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Abstract

The Hippo and mTOR signaling cascades are major regulators of cell growth and division. Aberrant regulation of these pathways has
been demonstrated to contribute to gliomagenesis and result in enhanced glioblastoma proliferation and invasive characteristics.
Several crosstalk mechanisms have been described between these two pathways, although a complete picture of these signaling
interactions is lacking and is required for effective therapeutic targeting. Here we report the ability of mTORC2 to directly
phosphorylate YAP at serine 436 (Ser**) positively regulating YAP activity. We show that mTORC2 activity enhances YAP
transcriptional activity and the induction of YAP-dependent target gene expression while its ablation via genetic or pharmacological
means has the opposite affects on YAP function. mTORC2 interacts with YAP via Sinl and mutational analysis of serine 436
demonstrates that this phosphorylation event affects several properties of YAP leading to enhanced transactivation potential. Moreover,
YAP serine 436 mutants display altered glioblastoma growth, migratory capacity and invasiveness both iz vitro and in xenograft
experiments. We further demonstrate that mTORC?2 is able to regulate a Hippo pathway resistant allele of YAP suggesting that
mTORC2 can regulate YAP independent of Hippo signaling. Correlative associations between the expression of these components
in GBM patient samples also supported the presence of this signaling relationship. These results advance a direct mTORC2/YAP
signaling axis driving GBM growth, motility and invasiveness.
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Introduction

Glioblastomas are the most prevalent and deadly of nervous system
tumors [1]. Current treatment of surgery, radiation and chemotherapy

* Corresponding Author.
E-mail address: jgera@mednet.ucla.edu (J. Gera).
* 3% Funding: This work was supported, in whole or in part, by VA MERIT 101BX002665
and NTH R01CA217820 grants.
## o3t Conflict of interest: The authors declare no competing financial interests
Received 11 May 2021; received in revised form 8 July 2021; accepted 12 July 2021

Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
https://doi.org/10.1016/j.ne0.2021.07.005

typically results in tumor resistance and patients succumb within ~ 12 months
[2]. Several groups have now demonstrated overexpression of the mTORC2
defining component, Rictor, in several cancers leading to increased nucleation
of mTORC2 and its hyperactivity in GBM [3-7]. Elevated mTORC2
activity has been demonstrated to promote GBM proliferation, migration
and invasive cell characteristics [7].

The mechanistic target of rapamycin (mTOR) protein kinase exists in
at least two functionally distinct complexes, m”TORC1 and mTORC2, and
integrates signal transduction cascades coordinating cell growth, nutrient
status, autophagy and protein synthesis [8]. The mTORCI1 and mTORC2
kinases both contain mTOR, mLST8 (GBL), Deptor and Ttil/Tel2 however,
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mTORCI1 specifically contains Raptor and PRAS40, while mTORC2
contains Rictor, mSinl and Protor [9]. The regulatory inputs governing
mTORCI activity have been extensively studied, however the mechanisms
regulating mTORC2 activity are still unclear. mTORC2 activity is known to
be regulated by PI3K signaling and growth factor receptor engagement [10].
Ribosomal association has also been shown to activate mTORC2 [11,12].
mTORC2 has been demonstrated to activate several downstream effectors,
however its best characterized substrate is the phosphorylation of serine 473
of AKT within the hydrophobic turn motif leading to full activation of AKT
[13]. A constitutively active variant of the epidermal growth factor receptor,
EGFRUVIII has been demonstrated to activate mTORC?2 in addition to PTEN
loss in GBM [14]. In an EGFR-PI3K driven Drosophila glial tumor system,
mTORC2 activity was demonstrated to be required for tumor formation, and
Rictor overexpression has been shown to be sufficient to induce gliomagenesis
in transgenic mice [4, 15].

In concert with the mTOR pathway, the Hippo signaling cascade has
emerged as a critical signaling pathway regulating cell growth, survival
and conferring oncogenic properties, in addition to contributing to GBM
proliferation, motility and invasiveness [16-18]. Following Hippo kinase
activation (MST1/2 in mammals), the protein kinase complex LATS1/2-
Mob1 phosphorylates several serine residues within the HXRXXS motif of
YAP and when Ser'? is phosphorylated, YAP binds 14-3-3 proteins and is
sequestered in the cytoplasm and subsequently degraded by the proteosome
[19]. The angiomotin family members (AMOT, AMOTLI and AMOTL2)
also promote YAP inactivation by regulating YAP localization to the cytosol
via their interactions with the actin cytoskeleton and YAD, leading to YAP
phosphorylation by the Hippo cascade [20,21]. In the absence of Hippo or
angiomotin negative regulation, YAP accumulates in the nucleus where it
interacts mainly with the TEAD family of transcription factors to stimulate
the expression of genes involved in growth, survival, mobility and invasion
[22].

Significant evidence suggests crosstalk mechanisms exist between the
mTOR and Hippo signaling cascades [23]. YAP has been demonstrated
to regulate the mTOR pathway via effects on miR-29 expression [24].
Activation of YAP induced the transcription of miR-29 resulting in the
inhibition of translation of PTEN, a critical negative regulator of PI3K.
The blockade of PTEN by YAP activates PI3K signaling and leads to
enhanced activity of mTORCI1 and mTORC2. Additionally, G protein
coupled receptors have been demonstrated to inhibit the Hippo pathway
and activate YAP [25]. Thrombin, a ligand for the G-protein coupled
receptor PAR1, activated YAP1 and inhibited PTEN expression [26]. In the
context of TSC1 (hamartin) loss, mTOR has been shown to regulate YAP
turnover in an ATG7-dependent manner. mTORC2 has also been shown to
phosphorylate AMOTL2 at serine 760 resulting in the inability of AMOTL2
to bind and repress YAP leading to enhanced expression of YAP target genes
[27].

In this report we present evidence that mTORC2 is able to directly
phosphorylate serine 436 on YAP resulting in the enhancement of YAP
activity. We demonstrate that modulation of mMTORC2 activity coordinately
regulates YAP transcriptional activity and YAP-dependent target gene
expression. mTORC2 interacts with YAP via SIN1 and mutational analysis
of serine 436 demonstrates that this phosphorylation event affects YAP
stability, nuclear localization and TEAD association leading to enhanced
transactivation. Moreover, cells expressing YAP serine 436 mutants display
altered glioblastoma growth, migratory capacity and invasiveness both in
vitro and in murine xenograft experiments. We further demonstrate that
mTORC2 maintains its ability to regulate a Hippo pathway resistant
allele of YAP suggesting that mTORC2 can regulate YAP independent of
Hippo signaling. Correlative associations between the expression of these
components in patient samples support the presence of this signaling cascade

in GBM.

