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Abstract

Ewing sarcoma (EwS) is a highly metastatic bone cancer characterized by the ETS fusion oncoprotein EWS-FLIT. EwS
cells are phenotypically highly plastic and switch between functionally distinct cell states dependent on EWS-FLI1
fluctuations. Whereas EWS-FLI1"9" cells proliferate, EWS-FLIT'®" cells are migratory and invasive. Recently, we reported
activation of MRTFB and TEAD, effectors of RhoA and Hippo signalling, upon low EWS-FLI1, orchestrating key steps of
the EwS migratory gene expression program. TEAD and its co-activators YAP and TAZ are commonly overexpressed in
cancer, providing attractive therapeutic targets. We find TAZ levels to increase in the migratory EWS-FLI1'" state and
to associate with adverse prognosis in EwS patients. We tested the effects of the potent YAP/TAZ/TEAD complex
inhibitor verteporfin on EwS cell migration in vitro and on metastasis in vivo. Verteporfin suppressed expression of
EWS-FLIT regulated cytoskeletal genes involved in actin signalling to the extracellular matrix, effectively blocked F-actin
and focal-adhesion assembly and inhibited EwS cell migration at submicromolar concentrations. In a mouse EwS
xenograft model, verteporfin treatment reduced relapses at the surgical site and delayed lung metastasis. These data

suggest that YAP/TAZ pathway inhibition may prevent EwS cell dissemination and metastasis, justifying further
preclinical development of YAP/TAZ inhibitors for EwS treatment.

Introduction

Ewing sarcoma (EwS), the second most common
malignant bone tumour in children and adolescents, has a
high propensity for early onset dissemination, and current
treatment strategies are only poorly effective against
metastatic disease’. EwS is driven by a EWSRI-ETS fusion
oncogene, most commonly EWSRI-FLI1 23 which results
in the expression of the oncogenic transcription factor
EWS-FLI1 that drives cell transformation and oncogeni-
city®. Recent studies suggest that EWS-FLI1 may oscillate
between high and low expression states, thereby orches-
trating distinct phenotypic programs’. The majority of
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tumour cells express high EWS-FLI1 levels, proliferate
and exhibit a high cell-cell adhesion propensity. In con-
trast, rare EWS-FLI1'® cells resemble the putative EwS
cell of origin, mesenchymal stem cells (MSCs)®, are highly
migratory””® and more efficient in forming metastases as
compared to EWS-FLI1M&" cells>®.

We have recently identified a regulatory mechanism
involving the myocardin related and TEA-domain tran-
scription factors MRTFB and TEAD1-4 triggering
cytoskeletal reorganization in EWS-FLI1'Y cells'’. In
contrast, in EWS-FLI1"®" cells, EWS-FLI1 bound to and
prohibited access of MRTFB to TEAD-regulated enhan-
cers. TEADs require co-activation by the Yes-associated
protein 1 (YAP-1, YAP) or its paralogue, the transcrip-
tional co-activator with PDZ-binding motif (TAZ,
WWTR1), which are typically controlled by Hippo sig-
nalling in organ development and tissue homo-
eostasis'"'%. Independent of the canonical Hippo
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pathway, mechano-skeletal dynamics involving the Rho
signalling pathway has been shown to control MRTFB
and YAP/TAZ activity''®'*. Overexpression and hyper-
activation of YAP and/or TAZ have been linked to cancer
growth and metastasis in various tumours'®>~%°, However,
somatic or germline mutations of Hippo signalling com-
ponents are uncommon in human cancers including
EwS*?2, suggesting other regulatory mechanisms of
YAP/TAZ activation. Mechanistically, YAP has been
reported to be constitutively stabilized by the polycomb
group family protein BMI-1 and to be required for EwS
cell proliferation and loss of contact inhibition®*. The role
of TAZ in the context of EwS remained elusive.

As YAP/TAZ activity is low in resting tissues, phar-
macological inhibition of the YAP/TAZ/TEAD axis might
provide a novel therapeutic strategy to prevent metastasis
without severe side effects**, Depletion of YAP and TAZ
reversed epithelial-to-mesenchymal transition (EMT) and
blocked migration and metastatic propensity of a variety
of cell types**?°. Previously, the photoactive porphyrin
verteporfin (VP), a clinically approved drug (Visudyne) for
treatment of age-related macular degeneration, showed
high specificity in preventing complex formation of YAP
with TEAD and subsequent target gene activation, inde-
pendent of its photosensitizing effect’>*’. Since VP
treatment prohibited cell migration in various can-

2829 we aimed at testing its effects on early steps of
EwS metastasis.

Results
TAZ expression is repressed by EWS-FLI1 in vitro and
negatively correlates with EWS-FLI1 in tumours

To test for the expression of YAP and TAZ in EwS, we
compared 66 primary EwS with 89 normal tissues. The
expression of both genes was moderately increased in the
EwS context (Fig. 1a). In line with their important role as
regulators of MSC fate>>3!, YAP and TAZ expression was
specifically high in MSCs, the presumed EwS cell type of
origin (Fig. 1a).

As EWS-FLI1' expressing cells have been linked to an
invasive phenotype recently, we asked whether EWS-FLI1
affects YAP and TAZ protein levels in three EwS cell lines
carrying doxycycline (dox) - inducible sh-EWS-FLI1
constructs. In general, YAP and TAZ expression levels
varied between cell lines (Fig. 1b). Upon EWS-FLI1
knockdown, TAZ substantially increased in A673/TR/
shEF and SKshFli1#3 cells but not in TC32/223 cells. By
immunofluorescence microscopy and protein fractiona-
tion of A673/TR/shEF cells, TAZ was found to accumu-
late in the cytoplasm and the nucleus, and to increase in
both compartments upon EWS-FLI1 modulation (Fig. 1c).
In line with EWS-FLI1 negatively regulating TAZ, an
analysis of RNA expression data of 117 primary EwS
tumours (GEO ID: gse34620°%) revealed significant anti-
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correlation of TAZ expression with FLI1 (r= —0.225, p =
0.015) and with selected EWS-FLI1 activated genes
(BCL11B: r=-0.539, p=3.49e—10; NKX2-2: r=
—0.448, p =3.95e—07), as well as a positive correlation
with EWS-FLI1 suppressed genes (TGFBR2: r=0.819,
p=175e—29; LOX: r=0.752, p =0.166e—22) (Supple-
mental Fig. 1). In contrast, YAP did not significantly
correlate with FLI1 or EWS-FLI1 targets (data not
shown). Furthermore, Kaplan—Meier analysis of an inde-
pendent series of 85 primary EwS with complete clinical
annotation (GEO ID: gse6315733) indicated an association
of high TAZ expression with adverse event-free (chi=
4.08, p =0.043) and overall survival (chi=9.44, p=2.1e
—03) (Fig. 1d). These findings suggest that TAZ might
play an important role in the onset of EwS metastasis.

