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Abstract

Background. We previously report that yes-associated protein (YAP), the core downstream effector of Hippo
pathway, promotes the malignant progression of glioblastoma (GBM). However, although classical regulatory
mechanisms of YAP are well explored, how YAP is modulated by the Hippo-independent manner remains poorly
understood. Meanwhile, the nonreceptor tyrosine kinase Fyn-related kinase (FRK), which exhibits low expression
and possesses tumor suppressor effects in GBM, is reported to be involved in regulation of protein phosphoryla-
tion. Here, we examined whether FRK could impede tumor progression by modulating YAP activities.

Methods. Human GBM cells and intracranial GBM model were used to assess the effects of FRK and YAP on the
malignant biological behaviors of GBM. Immunoblotting and immunohistochemistry were used to detect the ex-
pression of core proteins in GBM tissues. Co-immunoprecipitation, proximity ligation assay, luciferase assay and
ubiquitination assay were utilized to determine the protein—protein interactions and related molecular mechanisms.
Results. The expression levels of FRK and YAP were inversely correlated with each other in glioma tissues. In ad-
dition, FRK promoted the ubiquitination and degradation of YAP, leading to tumor suppression in vitro and in vivo.
Mechanistically, FRK interacted with and phosphorylated YAP on Tyr391/407/444, which recruited the classical E3
ubiquitin ligase Siah1 to catalyze ubiquitination and eventually degradation of YAP. Siah1 is required for YAP desta-
bilization initiated by FRK.

Conclusions. We identify a novel mechanism by which FRK orchestrates tumor-suppression effect through phos-
phorylating YAP and inducing its ubiquitination by Siah1. FRK-Siah1-YAP signaling axis may serve as a potential
therapeutic target for GBM treatment.
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Importance of the Study

In this study, we reported that FRK, a member of SRC
family kinase, interacted with and phosphorylated YAP
on Tyr391/407/444, which recruited the ubiquitin ligase
Siah1 for binding to and destabilizing YAP, leading to
tumor suppression in vitro and in vivo. In human
glioma specimens, the level of FRK and Siah1 were
downregulated and negatively correlated with that of

Glioblastoma (GBM) is the most common and aggressive
human primary brain malignancy. Despite recent advance-
ment in comprehensive treatments, the prognosis for GBM
patients remains undesirable and the median survival is
less than 15 months."2Therefore, it is urgent to explore po-
tential molecular mechanism and new therapy strategies
against GBM.

The Hippo pathway is a conserved tumor suppressor
signaling involved in regulating organ size and cell pro-
liferation in drosophila and mammals.>* Dysregulation
of Hippo pathway components is often associated with
abnormal cell growth and tumorigenesis.® The transcrip-
tional co-activator Yes-associated protein (YAP) is a key
downstream effector of Hippo pathway and negatively
regulated by a kinase cascade, including mammalian
sterile-20-like 1/2 (MST1/2) kinases and large tumor sup-
pressor 1/2 (LATS1/2) kinases.® YAP is finally phosphoryl-
ated at Ser127 and Ser381 by LATS1/2, which leads to its
cytoplasmic retention by binding to 14-3-3 and subsequent
proteasomal degradation by B-Trcp.®” YAP is frequently ac-
tivated in various human cancers, including liver cancer,
ovarian cancer, esophageal cancer, small cell lung cancer,
prostate cancer, and melanoma.® Moreover, we also re-
port that YAP is up-regulated in gliomas and promotes
GBM progression by inhibiting GSK3f and then activating
B-catenin.® Recently, we find that, by promoting the trans-
lation of fibroblast growth factor 2 and DNA repair, YAP
is involved in radioresistance of gliomas.® However, why
YAP protein is up-regulated and activated in GBM remains
elusive.

YAP is firstly identified by its ability to bind to the
nonreceptor tyrosine kinase YES. Therefore, it is called
Yes-associated protein. YAP phosphorylation by SRC/
YES promotes YAP/Runx2 interaction that inhibits ex-
pression of osteocalcin in bone."® Actually, several SRC
nonreceptor tyrosine kinase family members, such as
SRC, YES, LCK, have been reported to be able to phos-
phorylate and activate YAP directly. For example, LCK
regulates YAP tyrosine phosphorylation and nuclear local-
ization in cholangiocarcinoma cells independent of LATS
activity.”" Fyn-related kinase (FRK), also known as protein
tyrosine kinase 5 (PTK5) or Rak, belongs to the SRC family
kinases.'? However, FRK differs from the other SRC family
members in many structural features, including the pres-
ence of a putative bipartite nuclear localization signal and
the lack of a consensus myristoylation motif.’® FRK inhibits
cell proliferation and epidermal growth factor receptor
(EGFR) signaling in a variety of cancer cells. FRK-mediated

YAP, indicating that YAP increase may be related to the
decrease of FRK and Siah1. Our study identifies that YAP
is a substrate of FRK and Siah1 is a new E3 ubiquitin
ligase of YAP. FRK inhibits GBM progression via phos-
phorylating YAP and inducing its ubiquitylation by Siah1.
FRK-Siah1-YAP signaling axis may serve as a potential
therapeutic target for the treatment of GBM.

tyrosine phosphorylation of PTEN and BRCA1 is crucial for
their protein stability and function.5 In fact, we have also
previously reported that FRK is down-regulated in gliomas
and FRK suppresses the proliferation of human GBM cells
by inhibiting cyclin D1 nuclear accumulation.'®20 However,
whether FRK can regulate YAP, like other SRC family kin-
ases, remains little explored.