Materials and methods

Cell lines, GBM samples, Transfections and viral transductions

All GBM cell lines were obtained from ATCC except U87/EGFR
and U87/EGFRVIII, which were kindly provided by Dr. Paul Mischel
(Department of Pathology, Stanford University). The PDX lines GBM6
and GBM43 were kindly provided by Dr. Jann Sarkaria (PDX National
Resource, Translational Neuro-Oncology, Mayo Clinic). Parental and
Sin1 ™~ null MEFs were kindly provided by Dr. Bing Su (Department
of Immunology and Microbiology, Shanghai Institute of Immunology).
The LN229, T98G, and U87 GBM lines stably expressing either non-
targeting control or Rictor targeting shRINAs have been previously described
[7]. Lines were routinely tested to confirm the absence of mycoplasma
and authenticated by STR profiling (ATCC). Flash-frozen normal brain
and glioblastoma samples were obtained from the Cooperative Human
Tissue Network under an approved Institutional Review Board protocol
and informed consent obtained from each individual. Each sample was
histopathologically reviewed and those containing greater than 95% tumor
were utilized. Samples were homogenized in RIPA buffer using a Polytron
homogenizer (Thomas Scientific, Swedesboro, NJ) followed by sonication
to generate extracts for protein and RNA analysis. DNA transfections
were performed using Effectene transfection reagent according to the
manufacturer (Qiagen, Germantown, MD). For siRNA knockdowns, U87,
GBMG6 or GBM43 cells were transfected with 10 nmol/L siRNA pools
targeting Rictor, Sinl or a non-targeting scrambled control sequence. ON-
TARGETplus siRNAs were obtained from Horizon Discovery Biosciences
and transfected using Lipofectamine RNAimax (ThermoFisher Scientific).
Lentiviral shRNA production and infection was performed as described

(7].

Constructs and redgents

The YAP-5SA construct was obtained from Dr. Kun-Liang Guan
(Department of Pharmacology, UCSD). The myc-tagged Rictor construct
in pRK5 was obtained from Dr. David Sabatini (Whitehead Institute, MIT)
and the EGFRVIII construct in pPCMV6 was subcloned from PT3.5/CMV-
EGFRVIII obtained from Dr. John Ohlfest (Department of Pediatrics,
University of Minnesota). The Sin1A193-522 construct was generated
by subcloning the appropriate sequences from pcDNA-mSinl1(1.1)-HA
obtained from Drs. Jie Chen and Taekjip Ha (University of Illinois at
Urbana-Champaign) into pPCMV6. The YAP-TEAD activity reporter HOP-
flash and mutant TEAD binding site version was a gift from Dr. Barry
Gumbiner (University of Virginia Health Sciences Center). Human YAP1,
YAP-5SA or AKT1 were cloned into pT7-FLAG-1 for bacterial expression
and purification of recombinant proteins. Mutagenesis was performed
using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit
(Agilent Technologies) with the appropriate mutagenic primers to generate
recombinant YAP1 $436 mutant alleles. The Flag-tagged native YAP1 and
mutant alleles were subsequently subcloned into pCMV6 for mammalian
expression. A TRC pLKO.1 library construct expressing shRNA-targeting
the YAP1 3’ UTR (TRC designation TRCN0000107265) or non-targeting
controls were also from Horizon Discovery Biosciences. DNA constructs
composed of portions of SIN1 and YAP1 were generated by PCR and
individually subcloned into the yeast two-hybrid plasmids pGB12 and
pACT?2, respectively. Yeast two-hybrid screening was performed using
standard procedures [28]. Liquid B-gal assays were performed as previously
described [7]. JR-AB2-011 was synthesized by Dr. Michael Van Zandt
(New England Discovery Partners, Branford, CT). MK-2206 was from
Selleckchem (Houston, TX). All other reagents were from Sigma-Aldrich.
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Quantitative real time PCR

For quantitative RT-PCR, extraction of RNA was performed using Trizol
(ThermoFisher Scientific). Total RNA was then quantified and integrity
assessed using an Agilent 2100 Bioanalyzer (Agilent Technology). Total RNA
was reverse transcribed with random primers using the RETROscript™
kit from Invitrogen. SYBR Green quantitative PCR (MilliporeSigma) was
performed in triplicate in 96-well optical plates on an ABI Prism 7000
Sequence Detection System (ThermoFisher Scientific) according to the
manufacturer’s instructions. Primer sequences for CTGF and Cyr61 are
available upon request.

Protein analysis, co-immunaoprecipitations, in vitro kinase assays and

YAP-TEAD reporter activity

Western blotting and Rictor-mTOR  co-immunoprecipitations were
performed as previously described [7] utilizing 0.3% CHAPS-buffer
to maintain mTORC2 complex integrity during lysis in the course of
immunoprecipitation. These precipitates were subsequently utilized in
in vitro kinase assays as described [7]. Mnkl and Raptor-mTOR were
immunoprecipitated for kinase assays as previously described [29,30].
Antibodies to the following proteins were used: phospho-S*3-AKT (#9271,
CST), phospho-5127-YAP (#ab76252, Abcam), AKT (#9272, CST),
Rictor (#A300-459A, Bethyl Laboratories), Raptor (A300-553A, Bethyl
Laboratories), actin (#ab3280, Abcam), YAP1 (#12395S, CST), a-Flag
(#TA50011, Origene), TEAD1 (#12292S, CST), TEAD2 (#ab92279,
Abcam), TEAD3 (#13224S, CST), TEAD4 (#ab137833, Abcam), SMAD1
(#9743S, CST), p73 (#14620S, CST), FOS (#4384S, CST), TBX5
(#ab137833, Abcam), Mnkl (#sc-133107, Santa Cruz Biotechnology),
CTGF (#HPA031075, Sigma), Cyr61 (#NB100-356SS, Novus), Hsp90
(#SMC149B, StressMarq Biosciences), Lamin B2 (#12255S, CST) and
(#07-2276, MilliporeSigma).  Anti-phospho- (Ser*¥%)-hYAP1
antibody was generated in rabbits immunized with the phosphorylated
peptide NQSTLP-pSQQNREF (where pS represents phosphoserine) and
subsequently affinity purified. YAP-TEAD reporter activity was determined
as previously described [31]. The HOP-flash (CTGF-luc) reporter contains
multiple copies of wr TEAD-binding sites with a minimal CTGF promoter
upstream of a luciferase reporter gene. The HIP-flash negative control
reporter contains mutated TEAD binding sites (CTGF ATB-luc). Luciferase
activity was measured via a luciferase assay system (Promega).

mSinl

Cellular fractionation and immunofluorescence

Nuclear-cytoplasmic fractionation was performed according to Dignam
et al. [32]. Briefly, all buffers used were kept on ice and centrifugations were
done at 4°C with soft braking. After a single wash with PBS, cells were
scraped with PBS (containing 1 mM DTT and 1 X protease inhibitor)
and harvested by centrifugation at 1000 x ¢ for 15 min. The cell pellet
was gently resuspended with 5 times the volume of pellet with buffer A
(10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT,
and 1 x protease inhibitor) and incubated on ice for 15 min, followed by
homogenization (Wheaton). Cell lysis was monitored by trypan blue staining.
The cell lysate was spun at 1000 x g for 5 min to collect the pellet as
the nuclear fraction and the supernatant as the cytoplasmic fraction. For
immunofluorescence staining, cells were grown on coverslips and were fixed
with 4% paraformaldehyde in PBS for 15 min at room temperature (or
overnight at 4°C) and washed three times for 5 min in 100 mM glycine
containing PBS, followed by permeabilization with 0.1% Triton X-100 in
PBS for 10 min. After blocking with 3% nonfat dry milk in PBS for 1 h, cells
were incubated with primary antibody diluted in 1% BSA/PBS overnight at
4°C. After washing with PBS, cells were incubated with Alexa Fluor 488—
or 594—conjugated secondary antibodies (Invitrogen) for 1 h and washed

with PBS. Cell nuclei were counterstained and mounted with a mounting
medium with DAPI (Vectashield; Vector Laboratories). Immunofluorescence
images were collected at room temperature on a Zeiss Axio Imager M2
microscope coupled to a cooled digital CCD camera (ORCA-R? C10600-
10B-H; Hamamatsu Photonics).