Verteporfin prevents complex formation of YAP/TAZ with
TEAD upon low EWS-FLI1

We previously demonstrated constitutive nuclear loca-
lization of YAP and increased association with TEAD-
regulated enhancers upon EWS-FLI1 knockdown'®. To
test if EWS-FLI1 depletion also directly affected the
complex formation of TEAD with its co-activators YAP
and TAZ, we performed proximity ligation assays (PLAs),
which allow antibody-based in situ visualization of
protein—protein interactions at single-molecule and
single-cell resolution. Quantification of nuclear PLA sig-
nals revealed a significant increase of endogenous YAP/
TEAD1 as well as TAZ/TEAD] interactions in the EWS-
FLI1™" compared to the EWS-FLI1"8" state (Fig. 2a, b).
Apparently, only minor subpopulations of cells showed
very high numbers of PLA signals (i.e. >60 PLA dots per
nucleus), suggesting heterogeneity of YAP/TAZ/TEAD
transcriptional activity at single-cell level. However, the
proportion of cells with no YAP/TEAD1 and TAZ/
TEAD1 PLA signals was lower while the proportion of
cells with >30 PLA signals was higher in the EWS-FLI1'*"
than the EWS-FLI1™M&" state (Fig. 2c). Correspondingly,
increased pulldown of YAP and TAZ was observed in
pan-TEAD co-immunoprecipitation (co-IP) experiments
upon EWS-FLI1 knockdown and, vice versa, TEAD was
enriched in TAZ precipitates in the EWS-FLI1'™" state
(Supplemental Fig. 2A). Functional activation of YAP/
TAZ/TEAD upon EWS-FLI1™" conditions was con-
firmed by increased expression of YAP/TAZ/TEAD target
genes CYR6I, CTGF and SERPINEI (Supplemental Fig.
2B). Our data highlight enhanced activation of the YAP/
TAZ/TEAD signalling axis as a specific property of EWS-
FLI1™Y cells.

Next, we evaluated the consequences of treatment with
verteporfin (VP), an established pharmacological YAP/
TAZ inhibitor, on EwS biology. VP was reported to per-
turb YAP/TAZ function; however, the exact mode of its
activity is controversial. To test whether VP affects YAP/
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Fig. 1 TAZ expression is repressed by EWS-FLI1 in vitro and correlates with patient outcome in primary EwS. a Box-plots showing relative
expression levels of TAZ and YAP in 66 primary EwS tumours compared to 89 normal tissues and mesenchymal stem cells (MSC). Affymetrix hgu133a
microarray expression data from Kauer et al®'. b Representative immunoblots showing YAP and TAZ expression under dox-induced EWS-FLIT'
(48 h dox) versus EWS-FLI1"9" conditions in different EwsS cell lines. ¢ Subcellular localization of TAZ in A673/TR/ShEF cells upon EWS-FLIN high (ho dox)
and EWS-FLI®" (48 h dox) conditions was analysed by protein fractionation experiments and immunofluorescence microscopy. One representative
immunoblot out of three biological replicates is shown. Lamin A/C and a-tubulin were used as nuclear and cytoplasmic fraction controls,
respectively. Immunofluorescent pictures are shown at x40 magnification. d Kaplan-Meier analysis of huex10t microarray expression data for event-
free (chi =4.08, p = 0.043; left graph) and overall (chi =944, p = 2.1e—03; right graph) survival of 85 EwS patients in relation to TAZ expression. Data
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TAZ/TEAD complex formation, we conducted PLAs in
A673/TR/shEF EWS-FLI1'" cells treated with different
VP concentrations. Importantly, all VP experiments were
protected from ambient light to avoid generation of
reactive oxygen species (ROS) and unspecific cell toxicity.
VP treatment at concentrations as low as 5nM were
sufficient to significantly reduce the mean number of
nuclear YAP/TEAD1 and TAZ/TEAD1 PLA signals, to
increase the percentage with no detectable YAP/TAZ/
TEAD]1 interactions and to lower the number of cells
with high PLA signal numbers (Fig. 2a-c). In line with
our PLA results, VP treatment inhibited the expression
of YAP/TAZ target genes (Supplemental Fig. 2B) and
strongly decreased YAP and TAZ co-precipitation in the
pan-TEAD co-IP assays (Supplemental Fig. 2A). Con-
versely, TEAD was reduced in YAP and TAZ pulldown
assays (Supplemental Fig. 2A). Neither expression levels
of TEADs nor of YAP or TAZ were significantly affected
on protein (Fig. 2d) or RNA level (Fig. 2e) by VP
treatment. Similarly, YAP and TAZ levels remained
unaffected by VP under EWS-FLI1™S" conditions
(Supplemental Fig. 3A, B). In summary, our data high-
light VP’s function as a potent YAP/TAZ/TEAD com-
plex suppressor in EwS.