In this study, we identified that FRK inhibits GBM pro-
gression via phosphorylating YAP on Tyr391/407/444 and
inducing its ubiquitination by seven in absentia homolog1
(Siah1), a highly conserved member of the RING family E3
ubiquitin ligases and involved in the regulation of multiple
signal pathways in GBM.?"-24YAP is a new substrate of FRK
and Siah1 is a new E3 ubiquitin ligase of YAP. Consistently,
the protein levels of FRK and Siah1 are negatively asso-
ciated with that of YAP in glioma tissues, indicating that
YAP increase may be related to the decrease of FRK and
Siah1. Our study identifies that the novel FRK-Siah1-YAP
signaling axis may be a potential molecular therapeutic
target for GBM.

Materials and Methods
Glioma Specimens

Human glioma specimens were obtained from the Affiliated
Hospital of Xuzhou Medical University and the patients were
followed up under a protocol approved by the Institutional
Review Board. All tissue samples were collected in compli-
ance with informed consent policy. Fifty paraffin embedded
samples were constructed to tissue microarray (TMA) as de-
scribed in our previous study® and the detailed information
was described in SupplementalTable S1.

Cell Culture

Human U251 cell and human embryonic kidney 293T
(HEK293T) cell were obtained from the Cell Bank of China
Science Academy (Shanghai, China).The U87 cell was pur-
chased from American Type Culture Collection. Low pas-
sage primary GBM cells (GBM 1120D and TBD0220) were
kindly donated by Prof. Chunsheng Kang in Department
of Neurosurgery, Tianjin Medical University General
Hospital.2> U251, U87, and HEK293T cell lines were main-
tained in DMEM (Gibco) supplemented with 10% fetal bo-
vine serum (Gibco) at 37°C, in 5% CO, humid atmosphere.
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GBM 1120D was maintained in DMEM (Gibco) supple-
mented with 15% fetal bovine serum (Gibco). TBD0220 was
maintained in DMEM/F-12 (Corning) supplemented with
10% fetal bovine serum (Gibco).

Antibodies and Reagents

Primary antibodies used were as follows: Anti-HA (#3724),
anti-p-YAPSe27  (#13008), anti-LATS1 (#3477), anti-p-
LATS15¢1909 (#9157), and anti-B-Trcp (#4394) were from Cell
Signaling Technology. Anti-YAP (WHO0010413M1), anti-Flag
(F1804), anti-PCNA (05-347), and anti-Siah1 (AV38212)
were from Sigma. Anti-p-YAP™3%7 (ab62751), anti-YAP
(ab52771), and anti-SKP1 (ab76502) were from abcam. Anti-
Phosphotyrosine (#05-321) was from Millipore. Anti-FRK
(sc-166478), anti-CYR61 (sc-374129), and anti-CTGF (sc-
101586) were from Santa Cruz Biotechnology. Anti-LATS2
(A16249), anti-p-LATS1T079/LATS2T1041  (AP0912), anti-B-
actin (AC026), and anti-Siah1 (A2494) were from ABclonal.
Cycloheximide (CHX) and MG132 were from TargetMol.
Puromycin, Protein A/G agarose and verteporfin (VP) were
from MedChemExpress. PolyJet was from Signagen.
Polybrene was from Sigma.

Plasmids and Stable Cell Line Generation

The Flag-FRK was kindly gifted by Dr. Shiaw-Yih Lin in MD
Anderson Cancer Center." The lentivirus-based FRK con-
struct for in vivo experiment was generated in our pre-
vious study.'®The pCDH-CMV-EF1-YAP was kindly gifted by
Prof. Hongbin Ji in the Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences.?® The
Flag tagged YAPWT, YAPY188F, YAPY247/8F, YAPY391F, YAPY4°7F,
and YAPY444F were kindly donated by Dr. Jianmin Zhang in
Roswell Park Cancer Institute.?’ The Siah1WT and Siah1¢448
were provided by Dr. Hengliang Shi in Xuzhou Medical
University. The shSiah1s were constructed by Shanghai
Genechem Company and the sequences (5-3’) were as
follows:

shSiah1#1: 5-CTGATAGGAACACGCAAGCAA-3’

shSiah1#2: 5'-CCCTGTAAATATGCGTCTTCT-3’

shSiah1#3: 5-ATGGCAATTTAGGCATCAATG-3’

Plasmids transfection and stable cell line generation
were performed according to the manufacturer’s instruc-
tion and our previous study.®

Immunoprecipitation and Immunoblotting

Immunoprecipitation (IP) and immunoblotting analyses
were performed as we previously described.?® In brief,
cells were lysed in mild IP lysis buffer (Beyotime) with 1%
cocktail protease inhibitors (CWBIO) and centrifuged at
12,000 rpm for 15 min at 4°C.Then, the supernatants were
incubated with 1 pg of indicated antibodies overnight at
4°C and followed by addition of 40 ml of protein A/G mag-
netic beads (MedChemExpress) for an additional 3 h. The
precipitates were washed four times with mild lysis buffer,
resuspended in 1* Loading buffer, and resolved by SDS-
PAGE followed by immunoblotting analysis.
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Immunohistochemistry and Immunofluorescence

Immunohistochemistry and immunofluorescence were
performed according to our previous study.?® To quantify
FRK, YAP, Siah1, and PCNA expression, we measured the
immunostaining scores of FRK, YAP, and PCNA according
to the percentage of positive staining cells and the staining
intensity in glioma tissues.

Cell Growth and Death Assays

The cell growth was estimated by EdU incorporation
assay (RiboBio) and colony formation assay according to
the manufacturer’s instruction and our pervious study.®
The cell death was estimated by Calcein-AM-PI staining
assay (KeyGEN BioTECH) according to the manufacturer’s
instruction.

