regulation of survival and differentiation, at least in part because
of its effects on Akt (8). Earlier work suggested that all three T
antigens, including PyST, could bind to TAZ (9), an interaction
affecting the host range of the virus.

TAZ belongs to a conserved family of transcriptional coactiva-
tors that includes Yes-associated protein (YAP) and Yorkie (10–
12). These proteins are part of the Hippo signaling system (13–
15). Upon Hippo pathway activation, a phosphorylation cascade
ensues: mammalian sterile 20-like kinase (MST) kinase phospho-
rylates large tumor suppressor kinase (LATS), which in turn phos-
phorylates YAP. The transcriptional activity of YAP is modulated
by its phosphorylation status (15, 16). YAP appears to have other
roles, such as controlling microRNA (miRNA) production and
�-catenin function (17, 18). YAP, particularly, is a candidate on-
cogene in several cancers (19–21). Overexpression of YAP can lead
to transformation of cells in vitro (21), can induce tumors in vivo
(22, 23), and is a predictor of prognosis for patients with colorectal
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cancer (24). YAP is required for Kras-mediated transformation
(25). While oncogenic signals arising from YAP promote excessive
proliferation (22, 23, 26), YAP can also promote cell death via a
p73-dependent pathway (27–30). YAP also has been shown to
play a role in myoblast (31) and neuronal stem cell (32, 33) differ-
entiation. Additionally, recent evidence suggests that YAP is in-
volved in cell survival in Wnt- and �-catenin-dependent colorec-
tal cancers (34). Clearly, YAP and PyST are both pleiotropic in
their actions, with considerable overlap in their biology.

In the current work, we used a proteomic screen to identify
YAP as a PyST binding protein. We found that by bringing to-
gether PP2A and YAP, PyST directs the dephosphorylation of
YAP. Genetic analysis shows that this interaction is important for
PyST effects on differentiation and survival.

MATERIALS AND METHODS
Cells and growth medium. 293T cells were used for transient overexpres-
sion to permit an assessment of YAP binding. 3T3 cells were used because
they are a traditional, well-studied substrate for polyomavirus. 3T3-L1
preadipocytes and C2C12 myoblasts are well-characterized differentia-
tion systems used previously in our PyST experiments (7, 8). MCF10A
cells were used only for immunofluorescence experiments, because as
seen from the literature (16), these cells are where YAP localization gives
the clearest results. Serum (Dulbecco’s modified Eagle’s medium
[DMEM]) supplemented with 4 mM L-glutamine (catalog no. 25030081;
Invitrogen), 1 unit of penicillin-streptomycin (15140122; Invitrogen),
2.25 g/liter NaHCO3, and either 10% fetal bovine serum (FBS) (16000044;
Invitrogen) or 10% calf serum (CS) (26170043; Invitrogen). Cells that
were grown in 10% FBS medium include C2C12 cells, 3T3-L1 cells, 293T
cells, and Phoenix Ampho cells, while NIH 3T3 cells were grown in me-
dium with 10% CS. MCF10A cells were grown in DMEM/F-12 medium
supplemented with 0.5% FBS, 0.5 mg/ml hydrocortisone, 10 ng/ml hu-
man epidermal growth factor (hEGF), 10 mg/ml insulin, and 10 mg/ml
cholera toxin.

Retrovirus infections and generation of cell lines. Phoenix Ampho
cells were transfected with 10 �g of pBABE retrovirus constructs. Forty-
eight hours later, the supernatants were removed and replaced with fresh
medium. The filtered viral supernatant mixed with fresh medium at a 1:1
ratio was placed on target cells with 2 �g/ml of Polybrene (Sigma AL-118)
for 4 h twice. The next day, the process was repeated twice. Cells were
selected the following day with puromycin (2 mg/ml). The cell lines were
maintained in DMEM with 10% FBS and the respective drug for up to 1
month or until experiments were performed. At this point, the cell lines
were generated with newly thawed cells.

Cell lysates. Harvested cells washed once in cold PBS were suspended
in extraction buffer (TEB) (137 mM NaCl, 20 mM Tris, 0.92 mM Ca2�,
0.49 mM Mg2�, 1% NP-40, and 10% glycerol adjusted to pH 7) and
incubated for 30 min at 4°C in the presence of protease inhibitors, Pep-
statin, aprotinin at 1 �g/ml, 1 mM phenylmethanesulfonyl fluoride
(PMSF), and phosphatase inhibitors II and III (1:100 dilution, Sigma) for
30 min. The cleared supernatant was boiled with SDS loading buffer.

PEI transfection. The polyethyleneimine (PEI) transfection method
was used in retrovirus generation of cell lines. This method of transfection
has a high efficiency in a large number of cells, allowing maximal produc-
tion of the intended protein products. However, PEI transfection can
stress the cells (J. H. Hwang, unpublished data). To begin, 10-cm plates
containing cells that were 60 to 80% confluent were supplied with fresh
DMEM containing 10% FBS and supplements for 4 h. Three micrograms
of PEI and at least 7 �g of the plasmid DNA were mixed in 1 ml of
Opti-MEM. The mixture was incubated for 5 min and slowly distributed
into the medium. The medium was changed the next day. Forty-eight
hours was usually needed for optimal expression.

