L] AMERICAN Journal of @CrossMark
SOCIETY FOR . &click for updates
—3 MICROBIOLOGY Verlogy

Transformation by Polyomavirus Middle T Antigen Involves a Unique
Bimodal Interaction with the Hippo Effector YAP

Cecile Rouleau,®® Arun T. Pores Fernando,® Justin H. Hwang,®® Nathalie Faure,® Tao Jiang,? Elizabeth A. White,®

Thomas M. Roberts,®9 Brian S. Schaffhausen®P

Department of Developmental, Molecular and Chemical Biology, Tufts University School of Medicine,* Sackler School of Graduate Biomedical Sciences, Tufts University,”
Department of Cancer Biology, Dana-Farber Cancer Institute, Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, and
Department of Microbiology and Immunobiology, Harvard Medical School,© Boston, Massachusetts, USA

ABSTRACT

Murine polyomavirus has repeatedly provided insights into tumorigenesis, revealing key control mechanisms such as tyrosine
phosphorylation and phosphoinositide 3-kinase (PI3K) signaling. We recently demonstrated that polyomavirus small T antigen
(ST) binds YAP, a major effector of Hippo signaling, to regulate differentiation. Here we characterize YAP as a target of middle T
antigen (MT) important for transformation. Through a surface including residues R103 and D182, wild-type MT binds to the
YAP WW domains. Mutation of either R103 or D182 of MT abrogates YAP binding without affecting binding to other signaling
molecules or the strength of PI3K or Ras signaling. Either genetic abrogation of YAP binding to MT or silencing of YAP via short
hairpin RNA (shRNA) reduced MT transformation, suggesting that YAP makes a positive contribution to the transformed phe-
notype. MT targets YAP both by activating signaling pathways that affect it and by binding to it. MT signaling, whether from
wild-type MT or the YAP-binding MT mutant, promoted YAP phosphorylation at S127 and S381/397 (YAP2/YAP1). Consistent
with the known functions of these phosphorylated serines, MT signaling leads to the loss of YAP from the nucleus and degrada-
tion. Binding of YAP to MT brings it together with protein phosphatase 2A (PP2A), leading to the dephosphorylation of YAP in
the MT complex. It also leads to the enrichment of YAP in membranes. Taken together, these results indicate that YAP promotes
MT transformation via mechanisms that may depart from YAP’s canonical oncogenic transcriptional activation functions.

IMPORTANCE

The highly conserved Hippo/YAP pathway is important for tissue development and homeostasis. Increasingly, changes in
this pathway are being associated with cancer. Middle T antigen (MT) is the primary polyomavirus oncogene responsible
for tumor formation. In this study, we show that MT signaling promotes YAP phosphorylation, loss from the nucleus, and
increased turnover. Notably, MT genetics demonstrate that YAP binding to MT is important for transformation. Because
MT also binds PP2A, YAP bound to MT is dephosphorylated, stabilized, and localized to membranes. Taken together,
these results indicate that YAP promotes MT transformation via mechanisms that depart from YAP’s canonical oncogenic

transcriptional activation functions.

Middle T antigen (MT) is the primary oncogene of murine
polyomavirus, which causes a wide variety of tumors (1-3).
When expressed as a transgene, MT causes tumors in virtually any
tissue (see references 4 and 5 for reviews). It has repeatedly pro-
vided insight into the regulation of cell growth. Tyrosine phos-
phorylation (6) and phosphoinositide 3-kinase (PI3K) (7) are av-
enues of cancer research opened by analysis of MT. Recent work
pointing out the importance of protein phosphatase 2A (PP2A)
A isoforms (8) shows the continuing value of this system. In-
deed, results of studies on PI3K isoform dependence in an MT-
driven genetically engineered mouse (GEM) model of breast
cancer have helped in the design of clinical trials of p110a iso-
form-specific PI3K inhibitors (9). The ability of MT to transform
depends on its association with membranes (10), and it has some-
times been likened to an activated receptor tyrosine kinase (11).
Binding of protein phosphatase 2A (12-14) leads to the recruit-
ment of protein tyrosine kinases of the Src family (Src, Yes, and
Fyn) (15-18). MT is phosphorylated on three major tyrosine res-
idues, residues 315, 322, and 250 (19-22). Each site represents a
connection to a signal generator: residue 315 to PI3K (23, 24),
residue 250 to SHC (Src homology 2 domain-containing) (25, 26)
and then to Grb2 and SOS, and residue 322 to phospholipase Cy1
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(PLC-y1) (27). All these connections are important for transfor-
mation.

The work described here connects MT function to YAP (and
TAZ), which is the major effector of the Hippo pathway. Hippo
signaling, which was initially studied in Drosophila melanogaster,
is currently an area of intense investigation (28-33). The Hippo
pathway controls organ size, cell proliferation, and survival. It also
regulates stem cell proliferation and maintenance (34-37). Hippo
signaling through YAP/TAZ is inextricably linked to cancer (38—

Received 1 March 2016 Accepted 10 May 2016
Accepted manuscript posted online 18 May 2016

Citation Rouleau C, Pores Fernando AT, Hwang JH, Faure N, Jiang T, White EA,
Roberts TM, Schaffhausen BS. 2016. Transformation by polyomavirus middle T
antigen involves a unique bimodal interaction with the Hippo effector YAP. J Virol
90:7032-7045. doi:10.1128/JV1.00417-16.

Editor: L. Banks, International Centre for Genetic Engineering and Biotechnology
Address correspondence to Thomas M. Roberts,
thomas_roberts@dfciharvard.edu, or

Brian S. Schaffhausen, brian.schaffhausen@tufts.edu.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

August 2016 Volume 90 Number 16


http://dx.doi.org/10.1128/JVI.00417-16
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00417-16&domain=pdf&date_stamp=2016-5-18
http://jvi.asm.org

40). Colorectal (41), breast (39), ovarian (42), squamous cell (43,
44), liver (45), and lung (46) cancers have all shown key roles for
Hippo/YAP/TAZ. Hippo signaling is also involved in the regula-
tion of mechanotransduction (47).