Cell Luciferase Assay

The 8xGTIIC luciferase reporter (Addgene) which harbors
TEAD-binding sites was utilized to indicate the activation
of YAP. Luciferase reporter assay was performed following
the manufacturer’s instructions (Promega E1910). After
transfection with plasmids for 24 h, the corresponding lu-
minescence value was obtained and a construct containing
Renilla luciferase was used as internal control. The ratio of
firefly/renilla was normalized to that of the empty vector
controls.

Proximity Ligation Assay

Proximity ligation assay (PLA) was performed by
using a commercial kit (Duolink PLA) according to
the manufacturer’s instructions. Briefly, after being
washed three times with cold dulbecco’s phosphate
buffered saline (DPBS), the cells were fixed with 4%
paraformaldehyde for 15 min, blocked with 3% BSA
for 1 h to reduce background binding, and incubated
with primary antibodies of FRK and YAP for 12 h at 4°C.
Thereafter, the cells were incubated with probes for
30 min at 37°C.Then, the cells were washed three times
with cold DPBS, mixed with backbone, connector, DNA
ligase, and buffer in 100 pL of reaction solution for
1 h. Subsequently, the cells were incubated with DNA
polymerase, dNTP, and buffer for 90 min in 37°C. Later,
the cells were washed three times with cold DPBS,
and the cell nuclei were stained with 4/,6-diamidino-2-
phenylindole, dihydrochloride (DAPI) for 5 min. Finally,
the fluorescence was observed under a laser confocal
microscope.

Ubiquitination Assay

Cells were co-transfected with the indicated plasmids
and HA-ubiquitin for 48 h and treated with the protea-
some inhibitor MG132 (20 uM) for 6 h. Cell lysates were
immunoprecipitated using the indicated antibodies and
analyzed by immunoblotting using an anti-HA antibody.
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Quantitative PCR and Reverse-Transcription PCR

After RNA isolation, cDNA was synthesized using the
FastQuant Kit (TIANGEN) according to the manufacturer’s
instructions.The cDNA products were used for reverse-
transcription PCR or quantitative PCR analysis using
SuperReal PreMix Plus (TIANGEN). The PCR primers were
as follows:

YAP Forward 5'-CACAGCTCAGCATCTTCGAC-3’

Reverse 5-TATTCTGCTGCACTGGTGGA-3’

FRK Forward 5-ACCGCAACTCCATACAGC-3’

Reverse 5-TTCCGAGACTCCAGATAGGC-3/

Siah1 Forward 5-CTGGTGCTGTTGACTGGGTGATG-3

Reverse 5-TACGATTGCGAAGAACTGCTGGTG-3’

B-actin Forward 5'-CCAACCGCGAGAAGATGA-3’

Reverse 5-CCAGAGGCGTACAGGGATAG-3’

GBM Intracranial Mouse Model

All experimental protocols were carried out according to
the guidelines of Xuzhou Medical University for animal
research and were approved by Institutional Animal Use
Committee. Five-week-old male nude mice, purchased
from the GemPharmatech Co., Ltd., were used to estab-
lish intracranial GBM xenografts. A total of 6 x 10° U87 cells
with luciferase were injected into the right striatum of each
mouse. Bioluminescence imaging was taken on day 9, 16,
23, and 30 after implantation to monitor intracranial tumor
growth. Last, the mice were sacrificed when they exhibited
hemiplegia, listlessness, cachexia, and other neurological
symptoms. Kaplan—-Meier survival curves were plotted to
show the survival time.

Public Available Clinical Data Analysis

The clinical data of FRK, Siah1,YAP, and target genes (CTGF
and CYR61) were downloaded from the Cancer Genome
Atlas (TCGA, https:/portal.gdc.cancer.gov) and Chinese
glioma Genome Atlas (CGGA, http://www.cgga.org.cn/).

Statistical Analysis

All of the experiments were repeated independently at
least three times. The data were presented as mean + SD,
as indicated in each figure caption.The Pvalues were deter-
mined using two-sided unpaired t-test or one- or two-way
analysis of variance (ANOVA) with GraphPad Prism 9 soft-
ware. Survival analysis was conducted using the Kaplan-
Meier model with a two-sided log-rank test. The values
were considered statistically significant at P< 0.05.

Results

The Expression Level of FRK is Negatively
Correlated with that of YAP in Glioma Samples

To determine the potential clinical relevance of FRK and
YAP, we detected the expression of FRK and YAP in 5
nontumor brain tissues and 45 human glioma specimens

using immunohistochemistry staining (Figure 1A-E). As a
result, the level of FRK in the high-grade gliomas was sig-
nificantly lower than that in the low-grade gliomas and
nontumor brain tissues, while YAP exhibited opposite ten-
dency (Figure 1A-D), in line with outcomes of TCGA and
CGGA analyzing (Supplemental Figure 1). Furthermore,
the level of FRK and YAP exhibited negative correlation
(Figure 1E, r = —0.8718, P < 0.001, n = 50). Notably, the
subcellular localization of FRK and YAP showed exclusive
distribution in the same region. As shown in Figure 1A,
where the FRK level was high, the YAP level was low, and
vice versa. In addition, according to our clinical follow-up
data of high-grade glioma samples (n = 25), patients with
high expression of FRK had longer survival time than those
with low expression (Figure 1F). In contrast, patients with
high expression of YAP had significantly shorter survival
time than those with low YAP (Figure 1G). Most interest-
ingly, patients with high YAP and low FRK showed poorer
prognosis (Figure TH).