BES transfection. Luciferase assays measuring ATF2 promoter activ-
ity were done exclusively through BES transfection (35), for this method

appears to be less toxic to the cell. Briefly, 10-cm plates of NIH 3T3 or
HEK 293T cells were split a day before transfection, with the goal of having
them approximately 40% to 60% confluent the next day. A total of about
6 to 10 �g of the DNA was mixed with 450 �l water and then 500 �l of 2�
N,N-bis(hydroxyethyl)-2-aminoethanesulfonic acid (BES) buffer (0.05
M BES [pH 6.95], 0.28 M NaCl, 0.015 M Na2HPO4). Finally, 50 �l of 2.5
M CaCl2 was added dropwise, and the precipitate was allowed to form for
20 min. The precipitate was then added dropwise on the plates and incu-
bated overnight at 35°. The plates were washed the next day with PBS, and
then fresh medium was added. At 48 h posttransfection, the cells were
harvested and the extracts were used for the assays.

Immunoprecipitation (IP). Cell extracts were added to antibody pre-
mixed with either protein A (catalog no. L00210; Genscript) or protein G
beads (L00209; Genscript) for 1 to 2 h at 4°C. Each of the samples was
subsequently washed with TEB 4 times, boiled in loading buffer, and
analyzed by Western blotting.

Reporter assays. The BES-calcium phosphate method was used for
the initial transfections as described above with the combination of ex-
pression and luciferase constructs for each assay. The medium was
changed the next day, and at 48 h posttransfection, cells were harvested.
Luciferase activity was assayed after mixing the lysate with luciferase buf-
fer (20 mM Tricine, 1.07 mM Mg(CO3)Mg(OH)2 5H2O, 2.07 mM
MgSO4, 0.1 mM EDTA, 33.3 mM dithiothreitol [DTT], 270 �M coen-
zyme A (CoA), 470 mM Luciferin, and 530 mM ATP in water). To nor-
malize the luciferase values, the same lysates were also measured for
�-galactosidase activity (60 �l of 100� Mg solution [0.1 M MgCl2 and 4.5
M �-mercaptoethanol], 1.32 ml of 1� o-nitrophenyl-�-D-galactopyrano-
side [ONPG], 4.02 ml of 0.1 M NaPO4).

Retroviral plasmids. PyST and SV40ST pBABE puro vector (36) (ob-
tained from Addgene) were inserted at EcoRI restriction sites. In the
pBABE vector, STs were tagged with a tandem FLAG and hemagglutinin
(HA) tag at the C terminus (ST-FLAG-HA). Mutants of PyST were gen-
erated in the pBABE backbone. HA-tagged pBABE myr-Akt and myc-
tagged Akt were gracious gifts from Phillip Tsichlis.

C2C12 cell differentiation to myocytes. C2C12 cell lines were allowed
to grow to confluence in DMEM containing 10% FBS. The medium was
then replaced with DMEM containing 2% horse serum (HS) every 2 days.
The observation of an elongated spindle-like cell morphology represents
the formation of myocytes.

3T3-L1 apoptosis. Two days after 3T3-L1 cells were confluent, 0.5
mM isobutylmethylxanthine (IBMX) was added to the cells for 24 h.

Knockdown of YAP. Lentivirus pLKO short hairpins against mouse
YAP (TRCN0000095866) was obtained from the Broad Institute (target
sequence, CGGTTGAAACAACAGGAATTA). This hairpin as well as a
scramble control at 3 �g were transfected into 293T cells along with pack-
aging vectors PLP1 (4 �g), PLP2 (2.5 �g), and vesicular stomatitis virus
glycoprotein 3 (VSVG3; 3 �g). At 48 h posttransfection, the supernatant
was collected, filtered, and added to target cells at amounts that yielded
similar amounts of infection based on equalizing puromycin-resistant
expression. Twenty-four hours later, the infection medium was changed.
At 48 to 72 h postinfection, cells were assayed by Western blotting for YAP
knockdown.

Site-directed mutagenesis. Primers were designed to extend 10 bp
beyond the site of mutagenesis, and the reverse primer was a simple re-
verse complement of the forward primer. The obtained primers and the
target plasmid were used in a PCR and transformed into XL1 cells with a
QuikChange II XL site-directed mutagenesis kit (Agilent 200522). The
resulting clones were subsequently expanded and isolated for plasmid
DNA with QIAprep Spin Miniprep kit (Qiagen 27106) and then se-
quenced for the mutation using the appropriate primers at the Tufts Uni-
versity Core Facility.

Antibodies and reagents. MF20 antibody to myosin heavy chain
(MHC) was from the Developmental Studies Hybridoma Bank. Mono-
clonal pAB419 and pN116 recognize the N terminus of SV40ST and PyST,
respectively (7). Antibodies from Cell Signaling Technologies were Akt
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(9272), pS473 Akt (XP 4060), caspase 3 (9664), YAP (12395), YAP pS127
(4911), and YAP pS381 (13619). HA11 (MMS-101P) was from Covance,
and EE antibody (AB3788) was from Millipore. YAP(H-125) was from
Santa Cruz. FLAG M2 (F1804) and actin (A2066) were ordered from
Sigma. MK2206 was a gift from Phillip Tsichlis. Polyclonal anti-ST anti-
body was raised in rabbits against recombinant PyST expressed in Esche-
richia coli.