The core of the Hippo pathway involves a kinase cascade (Hip-
po/Mst1/2 and Lats1/2) (48). Diverse stimuli can activate Mst, the
upstream kinase, including polarity, G-protein-coupled receptor
(GPCR) signaling, and mechanical cues such as extracellular ma-
trix rigidity (49). The cascade results in the phosphorylation of
YAP/TAZ, the major Hippo effectors (50). In the most basic view,
YAP and TAZ are regulated by phosphorylation. Unphosphoryl-
ated, these effectors control a complex transcriptional program
(51) by interactions with transcription factors, including TEAD
(52), Runx (53), TBX5 (54), and SMAD (55). The result is cross-
regulation of the Hedgehog, Notch, transforming growth factor 3
(TGF-B), and Wnt signaling pathways (38, 56), which shows how
central Hippo signaling is to cellular control. Phosphorylation of
YAP by LATS at S127 induces an association with 14-3-3 proteins
and relocalization to the cytoplasm (52, 57). From this perspec-
tive, Hippo signaling is inactivating, as is YAP/TAZ phosphoryla-
tion. However, in the cytoplasm, YAP/TAZ contributes to the reg-
ulation of tissue architecture, including apical-basal polarity (via
the Crumbs complex [58]), tight junctions (via ZO-2 [59]), and
adherens junctions (via a/B-catenin [60]).

We previously demonstrated that polyomavirus small T anti-
gen (ST) binds YAP to affect differentiation (61). The sequence
identity between ST and the N terminus of MT, together with the
knowledge that MT binds the YAP relative TAZ (62, 63), led us to
hypothesize that MT may interact with YAP. Here data from mass
spectrometry (MS) and coimmunoprecipitation experiments
demonstrate that YAP is indeed a novel MT interactor. Further-
more, soft-agar transformation assays show that YAP is important
for cellular transformation by MT. Not only is YAP bound by MT,
it also is a target of MT signaling. Wild-type MT is ineffective at
transforming YAP knockdown cells, and MT mutants that do not
bind YAP are defective in transformation. At the protein level, MT
affects the phosphorylation status, stability, and subcellular local-
ization of YAP in a manner that departs from the canonical un-
derstanding of YAP-mediated oncogenesis.

MATERIALS AND METHODS

Cells and antibodies. The normal mouse fibroblast cell line NTH 3T3; the
normal mouse mammary gland epithelial cell line NMuMG; the normal
rat fibroblast cell line Rat-1; and human 293, 293T, 293FT, and 293 Phoe-
nix cell lines were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA). NIH 3T3 cells were propagated in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% calf serum (CS; Invitrogen, Grand Island, NY).
NMuMG, Rat-1, 293T, and 293FT cells were propagated in DMEM sup-
plemented with 10% fetal bovine serum (FBS; Invitrogen). All media were
supplemented with 1% glutamine and 1% penicillin-streptomycin (Invit-
rogen). 293FT cells were propagated in the presence of 500 pug/ml G418
(Invitrogen). All cells were propagated at 37°C in a humidified atmo-
sphere composed of 5% CO,. The antibody to the PP2A A subunit that
recognizes both Ao and A was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). The antibodies to Src, Shc, phospho-Shc, phospho-
Akt, phospho-MEK, phospho-extracellular signal-regulated kinase
(ERK), YAP, phospho-YAP, and TAZ were purchased from Cell Signaling
Technology (Danvers, MA). MT-1 is an antipeptide antibody that recog-
nizes a region of MT between residues 282 and 300, a region known to be
dispensable for virus growth and transformation (64), and monoclonal
antibody (MAb) PN116, recognizing the domain common to large T an-
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tigen (LT), MT, and ST, was described previously (65). The polyclonal
antibody to p85, the PI3K regulatory subunit, used in this study was gen-
erated in our laboratories. FLAG-tagged proteins were immunoprecipi-
tated by using anti-FLAG resin (Sigma-Aldrich). The anti-FLAG antibody
used for Western blotting was purchased from Clontech (Mountain View,
CA). Hemagglutinin (HA)-tagged proteins were immunoprecipitated
with anti-HA resin (Sigma-Aldrich). The anti-HA antibody used for
Western blotting was purchased from Covance (Princeton, NJ).

Constructs and stable expression. The MT open reading frame
(ORF) was subcloned from a pOZ vector encoding MT doubly tagged
at the C terminus with FLAG and HA into the doxycycline-inducible
pInducer20 lentiviral vector, a gift from Stephen Elledge (Addgene plas-
mid 44012) (66). The following primers were used to clone untagged MT
into pInducer20: 5'-GCGCGCGGATCCACCATGGATAGAGTTCTGA
GCAGA-3" and 5'-GCGCGCGGATCCTTAGAAATGCCGGGAACGTT
TTATTAG-3'. The forward primer described above and the following
reverse primer were used to clone MT tagged at the C terminus with FLAG
and HA into pInducer20: 5'-GCGCGCGGATCCCTAGGCGTAGTCGG
GCACGTC-3". Amplification of MT with each primer pair generated M T
ORFs flanked with Bam restriction sites. The fragments were digested
with Bam and inserted into the pENTRI1A entry vector, a gift from Eric
Campeau (Addgene plasmid 17398) (67). Site-specific recombination
into pInducer20 was conducted by using Gateway LR Clonase II (Invitro-
gen). The reaction product was transformed into Stbl3 competent cells
(Invitrogen) propagated at 30°C. After confirmation of the sequence, the
purified construct was transfected into 293FT cells (Invitrogen) for lenti-
viral packaging (66). The virus-containing 293FT cell supernatant was
collected at 48 h posttransfection. For infections of NIH 3T3 and
NMuMG cells, cells were exposed overnight to a 1:4 dilution of the 293FT
supernatant in propagation medium with a final concentration of 8 ug/ml
Polybrene (Sigma-Aldrich). The medium was then replaced with fresh
propagation medium supplemented with 500 pg/ml G418 (Invitrogen) to
generate a stable cell line. MT expression was induced upon exposure to
300 ng/ml doxycycline (Sigma-Aldrich). The MT ORF was cloned into the
pWZL retroviral vector (68) and packaged in 293 Phoenix cells (ATCC).
The virus-containing cell supernatant was collected at 48 h postinfection.
For infection, Rat-1 cells were exposed overnight to the 293 Phoenix su-
pernatant supplemented with 8 pug/ml Polybrene. The medium was then
replaced with fresh propagation medium supplemented with blasticidin
(20 pg/ml; Santa Cruz) to generate a stable cell line. YAP short hairpin
RNA (shRNA) and TAZ/WWTRI1 shRNA lentiviral vectors were pur-
chased from Sigma-Aldrich and packaged in 293T cells according to
methods reported previously (61). NIH 3T3 cells were infected as de-
scribed above. Stable expression was achieved by using 5 pwg/ml puromy-
cin (Invitrogen).