FRK Promotes YAP Ubiquitination and
Degradation

Previous studies reported that YAP has been regulated by
SRC family kinases (SFKs), such as YES,?° SRC,"03031 and
LCK." In this context, we therefore asked whether FRK, a
member of SFKs, could regulateYAP. First, we co-expressed
Flag-FRK and YAP in HEK293T cells and found that the pro-
tein abundance of YAP and p-YAPS'?’ decreased after FRK
over-expression (Supplemental Figure 2A, 2B). Similarly,
the protein level of YAP also decreased after FRK over-
expression in low-passage human primary GBM cells
(GBM 1120D, Figure 2A). Next, we generated GFP-FRK over-
expression U251 and U87 GBM cells via lentivirus system
(Supplemental Figure 2C, 2D) and found that exogenous
FRK decreased endogenous YAP protein level (Figure 2B,
2C), but not its mRNA level (Supplemental Figure 2E).
Interestingly, FRK upregulated LATS1 protein level without
affecting the phosphorylation either on LATS1%¢%° and
LATS1T979 or on LATS2T'%4! (Figure 2B, 2C), indicating that
the regulation of FRK on YAP was independent of Hippo
pathway.

To determine whether the protein stability of YAP is con-
trolled by FRK, we blocked de novo protein synthesis using
cycloheximide (CHX) and found that the half-life of YAP was
much shorter in FRK over-expression cells (Figure 2D-F).
Furthermore, the proteasomal inhibitor MG132 completely
reversed YAP destabilization (Figure 2G), whereas the lyso-
somal inhibitor chloroquine (CQ) had no such effect (Figure
2H). As expected, over-expression of FRK greatly promoted
YAP ubiquitylation in the presence of MG132 in HEK293T
and U251, as well as in GBM 1120D cells (Figure 2I). Taken
together, these results validated that FRK promotes the
ubiquitylation and degradation of YAP in GBM.

Over-expression of YAP Partially Abolishes the
Inhibition Effect of FRK on GBM Progression In
Vitro and In Vivo

To investigate the biological relevance of FRK-induced
degradation of YAP, we first assessed the properties of FRK
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Fig.1 The expression level of FRK is negatively correlated with that of YAP in gliomas. (A&B) Representative images of inmunohistochemical

staining (A) and positive cell percentage (B) of FRK and YAP in nontumor brain tissues (n = 5) and human glioma specimens (n = 45). Scale bar:
20 um. (C&D) Immunohistochemical scores (+: 0-15%; ++: 15%-30%; +++: 30%—65%; ++++: >65%) of FRK (C) and YAP (D) in gliomas with dif-
ferent grades. (E) The positive staining percentage of FRK and YAP exhibited negative correlation among different specimens (n =50, r=-0.8718,
P<0.0001). (F-H) Kaplan—Meier survival analysis of high-grade glioma patients expressing indicated proteins (n = 25). The cut-off to define high
or low expression was the median value. # *P< 0.05, ##, ** P < 0.01, ###, ***P< 0.001.
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in regulation of cell proliferation. As is shown in Figure
3A,3B and Supplemental Figure 3A, 3B, FRK decreased cell
proliferation and colony-formation ability, which were at-
tenuated by over-expression of YAP. In addition, cell growth
inhibition after over-expression of FRK was similar to that
of the commonly used inhibitor verteporfin (VP) admin-
istration, and the promotion effect of YAP on cell growth
was inhibited by VP, indicating that YAP is a main player of
tumor growth (Figure 3A,3B and Supplemental Figure 3A,

3B). On the contrary, cell death assayed by Calcein-AM-PI
staining showed the opposite trend (Supplemental Figure
3C,3D).

Motivated by the above results, we investigated whether
YAP acts as a critical factor in the inhibition effect of FRK on
GBM progression in vivo. Orthotopic GBM mouse models
were constructed by intracranially injecting the luciferase
labeled U87 cells and tumor growth was monitored every
7 days using bioluminescence values (Figure 3C). As is
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Fig.3 Over-expression of YAP partially abolishes the inhibition effect of FRK on GBM progression in vitro and in vivo. (A&B) Cell prolifera-
tion was assessed using EdU assay in GBM cells stably over-expressing FRK or/and YAP with or without VP (5 pg/mL) treatment. Representative
images were shown (A) and EdU-positive cells were quantified (B). Scale bar: 100 um. (C) Schematic illustration of the in vivo experimental
workflow. (D&E) Representative bioluminescence images (D) and the photon flux was analyzed quantitatively (E). P value was calculated on day
30. (F&G) Representative HE staining images of consecutive brain sections (F, n =3 per group) and the quantified results (G). (H) Kaplan—-Meier
curve showed the overall survival time of GBM-bearing mice of each group (n =7 per group). (I8&J) Representative immunostaining images of
PCNA in the GBM xenografts (I, n=3 per group) and the quantified results were shown (J). Scale bar: 50 pm. (K) Representative inmunoblots of
the extracts from tumors derived from each group probed with indicated antibodies. *P < 0.05, **P< 0.01, ***P < 0.001.
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shown in Figure 3D-G, examined by bioluminescence
imaging analysis and HE staining, we found that FRK
over-expression inhibited tumor growth, while YAP over-
expression promoted it. Notably, the inhibitory effect of
FRK on GBM growth could be largely blocked by YAP over-
expression (Figure 3D-G). In addition, the median survival
time of mice injected with FRK over-expression cells pro-
longed, which could be reversed by the simultaneously
over-expressed YAP (Figure 3H). Consistently, the intensity
of PCNA-positive proliferative cells in FRK-over-expression
tumors decreased, whereas it was attenuated by concom-
itantly over-expressed YAP (Figure 31,3J). Furthermore, the
protein levels of FRK,YAP, and LATS1/2 in the xenograft tis-
sues were similar to those in GBM cells (Figure 3K), sug-
gesting that the regulation relationship between these
proteins also existed in the xenograft. Collectively, these
results suggest that FRK-induced GBM growth inhibition is
partially abolished by over-expression of YAP.

