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Combined Mcl-1 and YAP1/TAZ inhibition for treatment of

metastatic uveal melanoma

Kseniya A. Glinkina®, Amina F.A.S. Teunisse?, Maria Chiara Gelmi®,
Jelle de Vries?, Martine J. Jager® and Aart G. Jochemsen®

Uveal melanoma is the most common intraocular tumor
in adults, representing approximately 5% of all melanoma
cases. Up to 50% of uveal melanoma patients develop
metastases that are resistant to most of the commonly
used antineoplastic treatments. Virtually all uveal
melanoma tumors harbor activating mutations in GNAQ
or GNA11, encoding Gaq and Ga11, respectively. Constant
activity of these proteins causes deregulation of multiple
downstream signaling pathways including PKC, MAPK
and YAP1/TAZ. While the importance of YAP1 signaling
for the proliferation of uveal melanoma has recently been
demonstrated, much less is known about the paralog of
YAP1 transcriptional coactivator, named TAZ; however,
similar to YAP1, TAZ is expected to be a therapeutic target
in uveal melanoma. We performed a small-scale drug
screen to discover a compound synergistically inhibiting
uveal melanoma proliferation/survival in combination
with YAP1/TAZ inhibition. We found that the combination
of genetic depletion of YAP1/TAZ together with Mcl-1

Introduction

Uveal melanoma is an intraocular tumor arising from the
melanocytes located in the choroid, iris or ciliary body
[1,2]. Despite the effectiveness of local therapies, approx-
imately half of the uveal melanoma patients develop
distant metastases, which most often target the liver [3].
As aggressive uveal melanoma metastases demonstrate
resistance to most of the commonly used antineoplastic

drugs, the median survival after diagnosis does not reach
1 year [4].

Recently the first therapeutic agent, tebentafusp, has been
approved by the Federal Drug Administration for the
treatment of metastatic uveal melanoma. Tebentafusp is
a bi-specific protein that binds the gp100-HLA-A*02 : 01
protein on uveal melanoma cells and CD3 on the T=cell
membrane, thereby redirecting the T cells towards uveal
melanoma cells. Overall survival at 1 year was 73% in
the tebentafusp group and 59% in the control group [5];
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inhibition demonstrates a synergistic inhibitory effect on
the viability of uveal melanoma cell lines. Similarly, indirect
attenuation of the YAP1/TAZ signaling pathway with an
inhibitor of the mevalonate pathway, that is, the geranyl-
geranyl transferase inhibitor GGTI-298, synergizes with
Mcl-1 inhibition. This combination could be potentially
used as a treatment for metastatic uveal melanoma.
Melanoma Res 33: 345-356 Copyright © 2023 The
Author(s). Published by Wolters Kluwer Health, Inc.
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however, only HLA-A*02 : 01-positive patients can ben-
efit from this treatment approach. The more widely used
immunotherapeutics, such as the checkpoint inhibitors
anti-C'TLA4 and anti-PDL1, have not shown promising
results except for patients with tumors that express no

MBD4 [6-8]

In general, therapeutic options for metastatic uveal mel-
anoma remain very limited [9]. Chemotherapeutics such
as fotemustine or dacarbazine failed to increase overall
survival [10,11], and targeted drugs designed for the
treatment of metastatic cutaneous melanoma are not
beneficial for uveal melanoma patients, because these
melanoma subtypes have a distinct genetic profile.

The characteristic feature of uveal melanoma is the
constant activation of Ga-protein signaling. Activating
mutations frequently occur in the GNAQ and GNAII
genes, encoding the Ga protein subunits Goq and Gall,
respectively (93% of uveal melanoma); less common are
mutations in the G-protein coupled receptor CYSLTR2
and the signal mediator PLCB4 [12-14]. The mutated Ga
subunit lacks its intrinsic G'TPase activity and remains
in the activated, G'TP-bound state, even in the absence
of external stimuli. It permanently activates PLCp,
which cleaves phosphatidylinositol bisphosphate into
diacylglycerol and inositol triphosphate and mediates

DOI: 10.1097/CMR.0000000000000911
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subsequent activation of PKC and the MAPK pathway
[15,16]. Inhibition of both PKC and MEK is required
in order to control uveal melanoma growth, as follows
from preclinical studies [15]. PKC inhibitors AEB071
(Sotrastaurin) and LXS196 (Darovasertib) demonstrated
clinical activity, but limited efficacy during phase I clin-
ical trials [17,18]. The phase Ib trial of the combination
AEBO071 and MEK inhibitor MEK162 (Binimatinib) has
not been completed due to strong adverse effects and a
low response (NCT01801358).