Clonogenic, cell proliferation and migration assays

Clonogenic assays were done by plating a total of 1,000 cells per well
in 24-well plates in a total volume of 400 pL using a 2-layered soft agar
system as previously described [7]. Viable cell numbers were determined via
manual counting of cells stained with trypan blue. Cell migration assays were
performed using modified Boyden chambers (MilliporeSigma) as previously
described [7]. For invasion assays through Matrigel, 2 x 104 cells were
placed into the top well of Boyden chambers containing growth factor-
reduced Matrigel extracellular basement membrane over a polyethylene
terephthalate membrane (8-mm pores; ThermoFisher Scientific). Following
24 h culture, Matrigel was removed and invaded cells were stained, solubilized
and absorbance determined at 590 nm.

Xenograft studies

All animal experiments were performed under an approved Institutional
Animal Care and Use Committee protocol. Xenografts of the LN229 YAP1
knockdown cell lines expressing wt YAP, the nonphosphorylatable S436A
YAP1 or phosphomimetic S436E YAP1 alleles were injected s.c. into the
flanks of 4 to 6 week old female C.B.-17-scid (Taconic) mice as previously
described [33]. Sample sizes were chosen based on similar well-characterized
experiments to ensure adequate power to detect a pre-specified effect size.
Mice were randomly assigned to groups and the investigator blinded to
assignments until final tumor analyses. Tumors were measured every 3 to 4
days and tumor volumes calculated using the formula length x width x height
x0.5236. Tumors were harvested at autopsy, weighed and mRNA isolated for
expression analyses.

Statistical analysis

Statistical analyses were performed using unpaired Students # tests
and one-way ANOVA with Tukey’s post hoc test using Systat 13 (Systat
Software, Chicago, IL). P values of less then 0.05 were considered
significant. Significance in group comparisons was determined using a one-
way analysis of variance and data generated showed normal distribution with
similar variances, and analysis was completed assuming equal variances. To
assess correlations of molecular markers in glioblastomas Spearman’s rank
correlation was used.

Results

mTORC2 activation enbances YAP transcriptional activity and target
gene expression

While YAP appears to be activated in many cancers, including
glioblastoma, the mechanisms by which this can occur are unclear. Our
previous studies [27], as well as the work of others [34], have suggested
YAP may be a direct effector of mTORC2. To begin to investigate whether
this may be the case, we examined YAP activity following stimulation of
mTORC?2 activity via co-transfection of a constitutively active EGFRvIII
allele or a Rictor construct in conjunction with a YAP-TEAD transcriptional
reporter construct. We included a dominant negative Sinl mutant which has
been demonstrated to significantly inhibit mTORC2 activity as a negative
control [35]. As shown in figure 1A both EGFRVIII and Rictor were able to
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Fig. 1. mTORC2 promotes YAP activity and target gene expression in glioblastoma and PDX lines. (A) LN229, GBM6 and GBM43 cells were transiently
transfected with the indicated constructs and YAP-TEAD luciferase reporter vector and following a 48 h incubation, reporter activity was assessed. Mean + S.D.
are shown » = 3.* P < 0.05. (B) YAP-TEAD transcriptional activity was determined in the indicated GBM lines following transient transfection with either
control or a Rictor expressing vector. Mean & S.D. are shown, # = 3. * P < 0.05; ** P < 0.01. Scatter plots show mean £ S.D., where each dot is an
independent experiment in which Rictor transfected cells were converted to fold increase over control cells indicated by the dotted line. (C) LN229 cells
were transiently transfected with the YAP-TEAD luciferase reporter and subsequently treated with insulin (100 nM, 4 h) or AICAR (2.5 pM, 6 h) and
reporter activity determined. Mean 4 S.D. are shown, # = 3. * P < 0.05. (D) Parental U87, U87 cells stably overexpressing native EGFR, and U87 cells
stably overexpressing the constitutively active EGFRVIII variant [14], were transiently transfected with the YAP-TEAD luciferase reporter vector and reporter
activity determined. Mean + S.D. are shown, » = 3. * P < 0.05. (E) YAP-TEAD luciferase reporter activity of U87 cells after 24 h of treatment with
glucose deprivation (- glucose), combined with an add-back of glucose (4 glucose, 4.5 g/L) for the indicated time periods. Previous studies have demonstrated
heightened mTORC2 activity following 2 h of glucose addition [37]. Mean + S.D. are shown, = 3. * P < 0.05. (F) As in (E), however with the addition of
acetate at the indicated concentrations for 12 h. Concentrations of acetate higher then 5 mM have previously demonstrated marked stimulation of mMTORC2
activity [37]. Mean + S.D. are shown, » = 3. * P < 0.05.
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increase YAP transcriptional activity in LN229 GBM cells and 2 PDX lines
GBM6 and GBM43. The nonphosphorylatable mutant YAP5SA, which
is not subject to Hippo pathway negative regulation, markedly stimulated
YAP-TEAD reporter activity as expected. Moreover, overexpression of Rictor
which has been demonstrated to increase mTORC2 activity [7], promoted
YAP transcriptional activity in all GBM lines tested (Fig. 1B). Both insulin
and the AMP kinase activator AICAR are known to stimulate mTORC2
activity [12,36], and treatment of LN229 cells with either significantly
induced p-S*7-AKT expression (Supplemental Fig. S1A). Insulin and
AICAR treatment also stimulated YAP-dependent reporter activity (Fig. 1C).
In U87 cells stably transduced with either native EGFR or the constitutively
active EGFRVIII allele, mTORC?2 activity was increased (Supplemental Fig.
S1B) as was YAP-TEAD transcriptional activity (Fig. 1D). Glucose or acetate
has been demonstrated to promote mTORC2 signaling via acetyl-CoA
production [37] (Supplemental Figs. S1 C&D) and we determined whether
treatment of cells with either had affects on YAP-dependent transactivation.
As shown in figures 1 E&E exposure of U87 cells to glucose or acetate
stimulated YAP-dependent reporter activity. These results demonstrate that
elevated mTORC2 activity enhances YAP transcriptional activity in GBM
cells.