Phosphorylation of YAP on Tyr 391/407/444
by FRK is Required for its Ubiquitylation and
Degradation

We then asked whether FRK modulates YAP by interacting
with it. The forward or reverse Co-IP assay showed that
exogenous FRK interacted with endogenous YAP (Figure
4A,4B). Besides, FRK and YAP co-localized in the peri-
nuclear and nuclear region (Supplemental Figure 4A).
Interestingly, where the expression of FRK is higher, the
expression of YAP is lower, consistent with the results of
our tissue immunohistochemistry (Figure 1A). In addi-
tion, to further elucidate the interaction between endoge-
nous FRK and YAP, we detected the positive signals via PLA
both in GBM cells (U251, U87) and in low-passage primary
GBM cells (GBM 1120D, TBD0220) (Figure 4C). The results
strongly showed that endogenous FRK and YAP gener-
ally interacted with each other. We found that the positive
signals were distributed both in cytosol and in nuclear
compartments, which is consistent with the results of our
immunofluorescence experiment (Supplemental Figure
4A). Because the results of immunofluorescence and PLA
showed that FRK and YAP interacted with each other both
in cytosol and in nucleus, we therefore performed the
ubiquitylation assay again by using cytosol and nuclear
fraction, respectively. We found that FRK could promote
the ubiquitylation of YAP both in cytosol and in nucleus
(Figure 4D).

Next, we sought to investigate whetherYAP is a substrate
of FRK kinase. Using a specific phosphotyrosine antibody
(p-Tyr), we found that over-expressing FRK promoted YAP
tyrosine phosphorylation (Figure 4E,4F). The sequences
of short and long isoforms of YAP1 (YAP1-13 and YAP1-2y)
harbor six conserved tyrosine sites (Figure 4G). To iden-
tify the FRK-dependent phosphorylation site(s) in YAP, we
used Flag-tagged Y-to-F YAP mutants, which could not be
phosphorylated, of each potential site (YAPY188F YAPY247/8F
YAPY391F YAPY407F - or YAPY444F) to analyze their tyrosine
phosphorylation in HEK293T cells overexpressing FRK. We
found that FRK-mediated tyrosine phosphorylation of YAP
decreased significantly after YAPY3?1F YAPY407F o YAPY444F
transfection (Figure 4H). Moreover, using a specific

antibody against p-YAPY47, we detected the increase of
p-YAPY47 |evel in HEK293T cells transfected with FRK and
wild-type YAP (YAPWT) (Figure 4l, Supplemental Figure 4B).

To analyze the potential role of Y391/407/444 phospho-
rylation in the regulation of YAP protein degradation by
FRK, we examined the protein level of YAP mutants after
FRK over-expression. As expected, the level of YAPWT,
YAPY'8F and YAPY247/8F mutants decreased after FRK over-
expression, but those of YAPY391F YAPY407F and YAPY444F mu-
tants did not (Figure 4J). Moreover, as shown in Figure
4K, YAPY39'F YAPY47F and YAPY444F mutants rendered YAP
less responsive to FRK-mediated ubiquitylation. Taken to-
gether, our data indicate that FRK may interact with and
phosphorylates YAP at Y391/407/444, which is critical for
ubiquitylation and degradation of YAP.

Siah1 is an E3 Ubiquitin Ligase of YAP

As Tyr391/407/444 phosphorylation by FRK promoted
YAP ubiquitylation, we therefore wondered which is the
E3 ubiquitin ligase for YAP in cooperation with FRK. We
tried to identify this de novo E3 ubiquitin ligase from
YAP binding proteins. According to the literature, three
Labs®2-3% used YAP as baits to identify interacting proteins
by affinity purification and mass spectrometry. All three
interactomes revealed 21 shared proteins, most of which
are known core members of the Hippo pathway and only
the E3-ubiquitin-ligase-associated CACYBP (SIP1) and
SKP1 are novel interactors® (Figure 5A). We notified that
both CACYBP (SIP1) and SKP1 are the core of Siah1 E3
ubiquitin ligase complex.®® Cullin-1-like adaptor protein
SIP1 provides a physical link between the RING domain
of Siah1 and the substrate engaged by the SKP1/Ebi F-Box
protein.®® Structural-functional analysis of various Siah1
substrates has identified a consensus Siah1-binding motif
(VxP) among Siah1 substrates.®” We closely examined the
protein sequence of YAP and revealed a potential Siah1
substrate-binding motif (VxP), which is highly conserved in
YAP proteins from different species (Figure 5B). Thus, we
performed Co-IP assay and revealed that either known-
Siah1 binding proteins (3-Trcp and SKP1) or Siah1 could be
readily detected in YAP immunoprecipitates in GBM cells
(Figure 5C,5D). Consistently, immunofluorescence assay
showed that Siah1 and YAP co-localized in U87 cells (Figure
5E).

To investigate whether Siah1 was involved in the degra-
dation of YAP, we overexpressed wide-type (WT) or RING
domain mutant (C44S) of Siah1, which is the ubiquitin-
ligase-activity-dead mutant, in U251 cells. We found that
YAP protein levels decreased after over-expression of
Siah1"T, but not Siah1%44S mutant, suggesting that Siah1-
modulated YAP depends on its ubiquitin ligase activity
(Figure 5F). However, both WT and C44S mutant of Siah1
could not alterYAP mRNA levels (Figure 5G).