Immunostaining. Cells were fixed with 4% paraformaldehyde in PBS
for 10 min at room temperature. Fixed cells were permeabilized with 0.3%
Triton X-100 for 10 min and blocked with 5% goat serum in PBS for 1 h at
room temperature. For staining, cells were incubated overnight with the
appropriate primary antibodies at 4°C. HA tag antibody from Cell Signal-
ing (catalog no. 2367) was used instead of HA11 antibody for these exper-
iments. Following incubation with primary antibodies, cells were washed
three times with PBS and incubated with fluorescent secondary antibodies
(Alexa Fluor antibodies). Cells were stained with 4=,6=-diamidino-2-phe-
nylindole (DAPI) and mounted on glass slides using Prolong Gold
mounting medium. Cells were imaged using a Zeiss epifluorescence mi-
croscope.

RESULTS
PyST interacts with YAP. To identify cellular proteins that inter-
act with PyST, human U2OS cells that expressed PyST under the
control of doxycycline were prepared. Mass spectrometry was per-
formed with PyST complexes isolated by tandem affinity purifica-
tion from these cells after induction. These experiments identified
Yes-associated protein, YAP, as a PyST binding protein. YAP is a
mammalian ortholog of Drosophila WW domain-containing
transcription factor Yorkie. This observation drew our attention,
since PyST has already been reported (9) to interact with TAZ,
another family member. To confirm the mass spectrometry result,
PyST was immunoprecipitated from extracts of murine 3T3 cells
expressing PyST. Western blotting showed that YAP was coimmu-
noprecipitated with PyST (Fig. 1A). Comparison of the PyST and
YAP levels in whole-cell lysates with their levels in immunopre-
cipitates indicated that only a small fraction of total YAP is coming
down with PyST. YAP is well known to interact with the TEAD
transcription factor (37). TEAD was also found in the mass spec-
trometry data and coimmunoprecipitated with PyST (Fig. 1A).

Since YAP and TEAD were both found in PyST immunopre-
cipitates, and YAP and TEAD are found in a complex, we wanted
to determine whether the interaction was with YAP or TEAD. A
point YAP mutant (S94A) (37) that is defective in TEAD binding
was used to answer this question. This YAP mutant bound PyST
(Fig. 1B), indicating that the interaction with PyST was not via
TEAD. Comparison of the whole-cell lysates with the immuno-
precipitates shows that PyST actually bound the TEAD-negative
(TEAD�) YAP even better than the wild type.

YAP exists in two isoforms, YAP1 and YAP2 (11). To deter-
mine whether PyST interacts with both of them, tagged YAP con-
structs were cotransfected along with PyST. After PyST immuno-
precipitation, blotting of the precipitates for each tag confirmed
the association of PyST with both YAP isoforms (Fig. 1C).

Genetic analysis of PyST binding to YAP. A set of PyST mu-
tants was screened for binding to YAP. As shown in Fig. 2A, both
R103A and D182K are defective in the ability to bind YAP as
measured in cotransfection/IP experiments with 293T cells. To
confirm that the binding was not a result of overexpression,
C2C12 cell lines expressing wild-type and mutant small t antigens
were derived. Figure 2B shows that D182K PyST is also defective in
YAP binding in C2C12 cell lines. A similar result was obtained

with 3T3-L1 cells used in the adipocyte apoptosis experiments
(not shown).

Since PyST binds to YAP and to PP2A, experiments were per-
formed to probe the relationship of these interactions. Figure 2A
shows that mutants defective in YAP binding retain the ability to
bind PP2A, a major target of PyST. PyST is known to activate
ATF2 in a manner dependent on PP2A binding (6). Mutations
that affect YAP binding do not affect the ability of PyST to act on
PP2A, since R103A and D182K are wild type in activating ATF2 in
reporter assays (Fig. 2C). For PyMT, binding PP2A is a prerequi-
site for c-src binding (38). To see whether PP2A might be needed
for PyST to bind YAP, mutants bc1075 (C142Y) (39), K135E, and
W157S (7), all known to be defective in PP2A binding, were ex-
amined. Coimmunoprecipitation experiments show that they re-
tain the ability to bind YAP despite their PP2A binding defect