Ablation of mTORC2 attenuates YAP transcriptional activity and
target gene expression

We subsequently determined whether inhibition of mTORC2 activity
would affect YAP transcriptional activity and target gene expression. We
examined LN229, T98G and U87 GBM cells in which Rictor expression had
been stably inhibited via shRNA-mediated knockdown. These lines had been
previously demonstrated to harbor markedly reduced mTORC2 activity [7].
As shown in figure 2A inhibition of Rictor expression resulted in a significant
inhibition of YAP transcriptional activity compared to cells expressing a
non-targeting control shRNA. We also determined the affects of Rictor
knockdown in the PDX lines GBM6 and GBM43 on YAP transcriptional
activity. Rictor siRNA-mediated knockdown in these lines resulted in nearly
undetectable levels of p-S¥3-AKT (Supplemental Fig. S2A). Knockdown
of Rictor in the PDX lines also resulted in significant inhibition of YAP
transcriptional activity (Fig. 2B). Inhibition of Rictor expression furthermore
resulted in downregulation of the YAP target genes C7GF and Cyr6! in
both established GBM lines (Fig. 2C) and in the PDX lines GBM6 and
GBM43 (Fig. 2D). We tested the affects of pharmacological inhibition
of mTORC2 activity using the mTORC2 specific inhibitor JR-AB2-011
[38] and determined whether YAP transcriptional activity and target gene
expression was affected. As shown in figure 2E, treatment of a panel of GBM
lines with JR-AB2-011 resulted in significant inhibition of YAP reporter
activity as well as reductions in CTGF and Cyr61 expression relative to
control untreated cells (Figs. 2E&F). We also examined YAP transcriptional
activity and target gene expression in Sin1~~ null MEFs. As shown in
Supplemental figure S2B, Sin1~'~ null MEFs displayed a significantly lower
level of YAP reporter expression relative to wz MEFs and similarly expressed
reduced CTGF and Cyr61 mRNA levels. Taken together, these data show
that inhibition of mTORC2 results in marked reductions in YAP activity
and target gene expression in GBM cells.

mTORC2 targers YAPI via Sinl-dependent interaction and
phosphorylates serine 436

Our previous data have demonstrated that the angiomotin-like 2 protein
is negatively regulated via phosphorylation at serine 760 by mTORC2
[27]. This phosphorylation event renders AMOTL2 unable to bind to
YAP and represses its activity, leading to elevated nuclear associated YAP
and activation of YAP-target genes. Thus, increased mTORC2 activity via
effects on AMOTL2, coordinately regulates an increase in YAP function

to promote GBM proliferation, mobility and invasiveness. However, our
data also suggested that GBM cells harboring elevated mTORC2 activity
might have direct effects on YAP. To investigate this, we performed large-
scale yeast 2-hybrid screens using full-length human Sin1 as bait which was
screened against libraries prepared from U87EGFRVIII or insulin-stimulated
LN229 cells in which mTORC2 was hyperactive. We were able to identify
most of the known Sinl protein partners (Rictor, mTOR, PCBP2, SFN,
CDC42EP1, ATF2, MAP3K2, MAPKS, IFNAR2 and SGKI1) in these
screens [39] (Supplemental fig. S3A). In addition to the known SIN1
partners, we also identified novel Sinl interacting proteins. We identified
YAP1 and mapped the interacting domains of the two proteins by generating
a series of deletion mutants and assessed their ability to associate via
the two-hybrid assay (Supplemental fig. S3B). This interaction was also
confirmed by co-IP experiments of endogenous proteins in U87 GBM cells
(fig. 3A). Reasoning that this interaction may serve as a basis for mTORC2-
mediated phosphoregulation of YAP we ascertained whether YAP could be
phosphorylated in vitro by activated mMTORC2. As shown in figure 3B, YAP is
efficiently phosphorylated in mTORC?2 in vitro kinase assays in the presence
of y32P-ATP and the indicated substrates. Additionally, mMTORC2 was able
to phosphorylate the LATS nonphosphorylatable YAP-5A mutant when
utilized as a substrate in these reactions. Analysis of the YAP protein sequence
identified a highly conserved consensus mTOR phosphorylation site, serine
4306, within the transactivation domain of YAP (Supplemental figure S3C).
Phosphospecific antibodies were generated against this site and utilized in
mTORC2 in vitro kinase assays demonstrating mTORC2 phosphorylation of
YAP at this residue while an alanine $436 substitution mutant and inclusion
of the TORKI inhibitor PP242 in the in vitro kinase assays blocked YAP
phosphorylation (fig. 3C). Insulin treatment led to increased phospho-$*3
YAP levels (fig. 3D) while Rictor (fig. 3E) or Sinl (fig. 3F) knockdown
in U87 cells resulted in significantly reduced phospho-S%¢ YAP levels. As
AKT has been previously demonstrated to phosphorylate YAP at serine 127
in response to DNA damage [40], we ascertained whether modulation of
mTORC?2 affected S'¥ phosphorylation. S'*” YAP phosphorylation status
was unaffected by insulin stimulation of mMTORC2 or knockdown of Rictor
or Sinl (see figs. 3D-F). Moreover, pharmacological inhibition of Akt activity
did notappear to affect phospho-5436 YAP levels in U87 cells (Supplemental
figure S3D). Our interaction screens did not identify the YAP paralog TAZ as
a Sinl binding partner and sequence analysis of TAZ did not reveal a similarly
conserved mTORC2 phosphorylation site within the TAD domain.

A phosphomimetic S436E YAP mutant is markedly stabilized,
accumulates in the nucleus, promotes TEAD association and induces
YAP transcriptional activity