Transient transfection. pInducer20-MT; wild-type FLAG-YAP2
(Addgene plasmid 19045), WW1 FLAG-YAP mutant (Addgene 17795),
and WW1/WW2 FLAG YAP mutants, gifts from Marius Sudol (69); and
HA-TAZ, a gift from Kunliang Guan (Addgene plasmid 32839) (70), were
transiently expressed in 293T cells according to a method reported previ-
ously (61).

Proteomics. FLAG-HA-tagged MT was expressed in 293 and NIH 3T3
cells by using the pInducer20 vector. The protein was induced upon ex-
posure to 300 ng/ml doxycycline for 6 h. The cells were trypsinized and
washed in phosphate-buffered saline (PBS). The cell pellet was snap-fro-
zen in liquid nitrogen and stored at —80°C until use. Cell lysis, single-step
HA immunoprecipitation (IP), elution with HA peptide, and concentra-
tion of the eluate by trichloroacetic acid (Sigma) precipitation were con-
ducted according to methods reported previously (71). Sample prepara-
tion for mass spectrometry, sequencing, and data analysis using the
Comparative Proteomic Analysis Software Suite (CompPASS) were de-
scribed previously (71, 72).

Immunoprecipitation and Western blotting. MT was immunopre-
cipitated by using MT-1, HA-tagged proteins were immunoprecipitated
by using anti-HA resin, and FLAG-tagged proteins were immunoprecipi-
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tated by using anti-FLAG resin according to methods reported previously
(61). SDS-PAGE (10%) analysis was described previously (73). For ex-
tended SDS-PAGE experiments, proteins with a molecular mass of 50 kDa
were allowed to migrate over 12 cm. Western blotting of MT was carried
out by using monoclonal antibody PN116 and methods described previ-
ously (65).

Phosphatase treatment. Calf intestinal alkaline phosphatase (CIP)
was purchased from New England BioLabs (Ipswich, MA), and lambda
phosphatase was purchased from Calbiochem (San Diego, CA). YAP im-
munoprecipitates were exposed to a combination of both enzymes for 60
min at 37°C according to the manufacturers’ recommendations.

Soft-agar transformation. NIH 3T3 and NMuMG cells were induced
to express the MT protein by exposure to doxycycline for 24 h prior to
being suspended in agar, and doxycycline was maintained in the agar for
the duration of the assay. The assay was set up in 6-well plates. The bottom
of each well was coated with 1 ml propagation medium containing 0.6%
agar. Once the bottom coat was polymerized, cells (1 X 10°) were sus-
pended in 1 ml propagation medium containing 0.4% agar. Colonies were
allowed to form for 3 to 4 weeks. At the completion of the assay, colonies
were imaged by using an Alphalmager instrument (Alpha Innotech, San
Jose, CA) and quantified by using the open-source software ImageJ (74).

Immunofluorescence. Cells were seeded in propagation medium in
chamber slides (EMS, Hatfield, PA) and allowed to attach overnight in the
presence of 300 ng/ml doxycycline to induce MT expression. The cells
were washed once in PBS at room temperature, fixed in 3.6% formalde-
hyde (Sigma-Aldrich) for 30 min at room temperature, washed 3 times in
PBS at room temperature, permeabilized in 0.2% Triton X-100 (Sigma-
Aldrich) for 30 min at room temperature, washed 3 times in PBS at room
temperature, and incubated in PBS supplemented with 1% bovine serum
albumin (BSA; Sigma-Aldrich) at room temperature for 1 h. The cells
were then incubated at 4°C overnight with primary antibody diluted 1:200
in PBS-1% BSA, washed 3 times in PBS at room temperature, incubated
with secondary antibody conjugated to tetramethylrhodamine (Invitro-
gen) diluted 1:1,000 in PBS—1% BSA for 3 h at room temperature, and
washed 3 times in PBS at room temperature. Upon the removal of PBS,
mounting medium containing 4',6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA) was added to the cells, and a cov-
erslip was fitted onto the slide. Staining was imaged by using a Nikon
Olympus microscope and Spot Advanced software (Spot Imaging Solu-
tions, Sterling Heights, MI).

Cell fractionation. Cytoplasmic and nuclear fractions were isolated
from NIH 3T3 cells by using the NE-PER cytoplasmic and nuclear extrac-
tion assay (Life Technologies, Grand Island, NY). Membrane fractions
were extracted by hypotonic fractionation (75).