FIG 1 PyST binds to YAP. (A) NIH 3T3 were infected with lentivirus to
express PyST or green fluorescent protein (GFP) control (Con) after induction
with doxycycline. Whole-cell lysates (WCL) were collected after the induction
by 300 ng/ml of doxycycline for 48 h. PyST was immunoprecipitated with ST1
antibody (ST IP). Western blotting with the same extracts was utilized to
determine interactions with ST by blotting for YAP, TEAD, and ST (using
PN116 antibody). Actin was used as a loading control. (B) 293T cells were
cotransfected with combinations of HA-tagged wild-type PyST or YAP bind-
ing mutant PyST 182K along with either Flag-tagged wild-type YAP or S94A, a
YAP mutant unable to bind TEAD (37). The whole-cell lysate was collected 48
h after transfection and immunoprecipitated with HA antibody. The immu-
noprecipitates were separated by SDS-PAGE and blotted for YAP or PyST,
respectively. (C) 293T cells were transfected with the indicated combinations
of PyST, GFP-tagged YAP1, or FLAG-tagged YAP2. Immunoprecipitation was
performed with anti-ST antibody 48 h posttransfection. The PyST/YAP inter-
action from the immunoprecipitates was illustrated by Western blotting
against YAP1, YAP2, and PyST (using PN116 antibody).
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FIG 2 Genetics of PyST interactions with YAP and PP2A. (A) 293T cells were transfected with control (Con), HA-tagged PyST, as well as YAP binding
mutants (103A, 182K). At 48 h after transfection, whole-cell lysate was collected and ST was immunoprecipitated using an HA antibody. The immuno-
precipitates were used to quantify ST/YAP and ST/PP2A interaction by Western blotting against YAP and the PP2A A subunit. (B) Whole-cell lysates
(WCL) were collected from C2C12 cells expressing PyST, YAP binding mutant PyST 182K, or GFP. The lysate was immunoprecipitated with a PyST
antibody (IP PyST), and the relative YAP interaction was analyzed through Western blotting. The figure shows both short (YAP short) and longer (YAP
long) film exposures. (C) NIH 3T3 cells were cotransfected with TKGal4 luciferase, GAL4-ATF2, �-galactosidase, empty vector control (Con), PyST, YAP
binding mutants 103A and 182K, and PP2A binding mutants 135E, 142Y, and 157S. Cell lysates were collected 48 h posttransfection. Lysates were assayed
(luciferase relative light units � 10�3/�-galactosidase activity), and the average from each experiment is plotted relative to the control. PyST had an
average activation of about 8-fold. The standard error is indicated. (D) 293T cells were cotransfected with HA-PP2A A�, Flag-YAP, and PyST PP2A
binding mutants (157S, 142Y, and 135E). After 48 h posttransfection, whole-cell lysates (WCL) were collected. Immunoprecipitation (IP) of HA-PP2A
A� and Flag-YAP was performed from the same WCL. Western blotting against ST demonstrates YAP interaction relative to results for wild-type ST and
the YAP binding mutant 182K. (E) Structural model of the complex formed between PyST (white), PP2A A (green), and C subunits (red). Residues leading
to defects in YAP/TAZ binding (103 and 182) are highlighted in yellow. Residues required for PP2A binding (135, 142, and 157) are in red. 3DW8 (Protein
Data Bank identifier) (70) was used for the structure of the PP2A holoenzyme; this included PP2A A, B, and C subunits. 2PF4 (71) was used for the SV40
ST and A� interaction. These two structures were completely superimposed. The B subunit from 3DW8 was removed from this structure. Using the
nuclear magnetic resonance (NMR) structure of murine polyomavirus, the J domain (amino acids 1 to 75) of murine polyomavirus was then superim-
posed in place of the SV40 J domain. Subsequently, the PyST unique domain sequence (amino acids 76 to 182) was put in place of the SV40 ST unique
domain through homology modeling by Swiss-Model. (F) 293T cells were cotransfected with Flag-YAP, PyST, or YAP binding-deficient PyST (182K). At
48 h after transfection, whole-cell lysates (WCL) were collected and immunoprecipitated (IP) with anti-Flag antibody. The YAP/ST and YAP/PP2A
interactions were assessed by Western blotting using an anti-PP2A A, anti-FLAG, or PN116 anti-T antibody.
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(Fig. 2D). Taken together with the PP2A binding data for YAP
mutants in Fig. 2A and D, these results show that YAP and PP2A
bind PyST independently. This is reasonable, since the mutations
affecting YAP binding and those affecting PP2A binding are lo-
cated in different places in structural models of PyST (Fig. 2E). A
final question is whether PyST affects the interaction of YAP with
PP2A. As shown in Fig. 2F, cotransfection of YAP and PP2A gave
only limited coimmunoprecipitation in the absence of PyST. This
interaction was significantly enhanced by wild-type PyST but not
by the YAP binding-defective D182K allele. This result demon-
strated that PyST facilitates the interaction of YAP and PP2A.