To determine the functional affects of the serine 436 phosphorylation
event on YAP we initially examined whether the YAP S
nonphosphorylatable and phosphomimetic mutants exhibited altered
protein stability in cycloheximide-chase assays. As shown in figure 4A,
U87 cells stably expressing flag-tagged versions of native, S436A-YAP
and S436E-YAP proteins were treated with cycloheximide and the half-
lives of the mutant proteins determined. As shown, native YAP displayed
a half-life of 1.7 h and the nonphosphorylatable S436A YAP mutant
exhibited a comparable half-life of 1.9 h. However, the half-life of the
phosphomimetic S436E YAP mutant was markedly increased to greater
then 8 h. We subsequently examined whether the mutant YAP proteins
displayed altered nucleocytoplasmic localization. Shown in figure 4B, in cell
fractionation experiments, wild-type YAP displayed both cytoplasmic and
nuclear abundances in U87 cells, however significantly more native YAP was
found in the cytoplasmic fraction. The nonphosphorylatable S436A YAP
mutant displayed significantly more cytoplasmic localization as compared to
native YAP and the phosphomimetic S436E YAP mutant accumulated in
nuclear fractions. We also assessed nuclear versus cytoplasmic localization
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Fig. 2. mTORC?2 inhibition suppresses YAP transcriptional activity and target gene expression. (A) YAP-TEAD luciferase reporter activity was determined
for the indicated GBM lines stably expressing either a non-targeting scramble (scr) shRNA or a Rictor targeting shRNA. Mean + S.D. are shown, » = 3. *
P < 0.05. (B) Inhibition of YAP-TEAD luciferase reporter activity in GBM6 and GBM43 PDX lines in which Rictor expression was blocked via siRNA-
mediated knockdown as indicated. Mean + S.D. are shown, n = 3. * P < 0.05. (C) Expression of YAP-dependent target mRNAs C7GF and Cyr61 in the
indicated GBM lines following knockdown of Rictor via shRNA. mRNA was isolated and subjected to quantitative rt-PCR analyses. gqRT-PCR measurements
were performed in quadruplicate and the mean and 4 S.D. are shown. * P < 0.05. (D) Inhibition of CTGF and Cyr61 mRNA expression in GBM6 and
GBM43 following siRNA-mediated knockdown of Rictor expression as determined by qRT-PCR analyses. Mean + S.D. are shown. 7 = 4. (E) The indicated
GBM lines were transiently transfected with the YAP-TEAD luciferase reporter and treated with JR-AB2-011 (1 pM, 8 h) and YAP-TEAD reporter activity
determined relative to control untreated cells. Mean =+ S.D. are shown, n = 3. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. (F) Inhibition of
YAP-dependent CTGF and Cyr61 mRNA expression in the indicated GBM lines in the presence of JR-AB2-011 (1 uM, 8 h) relative to untreated controls.
gRT-PCR measurements were performed in quadruplicate and the mean and £ S.D. are shown. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Fig. 3. YAP interacts with the mMTORC2 component Sinl and is phosphorylated on serine 436. (A) Co-immunoprecipitation of endogenous Sinl and YAP.
U87 cell extracts were immunoprecipitated with either Sinl or YAP antibodies and immunoprecipitates subjected to immunoblot analysis for the indicated
proteins. Lane 1, beads, no antibody; lane 2, immunoprecipitation with an irrelevant antibody (control IgG), lane 3, input cell lysate; lane 4 indicated
immunoprecipitate probed with antibodies for the indicated proteins. (B) An in vitro kinase assay was performed with Rictor-immunoprecipitated mTORC2
from U87 cell lysates in the presence of recombinant AKT, native YAP or mutant YAP-5A as indicated in the presence of *P-ATP. Reactions were separated
by SDS-PAGE followed by autoradiography. As negative controls, immunoprecipitated Mnkl1 kinase or Raptor-immunoprecipitated mTORCI was also
used in the presence of YAP1, neither of which displayed detectable phosphorylation. (C) An mTORC2 in vitro kinase assay was performed utilizing Rictor
immunoprecipitates isolated from U87 cells and incubated with purified native or S436A mutated recombinant Flag-tagged YAP for the indicated time points.
Reactions containing native YAP were performed in the absence or presence of PP242 as shown. Kinase reactions were subsequently immunoblotted using a
phospho-specific antibody generated against phospho-Ser®*®-YAP, Flag or Rictor antibodies for detection. (D) Effects of insulin stimulation in U87 cells. Cells
were stimulated with insulin (10 nM, 5 h), lysed and extracts immunoblotted for the indicated proteins. (E) U87 cells were treated with siRNAs targeting

Rictor or non-targeting control (siCtrl) for 24 h and cell lysates analyzed by immunoblotting for the indicated proteins. (F) As in (E) except U87 cells were
treated with siRNAs targeting Sinl or non-targeting control (siCtrl).

of the mutant YAP alleles via immunofluorescence experiments (fig. 4C).  compartment. Moreover, we determined whether in U87 cells expressing
Consistent with the cell fractionation experiments, native YAP was found  the native, nonphosphorylatable S436A, or phosphomimetic S436E YAP
localized to both the nucleus and cytoplasm and the nonphosphorylatable ~ mutants demonstrated binding to TEAD family members (TEADs 1—4) or
S436A YAP mutant was enriched in cytoplasmic fractions, while the  other transcription factors reported to interact with YAP (SMADI, p73, FOS
phosphomimetic S436E YAP mutant was found redistributed to the nuclear ~ and TBX5). As determined via co-immunoprecipitation assays, TEADs 1—4



958 mTORC2-mediated direct phosphorylation regulates YAP activity promoting glioblastoma growth and invasive characteristicsB. Holmes et al.
Neoplasia Vol. 23, No. xxx 2021

A wT S436A S436E
12
o 210
P <
e t,=19h 708
2 £0.5 t;>8h
© [}
o 204
= ~0.2
[T 1 0

| [T 1T1
0123456738

00—

[
1234567

(h, + CHX) (h, + CHX)
B C
nuclear cytoplasmic a-Flag DAPI

< W I W

g 8 g $ e

3 9 9 9 2
~ ) N ~ ™~ ~
§ 1§ 483
fF § 8§ & £ %

1 2 3 4 5 6

S436A

v
4364
~S436F

m
S436E

T 4 4 CTGF-luc
¥ & & 4 * 4.0 *
IP:Flag ] °
c3 5
1.0 1.3 6.9 S2 320
rea: [N s 5
1.0 1.4 3.3 £1 $1.0 *
1.0 1.1 4.6 < w
W S 4
reaps [N =88 84
<
10 08 3.7 X% L
CTGF-ATB-luc
1
1 2 3
0

WT
S436A
S436E
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for the indicated time points. Transfected YAP levels were determined by a-Flag immunoblot. Relative YAP levels were quantified using the ratio between

Flag-YAP and actin, which was set to 1 at the 0 time point. (B) Nuclear and cytoplasmic accumulation of native YAP, nonphosphorylatable S436A YAP and
phosphomimetic S436E YAP mutant alleles. Nuclear and cytoplasmic fractions from U87 cells stably expressing the indicated Flag-tagged YAP alleles were
immunoblotted using o-Flag, HSP90 or lamin B2 antibodies as shown. (C) Indirect immunofluorescence analysis of YAP $436 mutant localization in U87
cells expressing the indicated mutants. Shown below the representative images is the quantification of the nuclear/cytoplasmic ratio (N/C ratio) of YAP in
U87 cells expressing the indicated YAP $%3¢ mutants. Mean and + S.D. are shown. * P < 0.05. Cells were grown on coverslips, permeabilized, and stained
with «-Flag antibodies and FITC-conjugated secondary. Nuclei were stained with DAPI. Scale bar, 20 pm. (D) The indicated Flag-tagged YAP1 alleles were
expressed in U87 cells and immunoprecipitated with ot-Flag antibodies. Expression values are shown beneath the TEAD1-4 blots which displayed significantly
increased binding to YAP1-S436E. Immunoprecipitates were blotted for the indicated proteins. (E) Luciferase activity of U87 cells expressing the indicated

YAP mutants and containing the CTFG-luc (upper panel) or CTFG-ATB1-3-luc (lower panel) promoter reporters.
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bound the S436E YAP mutant to a greater degree as compared to SMADI,
p73, FOS and TBXS5 (fig. 4D). The phosphomimetic S436E YAP mutant
also markedly induced expression of a CTGF promoter-based luciferase
reporter as compared to cells expressing native or the nonphosphorylatable
S436A mutant (fig. 4E, upper panel). As a negative control we additionally
tested a mutant version of the YAP responsive CTGF-luciferase reporter
in which all three TEAD binding sites had been mutated. Experiments
utilizing this reporter did not demonstrate reporter induction in cells
expressing the phosphomimetic S436E mutant (fig. 4E, lower panel). These
data demonstrate that the S436 YAP phosphorylation event promotes YAP
stabilization, increases nuclear localization and association with TEAD family
members, and promotes YAP-dependent transcriptional activity consistent
with the activation of YAP by mTORC2-mediated phosphorylation.