Oncogenesis

Verteporfin prohibits EwS cell migration and invasion
in vitro

As YAP and TAZ association with TEAD was increased
under EWS-FLI1'" conditions, we hypothesised that
pharmacologic inhibition of YAP/TAZ/TEAD complex
formation by VP may prevent EwS cells from pro-invasive
cytoskeletal reprogramming in EWS-FLIT™" cells and
thus potentially suppress EwS metastasis (Fig. 3a).
Therefore, we performed Boyden chamber migration
assays upon EWS-FLI1™&" and EWS-FLI1'" conditions
in absence and presence of VP (Fig. 3b, c). EwS cells
migrated strongly, especially when expression of the
fusion oncogene was low. In contrast, VP treatment at
concentrations as low as 5nM significantly reduced the
migratory capacity of EWS-FLI1'™" cells. Treatment with
500nM VP completely abolished EwS cell migration in
A673/TR/shEF and shSK-E17T cells and strongly inhib-
ited migration of TC32/223 cells. Similar results were
obtained in another EwS cell line, TC71, transiently
transfected with sh-EWS-FLI1, further corroborating the
anti-migratory activity of VP treatment (Supplemental
Fig. 4A). VP is light sensitive, and 10 minutes exposure of
EwS cells treated with 500 nM VP to ambient laboratory
artificial light conditions during handling sufficed to
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Fig. 2 Verteporfin prevents complex formation of YAP/TAZ and TEAD in A673/TR/shEF. a Quantification of nuclear YAP/TEAD1 and TAZ/TEAD1
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induce strong ROS production (Supplemental Fig. 4B).
Although all our VP experiments were performed under
conditions protected from artificial light illumination with
almost no ROS production (Supplemental Fig. 4B), we
repeated migration assays with A673/TR/shEF cells in
complete darkness to exclude any ROS-dependent effects.
In complete darkness, low VP concentrations exerted
comparable anti-migratory activity as described for our
standard light-protected experimental conditions, while
the anti-migratory effect of 500nM VP on EWS-FLI1'*¥
cells was slightly reduced to the level of EWS-FLI1"&"
cells (Supplemental Fig. 4C). These results suggest that
low-level ROS may contribute to a YAP/TAZ-indepen-
dent anti-migratory effect at high VP concentrations while
the anti-migratory activity of low nanomolar VP con-
centrations was independent of ROS and likely due to
interference with YAP/TAZ/TEAD signalling.

Further, we tested for VP’s anti-invasive properties in
tumour spheroid collagen invasion assays. VP strongly
prohibited invasion of EWS-FLI1'" cells into the sur-
rounding matrix in a concentration-dependent manner
(Supplemental Fig. 4D). To rule out a potential effect of
VP on proliferation, we monitored the fraction of KI67
positive cells by immunofluorescence microscopy.
Knockdown of EWS-FLI1 significantly reduced KI67
positive counts and treatment with VP did not further
decrease this number (Fig. 3d). In addition, anti-migratory
VP concentrations were significantly lower than the cor-
responding ICso values for each of the tested EwS cell
lines at the time range of the motility assays (24—72h;
Supplemental Fig. 5).

We next aimed for reproducing the anti-migratory
effect of VP with genetic silencing of YAP and TAZ.
Therefore, we interrogated the phenotypic consequences
of combined YAP/TAZ knockdown under EWS-FLI1'*¥
and EWS-FLI1"M8" conditions. Similar to VP treatment,
siRNA-mediated depletion of YAP and TAZ resulted in
reduced EwS cell migration in three EwS cell lines,
especially under EWS-FLI1'" conditions (Fig. 4a-c).
While individual silencing of YAP did not suffice to
inhibit migration of EWS-FLI1"" cells significantly,
depletion of TAZ reduced the number of migrated cells to
levels comparable with those at EWS-FLI1"&" conditions
(Supplemental Fig. 6). This may suggest different roles for
YAP and TAZ in mediating the migratory potential of
EwS cells.

Verteporfin affects cytoskeletal gene expression of EwS
cells

To define gene sets involved in the anti-migratory
activity of VP in EwS, we performed genome-wide tran-
scriptome analysis by RNA-seq. We previously showed
that a large number of EWS-FLI1 repressed genes are
involved in migration, adhesion and the stability of the
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actin cytoskeleton'®. Consistent with these results, 911
genes were found to be upregulated in A673/TR/shEF in
response to EWS-FLI1 knockdown (logFC > 0.7, p < 0.05;
Venn diagram: UP). Treatment with 500nM VP sig-
nificantly decreased expression of 370 genes under EWS-
FLI1'" conditions (logFC > 0.7, p <0.05; Venn diagram:
DOWN) (Fig. 5a). Of these, 93 genes were among EWS-
FLI1-suppressed genes, suggesting that VP treatment
reversed their gene expression under EWS-FLI1" con-
ditions (Fig. 5b). This result was validated by qPCR of four
selected genes, PLAU, FBNI, COL5A1 and THBSI (Sup-
plemental Fig. 3C). The EWS-FLI1-anticorrelated gene set
affected by VP treatment was significantly enriched in the
terms “migration”, “signalling to the extracellular matrix”
and “cytoskeletal processes” (Fig. 5¢). This finding is in
line with the observed phenotypic effects on EwS plasti-
city upon VP treatment.

Verteporfin reduces stress fibre and focal-adhesion
formation

The transition from proliferative EWS-FLI cells to
migratory EWS-FLI1'" cells is characterized by profound
cytoskeletal rearrangements. In order to test whether VP
induces changes to cytoskeletal organization, we checked
for stress fibre (F-actin) and focal-adhesion formation by
confocal immunofluorescence microscopy in VP-treated
EWS-FLI1'" cells (Fig. 5d). Consistent with earlier
observations™’, F-actin fibres were weak and poorly pre-
sent in the EWS-FLI1"" state, but strongly increased
upon knockdown of EWS-FLI1 by dox treatment. Upon
incubation with 500 nM VP, EWS-FLI1'®¥ cells exhibited
thinner and much less abundant actin stress fibres similar
to EWS-FLI1"€" cells. Focal adhesions, which concentrate
at cell protrusions of migratory cells****, were found to be
weak and diffusely distributed in the presence of EWS-
FLI1. In the migratory EWS-FLI1'®" state, however, a
strong re-localization of focal-adhesion clusters at the cell
edges was observed (Fig. 5d; see also Chaturvedi et al.”). In
contrast, VP-treated EWS-FLI1™" cells showed weaker
and diffuse paxillin expression as compared to the DMSO
control (Fig. 5d, e). At a concentration of 5 nM VP, similar
effects on stress fibres and focal adhesions were visible,
but less reproducible as upon treatment with 500 nM VP
(Supplemental Fig. 7).