PyST affects the phosphorylation state of YAP. YAP is phos-
phorylated in a complicated fashion. In addition to LATS and
possible Akt phosphorylation (29, 40), YAP is phosphorylated by
casein kinase 1 (41), on three sites by cdk1 (42), and on tyrosine by
src family kinases as well (43). Phosphorylation often slows the
electrophoretic mobility of proteins. Figure 3A shows that wild-
type but not 182 mutant PyST causes YAP to migrate more rap-
idly. It is evident that PyST affects a substantial fraction of YAP.
Comparison of the shift seen here with the limited extent of co-
immunoprecipitation seen in Fig. 1 and 2 suggests that PyST
seems to be acting in a catalytic fashion rather than affecting only
the YAP associated with it at a given moment. We do not favor, but
cannot exclude, the alternative possibility that only a small frac-
tion of the YAP/PyST complex survives immunoprecipitation.
Extended electrophoresis on 12.5% gels results in a broad series of
YAP bands (Fig. 3B). Mutants 135 and 157, which are defective in
association with PP2A, failed to shift the mobility, supporting the
argument that dephosphorylation is responsible for the faster mi-
gration. There are phosphospecific antibodies for some of the YAP
phosphorylation sites. Phosphoserine 127 is associated with
Hippo signaling to YAP via LATS. The center panel of Fig. 3C
shows that S127 phosphorylation is associated with slower-mi-
grating forms. Quantitation of these blots indicates that the ratio
of phospho signal to total signal is 5.5 times lower in the PyST
sample than in the control in this experiment. S381 (S397 in hu-
man YAP) is a phosphorylation site that regulates YAP stability
(41). Phosphospecific antibody blotting indicates that pS381 is
reduced 8- to 9-fold by PyST. Figure 3D summarizes the data from
three independent experiments. Dephosphorylation of both sites
depended on the ability of PyST to bind YAP, since the 182K
mutant looked like the control. The simple explanation for these
results is that PyST serves to bring YAP together with PP2A;
this idea is supported by immunoprecipitation experiments from
Fig. 2F.

YAP phosphorylation is known to be regulated by Akt phos-
phorylation (29). Although PyST affects Akt activity (6, 7), the
YAP mobility shift was not affected by inhibition of Akt by
MK2206 (Fig. 3E), suggesting that PyST does not regulate YAP
phosphorylation through Akt.

PyST stabilizes YAP expression by inhibiting interaction
with �TRCP. As shown for C2C12 cells growing toward conflu-
ence, the level of YAP increases when PyST is expressed (Fig. 4A).
Even after induction of differentiation, the level of YAP remains
higher in PyST cells. Figure 4B shows the same result for 3T3-L1
cells used here for both differentiation and apoptosis assays. The
figure also shows that the effect of PyST on YAP requires binding,
since neither 182 nor 103 PyST mutants elevated YAP levels. Pro-
tein turnover experiments were carried out by the addition of
cycloheximide. As shown in Fig. 4C, YAP is much more stable

when wild-type PyST is present than in control cells. Binding of
YAP is required for this process, as it is for effects on YAP phos-
phorylation. The D182K mutant had no stabilizing effect on YAP.
YAP is known to interact with the ubiquitin ligase �-transducin
repeat protein (�TRCP) (41). �TRCP has attracted increasing at-
tention for a possible role in tumorigenesis (44). Figure 5A shows
that immunoprecipitation of �TRCP brought down YAP associ-
ating with it. When PyST was also expressed, this interaction was
reduced. Figure 5B shows that the interaction was not affected by
the D182K mutant, again suggesting that the physical interaction
of PyST and YAP is important. PP2A mutant 135 was also unable
to disrupt the interaction of YAP with �TRCP1. These results are
consistent with the observed decrease in S381 phosphorylation in
PyST-expressing cells.

PyST enhances nuclear localization of YAP. YAP is found in

FIG 3 ST expression dephosphorylated YAP in cells. (A) Cell lysates were
collected from fully confluent C2C12 cells expressing PyST (ST), the GFP
control, or YAP binding mutant 182K (182). Multiple identical samples were
analyzed by Western blotting for YAP after extensive gel electrophoresis on a
10% acrylamide gel to show the effect of wild-type PyST on YAP mobility. (B)
Cell lysates were collected from fully confluent C2C12 cells expressing PyST
(ST), the GFP control, or PP2A binding mutants 135E and 157S. Differences in
YAP mobility were analyzed by Western blotting for YAP after extensive elec-
trophoresis (24 h) on a 12.5% gel. (C) Samples from panel A were further
analyzed by Western blotting after extensive gel electrophoresis on a 12.5%
acrylamide gel for mobility shifts in total YAP, as well as YAP phosphorylation
on S127 and S381. The extensive mobility shift induced by PyST expression is
labeled with arrows (Shift). The intensity of each band was quantified by Im-
ageJ and compared to the value of ST, which is set at 100 (Quant.). These values
were used to calculate the relative intensity of YAP phosphorylation at S127
and S381 (Relative Phosphorylation). (D) The quantitation of relative phos-
phorylation from panel C and that of two additional biological repeats were
averaged. The phosphorylation at S127 and S381 was plotted for cells express-
ing wild-type PyST, GFP, or the 182K mutant. (E) Akt inhibitor MK2206 was
added to C2C12 cells expressing PyST (ST) or the GFP control for the indi-
cated times. Western blotting was used to analyze YAP mobility, while actin
was used as a loading control.

Polyomavirus Small t Antigen Interacts with YAP

October 2014 Volume 88 Number 20 jvi.asm.org 12059

http://jvi.asm.org


both the cytoplasm and the nucleus. MCF10A breast cells have
been quite useful in looking at changes in YAP localization (16).
MCF10As were infected with retrovirus expressing PyST. In the
cells that did not express PyST, YAP is dispersed throughout the
cell (Fig. 6, bottom four cells indicated by arrows). However, when
PyST is expressed, YAP is highly concentrated in the nucleus, as
shown by the top two arrows.