YAP 5er™® mutants affect growth, migratory capacity and invasiveness
in GBM

We then examined whether the serine 436 phosphorylation event had
effects on YAP-mediated cellular functions. To examine whether the $%3°
YAP1 phosphorylation event may promote glioblastoma characteristics we
examined LN229 GBM cells in which the endogenous protein was abrogated
via RNAi-mediated targeting. This was accomplished by stable expression
of an shRNA targeting the 3" UTR of YAP1 (Supplemental fig. S3E).
These cells were subsequently stably transfected with vectors expressing native
YAP, nonphosphorylatable S436A YAP or phosphomimetic S436E YAP
alleles. We initially determined whether expression of the YAP serine 436
mutants would have affects on anchorage-independent growth relative to
native YAP in soft agar assays. LN229,yap; cells stably expressing wild-
type YAD, S436A YAP, or S436E YAP were suspended in soft agar and the
numbers of foci determined following 14 days of incubation. As shown
in figure 5A, native YAP induced foci formation and expression of the
nonphosphorylatable S$436A YAP mutant reduced these numbers, however
expression of the phosphomimetic S436E YAP mutant markedly increased
foci numbers relative to values observed in cells expressing native YAP. As
shown in figure 5B, cell proliferation was significantly induced by native YAR,
however the nonphosphorylatable S436A YAP mutant displayed reduced
cell numbers, while the phosphomimetic S436E YAP mutant markedly
stimulated cell proliferation. YAP-induced migratory capacity (fig. 5C) was
also significantly inhibited in cells expressing the nonphosphorylatable S436A
YAP mutant and impeded the ability of cells to migrate towards either
vitronectin or fibronectin coated transwell chambers as compared to cells
expressing native YAP. However, cells expressing the phosphomimetic S436E
YAP mutant were much more motile relative to cells expressing native YAP.
Similarly, the ability of cells expressing the nonphosphorylatable S436A YAP
mutant to invade Matrigel coated chambers was markedly reduced relative to
cells expressing native YAP, while cells expressing the phosphomimetic S436E
YAP mutant were significantly more invasive compared with cells expressing
native YAP (fig. 5D).

mTORC2 is able to regulate YAP activity independent of Hippo
pathway signaling

As Hippo pathway signaling appears to be attenuated in a significant
number glioblastoma owing to promoter hypermethylation and/or miRNA-
mediated inhibition of the LATS1/2 serine/threonine kinases [41], which
are direct negative regulators of YAP, we were interested if mTORC2
could regulate YAP activity in the absence of Hippo signaling. We initially
determined whether pharmacological inhibition of mMTORC2 would result
in reduced ser®>® YAP levels and as shown in figure GA, treatment with the
mTORC?2 inhibitor resulted in marked inhibition of ser®*® phosphorylated
YAP in LN229 cells and two GBM PDX lines, GBM6 and GBM43.
We subsequently utilized the knockdown shRNA YAP1 LN229 cells in

which endogenous YAP had been abrogated and transfected these cells with
either native YAP or the constitutively active nonphosphorylatable YAP-5SA
mutant and treated these cells with either the mTORC?2 inhibitor or insulin
to modulate mTORC2 activity. As shown in figure 6B, in cells in which
native YAP expression was rescued, YAP-dependent target gene expression
was inhibited by JR-AB2-011, while insulin markedly stimulated YAP-
target gene expression. Similarly, in cells expressing the YAP-5SA mutant,
resistant to inhibition by LATS phosphorylation, JR-AB2-011 inhibited
YAP-dependent target gene expression, while insulin exposure induced YAP-
target gene expression (fig. 6C). These data suggest that mTORC?2 is able

436

to regulate YAP via ser®’® phosphorylation irrespective of Hippo pathway

status.

The $436 YAP mutants alter growth of GBM xenografis

To determine whether the phosphomimetic S436E YAP mutant would
alter the growth rate of GBM cells in vivo, we subcutaneously implanted
LN229 shRNA YAP1 knockdown cells stably expressing the constructs
indicated in figure 7A in SCID mice and monitored growth. Cells in
which YAP expression had been blunted (LN229,yap1) displayed reduced
growth with a latency period of 28 days as compared to the control non-
targeting (scramble sequence) line (LN229y, «,; latency period 14 days) or
LN2294.vapi /wt-YAP1 cells in which native YAP had been reintroduced
(latency period 14 days). We also examined cells expressing either the
nonphosphorylatable S436A YAP or the phosphomimetic S436E YAP
mutants and as shown, the nonphosphorylatable S436A YAP mutant cells
grew significantly slower relative to control or YAP rescued cells (latency
period 31 days), while the phosphomimetic S436E YAP expressing cells
displayed markedly increased growth (latency period 9 days). Overall
survival of mice harboring the nonphosphorylatable S436A mutant cells was
significantly longer then control or YAP rescued tumors and mice implanted
with the phosphomimetic S436E YAP expressing cells had reduced survival
(fig. 7B). Tumors from mice at autopsy were weighed and as shown in
figure 7C, tumor weights reflected the observed differences in in vivo growth.
Moreover, as shown in figure 7D, YAP-dependent target gene expression
was similarly inhibited in the nonphosphorylatable S436A YAP mutant
expressing cells and significantly induced in the phosphomimetic S436E YAP
mutant line. These data support the results obtained iz vitro (fig. 5) and
suggest the mTORC2-mediated phosphorylation of ser®® regulates YAP-
dependent growth of tumors in mice.

mTORC2/YAP signaling in GBM patients

To determine whether this signaling relationship was valid in clinical
samples we examined an independent set of 27 flash-frozen GBM and 6
normal brain samples. Tumors were confirmed histologically, cell extracts
prepared, and the total relative abundance of phospho- $*3-AKT, phospho-
S%¢_YAP1, YAP1, CTGF and Cyr61 determined by Western analyses.
These data are summarized in Table 1 and supplemental figure S4. As
shown, elevated mTORC2 activity, ascertained by immunoblotting for
phospho-S*3-AKT levels was found in 17 of 27 tumor samples (63%, P
< 0.05) consistent with numbers of GBM tumors harboring hyperactive
mTORC2 from previous studies [7,14]. Phospho-S*3°-YAP1 expression,
YAP1, CTGF and Cyr61 expression was elevated in 63% (17 of 27, P <
0.05), 59% (16 of 27, P < 0.05), 78% (21 of 27, P < 0.05) and 70%
(19 of 27, P < 0.05) of samples, respectively. Significant direct correlations
were observed between samples containing elevated phospho-$73-AKT and
increased phospho-S*°-YAP, YAP1, CTGF and CyrGl. We also observed
significant direct correlations between samples harboring elevated phospho-
S%6_YAP1 expression and elevated YAP1 and increased CTGF or Cyr61
expression consistent with our previous 77 vitro data demonstrating the effects
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Fig. 5. YAP S436 mutants display altered GBM properties in vitro. (A) Effects of YAP S436 mutation on colony formation in LN229gyap; cells in soft agar
colony formation assays. LN229,yap; cells were stably transfected with the indicated vectors (EV, empty vector control) expressing wz YAP1, YAP1 S436A,
or YAP S436E alleles. 1,000 cells were suspended in soft agar and following 14 days of incubation colonies were stained and counted under an inverted
microscope. Mean + S.D., n = 3. YAPI allele expression of the indicated lines as shown in the immunoblot analyses probed for YAP1 and actin below the
graph. Representative crystal violet stained images are shown above the graph. (B) The indicated lines expressing native, S436A YAP1, or S436E YAP1 alleles
were seeded at 5 x 10° cells/well and cultured for 48 h and viable cell numbers determined by trypan blue exclusion. Mean and + S.D. are shown. * P <
0.05, n = 3. (C) Migration of the indicated cell lines expressing wz YAP1, YAP1 S436A, or YAP1 S436E alleles. Cells were seeded transwell chambers and
allowed to migrate towards BSA (white bars), vitronectin (gray bars) or fibronectin (black bars). * P < 0.05. Data represent mean + S.D. of three independent
experiments. (D) Invasive potential of the indicated lines expressing wt YAP1, YAP1 S436A, or YAP1 S436E alleles migrating through Matrigel. Data represent
mean +S.D. of three independent experiments.