lhigh

Verteporfin reduces EwS lung metastasis in vivo

Our in vitro findings encouraged us to perform a pilot
study testing the effect of VP treatment on metastasis in
an EwS xenograft limb amputation model. Luciferase-
expressing TC71 cells were injected into the tibial crest of
mice and the effect of VP was tested in two different
experimental set-ups. For experimental setting 1 (Fig. 6a),
mice received VP (25 mg/kg/day) or 20% DMSO injec-
tions 5 times a week once palpable tumours were formed
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]high

and treatment was continued until the end of the
experiment. All mice underwent amputation of the
tumour-bearing limb once the tumour reached a volume
of ~500-1000mm?>. VP treatment was generally well tol-
erated. No differences in weight gain of the animals were
observed between DMSO-control and VP-treated groups
and pre-surgical VP treatment did not significantly affect
primary tumour growth (Supplemental Fig. 8A). While
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the control group (n = 8) developed local recurrences at
the amputation site in 75% and lung metastases in 50% of
mice, the VP-treated group (n = 12) showed recurrences
at the surgical site in only 50% and lung metastases in 33%
of mice (Fig. 6b). Histological evaluation of all lungs by
CD99, a marker for EwS, and H&E stainings at the end of
the experiment confirmed a drastic reduction in the
number of pulmonary tumour nodules (mean t SD:
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11.8 + 13.4 (DMSO) vs 3.4 + 5.4 (VP)) (Fig. 6¢, d). Tumour
recurrence and metastases did neither correlate with
tumour volume at the beginning of pre-surgical treatment
or at amputation, nor with the number of pre-surgical
drug treatments (data not shown). In experimental setting
2, VP treatment (25 or 75 mg/kg/day) was already initi-
ated one day after tibial tumour cell implantation to target
early metastatic events and was terminated two days after
limb amputation (Fig. 6e). Here, a dose-dependent
decrease in local recurrences at the amputation site and
delayed formation of pulmonary metastases was observed
in VP-treated mice (median lung metastasis free survival:
72 and 99 days for 25 and 75 mg/kg/day VP, respectively,
versus 44 days for DMSO treatment) (Fig. 6f). Again, no
effect of VP treatment on weight gain and primary
tumour growth was observed (Supplemental Fig. 8B).

Oncogenesis

Although the sample sizes were not large enough for
definite conclusions and none of the results achieved
statistical significance, the fact that all three experimental
conditions led to either reduced or delayed metastasis
formation, suggests that pre-surgical VP treatment can
reduce the potential of EwS tumours to disseminate and
metastasize.

Taken together, we provide evidence that pharmacolo-
gic inhibition of YAP/TAZ/TEAD with VP specifically
inhibits migration and invasion of EWS-FLI1™" cells and
reduces EwS metastatic potential.

Discussion

A prerequisite for the initiation of metastasis is the cell’s
ability to transform from a highly organized into a loose,
migratory phenotype. In EwS, our previous findings
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indicated that the MRTFB-YAP/TEAD network hub is
activated upon migratory EWS-FLI1'Y conditions. In
addition, we here provide evidence for EWS-FLI1 antic-
orrelated expression of TAZ in two of three EwS cell lines
and generally in a cohort of EwS primary tumours.

There are several possible mechanisms for TAZ acti-
vation upon EWS-FLI1'®" conditions: The TAZ promoter
region contains binding sites for ETS, FOXO and SRF
transcription factors and has been previously reported
bound by ETS factors ETV1, 4, and 5 in prostate cancer™®.
Interrogating published EWS-FLI1 ChIP-seq data®”*%, we
find a FLI1 peak at the TAZ promoter of EwS cell lines,
which however persisted upon EWS-FLI1 knockdown and
therefore needs to be qualified as unspecific. Moreover,
activation of TGFp signalling was shown to selectively
upregulate TAZ transcription through activation of the
transcriptional SRF co-activator MRTF??, which we have
previously reported to translocate to the nucleus upon
EWS-FLI1 knockdown in EwS cells*’. Further, we pre-
viously reported stabilization and nuclear translocation
and activation of FOXO1 upon EWS-FLI1 knockdown
leading to re-expression of a subset of EWS-FLI1
repressed genes, among them TAZ™. It was beyond the
scope of this study to clarify which of these mechanisms,
or combination thereof, accounts for the observed TAZ
regulation in EwS. However, as activation of Hippo
pathway downstream components has been linked to
metastasis and cancer growth in several tumour types, this
study aimed at exploring the potential effect of YAP/TAZ
inhibition by VP on EwS mechanisms of metastasis.

VP is a FDA approved photosensitizer for treatment of
neovascular macular degeneration. During photodynamic
therapy, VP has to be activated by nonthermal red light
for formation of cytotoxic oxygen species, which leads to
local cell and tissue damage*'. Independent of VP’s light-
activated function, it is widely used experimentally to
inhibit the interaction between YAP and TEAD. As this
activity does not require generation of reactive oxygen
radicals, we protected VP and control treated cells from
ambient light in all our experiments. Under these condi-
tions, low nanomolar concentrations of VP strongly pro-
hibited cell migration and invasion of EWS-FLI1'" cells
without affecting proliferation and cell viability in vitro
and tumour growth in vivo. VP also strongly inhibited
migratory and invasive capacities of TC32/223 cells,
where we did not find TAZ to be transcriptionally upre-
gulated upon EWS-ELI1'" conditions, suggesting that the
inhibitory activity of VP does not solely depend on
interfering with increased expression levels of TAZ.
Mechanistically, our PLA and co-IP data provide evidence
that VP specifically blocks binding of both YAP and TAZ
to TEAD resulting in downregulation of a metastasis-
promoting subset of EWS-FLI1 anticorrelated genes,
among them a substantial number of collagen genes.
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Collagen is a major constituent of the extracellular matrix
(ECM), which is not solely important as a cell scaffold but
also for the transmission of signals from the extracellular
environment to cells*>*2, Concomitantly, VP treatment
reduced stress fibre and focal-adhesion formation and
therefore morphologically reversed invasive EWS-FLI1'*%
cells into a less migratory EWS-FLI1"" Jike state. Stress
fibres connect to the ECM and communicate with
neighbouring cells via integrin receptor enriched focal
adhesions, and provide force for cellular contractility in
processes such as migration and invasion**. Thus, by
regulating expression of collagen genes and stress fibre
formation, EWS-FLI1 modulates communication between
tumour cells and the ECM, invasion and migration.