Real-time PCR. Total RNA was extracted by using the Qiagen RNeasy
method (Qiagen, Valencia, CA) and reverse transcribed by using the
iScript cDNA transcription method (Bio-Rad, Hercules, CA). Real-time
PCR was conducted with Sybr green on a LightCycler 480 thermal cycler
(Roche, Basel, Switzerland). Primer sequences were as follows: MT for-
ward primer 5'-GTCTGAGTCCATGGAAGGGTCTGATTCTTC-3',MT
reverse primer 5'-GCGCGCGGATCCTTAGAAATGCCGGGAACGTTT
TATTAG-3', YAP forward primer 5'-AGATCCCTGATGATGTACCAC-
3’, YAP reverse primer 5'-AGGAACGTTCAGTTGCGA-3', ANKRD1
forward primer 5'-AAAGGCAAGGGTTGATCCCC-3’, and ANKRD1
reverse primer 5'-TGCCTTCACCTTGGGACATC-3'.

RESULTS

The Hippo effector YAP interacts with MT. Proteomic experi-
ments were carried out to look for new MT-interacting proteins.
We chose to use affinity purification-mass spectrometry (AP-MS)
followed by analysis with CompPASS software to identify MT-
interacting proteins (72). 293 cells stably transduced with the
pInducer20-FlagHA-MT vector were treated with doxycycline for
6 h to induce MT production and then subjected to anti-HA im-
munoprecipitation. Immunoprecipitates were digested with
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trypsin, and MT-interacting proteins were identified by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as
previously described (72). High-confidence interacting proteins
(HCIP) that bound to MT were distinguished from nonspecific
interactors by comparison to a 293 cell-specific statistics table in
the CompPASS software. These experiments were followed by
similar experiments with NIH 37T3 cells that gave essentially iden-
tical results. Most known MT interactors were detected (Table 1).
The PP2A A and C subunits; Src family members required for the
phosphorylation of M T; the Shc adaptor, which is known to bind
at Y250; PI3K, which binds at Y315; PLC-vy1; and the 14-3-3 pro-
teins were all observed. A number of proteins not previously re-
ported to be MT partners were also observed. Lipins, which were
previously shown to bind ST (76), were found. The catalytic sub-
unit of protein phosphatase 4 (PP4), Ran GAP, and RanBP1 were
also observed. These interactions were confirmed by coimmuno-
precipitation (not shown) but not studied further. The Hippo
effector TAZ was also detected, as was previously reported (62). Of
particular interest, YAP was also found. We recently characterized
the association of YAP with polyomavirus ST (61). Recently re-
ported evidence also suggests that other polyomaviruses use their
STs to affect YAP (77).

Our previous work with ST identified sites of interaction with
YAP to include residues 103 and 182 (61). ST and MT have iden-
tical sequences from the N terminus through residue 191, so these
sites are also found in MT. Structural models of the ST-PP2A
interaction suggested that these two residues are close together on
ST and some distance from the PP2A interaction site (61). Wild-
type MT or the R103A MT mutant was transiently coexpressed in
293T cells with either FLAG-YAP or HA-TAZ. Western blot anal-
ysis of YAP complexes immunoprecipitated with anti-FLAG an-
tibody or TAZ complexes immunoprecipitated with anti-HA an-
tibody were probed for MT. As shown in Fig. 1A, mutation of
R103 to A abolishes YAP binding to MT. Figure 1 (right) shows
that the RI03A MT mutant is also defective in TAZ binding. Tian
and colleagues (62) previously identified residues 2 to 4 in the
extreme N terminus to be important for TAZ binding. In our
hands, such a mutant is also defective in association with PP2A, so
the work shown here was performed with the R103A mutant.
However, we note that the D182E MT mutant (not shown) seems
to behave identically to the R103A mutant.

Our laboratories previously identified YAP as a binding part-
ner of ST (61). To examine whether there was any substantial
difference in the affinity for YAP between ST and MT, wild-type
MT and ST were coexpressed in 293T cells with FLAG-YAP or
HA-TAZ (Fig. 1B). Western blot analysis of YAP complexes or
TAZ complexes showed a small enrichment of ST over MT in the
complex compared to the ratio of MT to ST in the whole-cell
lysate. This difference suggests that MT binding is modestly
weaker than that of ST.

YAP (Fig. 1C, top) and TAZ have multiple domains. Both pro-
teins have a domain that interacts with TEAD transcription fac-
tors, a transactivation domain, and a PDZ-binding domain. TAZ
has a single WW domain, while YAP has two WW domains. YAP
also has an SH3-binding domain and a proline-rich region absent
from TAZ (29). Previously reported experiments (62) showed that
the WW1 domain was critical for the binding of TAZ to polyoma-
virus T antigens. Figure 1C shows that this is also true for YAP. A
double point mutation (W199A/P202A) that inactivates the
WW1 domain of YAP almost completely blocks the association
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TABLE 1 YAP is a novel MT-binding partner?
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Component of MT complex identified in 293 and NIH 3T3 cells

Description

PPP2CB
PPP2R1A
SRC
YES1
FYN
SHC1
GRB2
PIK3CA
PIK3CB
PIK3R1
PIK3R2
PLCG1
YWHAB
YWHAE
YWHAG
YWHAH
YWHAQ
YWHAZ
LPIN1
LPIN2
LPIN3
PPP4C
RANBP1
RANGAP1
WWTR1
YAP1

Protein phosphatase 2, catalytic subunit, beta isozyme

Protein phosphatase 2, regulatory subunit A, alpha

v-src avian sarcoma viral oncogene homolog tyrosine kinase

v-yes-1 Yamaguchi sarcoma viral oncogene homolog 1 tyrosine kinase
Fyn tyrosine kinase

SHC-transforming protein 1

Growth factor receptor-bound protein 2
Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta
Phosphoinositide 3-kinase, regulatory subunit 1 (alpha)
Phosphoinositide 3-kinase, regulatory subunit 2 (beta)

Phospholipase C, gamma 1

14-3-3 beta

14-3-3 epsilon

14-3-3 gamma

14-3-3 eta

14-3-3 theta

14-3-3 zeta

Lipin 1

Lipin 2

Lipin 3

Protein phosphatase 4 catalytic subunit

Ran-binding protein 1

Ran GAP

TAZ

Yes-associated protein 1

%293 cells and NIH 3T3 cells were induced to express EGFP- or HA-tagged full-length wild-type MT by exposure to doxycycline for 6 h. Proteomic analysis of MT complexes was
conducted by using affinity purification-mass spectrometry followed by analysis with CompPASS software.

with MT, while simultaneous mutation of both WW (W199A/
P202A//W258A/P261A) domains abolished the interaction. As a
control, deletion of the 5 carboxy-terminal amino acids to prevent
PDZ interactions did not affect binding to MT (Fig. 1C, bottom).