of this phosphorylation event on YAP stability, nuclear localization and ~ Discussion

TEAD association (see figs. 4A-C) (P < 0.05 for all correlations). These data

support the signaling between mTORC2 and YAP1 observed in our cell line Hippo and mTOR signaling have emerged as two critical cascades
experiments and provide strong evidence for this signaling relationship in  coordinately regulating cell growth and division and thus, major nodes of

GBM patient samples. interaction are anticipated to exist between these pathways [42]. Our previous
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Fig. 6. mTORC2-mediated YAP S436 phosphorylation can occur independent of Hippo pathway signaling in GBM. (A) Inhibition of YAP S436
phosphorylation by JR-AB2-011 (1 pM, 8 h) in the indicated lines. Immunoblots were probed for phospho-S436 YAP, total YAP and actin as shown.
(B) CTGF and Cyr61 mRNA expression in LN229,yap1 cells expressing native YAP or LATS-resistant YAP-5SA mutant (C) following treatment with either
JR-AB2-011 (1 pM, 8 h) or insulin (100 nM, 4 h) relative to control untreated cells. mRNA was isolated and subjected to gqRT-PCR analyses. gRT-PCR
measurements were performed in quadruplicate and the mean and + S.D. are shown. * P < 0.05.

data suggested a mechanism by which the mTORC2 signaling axis indirectly
regulated YAP activity via affects on AMOTL2 [27]. In an extension of this
work, we provide evidence that mMTORC2 is also able to directly affect YAP
function. Our work supports a model wherein mTORC2 is able to directly
phosphorylate ser®®® of YAP1 and stimulate YAP resulting in the elevated
expression of YAP target genes (see fig. 7E).

Our data suggests that residues 1-136 of Sinl, which are conserved
among all Sin orthologs except Sinl.4, is critical for recruitment of YAP
to mTORC2 (Supplemental figure S3B). This region of Sinl has unknown
function and is directly N-terminal to the CRIM domain which is responsible
for recruitment of AKT to mTORC2 [35,39]. We hypothesize that these
residues may constitute a domain which recruits YAP to mTORC2 in an
analogous manner to the CRIM domain. Residues 160—275 of YAP contain
tandem WW domains mediating protein-protein interactions. We noted that
within residues 1-136 of Sin1 is a proline rich motif which the WW domains
of YAP may recognize. The Sinl1-YAP interaction may serve a scaffolding
function promoting mTORC2 phosphorylation of YAP.

It has been previously reported that YAP serl127 is phosphorylated
by AKT [40]. As AKT is a major downstream effector of mTORC2 we
examined whether modulation of mTORC2 activity would affect YAP
ser127 phosphorylation. We did not observe alterations in YAP S127

phosphorylation upon insulin stimulation, Rictor or Sinl knockdown
(fig. 3D-E). This is consistent with studies from the Guan laboratory which
also found that phosphorylation of YAP S127 was not affected in PDK1
knockout cells (in which AKT is quiescent) or by EGE insulin, PI3K
inhibitors or AKT overexpression [43]. Moreover, the nonphosphorylatable
LATS YAP-5A mutant could be phosphorylated by mTORC2 (fig. 3B)
and treatment of cells with the AKT inhibitor MK-2206 did not appear
affect YAP S436 phosphorylation levels (supplemental fig. S3D). These data
support the direct phosphorylation of YAP via mTORC2 and further suggest
that AKT mediated phosphorylation of YAP is not subject to regulation via
mTORC2 under these conditions. The lack of observed regulation in our
experiments may reflect differences in cellular states, in that the reported AKT
mediated phosphorylation of YAP occurs in response to DNA damage and
thus AKT may become activated by mTORC2-independent mechanisms in
those settings.

The observation that the phosphomimetic S436E mutant YAP exhibits
increased stability, nuclear localization, TEAD-binding and transactivation
capacity suggests that mTORC2 mediated mono-phosphorylation of this
residue influences YAP through multiple mechanisms. Consistent with
this, SRC and other SRC family kinases have been shown to directly
phosphorylate YAP or TAZ (Y357) to promote their protein stability,
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Fig. 7. Growth of YAP $436 mutant expressing GBM cells in vivo. (A) LN229¢,yap; cells stably expressing native YAP1, nonphosphorylatable YAP1 S436A,
or the phosphomimetic YAP1 S436E alleles were monitored for tumor growth for up to 52 days following establishment of ~200 cm? subcutaneous tumors
in SCID mice (7 = 4-5 per group). (B) Overall survival of mice with harboring the indicated S436 YAP mutant subcutaneous implanted LN229 tumors. *, P
< 0.05, n = 4-5 mice per group. (C) Weight of tumors harvested at autopsy from xenografted mice implanted with the indicated GBM cells. * P < 0.05. (D)
CTGFand Cyr61 mRNA expression from harvested tumors cells expressing the indicated YAP1 alleles. mRNA was isolated and subjected to qRT-PCR analyses.
gRT-PCR measurements were performed in quadruplicate and the mean and + S.D. are shown. * P < 0.05. (E) mTORC2 mediated phosphorylation of
serine 436 of YAP1 leads to increases in protein stability, nuclear localization and TEAD association resulting in enhancement of YAPI target gene expression.

transcriptional activity, and/or interaction with other transcription factors
[44,45]. MK5 has also been shown to positively regulate YAP stability
and YAP-TEAD transcriptional activity [46]. Both MK5 and SRC have
been shown to influence YAP through distinct Hippo pathway signaling-
independent mechanisms [44,46]. mTORC2 was similarly able to regulate
YAP independent of Hippo signaling (see fig. 6C). While the SRC and
mTORC2 phosphorylation sites span the residues of the transcriptional
activation domain within YAD, it is possible that these phosphorylation events

induce similar conformational states capable of affecting multiple properties
of the protein.

YAP and mTOR signaling have been demonstrated to promote GBM
proliferation, motility and invasiveness [47]. YAP is overexpressed in
glioblastoma and infiltrating gliomas, as well as other CNS tumor types
[48,49]. YAP expression has been additionally investigated in four molecular
glioblastoma subtypes (classical, mesenchymal, proneural, and neural) and
upregulated expression of YAP1 was found in aggressive glioblastoma
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Table 1

Relative protein levels of phospho-S*’3AKT, phospho-S%36-YAP1, YAP1, CTGF and Cyr61 in normal and glioblastoma samples.