PyST binding to YAP is needed to fully block differentiation
of C2C12 myoblasts. The important question is how YAP binding
contributes to PyST phenotypes. A requirement for PP2A inter-
action has been demonstrated for a variety of PyST functions (6, 7,
45), including C2C12 myoblast differentiation (7, 8). To test the
role of YAP binding in a PyST differentiation block, C2C12 cells
expressing wild-type or mutant PySTs were prepared and allowed
to differentiate for 9 days. We then estimated the extent of differ-
entiation by immunoblotting of myosin heavy chain (MHC) (Fig.
7A). As shown previously, wild-type PyST completely blocked dif-
ferentiation and the PP2A mutant W157S was completely ineffec-
tive. Both the 103A and 182K YAP binding mutants that bind
PP2A, as well as the PP2A binding-defective 135E mutant that
binds YAP, showed only very minor decreases in differentiation.
These results show that binding of YAP by PyST contributes to its
ability to inhibit differentiation. The 135E mutant was also defec-
tive even though it shows high levels of YAP binding. Thus, YAP

binding by itself is not sufficient to recreate the wild-type pheno-
type. PP2A is also required.

The role of YAP signaling in myoblast differentiation seems to
be complex. While it was clear that PyST action on YAP is needed
for its effect on differentiation, it could either inhibit or activate
YAP. YAP is a coactivator for TEAD, which is required for C2C12
differentiation (46). Consistent with this, Fig. 7B shows that
knockdown of YAP reduced differentiation as measured by the
expression of MHC.

Akt is also required for myoblast differentiation (47–49). Its
activation is observed earlier in the differentiation process, before
most MHC expression. Figure 7B confirms this by showing that
the Akt inhibitor MK2206 completely blocks differentiation. The
ability of PyST to block differentiation has also been strongly con-
nected to inhibition of Akt activity (8). Knockdown of YAP by
itself (Fig. 7B) seems to block differentiation without affecting Akt
activation as measured by S473 phosphorylation. This indicates a
role for YAP in differentiation apart from Akt. In contrast to the
need for YAP activity for differentiation to proceed, constitutive
activation using a nonphosphorylatable S127A YAP blocks differ-
entiation (31). Given the effect of PyST on YAP as shown in Fig. 3,
this seems a likely mechanism.

PyST requires YAP to induce IBMX-dependent apoptosis in
preadipocytes. Differentiation of preadipocyte 3T3-L1 cells to
adipocytes is achieved using a set of stimulators that includes a
phosphodiesterase inhibitor, isobutylmethylxanthine (IBMX).

FIG 5 PyST inhibits �TRCP interaction with YAP. (A) 293T cells were
cotransfected with the indicated amounts (in micrograms) of GFP-YAP,
FLAG-�TRCP, and PyST. The whole-cell lysates (WCL) were collected and
immunoprecipitated with Flag antibody. The interaction between YAP and
�TRCP is determined by Western blotting against YAP and �TRCP. (B) An
experiment similar to that in panel A was performed with the additional
cotransfection of YAP binding mutant 182K and PP2A binding mutant
135E. Flag-�TRCP was immunoprecipitated and analyzed for YAP inter-
action by Western blotting.

FIG 4 ST stabilizes expression of YAP. (A) YAP expression was analyzed by
Western blotting from lysates collected from C2C12 cells expressing PyST (ST)
or the GFP control at the following conditions: growing (80% confluent),
confluent (100%), or after 3 days of differentiation (Diff). Actin is used as a
loading control in each case. (B) YAP expression was analyzed as in panel A in
3T3-L1 cells induced by isobutylmethylxanthine (IBMX) for 24 h. As shown in
Fig. 8, these are conditions under which PyST affects survival through YAP.
These cells expressed PyST (ST), the GFP control, or YAP binding mutant
103A (103) or 182K (182). (C) Postconfluent C2C12 cells were analyzed for
YAP expression by Western blotting at the indicated time points after the
addition of 50 �g/ml cycloheximide. After quantification by ImageJ, the rela-
tive expression (YAP expression divided by actin expression) was analyzed.
The relative rate of degradation was plotted along with the standard error from
three experiments (graph at left). The overall change between 0 and 8 h is
shown on the right with the standard error indicated.
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IBMX elevates both cyclic AMP (cAMP) and cGMP. PyST blocks
adipocyte differentiation but also causes cell death in this system.
Addition of IBMX alone to confluent 3T3-L1 cells allows PyST to
kill. This can be seen in the morphologies of the treated cells in Fig.
8A and the induction of activated caspase 3 in Fig. 8B. The ability
of PyST to induce apoptosis was fully dependent on YAP binding,
as demonstrated by the lack of apoptosis in YAP binding PyST
mutants 103A and 182K (Fig. 8A). The YAP binding-defective
mutants also failed to activate caspase 3, in contrast to wild-type
PyST (Fig. 8B). Both the 135 and 157 mutants, which are defective
in PP2A but retain YAP binding, showed reduced killing and
caspase activation. Figure 8C demonstrates that YAP knockdown
blocks caspase 3 activation by PyST. This supports a role for YAP
in this death. In other situations, PyST-induced cell death involves
Akt (6, 7). The death seen here appears to be independent of Akt.
The addition of Akt inhibitors MK2206 and IBMX to control cells
did not synergize to induce death nor did MK2206 enhance
caspase 3 induction by PyST (Fig. 8D).