In addition, we also found that Siah1"T over-expression
markedly decreased the expression levels of YAP as
well as CTGF and CYR61, two known target genes of
YAP. By contrast, MG132 treatment abated the reduc-
tion of YAP, CTGF and CYRG61 levels, which is caused by
Siah1WT over-expression (Figure 5H). Consistently, we
found that Siah1WT, but not Siah1¢%4S mutant, inhibited
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Fig. 4 Phosphorylation of YAP on Tyr391/407/444 by FRK is required for its ubiquitination and degradation. (A&B) Reciprocal Co-IP of Flag-FRK
with endogenous YAP. U251 cell extracts were immunoprecipitated using antibodies against YAP and FRK, and subjected to immunoblotting anal-
ysis. IgG was used as the isotype control. (C) Duolink PLA was performed with anti-FRK and anti-YAP primary antibodies in GBM cells (U251,
U87) and low-passage primary GBM cells (GBM 1120D, TBD 0220). The red signal showed the interaction of FRK and YAP. (D) HEK293T cells were
transfected with the indicated plasmids and treated with MG132. The cytoplasm and nuclear fraction were immunoprecipitated using anti-YAP
antibody and subjected to immunoblotting using anti-HA antibody respectively. (E&F) Effect of FRK over-expression on YAP tyrosine phosphoryl-
ation by immunoblotting using p-Tyr in U251 cells. (G) Amino acid sequence conservation in different species of the six tyrosine residues in YAP.
(H) Effects of YAPY18F YAPY247/8F YAPY3SIF YAPYAOTE and YAPY44F on YAP tyrosine phosphorylation in HEK293T cells co-transfected with Flag-FRK.
(I) Cell lysates were analyzed by immunoblotting using p-YAPY*” in FRK-over-expression U251 cell. (J) Protein levels of YAPWT, YAPY188F YAPY247/6F,
YAPY3F YAPYATF and YAPY*4F mutant in HEK293T cells co-transfected with Flag-FRK. (K) HEK293T cells were transfected with HA-Ub, Flag-FRK
and Flag-YAPWT or YAPY3'F YAPY40F and YAPY***F mutant, and then treated with 20 pM MG132. Cell lysates were immunoprecipitated using anti-
YAP antibody and analyzed by inmunoblotting using anti-HA antibody.
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the transcriptional activity of YAP via cell luciferase assay
(Figure 5l). Taken together, these findings confirmed that
Siah1 modulatesYAP protein levels and its downstream ac-
tivity in a proteasome-dependent manner.

To investigate whether Siah1 actually catalyzes the ubi-
quitination of YAP, we co-expressed HA-ubiquitin with ei-
ther WT or the C44S mutant of Siah1 in HEK293 and U251
cells. After immunoprecipitating YAP, we observed that
Siah1WT significantly promoted YAP ubiquitination, while
the Siah1¢44S mutant could not (Figure 5J). Together, these
results demonstrate that Siah1 is a bona fide E3 ubiquitin
ligase targeting YAP protein for ubiquitination.

Siah1 Expression is Negatively Correlated with
YAP in Glioma Samples

To further determine the potential clinical relevance of our
findings, we analyzed the TCGA and CGGA database and
observed that Siah1 shows opposite prognostic trend with
YAP in glioma patients (Supplemental Figure 5A-E), con-
sistent with the IHC results of our glioma samples (Figure
1). Furthermore, an apparent negative correlation was de-
tected between the level of Siah1 and that of YAP target
genes (CTGF and CYR61) in glioma patients (Supplemental
Figure 5F, 5G).

Next, we examined the expression of Siah1 and YAP pro-
teins in serial sections of 5 nontumor brain tissues and 45
human glioma specimens and found that expression levels
of Siah1 were negatively correlated with those of YAP
(Supplemental Figure 5H, 51, r=-0.4501, P=0.0010). In ad-
dition, according to the data of high-grade glioma patients
with follow-up information (n = 25), we found that patients
with low Siah1 showed poorer prognosis (Supplemental
Figure 5J). Importantly, patients with Siah1 low and YAP
high have poorer prognosis (Supplemental Figure 5K),
similar to that of FRK low and YAP high patients (Figure
1H).

Siah1 is Required for FRK-induced YAP
Ubiquitination and Degradation

To further determine whether the inhibitory effect of FRK
on YAP is mediated by Siah1, we expressed Siah1 shRNA
in GBM cells (Supplemental Figure 6A) and found that
YAP protein levels increased significantly in shSiah1#3
cells which exhibited better downregulation efficiency
than other two shSiah1 (Figure 6A). Consistently, down-
regulation of Siah1 dramatically decreased YAP poly-
ubiquitylation (Figure 6B).

Intriguingly, Siah1 down-regulation also partially abol-
ished FRK-induced YAP degradation (Figure 6C), but did
not affect LATS1/2 level (Supplemental Figure 6B). In ad-
dition, knockdown of LATS1/2 did not affect the modula-
tion of YAP via FRK (Supplemental Figure 6C). The above
results further indicated that the modulation of YAP via
FRK and Siah1 is independent of Hippo signal pathway.
Consistently, down-regulation of Siah1 inhibited FRK-
induced YAP ubiquitylation (Figure 6D), indicating that
Siah1 is required for FRK-induced YAP ubiquitination and
degradation.