However, the utility of VP as a specific YAP/TAZ/TEAD
complex inhibitor is still debated. Although VP modifies the
transcriptional output of the YAP/TAZ pathway in several
cancer types, the physical association of VP with TEAD or
YAP has not been proven yet. Among non-photo-induced
biological activities, VP also exerts YAP/TAZ-independent
proteotoxic activity by inducing the formation of cytotoxic
high molecular weight complexes including the autopha-
gosome component p62 (SQSTM1)* and the transcription
factor STAT3. Furthermore, VP was reported to act as an
autophagy inhibitor*” and to promote lysosomal compart-
ment dysregulation®®, Thus, although we could clearly
demonstrate that VP inhibits YAP/TAZ/TEAD complex
formation and transcriptional activity in EwS, we cannot
exclude that the observed anti-metastatic effect of the drug
involves additional mechanisms. Nevertheless, its anti-
migratory activity on EwS cells at low concentrations may
make it a promising candidate for combination treatment
with cytotoxic standard-of-care drugs to potentially prohibit
tumour dissemination, especially in patients diagnosed with
localized disease. It should be mentioned, that VP has not
yet been used as continuous systemic treatment in patients
and outside of ophthalmology, and even though no appar-
ent toxic side effects were observed in our mouse studies,
safety and health issues such as increased skin and eye
photosensitivity may limit its applicability. Our study should
therefore be regarded primarily as a proof of concept for
YAP/TAZ/TEAD pathway inhibition in EwS metastasis
rather than a preclinical drug testing effort.

Several compounds have been described to interfere
with YAP/TAZ signalling at various levels (reviewed in*’),
but to date no direct inhibitors other than VP have been
described. However, several YAP/TAZ/TEAD inhibitory
small molecules are currently under development® and
may hold promise for therapeutic application to EwS
patients in the future.

Moreover, fluctuations in EWS-FLI1 levels are not the
only mechanism known to initiate EwS dissemination®”,
and several candidates such as chemokine receptor
CXCR4 signalling®, chromatin modifiers®, cadherins®,
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micro-RNAs> and interactions with the tumour micro-
environment including glucocorticoids®®”” have been
proposed. In our in vivo proof-of-principle experiments,
reduction in onset and number of lung metastases
depending on dose and timing of VP treatment did not
achieve statistical significance. However, considering
metastasis as a complex multi-step process, it is not sur-
prising that inhibition of YAP/TAZ/TEAD complex for-
mation by VP alone did not completely block metastasis,
but rather resulted in a delay of the metastatic onset.
Pharmacokinetic limitations such as VP’s short half-life
and rapid elimination in the bile®® as well as additional
metastasis-promoting mechanisms may have been
responsible for not completely prohibiting metastasis in
our tested experimental settings. In addition, as stochastic
fluctuations in EWS-FLI1 have been proposed to lead to
oscillations between migratory and proliferative pheno-
types of EwS cells, it is possible that not all tumour cells
were hit during their migratory state by the VP treatment
pulses. However, as all three investigated VP treatment
conditions revealed a trend towards metastasis reduction,
further schedule and dose optimization is justified to
validate our preliminary in vivo results.

In conclusion, this study suggests that YAP/TAZ inhi-
bitors may be considered for combination therapy with
cytotoxic standard-of-care chemotherapy to prevent onset
of the metastatic cascade.

Materials and Methods
Cell culture

A673/TR/shEF and shSKE-17T cell clones harbouring
dox-inducible sh-EWS-FLI1 constructs were derived from
A673 and SK-N-MC parental cell lines, and were kindly
provided by J. Alonso (Instituto de Investigacion de
Enfermedades Raras, Madrid, Spain) and O. Delattre
(Institute Curie, Paris, France)s’sg. SKshFlil#3 cell clone
carrying a dox-inducible shRNA construct targeting the
3UTR of FLI1 (5-TTATTCATCTCTTTGTTCAGGT-3’;
pRSIT-U6Tet-shRNA-PGK-TetRep-2A-GFP-2A-puro vec-
tor plasmid; Cellecta Inc., Mountain View, CA, USA) was
generated from SK-N-MC parental cell line. TC32/223
cells were a kind gift of David McFadden from UT
Southwestern, Houston, Texas. Knockdown of EWS-FLI1
by shRNA induction was achieved by addition of 1 pug/ml
dox (A673/TR/shEF, shSKE-17T, TC32/223) or 100 ng/
ml dox (SKshFlil#3) to the medium. Cell lines were
authenticated by STR profiling and were regularly
screened for mycoplasma (Mykoalert detection kit; Lonza,
Basel, Switzerland).

Boyden Chamber Migration Assay

For EWS-FLI1 knockdown, cells were pre-treated with
1pg/ml dox for 24h (A673/TR/shEF, TC32/223) or
7 days (shSKE-17T). For transient EWS-FLI1 knockdown
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in TC71 cells, 4 pg sShEF1IARV30°° were transfected, fol-
lowed by a 72h puromycine (1 pg/mL) selection. Cells
were then treated with VP (SML0534; Sigma-Aldrich/
Merck, Darmstadt, Germany) or DMSO (solvent control)
in the presence or absence of dox for additional 24 h. Cells
were starved for 6h before seeding 3x10° (A673/TR/
shEF) or 5x10° (TC32/223, shSKE-17T) cells into pre-
equilibrated 24-well transwell inserts (8 um pore size,
COS3422, Corning, NY, USA) and were incubated for
18 h (A673/TR/shEF), 24 h (TC32/223), 48 h (shSKE-17T)
or 72h (TC71). Subsequently, non-migrated cells were
removed from the upper chamber using a cotton swab,
migrated cells were fixed with 4% formaldehyde and
stained with 1% crystal-violet/20% methanol. Quantifica-
tion was achieved by counting of cells in five random
fields (10x magnification) per replicate using Image]. All
experiments were performed in three technical and three
biological replicates.