YAP is important for MT transformation. The consequences
of YAP binding by MT for oncogenic transformation were as-
sessed by comparing wild-type MT to the R103A MT mutant in
three different cell types. Rat-1 cells were transformed with pWZL
constructs stably expressing wild-type MT or the RI03A MT mu-
tant. Wild-type MT strongly induced growth in soft agar compared
to either uninfected controls or R103A MT (Fig. 2A). Doxycycline-
inducible pInducer20 lentiviral constructs were used to stably express
enhanced green fluorescent protein (EGFP), wild-type MT, and
R103A MT in untransformed NIH 3T3 fibroblasts and normal
mouse mammary epithelial (NMuMG) cells. The results showed re-
duced transformation by R103A MT compared to wild-type MT in
these two cell types as well, suggesting that binding to endogenous
YAP and/or TAZ contributes to MT transformation (Fig. 2A).

An important question is whether MT is using YAP activity to
transform or whether it is simply inactivating YAP as a suppressor
of growth. Two shRNAs were used to reduce YAP expression in
NIH 3T3 cells (Fig. 2B). While these shRNAs did not significantly
affect the rate of cell proliferation, both shRNAs dramatically re-
duced the ability of MT-transformed cells to grow in soft agar.
This suggests that MT needs YAP for transformation. TAZ, a YAP
family member with structural similarities to YAP, is another ef-
fector of the Hippo pathway. There is evidence that TAZ is also
important in MT transformation (63). Figure 2B also shows a
comparison of YAP and TAZ knockdowns. Like YAP, TAZ seems
to contribute to MT transformation.
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Interfering with YAP binding does not block MT signaling to
Ras and PI3K/Akt. A series of experiments was performed to
compare wild-type MT to the R1I03A MT mutant to determine the
effect of YAP binding on other aspects of MT signaling. The first
question was whether MT binding of YAP is independent of asso-
ciations with other signaling molecules. MT was immunoprecipi-
tated from NIH 3T3 cells induced to express it after exposure to
doxycycline for 24 h. Western blot analysis of MT complexes
showed that R103A MT was the same as the wild type for the
recruitment of PP2A, Src, Shc, and p85 (Fig. 3A). These data sug-
gested that a failure to bind YAP (or TAZ) should not affect MT
tyrosine kinase signaling. To ask whether the signaling was af-
fected, levels of Akt phosphorylation, MEK phosphorylation, and
p38 phosphorylation were measured after induction of MT for 8 h
followed by overnight serum starvation in the continued presence
of doxycycline. Mutation of the YAP-binding site at R103 did not
impair the ability of MT to induce Akt, MEK, ERK, or p38 phos-
phorylation (Fig. 3B). For Akt and p38, identical results were ob-
tained in NMuMG or Rat-1 cells (data not shown). In these cell
types, no pronounced activation of MEK was observed, but again,
wild-type MT and R103A MT were quite similar.

The ability of wild-type MT to activate the PI3K or Ras path-
way in YAP and TAZ knockdown cells was then tested in the same
way. As shown in Fig. 3C, no effect was seen on the ability of MT to
induce Akt activation measured at S473. The Ras pathway was
examined at the levels of both phospho-Shc and phospho-ERK.
Again, there was no indication that YAP (or TAZ) was required for
MT induction of either of these phosphorylations.

MT causes both phosphorylation and dephosphorylation of
YAP. Because we have shown that ST affects the phosphorylation
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FIG 1 MT binding of YAP and TAZ. (A) MT-103A is defective in binding to YAP and TAZ. 293T cells were transiently transfected with vectors encoding MT,
FLAG-YAP, or HA-TAZ. After ~40 h, YAP or TAZ was immunoprecipitated with antibodies to the tag. After SDS-PAGE, Western blotting was carried out to
detect YAP, TAZ, and MT. (B) MT and ST have similar affinities for YAP and TAZ. Full-length wild-type (WT) MT and ST were cotransfected in 293T cells in
the presence of FLAG-YAP or HA-TAZ. YAP or TAZ was immunoprecipitated from cell extracts 40 h later. After SDS-PAGE, Western blot analysis was carried
out to detect MT and ST and compare the relative ratios of MT to ST between cell extracts and YAP or TAZ complexes. WCL, whole-cell lysate. (C) The WW
domains of YAP are involved in binding MT. A diagram of the YAP domain structure is shown. Full-length YAP, YAP mutated in the first WW domain (W199A
and P202A), YAP mutated in the two WW domains (W199A, P202A, W258A, and P261A), and YAP with a 5-residue C-terminal deletion were each cotransfected
with MT in 293T cells. After SDS-PAGE, Western blot analysis of MT complexes was carried out to detect MT and YAP.

of YAP, we examined the effect of MT on YAP phosphorylation.
After extended electrophoresis, YAP from MT-expressing cells
migrated somewhat more slowly than did YAP from control cells.
The YAP-binding-deficient R103A MT mutant showed an even
greater effect (Fig. 4A). Reduced electrophoretic mobility of YAP
results from phosphorylation (61). To confirm this, YAP immu-
noprecipitates were treated with a combination of calf intestinal
and lambda phosphatases (Fig. 4B). The patterns for the control,
wild-type MT, and R103A MT were essentially identical after
phosphatase treatment. Migration became more rapid in each
case, and three distinct bands were resolved. While it is possible
that the remaining heterogeneity results from some other modi-
fication besides phosphorylation, it is more likely that we are re-
solving YAP variants such as YAP1 and -2 or other spliced variants
(78). The conclusion from data from these two experiments is that
wild-type MT promotes the phosphorylation of YAP. When PP2A
is inhibited with okadaic acid, YAP mobility is shifted up in wild-
type MT cells (not shown), again suggesting an increase in YAP
phosphorylation. Because R103A MT has an even greater effect on
mobility than the wild type, it appears that MT signaling rather
than MT binding is responsible for phosphorylation.