Samples pS473-AKT expression®  pS436-YAP1 expression”  YAP expression* CTGF expression Cyr61 expression™
Normal

1 1.9 1.1 1.5 1.9 2.1

2 1.6 1.3 1.7 2.2 1.7

3 1.1 1.8 1.3 1.3 1.3

4 1.5 1.2 1.4 1.6 1.5

5 1.4 1.6 1.5 1.4 1.9

6 1.7 1.1 1.7 1.8 1.6
GBM

1 41,3+ 29.4 ++ 32.4"++ 22.6=++ 24.8<++
2 64.3*++ 32.6* 29.7"++ 21.2<t+ 14.6¢+
3 2.5 10.7 t+ 1.1 9.4 21.2¢++
4 46.1++ 36.4 +t 43.2"++ 26.9<t+ 23.5¢t+
5 17.6%+ 22.4 ++ 55,3 ++ 33.7<t++ 19.5¢+
6 2.3 5.8 1.9 2.7 2.8

7 46.8*++ 12.7 7+ 458"+ 16.8<F 33.7¢t+
8 4.8 6.6 5.8 1.8 2.7

9 7.2 12.4'+ 25.4"++ 19.3<* 5.2

10 79 8.7 46.9"++ 1.4+ 1.4+
1 2.7 2.1 4.7 3.7 4.9

12 39.1%++ 423 ++ 49.8"++ 29.5<++ 33.1¢++
13 26.9+++ 338+t 474"+t 30.2<<t+ 16.4F
14 47.9++ 24.9 ++ 38.9"t+ 35.5<t+ 19.4¢+
15 36.8t+ 19.5 ++ 372"+ 31.6°+t 28.6¢++
16 52.1+++ 40.3 22.7"++ 29.4<++ 17.5¢F
17 3.1 4.8 13.7°* 10.2<+ 1.7

18 26.3*++ 55,1 ++ 385"+ 29.7<t+ 28.4¢t+
19 35.7+t+ 46.2 ++ 571" ++ 27.8<t++ 16.9¢+
20 15.9"+ 347+t 29.8"++ 25.3<++ 20.4¢++
21 45,2+t 217+ 11.9°+ 19.6<t 2.2

22 56.6* 28.3 ++ 426"+ 38.7<t+ 32.2¢t+
23 2.5 1.7+ 3.4 9.4 4.8

24 6.1 9.2 6.9 12.5<F 16.4¢+
25 341+t 46.8 ++ 319"+ 16.7<* 26.2¢t+
26 39.4+++ 279 t+ 315+t 19.2<+ 19.7¢F
27 9.3 2.2 1.9 8.4 1.1

Note: Six normal brain and twenty-seven independent quick-frozen GBM samples were assessed for phosphorylated AKT, phosphorylated
YAP1, total YAP1, CTFG and Cyr61 expression by Western analyses as described in the Materials & Methods section and quantified by
densitometry.

17 of 27 tumor samples (63%) had markedly higher mTORC2 activity as determined by monitoring expression levels of phospho-S#73-AKT

relative to normal brain.

$ phospho-S#3-AKT expression > 2-fold above mean of normal brain.
* Markedly increased mTORC2 activity; ++ > 20-fold increase above mean of normal brain (dark gray shaded row); + > 10-fold increase

above mean of normal brain (light gray shaded row).

# phospho-S*3-AKT expression > 2-fold above mean of normal brain.
" Markedly increased phospho-S*3¢-AKT expression; ++ > 20-fold increase above mean of normal brain + > 10-fold increase above mean

of normal brain
¥ YAP expression > 2-fold above mean of normal brain

" Markedly increased YAP expression; ++ > 20-fold increase above mean of normal brain + > 10-fold increase above mean of normal

brain
" CTGF expression > 2-fold above mean of normal brain.

< Markedly increased CTGF expression; ++ > 20-fold increase above mean of normal brain + > 10-fold increase above mean of normal

brain.
# Cyr61 expression > 2-fold above mean of normal brain.

“ Markedly increased Cyr61 expression; ++ > 20-fold increase above mean of normal brain + > 10-fold increase above mean of normal

brain.

subtypes associated with the poorest survival [18]. Metlin, the product
of the NF2 gene, has been demonstrated to regulate tissue growth via
YAP1 and has been shown to inhibit glioma proliferation and sensitize
gliomas to irradiation and chemotherapy [50]. The role of hyperactivated
mTORCI signaling in GBM has been established [1]. mTORC2 signaling

has been demonstrated to play an important role in tumor growth,

motility, invasiveness, metabolic reprogramming and resistance to targeted
therapy in GBM [7,51]. Additionally, mTORC2-mediated regulation of
AMOTL2 is required for GBM growth, motility and invasion [27]. Our
data demonstrating that direct activation of YAP via mTORC2 further
supports the critical roles of the mTORC2 and Hippo signaling pathways in
GBM.
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In summary, we have characterized a putative phosphorylation site on
YAP which when phosphorylated by mTORC?2 leads to enhanced, stability,
nuclear accumulation, TEAD association and YAP-dependent target gene
activity. Mutational analyses demonstrate that phosphorylation of serine
436 promotes YAP-mediated GBM proliferation, motility and invasive
characteristics in vitro and in xenograft studies. Experiments utilizing a Hippo
pathway resistant YAP mutant suggest that mTORC2 retains the ability to
regulate YAP independent of Hippo cascade signaling. It is anticipated that
additional mechanisms of cross talk exist between these two fundamental
pathways. Delineation of these mechanisms is required for the development
of effective targeted therapies.

Abbreviations: mTOR, mechanistic target of rapamycin kinase; mTORC,
mechanistic target of rapamycin complex; YAD, Yes-associated protein; TAZ,
Transcriptional coactivator with PDZ-binding motif; GBM, glioblastoma
multiforme; mLST8, mammalian lethal with SEC13 protein 8; mSinl,
mitogen-activated protein kinase-associated protein 1; MEE mouse
embryonic fibroblast; PI3K, phosphatidylinostol 3-kinase; AKT; Protein
kinase B; PTEN, Phosphatase and tensin homolog; EGFR, epidermal growth
factor receptor; LATS, Large tumor suppressor kinase; AMOT, angiomotin;
TEAD, TEA Domain Transcription Factor; TSCI, hamartin; ATG7;
Autophagy Related 7; PDX, Patient derived xenograft; STR, short-tandem
repeat profiling; siRNA; short-interfering RNA; shRNA, short-hairpin
RNA; TRC, The RNAi Consortium; CTGF; connective tissue growth
factor; Cyr61; Cysteine-rich angiogenic inducer 61; ANOVA, analysis of
variance; AICAR, 5-aminoimidazole-4carboxamide ribonucleoside; Co-IP,
co-immunoprecipitation; SRC, tyrosine-protein kinase Src; MK5, MAP
kinase-activated protein kinase 5; NF2; Merlin
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