In support of a role for Siah1 in FRK-induced YAP poly-
ubiquitination, we deduced that FRK altered the binding of
YAP with Siah1. To validate our hypothesis, we performed
Co-IP experiments and found that the binding of Siah1 and
YAP dramatically increased along with the increase of FRK
level (Figure 6E), indicating that FRK promotesYAP binding
to Siah1. Furthermore, the increase of FRK-induced inter-
action between Siah1 and YAP was abolished by YAPY391F,
YAPY47F " and YAPY44F mutant (Figure 6F). These results
demonstrate that FRK-dependent phosphorylation of YAP
is critical for the binding of YAP with Siah1 and its sub-
sequence ubiquitylation. In line with above results, the
growth-inhibitory effect of FRK on GBM cells was reversed
by Siah1 down-regulation (Supplemental Figure 6D, 6E).

Discussion

Previous studies have demonstrated that YAP frequently
amplified and activated in several types of human can-
cers.® However, although classical regulatory mechanisms
of YAP are well explored, the Hippo-independent manners
of howYAP is modulated remains poorly understood. Here,
we found that FRK negatively regulates YAP protein sta-
bility through phosphorylation of YAP on Tyr391/407/444,
which promotes YAP ubiquitination and degradation
through recruiting Siah1 (Figure 6G).

Several studies have shown that phosphorylation may
be a common mechanism for regulation of protein sta-
bility. It is reported that FRK positively regulates PTEN
and BRCA1 stability by tyrosine phosphorylation in breast
cancer.”'® In our studies, although only Y407 phospho-
rylation by FRK has been verified through phospho-YAP-
Tyrd07, we found that FRK may phosphorylate YAP on
Tyr391/407/444 by a serial experiment. Unfortunately, since
there are no commercial antibodies against phospho-YAP-
Tyr391 and phospho-YAP-Tyrd44, we could not verify these
two sites now. In addition, our present study identified that
YAP phosphorylation by FRK promotes its ubiquitination
and degradation. However, several SRC nonreceptor tyro-
sine kinase family members, such as SRC, YES, LCK, were
shown to directly phosphorylate YAP at Y391/407/444 and
promoted YAP nuclear translocation and enhanced its acti-
vation.'011.29-31 This may be the reason why FRK and other
SFKs play opposite roles in cancer progression. It is inter-
esting that FRK and SRC phosphorylates YAP at the similar
sites but exhibits different effect on YAP activity. We have
no answer for this question now and deduce it may due
to the different subcellular location of FRK and SRC. This
question deserved further study in the future.

It has been reported that YAPS38' phosphorylation modu-
lates P-Trcp-mediated ubiquitination and degradation.’
Because FRK has not affected the activity of LATS, and
knockdown of LATS1/2 has not affected the modulation of
YAP via FRK, we therefore deduce that FRK-induced YAP
ubiquitination and degradation was independent of Hippo
signal pathway and was not performed by -Trcp. Besides
B-Trcp, FBXW7, SOCS5/6, SKP2, STUB1, DCAF12, RNF187,
PARK2, and TRAF6 has also been reported to be the E3 lig-
ases of YAP3-45 |n this study, we identified and validated
that Siah1is a novel E3 ubiquitin ligase of YAP. Accumulated


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data
https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac156#supplementary-data

Wang et al. FRK inhibits YAP by Siah1 in GBM @4 k¥,

A B Peptide Sequence
= ACK1 902-914  PAAPTATVRPMPQ
2% SIP 57-69 NEKPAAVVAPITT
Couzens et al. 2a KID 524-536  KPLKKAVVMPLQL
Wangetal £ s A ; LATS1,2 22 DCC  1330-1342  RTIPTACVRPTHP
s ° i N sF1a 2 EF1-5 181-143  HVSPMRQVEPPAK
21 SAVA 2 N-coR 136-148  FQRISAAVLPLVH
16 19 MSE’Z AXINI 376-388 RVPKEVRVEPQKF
Siah1-binding
szé\pT 2 consensus motif VixP
14-3-3p,y - Human 132-144  LQLGAVSPGTLTP
Kwon et al. 381 14-3-38m,0,C Z | Chimpanzee 132-144  LQLGAVSPGTLTP
CACYBP* £ Horse 132-144  LQLGAVSPGTLTP
SKP1* o Bovine 60-72 LQLGAVSPGTLTP
g Chicken 132-143  LQLGAVSPGTLTP
Mouse 117-129  LQLGAVSPGTLTA
¢ " D E

lnput _1gG Y2 _i(K) Input  1gG  IP:Flag Mr(K)

FRK 55
exo-YAP |- e |_70
— Flag-Siah1 -|_
- o .
25 -
Flag-Siah1
o (. )

u

sian [ ] 35
F G H
Flag-Siahi - WT C44S - WT cC44S
164 __Ns
L] ns MG132 - - - + + +  Mr(K)
Vector Siah1WT Siah1C44S Mr(K| [3 .
® 3 " Flag-Siah1 | [ - - | 35
Flag-Siah1 | 55 g 10 ot 4 o
(SE) c - YAPl——-—-—--—l_m
£
Fla?l-ISEi)am . e . - 35 20_5_ CTGFl P I—4o
(1]
S
YAPl— — —|_70 K CYRET | e e s s s s | 10
0.0——T—T7—T1—
B'actinl- -— —|-4o e N B-actinl — e e e o o |—4o
< AN N
N fo"b é@o
| J Flag-Siah1 - WT C44S - WT C44S
HA-Ub - + + + + +
ns
MG132 + + + + + + Mr(K)
> 1.5
3>
8 N %
Brod = 5 :
5 & <
= >
S _
S 0.5
2 YAP
% Flag
o
0.0 I . I VAP
& é\ o 3]
S N
@ X N = .
& &® B-actin