YAP phosphorylation is known to be quite complex. LATS
phosphorylates YAP at S61, S109, S127, S164, and S381/397
(YAP2/YAP1) (31). In addition, cyclin-dependent kinase 1
(CDK1) (99), Jnk/p38 (100), and protein kinase C zeta (PKC-
zeta) (101) have all been reported to phosphorylate YAP. Phos-
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phospecific antibodies permitted the interrogation of some spe-
cific sites on YAP. Both S127 and S397 showed increased
phosphorylation in wild-type MT cells. A much greater increase in
YAP phosphorylation was observed in R103A MT cells (Fig. 4C),
even though the total amount of YAP was reduced by degradation
(see below). This finding emphasizes that MT signaling rather
than its binding to YAP is driving phosphorylation. Two argu-
ments suggest that signaling is mediated by Src. The inhibitor
SU6656 inhibits Src family kinases (79). Cells were treated with
SU6656 for the last 16 h of the 24-h doxycycline induction. This
treatment reduced the level of S397 phosphorylation (Fig. 4D).
Second, mutation of MT at T203 to E abrogates Src binding (80).
As shown in Fig. 4E, the T203E mutant fails to increase the specific
activity of YAP phosphorylation at position 397, even when ex-
pressed at a somewhat higher level than the wild type.

Why does wild-type MT have a smaller effect than the RI03A
MT mutant? As shown in Fig. 4F, MT, by its binding, promotes the
formation of a complex of YAP and PP2A. The result of this is that
the ratio of more rapidly migrating, underphosphorylated YAP to
the more slowly migrating, more phosphorylated upper band is
higher for MT-bound YAP (Fig. 4G). In other words, YAP bound
to wild-type MT is underphosphorylated compared to unbound
YAP. R103A MT would not have the ability to bring together YAP
and PP2A to cause dephosphorylation.

MT binding stabilizes YAP. Phosphorylation of YAP on S397
has been shown to promote the degradation of YAP. Western
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FIG 2 Role of YAP in MT transformation. (A) MT-103A is defective in transformation. Rat-1 cells stably expressing MT were subjected to colony formation in
soft agar. NIH 3T3 or NMuMG cells were induced to express EGFP or the MT protein by exposure to doxycycline for 24 h and subjected to colony formation in
soft agar. *, P < 0.05; **, P < 0.01, ***, P < 0.001 (significance versus wild-type [WT] MT). (B) Knockdown of YAP or TAZ inhibits wild-type MT
transformation. NIH 3T3 cells stably expressing doxycycline-inducible wild-type MT were infected with YAP shRNA, TAZ shRNA, or control shRNA and
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#**, P <0.001 compared to control shRNA per analysis of variance. (Right) Control Western blotting after SDS-PAGE shows MT, YAP, TAZ, and p85 levels. p85

served as a loading control.

blotting of endogenous YAP showed that NIH 3T3, NMuMG, or
Rat-1 cells expressing the R103A MT mutant always had less YAP
than did cells expressing wild-type MT. This effect was especially pro-
nounced in NIH 3T3 cells (Fig. 5A). The mechanism of YAP down-
regulation by R103A MT was investigated. Total RNA was extracted
from NIH 3T3 cells induced to express the M T protein by exposure to
doxycycline for 24 h and subjected to reverse transcription and real-
time quantitative PCR. The levels of YAP mRNA in cells expressing
EGEFP, wild-type MT, and R103A MT were similar, suggesting that
103A does not affect YAP transcription (Fig. 5B). To assess whether
R103A MT downregulates YAP stability, NIH 3T3 cells induced to
express MT by exposure to doxycycline for 24 h were exposed to the
protein synthesis inhibitor cycloheximide (Fig. 5C). In the absence of
cycloheximide, YAP protein levels were reduced 1.4-fold in wild-type
MT-expressing cells compared to the control and were reduced a
further 2.25-fold in cells expressing R103A MT compared to wild-
type MT. Exposure to cycloheximide for 24 h dramatically increased
that difference: YAP protein levels in cells expressing R103A M T were
reduced 60-fold compared to those in cells expressing wild-type MT.
This reflects a loss of YAP stability in cells expressing R103A MT.
Interestingly the loss of YAP in wild-type MT cells was only slightly
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greater than that in controls. Since phosphorylation of YAP S397 is
associated with proteasome-dependent degradation, the effect of the
pharmacological proteasome inhibitor bortezomib was examined.
Bortezomib treatment increased the levels of both total YAP and S397
YAP phosphorylation in cells expressing R103A MT (Fig. 5D). This
suggests that M T signaling drives phosphorylation at $397 and sub-
sequent proteasomal degradation. The above-described Src inhibi-
tion experiment (Fig. 4D) also confirms a role for M T signaling. In-
hibition of Src and, hence, the MT pathways downstream of Src
increased the amount of YAP in cells expressing R103A MT com-
pared to cells not treated with an inhibitor. Inhibition of the protea-
some or inhibition of Src signaling had a much smaller effect on YAP
levels in wild-type MT cells than in R103A mutant cells. Taken to-
gether, these results suggest that MT signaling caused by R103A pro-
motes YAP turnover, but binding of YAP by wild-type MT stabilizes
it. This is consistent with the idea that MT signaling causes YAP phos-
phorylation and destabilization while YAP bound by MT is dephos-
phorylated and stabilized.