Proximity Ligation Assay

A673/TR/shEF cells were cultured on fibronectin-
coated chamber cells and treated as described for Boy-
den chamber assays. Cells were then subjected to proxi-
mity ligation assays using the Duolink™ In Situ Orange
Starter Kit Mouse/Rabbit (DU092102; Sigma-Aldrich/
Merck), following the manufacturer’s instructions.
Fluorescent signals were detected by confocal microscopy.
Used antibodies and dilutions are listed in Supplemental
Table 1.

Immunoblotting

Protein extraction and immunoblotting with antibodies
listed in Supplemental Table 1 were performed according
to standard procedures. Nuclear and cytoplasmic protein
fractions were separated using the Nuclei EZ Prep Nuclei
Isolation Kit (NUC-101, Sigma-Aldrich/Merck).

siRNA knockdown

For silencing of YAP1 and TAZ, cells were transfected
with ON-TARGETplus SMARTpool human siRNAs
(Dharmacon/Horizon, Cambridge, UK) against YAP (L-
012200-00-0005) or TAZ (L-016083-00—0005) using
Oligofectamine reagent (58303, Invitrogen/Thermo
Fisher Scientific). As a control, ON-TARGETplus non-
targeting pool (D-001810-10-20) was used. After 24 h,
the transfection procedure was repeated and cells were
used for migration assays after additional 24 h.

Mouse experiments

All animal studies were conducted under a protocol
approved by the Georgetown University’s Institutional
Animal Care and Use Committee (IACUC) in accordance
with NIH guidelines for the ethical treatment of animals
(approval number 2016-1174). Luciferase-expressing
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TC71 (1x10°) cells were injected into the tibial crest of
5 week old female SCID beige mice. Palpable tumours
formed within 14 days. Animals were randomized into
vehicle or treatment groups based on the order of retrieval
from cages. Cages were housed in random order on
shelves. For experimental setting 1, animals received
intra-peritoneal injections of solvent (20% DMSO) or VP
(D480571; eNovation Chemicals, Green Brook, NJ, USA)
at a dose of 25 mg/kg per day (5 days per week) once
tumours reached ~150-300mm?®. Pre-surgical treatment
continued for 3 to 7 days until tumours reached a volume
of 500—1000mm?, at which time the tumour-bearing limb
was amputated. After a recovery period of 3 days, treat-
ments were resumed for a maximum duration of 35 days.
For experimental setting 2, DMSO or VP (51786; Selleck
Chemicals, Houston, TX, USA) at a dose of 25 mg/kg or
75 mg/kg was injected one day after tumour cell injection
and continued daily (5 days per week) until two days after
limb amputation. Animals were monitored for tumour
recurrence at the amputation site and for pulmonary
metastasis by IVIS imaging. Tumour nodules in lung
sections were analysed by evaluation of H&E and
CD99 stainings. Pathologists analysing the tissues were
not involved in the animal experiments and therefore
blind to the treatment.

Confocal microscopy

Confocal images were taken using the Leica TCS SP8
confocal microscope (Leica Microsystems, Wetzlar, Ger-
many). For imaging of focal adhesions, cells were stained
with paxillin antibody (Supplemental Table 1) and
quantification was performed using Image] (see Supple-
mental Methods). F-actin fibres were stained with
TRITC-phalloidin in Vectashield mounting medium (H-
1600; Vectorlabs, Burlingame, CA, USA). KI67 staining
(Supplemental Table 1) was performed under Boyden
chamber assay conditions. KI67 positive and negative
fractions among a total of 200 counted cells per condition
and replicate (n =3) was determined and normalized to
the total number of counted cells.

Statistical analysis

Statistics were calculated from three independent
experiments using the Graph Pad Prism 8 software and
data are represented as the mean + s.e.m. (standard error
of the mean). P-values were analysed by either using two-
tailed Student’s t-test or one-sample t-test when the
hypothetical mean value was set to 1. ****p <0.0001;
##45 < 0.001; **p < 0.01; *p < 0.05.

Acknowledgements

The authors thank David McFadden from UT Southwestern for sharing TC32/
223 cells with inducible shRNAs targeting EWSR1-FLIT and Mohamed Shoeb
for support in computational analyses. This study was supported by the

Oncogenesis

Page 12 of 13

Austrian Science Fund, grant 29773-B28, and the 7th Framework Program of
the European Commission, grant 602856 (Euro Ewing Consortium).

Author details

'Children’s Cancer Research Institute, Zimmermannplatz 10, 1090 Vienna,
Austria. “Georgetown University Medical Center, Lombardi Comprehensive
Cancer Center, Washington, DC, USA. 3Institute of Pathology, Unit of
Laboratory Animal Pathology, University of Veterinary Medicine Vienna,
Veterinarplatz 1, Vienna, Austria. *Department of Pathology, Medical University
of Vienna, Vienna, Austria. *Department of Oncology and Children’s Research
Center, University Children’s Hospital, Zurich, Switzerland. ®Department of
Paediatrics, Medical University Vienna, Vienna, Austria. ’Christian Doppler
Laboratory for Applied Metabolomics (CDL-AM), Wahringergrtel 18-20,
Medical University Vienna, Vienna, Austria. °CBmed Vienna, Corelab 2,
Wahringergurtel 18-20, Medical University Vienna, Vienna, Austria

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https.//doi.org/
10.1038/541389-020-00294-8).

Received: 30 January 2020 Revised: 4 December 2020 Accepted: 8
December 2020
Published online: 08 January 2021

References

1. Lawlor, E. R & Sorensen, P. H. Twenty years on: what do we really know about
Ewing sarcoma and what is the path forward? Crit. Rev. Oncogenesis 20,
155-71. (2015).

2. Toomey, E. C, Schiffman, J. D. & Lessnick, S. L. Recent advances in the
molecular pathogenesis of Ewing’s sarcoma. Oncogene 29, 4504-16.
(2010).

3. Herrero-Martin, D. et al. Factors affecting EWS-FLIT activity in Ewing’s sarcoma.
Sarcoma 2011, 352580 (2011).

4. Grunewald, T. G. P. et al. Ewing sarcoma. Nat. Rev. Dis. Prim. 4, 5 (2018).

5. Franzetti, G. A et al. Cell-to-cell heterogeneity of EWSR1-FLIT activity deter-
mines proliferation/migration choices in Ewing sarcoma cells. Oncogene 36,
3505-14. (2017).