HEK293T U251

Fig.5 Siah1is an E3 ubiquitin ligase of YAP. (A) Venn diagram indicating the shared YAP interacting proteins reported with high confidence in the
three proteomic studies. (B) Comparison of putative Siah1 binding motif in YAP with the Siah1-binding consensus motif defined in the known Siah1
substrates. (C&D) U251 cell extracts were immunoprecipitated using antibodies against YAP or Flag, and subjected to imnmunoblotting analysis.
1gG was used as the isotype control. (E) Representative images of co-localization of Siah1 with YAP in U87 cells. Scale bar: 5 um. (F) HEK293T cells
were transfected with Siah1 WT or C44S mutant and YAP levels were assessed by immunoblotting. (G) gRT-PCR examined the effects of Siah1
WT or C44S mutant on YAP mRNA levels in U251 cells. (H) U251 cells were transfected with Siah1 WT or C44S mutant and treated with or without
20 uM MG132. Cell lysates were analyzed by immunoblotting. (I) HEK293T cells were transiently transfected with indicated plasmids along with
the luciferase reporter. Luciferase activity was detected at 24 h after transfection. (J) HEK293T and U251 cells were transfected with the indicated
plasmids and treated with MG132. Cell lysates were immunoprecipitated by anti-YAP antibody and analyzed by immunoblotting. ***P < 0.001, ns:
no significance.



Wang et al. FRK inhibits YAP by Siah1 in GBM

A B Siah1 C
HA-Ub
shSiah1
—__sholam MG132
Scramble  #1 #2 #3 Mr(K)
Siah1 x lmm 35 Scramble shSiah1#3
- Vector FRK Vector FRK Mr(K)
YAP| — — — I_ 8 o HA
- |8 g VAP | o |
B-actinl | e RSP GERHEP I_40 & YAP/B-actin  1.00 0.63 1.91 1.60
ap Frk| | — — o
Siah1|- —— |—35
o [ W W W]
var[ - siah1 Sia 35
-
| S - -|—70 3 . B-actinl |_4o
| vap
B-actin|— - S— —|_4o =
p-actin
HEK293T U251
D E F
Scramble shSiah1#3
Flag-FRK - + - +
32132 : : : : Wr(K) Flag-FRK e ] FlagFRK - + + + _+ 4 o+
HA-YAP  + + + & «§< & & &
-Si & BN &
| 180_ Flag-Siah1 + + + Mr(K) Flag-YAP é\ Q‘\ 8@ B o Mr(K)
c
| S I L e 1 T £
s : > o
i N T = .
70 Siahi/YAP 100 133 152 var [ -
-70 55 FRK| e s | 55|
N e L T TR e
| D - o -
| siaht [ — s |35 =
g Flag-Siah1 E"” P-actin | W S G - — — -
YAP | s s s suml |70
B-actin| cE—— D GEED S |

Non-Tumor

) e
XADADADADX CYEE

Nucleus

Fig. 6 Siah1 is required for FRK-induced YAP ubiquitination and protein degradation. (A) GBM cells were transfected with three independent
shRNASs targeting Siah1, and levels of Siah1 and YAP were detected by immunoblotting. (B) HEK293T and U251 cells were transfected with the in-
dicated plasmids and treated with MG132. Cell lysates were immunoprecipitated using an anti-YAP antibody and subjected to immunoblotting. (C)
U251 cells expressing Siah1 shRNA#3 (shSiah1#3) and exogenous FRK, and YAP levels were assessed by immunoblotting. (D) HEK293T cells were
transfected with HA-Ub, Flag-FRK and shSiah1#3, and then treated with 20 M MG132. Cell lysates were immunoprecipitated using an anti-YAP
antibody. (E) HEK293T cells were transfected with HA-YAP, Flag-Siah1 and upgrade volume of Flag-FRK. Cell lysates were immunoprecipitated
using an antibody against YAP. (F) HEK293T cells were transfected with Flag-FRK and YAP"T or YAP mutants. Cell lysates were immunoprecipitated
using an antibody against YAP. (G) Working model: In physiological conditions, FRK phosphorylates YAP at Y391/407/444 and enhances its binding
to Siah1, leading to YAP protein degradation both in cytoplasm and in nucleus, which in turn inhibits GBM progression. Conversely, the expression
of FRK decreased in GBM, leading to the opposite effect. * P<0.05, ** P< 0.01.



data have shown that Siah1 is a member of RING family E3
ubiquitin ligases and a few proteins including NcoR, TRAF,
p-catenin, c-Myb, APC, and Kid have been identified as
Siah1 substrates.*6%° |n the current study, we found that
YAP phosphorylation by FRK increases the association of
YAP with Siah1 and then ubiquitylation, indicating that YAP
is a new Siah1 substrates.

In recent years, small-molecule-induced protein degra-
dation has emerged as a powerful therapeutic strategy,
such as proteolysis-targeting chimeras (PROTACs), which
has been developed to degrade a wide range of clinically
relevant target proteins. These small-molecule degraders
engage both the E3 ligase and the target protein to pro-
mote the formation of a substrate-drug-ligase ternary
complex. BI-3802 has been reported to induce specific
degradation of BCL6 by E3 ligase Siah1.5° In the future, we
would like to find a similar small molecule compound that
can induce the specific degradation of YAP by Siah1.

In conclusion, we identify that FRK phosphorylates
and destabilizes YAP by promoting recruitment of Siah1,
leading to GBM growth inhibition.YAP is a substrate of FRK
and Siah1 is a new E3 ubiquitin ligase of YAP. Lack of FRK
and Siah1 in GBM causes YAP accumulation and activa-
tion to promote tumor progression. Our present study has
strongly suggested that the FRK-Siah1-YAP axis is critical
for GBM malignant progression and targeting this axis is a
potential therapeutic strategy against GBM.
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online.
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