MT promotes loss of YAP from the nucleus and enrichment
in membranes. Immunofluorescence in control Rat-1 cells
showed that YAP was found almost exclusively in the nucleus
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detect PP2A, Src, Shc, p85, MT, and actin. Actin served as a loading control. (B) MT-103A is wild type for the activation of Ras and PI3K/Akt signaling. NIH 3T3
cells were exposed to doxycycline for 24 h to induce the expression of EGFP or MT, and serum was withdrawn for the last 16 h of induction. After SDS-PAGE,
Western blotting was conducted to detect the phosphorylation of Akt $473, MEK 298, Erk1/2 T202/Y204, and p38 T180/Y182 as well as total MT and p85. p85
served as a loading control. (C) Knockdown of YAP or TAZ preserves wild-type MT signaling through Ras and PI3K/Akt. NIH 3T3 cells stably expressing
doxycycline-inducible wild-type MT and either control shRNA, YAP shRNA, or TAZ shRNA were induced to express the MT protein by exposure to doxycycline
for 24 h, and serum was withdrawn for the last 16 h of induction. After SDS-PAGE, Western blotting was conducted to detect the phosphorylation of Akt S473,
Shc Y317, Erk1/2 T202/Y204, and p38 T180/Y182 as well as total YAP, TAZ, MT, p85, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). p85 and
GAPDH served as loading controls.

(Fig. 6A). In contrast, Rat-1 cells expressing the MT protein
showed a substantial amount of YAP in the cytoplasm. This cyto-
plasmic localization of YAP appeared to result from MT signaling,
since Rat-1 cells expressing the R1I03A MT mutant, in which the
YAP-binding defect is observed (Fig. 6B), also showed cytoplas-
mic YAP. Subcellular fractionation of NIH 3T3 cells, previously
induced to express EGFP or MT by exposure to doxycycline for 24
h, followed by Western blotting for YAP confirmed the results of
the immunofluorescence analysis. Both wild-type MT and R103A
MT promoted a significant loss of YAP from the nuclear compart-
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ment (Fig. 6C). The decrease in the fraction of nuclear YAP seen
upon MT expression is opposite of what was observed previously
for ST (61). Notably, this relocalization seems to depend on MT
signaling rather than upon MT binding of YAP, since RI03A MT
caused a relocalization similar to that caused by wild-type MT.
The finding that MT promotes YAP nuclear exit (Fig. 6A and
C) led us to hypothesize that MT may relocalize YAP to the plasma
membrane, where MT itself resides (81, 82). We fractionated cells
in hypotonic buffer to isolate membranes and conducted Western
blotting after extended SDS-PAGE to determine whether multiple
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consequence of MT signaling. NIH 3T3 cells were induced to express EGFP or MT by exposure to doxycycline for 24 h, and the Src inhibitor SU6656 was added
for the last 16 h of induction. After SDS-PAGE, Western blotting was conducted to detect YAP phosphorylation at S397 as well as total YAP, MT, and p85 (a
loading control). The bar graph represents quantification of Western blot data and shows the averages of data from two independent experiments. **, P < 0.01
versus MT-103A with SU6656 or the wild type without SU6656. (E) NIH 3T3 cells were prepared to express the T203E MT (Src-minus) mutant that is defective
in binding Src and inducible by doxycycline. Extracts of these cells were compared to those of cells expressing wild-type MT for YAP $397 phosphorylation, total
YAP, and MT by Western blotting. (F) Wild-type MT increases the association of YAP with PP2A. 293T cells were transiently transfected with vectors encoding
MT and/or FLAG-YAP. After ~40 h, YAP was immunoprecipitated with antibodies to the tag. After SDS-PAGE, Western blotting was carried out to detect YAP,
PP2A, and MT. (G) MT-bound YAP is phosphorylated differently than unbound YAP in cells expressing wild-type MT. NIH 3T3 cells were induced to express
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3T3 cells were induced to express EGFP or MT by exposure to doxycycline for 48 h, and the last 24 h of induction took place in the presence of the protein synthesis
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YAP bands could be resolved. The results showed that wild-type
MT, but not EGFP or the R103A MT mutant, enriched YAP in
membranes but not the cytoplasm or whole-cell extract (Fig. 7A).
To look more closely at cells expressing the 103A mutant, bort-
ezomib was used to stabilize YAP. In Fig. 7B, it is obvious that
there was a much higher fraction of YAP in membranes from
wild-type cells than in those from 103A cells. Furthermore,
lengthy electrophoresis showed that membrane-localized YAP
from wild-type MT cells was dephosphorylated compared to the
small amount of YAP in membranes from 103A mutant cells. YAP
in the cytoplasmic fraction of MT cells showed lower mobility,
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indicating increased phosphorylation, than did YAP in the mem-
branes of MT-expressing cells (Fig. 7C). Furthermore, the shift in
the membrane fraction was the same shift seen for YAP in com-
plexes with MT brought down by immunoprecipitation (Fig. 4G).

DISCUSSION

The most important message from this work is that MT has a dual
effect on YAP that is important for transformation (Fig. 8). MT
signaling through pathways activated by Src leads to YAP phos-
phorylation that reduces the levels of YAP in the nucleus and
increases YAP turnover. MT binding to YAP leads to its dephos-
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breakdown and make YAP in R103A MT cells easier to see. Cellular fraction-
ation, SDS-PAGE, and Western blotting were conducted to detect YAP, poly-
(ADP-ribose) polymerase (PARP), and p85 levels. PARP served as a loading
and nuclear control. p85 served as a loading and nonnuclear control.

phorylation and localization in membranes. It is highly probable
that YAP is important for viral replication as well. AP-1 interac-
tions with the polyomavirus enhancer are known to be important
for replication (83). YAP and TEAD were recently shown to act at
AP-1 enhancers to drive growth (84).