6. Tirode, F. et al. Mesenchymal stem cell features of Ewing tumors. Cancer Cell
11, 421-429 (2007).

7. Chaturvedi, A, Hoffman, L. M, Welm, A. L, Lessnick, S. L. & Beckerle, M. C. The
EWS/FLI oncogene drives changes in cellular morphology, adhesion, and
migration in ewing sarcoma. Genes Cancer 3, 102-116 (2012).

8. Amsellem, V. et al. The actin cytoskeleton-associated protein zyxin acts as
a tumor suppressor in Ewing tumor cells. Exp. cell Res. 304, 443-56.
(2005).

9. Chaturvedi, A. et al. Molecular dissection of the mechanism by which EWS/FLI
expression compromises actin cytoskeletal integrity and cell adhesion in
Ewing sarcoma. Mol. Biol. cell 25, 2695-709. (2014).

10.  Katschnig, A. M. et al. EWS-FLIT perturbs MRTFB/YAP-1/TEAD target gene
regulation inhibiting cytoskeletal autoregulatory feedback in Ewing sarcoma.
Oncogene 36, 5995-6005 (2017).

11, Johnson, R. & Halder, G. The two faces of Hippo: targeting the Hippo pathway
for regenerative medicine and cancer treatment. Nat. Rev. Drug Discov. 13,
63-79 (2014).

12. Sharili, A. S. & Connelly, J. T. Nucleocytoplasmic shuttling: a common theme in
mechanotransduction. Biochem. Soc. Trans. 42, 645-649 (2014).

13. Zanconato, F, Battilana, G, Cordenonsi, M. & Piccolo, S. YAP/TAZ as therapeutic
targets in cancer. Curr. Opin. Pharmacol. 29, 26-33 (2016).

14. Yu, O. M. & Brown, J. H. G. Protein-coupled receptor and rhoa-stimulated
transcriptional responses: links to inflammation, differentiation, and cell pro-
liferation. Mol. Pharmacol. 88, 171-80. (2015).

15. Halder, G, Dupont, S. & Piccolo, S. Transduction of mechanical and cytoskeletal
cues by YAP and TAZ. Nat. Rev. Mol. Cell Biol. 13, 591-600 (2012).


https://doi.org/10.1038/s41389-020-00294-8
https://doi.org/10.1038/s41389-020-00294-8

Bierbaumer et al. Oncogenesis (2021)10:2

22

23.

24.

25.

26.

27.

28,

29.

30.

31

32

33.

34.

35.

36.

37.

38.

Gupta, M, Korol, A. & West-Mays, J. A. Nuclear translocation of myocardin-
related transcription factor-A during transforming growth factor beta-induced
epithelial to mesenchymal transition of lens epithelial cells. Mol Vis. 19,
1017-1028 (2013).

Overholtzer, M. et al. Transforming properties of YAP, a candidate oncogene
on the chromosome 1122 amplicon. Proc. Natl Acad. Sci. USA 103, 12405-10.
(2006).

Guo, L. & Teng, L. YAP/TAZ for cancer therapy: opportunities and challenges
(review). Int. J. Oncol. 46, 1444-52. (2015).

Chan, S. W. et al. A role for TAZ in migration, invasion, and tumorigenesis of
breast cancer cells. Cancer Res. 68, 2592-2598 (2008).

Deel, M. D, Lj, J. J, Crose, L. E. & Linardic, C. M. A review: molecular aberrations
within hippo signaling in bone and soft-tissue sarcomas. Front. Oncol. 5, 190
(2015).

Harvey, K. F, Zhang, X. & Thomas, D. M. The Hippo pathway and human
cancer. Nat. Rev. Cancer 13, 246-57. (2013).

Rodriguez-Nuriez, P. et al. Hippo pathway effectors YAP1/TAZ induce an EWS-
FLIT-opposing gene signature and associate with disease progression in
Ewing sarcoma. J. Pathol. 250, 374-86. (2020).

Hsu, J. H. & Lawlor, E. R. BMI-1 suppresses contact inhibition and stabilizes YAP
in Ewing sarcoma. Oncogene 30, 2077-85. (2011).

Warren, J. S. A, Xiao, Y. & Lamar, J. M. YAP/TAZ activation as a target for
treating metastatic cancer. Cancers (Basel) 10, 115 (2018).

Moroishi, T, Hansen, C. G. & Guan, K. L. The emerging roles of YAP and TAZ in
cancer. Nat. Rev. Cancer 15, 73-79 (2015).

Cordenonsi, M. et al. The Hippo transducer TAZ confers cancer stem cell-
related traits on breast cancer cells. Cell 147, 759-72. (2011).

Liu-Chittenden, Y. et al. Genetic and pharmacological disruption of the TEAD-
YAP complex suppresses the oncogenic activity of YAP. Genes Dev. 26,
1300-1305 (2012).

Feng, J. et al. Verteporfin, a suppressor of YAP-TEAD complex, presents pro-
mising antitumor properties on ovarian cancer. OncoTargets Ther. 9,
5371-5381 (2016).

Wei, H. et al. Verteporfin suppresses cell survival, angiogenesis and vasculo-
genic mimicry of pancreatic ductal adenocarcinoma via disrupting the YAP-
TEAD complex. Cancer Sci. 108, 478-87. (2017).

Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474,
179-83. (2011).

Hong, J. H. et al. TAZ, a transcriptional modulator of mesenchymal stem cell
differentiation. Science 309, 1074-1078 (2005).

Postel-Vinay, S. et al. Common variants near TARDBP and EGR?2 are associated
with susceptibility to Ewing sarcoma. Nat. Genet. 44, 323-327 (2012).
Volchenboum, S. L. et al. Gene expression profiling of ewing sarcoma tumors
reveals the prognostic importance of tumor-stromal interactions: a report
from the Children’s Oncology Group. J. Pathol. Clin. Res. 1, 83-94 (2015).
Arjonen, A, Kaukonen, R. & Ivaska, J. Filopodia and adhesion in cancer cell
motility. Cell Adhes. Migr. 5, 421-30. (2011).

Parri, M. & Chiarugi, P. Rac and Rho GTPases in cancer cell motility control. Cell
Commun. Signal: CCS 8, 23 (2010).