DISCUSSION

This work demonstrates that PyST binds to YAP1 and YAP2. The
YAP partner TEAD is also found in the YAP-PyST complex. Ge-
netic analysis has identified a region on PyST required for this
binding. Since this same sequence is also present in PyMT, it is not
surprising that PyMT is also a YAP binding protein (not shown).
Binding of YAP to PyST results in its dephosphorylation at key
residues. Neither PyST mutants defective in YAP binding nor mu-
tants with a defect in PP2A binding cause YAP dephosphoryla-
tion. At any given moment, the fraction of YAP bound to PyST as
measured by coimmunoprecipitation is small. However, a signif-
icant fraction of YAP shows a phosphorylation-related mobility
shift, and the amount of phosphorylation at specific sites, such as
S127 and S381, decreases 5- to 9-fold (Fig. 3B). Thus, the PyST-
YAP interaction seems rather like an enzyme, in this case PP2A
with a PyST subunit, interacting with a substrate, YAP. Since YAP
is degraded through a pathway involving binding of its phospho-
degron to �TRCP (41), binding to PyST results in its stabilization.

Two clear examples of the contribution of YAP binding to
PyST biology are documented. Previously, we have shown that
PyST blocks differentiation of preadipocytes to adipocytes and
myoblasts to myocytes and osteoblasts (8). Mutants that do not
bind YAP are not as effective in blocking myoblast differentiation
as the wild type, although they still have some effect. From one
point of view, this is not surprising. It is known that unphos-
phorylatable S127A YAP, often viewed as constitutively active,
blocks differentiation (31). However, we also find that YAP
knockdown interferes with differentiation. This may mean that
YAP activity makes a positive contribution at some stage of differ-
entiation and then its suppression is also required for differentia-
tion. Previously, we have shown that PyST affects Akt activity as
part of the differentiation block (8). The role of YAP appears to be
independent of Akt, since YAP knockdown reduces differentia-
tion without affecting Akt (Fig. 7B).

The second pathway specifically affected by PyST interac-
tion with YAP is a survival pathway. PyST effects on cell sur-
vival are complex. In 3T3 cells, acute expression of PyST leads
to cell death when cells are grown in normal serum-containing
medium, but PyST can protect against cell death promoted by
the absence of serum (6). The acute cell death caused by PyST
expression results from cell cycle arrest in the G2/M phases of
the cell cycle, followed by mitotic catastrophe (50). This kind of
killing does not seem to require YAP binding, since YAP bind-
ing mutants remain active in these assays (not shown). Since
the phosphorylation of YAP is limited in growing cells (16),
perhaps PyST does not need to target YAP under those condi-
tions. 3T3-L1 cells differentiate starting from confluence by
induction with a cocktail of activators (insulin, dexametha-
sone, IBMX, troglitazone). PyST induces cell death when dif-
ferentiation is induced under these conditions. Examination of

FIG 6 PyST promotes nuclear localization of YAP. (A) YAP localization in
the presence of PyST was analyzed by immunofluorescence. MCF10a cells
were infected with retroviruses expressing PyST. Fixed cells were stained
with YAP antibody (shown in red; the top two arrows show highly concen-
trated YAP in the nucleus when PyST is expressed, and the bottom four
arrows indicate that YAP is dispersed throughout the cell in cells that did
not express PyST). PyST expression was detected with an HA tag antibody
(shown in green). DAPI was used to stain the nucleus (shown in blue). A
panel showing all three channels (Merge) is also shown.

FIG 7 PyST requires YAP binding to block differentiation, and YAP is
required for differentiation. (A) C2C12 cells expressing ST, the GFP con-
trol, or the indicated mutants were differentiated for 9 days. The extent of
differentiation was first analyzed by Western blotting against myosin heavy
chain (MHC). Actin was used as a loading control. This representative
experiment was quantitated with ImageJ, and the value for GFP was set to
1. The numerical values were subsequently averaged with those of 5 other
biological repeats, and relative MHC (numerical quantity of MHC divided
by respective expression of actin in the same sample) is plotted below.
Error bars represent standard errors. (B) C2C12 cells were infected with a
lentivirus containing a short hairpin RNA (shRNA) against YAP (shYAP)
or a scrambled control (LKO) prior to differentiation. Differentiation was
also performed in the presence of 2 �M Akt inhibitor MK2206. The extent
of differentiation after 7 days was quantitated by Western blotting against
MHC using actin as a control. At day 3, the knockdown of YAP was deter-
mined by Western blotting measuring total YAP, while the effect of
MK2206 was verified by detecting Akt phosphorylation at S473. Actin was
also used as a loading control.
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the activators showed that IBMX was necessary and sufficient
to induce death. The requirement for IBMX to induce killing
strongly suggests a role for cyclic nucleotides in the killing
phenotype. There is already significant interest in the role of
cyclic nucleotides in cancer (see reference 51 for a review).
Since forskolin, an inducer of cAMP, does not substitute for
IBMX in triggering cell death, it is quite likely that cGMP is
involved. Because PyST could be shown to block differentia-
tion even when IBMX was omitted, the death and the block to
differentiation are clearly distinct phenotypes.