Originally detected by mass spectrometry, the interaction be-
tween YAP and MT has been validated by immunoprecipitation
and genetic analyses identifying specific binding sites on each
partner. The binding site on MT is the same as the one that we
previously characterized for ST (61). This is expected since ST has
only 4 amino acids not found in MT. TAZ, a close relative of YAP,
was identified previously as a partner for all three T antigens using
amino acid residues 2 to 4 (62). Mutations that affect YAP binding
also block TAZ binding to MT. MT binds to YAP and TAZ
through their WW domains, particularly WW1. The YAP WW
domains bind PPXY-containing targets. MT and ST have no
PPXY sequence, so they must use a different binding mechanism.

Since knockdown of YAP blocks MT transformation, YAP
must contribute to transformation in a positive way. This is coun-
ter to the traditional idea that Hippo targeting of YAP is associated
with growth suppression. Nonetheless, our results are consistent
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with recently reported results showing that MT breast tumorigen-
esis is reduced in YAP knockout mice (85). How this happens is
not yet clear. Given that activated Ras or activated PI3K can trans-
form cells, the general feeling has been that the activation of these
two pathways by MT is key for transformation and tumorigenesis.
Here we show that downregulation of YAP protein levels, either as
a consequence of disrupting YAP binding or by introducing YAP
shRNAs, is sufficient to inhibit anchorage-independent growth in

Signaling

FIG 8 Dual effects of MT on YAP. MT signaling drives phosphorylation of
YAP, promoting nuclear exit and turnover. MT binding of YAP promotes the
dephosphorylation of YAP by PP2A and localization in membranes.
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soft agar despite fully active RAS and PI3K signaling. Certainly
interactions of the WW domains of YAP with PPXY motifs could
be perturbed by MT binding. These interactions might include
targets such as angiomotin (86), involved in cell motility; patched
protein homolog 1 (PTCH1), a protein from the Sonic Hedgehog
pathway (87); and SMAD1 (88, 89) in the BMP signaling pathway.
In the case of SMADI1, phosphorylation by CDK8/9 acts as a
switch necessary for the WW interaction, and phosphorylation by
glycogen synthase kinase 3 (GSK3) switches it off (89). It is easy to
speculate that MT, by bringing PP2A to YAP, alters the operation
of these kinds of phosphoswitches.

From our work here and those of others (62, 63), TAZ, which is
also a Hippo effector, seems to be required for MT transformation
as well. Although a formal possibility, we believe that it is unlikely
that YAP and TAZ have identical roles and that knockdown of
either one results in a kind of haploinsufficiency. More likely,
specific functions unique to YAP and TAZ would explain why
both proteins are needed for MT transformation. YAP was iden-
tified by its association with the tyrosine kinase Yes through its
SH3-binding and proline-rich domains (90). TAZ lacks these el-
ements and thus does not bind Yes. YAP, but not TAZ, binds to
heterogeneous ribonuclear protein U (91). TAZ, but not YAP, is
localized to nuclear foci (57). Interactions of PDZ domains of YAP
and TAZ are also different (57). Not surprisingly, there are notable
differences in the YAP and TAZ protein interactomes (92). The
relevant targets will have to be identified in future experiments.

The effects of MT on YAP are pleiotropic. Clearly, some effects
are caused by MT’s activation of signaling pathways. MT signaling
results in an alteration of phosphorylation. The specific activity of
phosphorylation at S127 and S397 is increased. Intriguingly, the
opposite effects are observed for these sites when ST is expressed
(61). The reason for this difference is clear. MT signaling via Src is
needed to increase phosphorylation at S397. This results in YAP
destabilization. MT signaling via Src also increases YAP phos-
phorylation at S127, which promotes the cytoplasmic localization
of YAP. ST, of course, does not activate Src. ST brings PP2A to
YAP. This results in the dephosphorylation of YAP at both sites,
leading to nuclear localization and stabilization. However, MT
also brings PP2A to the fraction of YAP that it binds. The YAP
associated with MT is also relatively dephosphorylated. Thus, the
overall effect of MT expression on YAP phosphorylation may well
depend on the level of expression of MT in a given cell type and the
fraction bound. Quantitative sequencing of YAP phosphoryla-
tions will tell us how the many YAP phosphorylations may be
targeted by PP2A associated with MT.

MT reduces the levels of YAP in the nucleus. This is caused by
MT signaling, because it is not affected by the R103A mutation.
Such a change in localization might be expected to decrease the
expression levels of genes for which YAP acts as a transcriptional
coactivator. Transcriptome sequencing (RNA-seq) experiments
could shed light on these possibilities. We know from real-time
PCR measurements that RNA levels of AnkyrdD1, a known target
of TEAD, are reduced in MT cells (data not shown). Again, this
decrease does not depend on the binding of YAP by MT. Interest-
ingly, the reduction in the amount of nuclear YAP and the increase
in the amount cytoplasmic YAP also do not depend on binding to
MT. The known cytoplasmic functions of YAP are tumor suppres-
sive: YAP can bind to the beta-catenin destruction complex
and/or DVL2 to restrict beta-catenin and/or DVL2 nuclear local-
ization and Wnt-dependent transcription (93, 94). Similarly,
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binding of YAP to angiomotin sequesters YAP in the cytoplasm
and is associated with decreased lung cancer progression (95).

The binding of YAP to MT brings it to membranes (Fig. 7A),
suggesting that this translocation might be important for the MT-
transforming phenotype. This meeting of MT and YAP at the
membrane could have a number of important outcomes. MT
binding would bring YAP into contact with some or all of the
other MT-binding partners. The dephosphorylation that is ob-
served in the MT complexes almost certainly comes from PP2A,
since PP2A inhibition by okadaic acid shifts the YAP phosphory-
lation state. MT associates with the Yes tyrosine kinase (96), which
was the basis for the original discovery of YAP (90). A recent
reportidentified the gp130 interleukin-6 (IL-6) receptor/Src path-
way as being important for inducing proliferation and aberrant
differentiation in epithelial cells (97). The membrane-associated
Crumbs family of proteins involved in cell polarity uses YAP to
control differentiation (98). Working at the membrane, MT could
inhibit or enhance such processes. Future effort will be needed to
explore how MT directs YAP function either by direct binding or
by signaling.
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