Liu, C.Y, Yu, T, Huang, Y, Cui, L. & Hong, W. ETS (E26 transformation-specific)
up-regulation of the transcriptional co-activator TAZ promotes cell migration
and metastasis in prostate cancer. J. Biol. Chem. 292, 9420-30. (2017).

Bilke, S. et al. Oncogenic ETS fusions deregulate E2F3 target genes in Ewing
sarcoma and prostate cancer. Genome Res 23, 1797-809. (2013).

Tomazou, E. M. et al. Epigenome mapping reveals distinct modes of gene
regulation and widespread enhancer reprogramming by the oncogenic
fusion protein EWS-FLIT. Cell Rep. 10, 1082-95. (2015).

Oncogenesis

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 13 of 13

Miranda, M. Z. et al. TGF1 regulates the expression and transcriptional
activity of TAZ protein via a Smad3-independent, myocardin-related tran-
scription factor-mediated mechanism. J. Biol. Chem. 292, 14902-20. (2017).
Niedan, S. et al. Suppression of FOXO1 is responsible for a growth regulatory
repressive transcriptional  sub-signature of EWS-FLIT in Ewing sarcoma.
Oncogene 33, 3927-38. (2014).

Bressler, N. M. & Bressler, S. B. Photodynamic therapy with verteporfin (Visu-
dyne): impact on ophthalmology and visual sciences. Investigative Ophthalmol.
Vis. Sci. 41, 624-628 (2000).

Fang, M, Yuan, J, Peng, C. & Lii, Y. Collagen as a double-edged sword in tumor
progression. Tumour Biol.: J. Int. Soc. Oncodev. Biol. Med. 35, 2871-82. (2014).
Velez, D. O. et al. 3D collagen architecture induces a conserved migratory and
transcriptional response linked to vasculogenic mimicry. Nat. Commun. 8,
1651 (2017).

Fife, C. M, McCarroll, J. A. & Kavallaris, M. Movers and shakers: cell cytoskeleton
in cancer metastasis. Br. J. Pharmacol. 171, 5507-23. (2014).

Donohue, E, Balgi, A. D, Komatsu, M. & Roberge, M. Induction of covalently
crosslinked p62 oligomers with reduced binding to polyubiquitinated proteins
by the autophagy inhibitor verteporfin. PloS ONE 9, 114964 (2014).

Zhang, H. et al. Tumor-selective proteotoxicity of verteporfin inhibits colon
cancer progression independently of YAP1. Sci. Signal. 8, ra98 (2015).
Donohue, E. et al. Inhibition of autophagosome formation by the benzo-
porphyrin derivative verteporfin. J. Biol. Chem. 286, 7290-300. (2011).

Gavini, J. et al. Verteporfin-induced lysosomal compartment dysregulation
potentiates the effect of sorafenib in hepatocellular carcinoma. Cell Death Dis.
10, 749 (2019).

Kovar, H, Bierbaumer, L. & Radic-Sarikas, B. The YAP/TAZ pathway in osteo-
genesis and bone sarcoma pathogenesis. Cells 9, 972 (2020).

Crawford, J. J, Bronner, S. M. & Zbieg, J. R. Hippo pathway inhibition by
blocking the YAP/TAZ-TEAD interface: a patent review. Expert Opin. Ther. Pat.
28, 867-73. (2018).

Li, G. et al. Identification of key genes and pathways in Ewing's sarcoma
patients associated with metastasis and poor prognosis. OncoTargets Ther. 12,
4153-65. (2019).

Krook, M. A. et al. Stress-induced CXCR4 promotes migration and invasion of
ewing sarcoma. Mol. Cancer Res.: MCR 12, 953-64. (2014).

Sechler, M, Parrish, J. K, Birks, D. K & Jedlicka, P. The histone demethylase
KDM3A, and its downstream target MCAM, promote Ewing sarcoma cell
migration and metastasis. Oncogene 36, 4150-60. (2017).

Hatano, M. et al. Cadherin-11 regulates the metastasis of Ewing sarcoma cells
to bone. Clin. Exp. Metastasis 32, 579-91. (2015).

Tanaka, K. et al. Tumor suppressive microRNA-138 inhibits metastatic potential
via the targeting of focal adhesion kinase in Ewing's sarcoma cells. Int. J. Oncol.
48, 1135-44. (2016).

Brinkrolf, P. et al. A high proportion of bone marrow T cells with regulatory
phenotype (CD4+CD25hiFoxP3+) in Ewing sarcoma patients is associated
with metastatic disease. Int J. Cancer 125, 879-86. (2009).

Srivastava, S. et al. ETS proteins bind with glucocorticoid receptors: relevance
for treatment of Ewing sarcoma. Cell Rep. 29, 104-17.e4 (2019).

Houle, J. M. & Strong, A. Clinical pharmacokinetics of verteporfin. J. Clin. Pharm.
42, 547-57. (2002).

Carrillo, J. et al. Cholecystokinin down-regulation by RNA interference impairs
Ewing tumor growth. Clin. Cancer Res. 13, 2429-2440 (2007).

Ban, J. et al. EWS-FLIT suppresses NOTCH-activated p53 in Ewing’s sarcoma.
Cancer Res. 68, 7100-7109 (2008).

Kauer, M. et al. A molecular function map of Ewing's sarcoma. PloS ONE 4,
€5415 (2009).



	YAP/TAZ inhibition reduces metastatic potential of�Ewing sarcoma cells
	Introduction
	Results
	TAZ expression is repressed by EWS-FLI1 in�vitro and negatively correlates with EWS-FLI1 in tumours
	Verteporfin prevents complex formation of YAP/TAZ with TEAD upon low EWS-FLI1
	Verteporfin prohibits EwS cell migration and invasion in�vitro
	Verteporfin affects cytoskeletal gene expression of EwS cells
	Verteporfin reduces stress fibre and focal-adhesion formation
	Verteporfin reduces EwS lung metastasis in�vivo

	Discussion
	Materials and Methods
	Cell culture
	Boyden Chamber Migration Assay
	Proximity Ligation Assay
	Immunoblotting
	siRNA knockdown
	Mouse experiments
	Confocal microscopy
	Statistical analysis

	Acknowledgements