Death induced in the presence of IBMX required that PyST
bind to YAP. Since YAP is ordinarily suppressed by phosphoryla-
tion at high cell densities, perhaps it is the activation of YAP by
PyST decreasing its phosphorylation that facilitates cell death. In
support of this idea, knockdown of YAP prevented killing by
PyST. The involvement of YAP in support of apoptosis is in con-
trast with the usual role of Hippo signaling through YAP, which is
most often thought to promote proliferation and survival. How-
ever, YAP can also promote cell death via a p73-dependent path-
way, mainly via Bax induction (27–30). Nevertheless, this does not
explain our observations, since we do not see an increase in Bax
protein levels during cell death (data not shown). This suggests
that there might be a novel Bax-independent mode of YAP-medi-
ated cell death.

This work stresses the need for a detailed examination of
YAP function as it relates to PyST. YAP is phosphorylated in a
very complex fashion. In addition to tyrosine phosphorylation
by src family members, YAP is phosphorylated on Ser/Thr by
LATS in the canonical Hippo pathway, as well as by cdk1 (42),
casein kinase 1 (41), Akt (29), and other kinases (40, 43, 52, 53).
We have shown that S127 and S381 are dephosphorylated by
PyST, but does PyST affect all, or only some, of these phospho-
rylations? How do these effects, dependent on PP2A, compare
to regulation by PP1 (54)? The YAP/TAZ family is well known

for its effects on transcription (10, 15, 55). The TEAD/TEF
family may be the most familiar target/partner of YAP (37, 56).
However, the YAP/TAZ family is known to interact with TBX-5
(57), Runx (58, 59), Smad (60, 61), and p73 (62), among oth-
ers. In these systems, it is the dephosphorylated form of YAP
that is thought to be active, with phosphorylated YAP seques-
tered in the cytosol by association with the 14-3-3 proteins (56,
63). Here, we observe that PyST increases nuclear localization
of YAP. It is possible that the difference in YAP’s targets arises
from the specifics of the phosphorylation control of YAP. YAP
mutant analysis should eventually test this idea. There is also
cross talk between YAP and Wnt signaling on different levels,
including beta catenin (34) and Disheveled (64; for a review,
see reference 65). In these situations, it is the phosphorylated
YAP that is active. It will be of interest to see which of these
transcriptional activities PyST modulates. Recently, attention
has focused on YAP and microRNA production (17, 18).
MicroRNAs are generally downregulated in tumors (66). In
some cases, miRNA can be used as an antitumor therapeutic
(67). Contact inhibition, which is associated with YAP inacti-
vation, activates microRNA biosynthesis (68). YAP regulates
miRNAs by binding p72 (DDX17) (18). Does PyST regulate the
amount or spectrum of miRNAs? At a different level, YAP is
involved in mechanical-sensory regulation relating to architec-
ture and environment (see reference 69 for a review). By study-
ing the interactions of t antigens with host proteins, it has often
been possible to gain insights into convoluted control mecha-
nisms at work in the host cell. Future work will determine how
PyST modulates all of these functions and hopefully shed light
on their regulation in the absence of PyST.
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FIG 8 ST induces caspase-dependent apoptosis when IBMX is added. (A) Postconfluent 3T3-L1 cells expressing ST, the GFP control, YAP binding mutants
(103A and 182K), or PP2A binding mutants (135E and 157S) were stimulated with 0.5 mM IBMX. Live-cell nuclei were stained with Hoechst 33342 for 30 min.
These were observed at �20 magnification, and pictures were taken. Cell rounding and detachment were observed in culture, and representative pictures were
taken. (B) Lysates from the set of cells in panel A were also collected after 24 h of IBMX stimulation. The apoptosis was analyzed by Western blotting illustrating
the relative expression of active caspase 3. Actin was used as a loading control in this experiment. The figure was quantitated with ImageJ, and the relative amount
of active caspase 3 (numerical value of caspase 3 divided by actin in the same sample) was plotted. Error bars represent standard errors. (C) YAP was suppressed
in 3T3-L1 cells with a lentivirus expressing shRNA against YAP and compared to a scrambled control. After the cells reached confluence, they were stimulated
with 0.5 mM IBMX for 24 h. The relative amount of apoptosis was quantitated by Western blotting to detect activated caspase 3. Actin was used as a control. (D)
Akt inhibitor MK2206 (2 �M) was added to confluent cells expressing PyST (ST) and GFP along with IBMX for 24 h. The relative amount of apoptosis is
illustrated by Western blotting using actin as a control.
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