Independently of PLLCPB, mutated Gaq activates other
small G-proteins, RhoA and Racl, via the nucleotide
exchange factor Trio. Remarkably, mutated Gaq, but not
the wild-type protein, has been shown to form a stable
complex with Trio [19]. In turn, G'TP-bound RhoA, via
several downstream effectors, induces the accumulation
of F-actin which displaces the transcription coactivator
YAP1 from its complex with AMO'T. This released YAP1
may translocate to the nucleus, interact with DNA-bound
cofactors like TEAD or AP-1 and start YAP1-dependent
transcription [20,21].

The mevalonate pathway is another signaling route that
can lead to the activation of RhoA and Racl with the con-
sequential activation of YAP1/TAZ. Mechanistically, the
mevalonate reaction cascade results in the production of
geranyl-geranyl pyrophosphate, an isoprenoid molecule that
serves as a posttranslational modification of Rho G'TPases.
Geranyl-geranylation of RhoA (and Racl1) is essential for its
localization to the cellular membrane and activation. Active
RhoA inhibits the phosphorylation of YAP1 on Ser127 and
promotes its shuttling into the nucleus [22].

Recently, the tyrosine kinase FAK has been reported to
play a role downstream of "Trio-RhoA in the activation of
YAP1 activity, and targeting FAK has been suggested as
a therapeutic option for uveal melanoma metastases [20].

YAP1 and structurally related to its transcriptional coacti-
vator TAZ regulate numerous cellular processes such as
cytoskeleton remodeling, cell polarity and proliferation
[23-25]. Active YAP1 signaling has been reported to play a
role in the malignant transformation of uveal melanocytes
[26,27]. Interference with YAP1/TAZ activity is consid-
ered a therapeutic option for several types of cancer, and
the search for effective inhibitors is ongoing [28-30].

In uveal melanoma, control of YAP1 signaling with verte-
porfin, a compound that blocks the interaction of YAP1
with the cofactors TEAD, has been shown to slow down
cell proliferation and tumor formation 7z vivo [21,31].
Recent reports, however, question the previously demon-
strated effects of YAP1 on proliferation of uveal mela-
noma cells and on patient survival [32,33]. Interestingly,
Wang er al. show a significant correlation between
WWTRI (encoding TAZ), but not YAP/ mRNA expres-
sion and uveal melanoma patient survival [34]. The study
of Brouwer ¢ a/. demonstrated the correlation between

high expression of YAP1 and TAZ and the risk of devel-
oping uveal melanoma metastases [35].

We show here that depletion of TAZ is synergistic with
inhibition of Mcl-1 in reducing uveal melanoma cell sur-
vival. Mcl-1 (Myeloid leukemia 1) is an antiapoptotic
protein of the Bcl-2 family, which prevents apoptosis
by binding to the pro-apoptotic members of Bcl-2 fam-
ily [36]. Mcl-1 is overexpressed in various tumor types
and has been found responsible for antineoplastic drug
resistance, which makes it an attractive therapeutic tar-
get [37-40]. Several Mcl-1 inhibitors, including MIK665
and AZD5991 utilized in our experiments, have entered
clinical trials [36,41].

YAP1/TAZ activity can be repressed by an inhibitor of
geranylgeranyl-transferase, an intermediate in the meva-
lonate pathway, for example, GG'T1-298 [22]. Combining
GGTI-298 with inhibition of Mcl-1 also synergistically
inhibits survival and induces apoptosis in uveal mela-
noma cells. Similarly, the recently described inhibitor of
the palmitoylation of TEADs, K-975, affects YAP1/TAZ
activity, uveal melanoma proliferation and synergizes
with Mcl-1 inhibition.

Methods

Cell culture

Cell lines OMM2.5, OMM2.3, MEL.285, MEL.290, (a gift
of Dr. B.R. Ksander, Schepens Eye Research Institute,
Boston, Massachusetts, USA) [42,43] and OMMI1 [a gift
of Dr. Gré Luyten, Leiden University Medical Centre
(LUMCQ), Leiden, the Netherlands] [44], were cultured in
a mixture of RPMIand DMEM-F12 (1 : 1) supplemented
with 10% FBS and antibiotics. MM28, MP38, MP46 and
MM66 [45] were cultured in IMDM supplemented with
20% FBS and antibiotics. The cell lines were maintained
in a humidified incubator at 37 °C with 5% COZ.

Generation of cell lines with inducible knockdown of
YAP1 and WWTR1

The inducible short hairpin RNA (shRNA) knockdown
lentiviral vectors were constructed as described by Herold
et al [46]. Lentiviral particles were produced by transfect-
ing HEK293T cells seeded in 15-cm dishes with 13.7 pg of
vector DNA together with three helper plasmids (11.4 pg of
pMDL-RRE, 5.4 pg of pRSV-REV and 7.5 pg of pVSV-G)
mixed with 114 pg of polyethylenimine. The virus-con-
taining cell culture supernatants were collected 48 h after
transfection and passed through a 0.45-pm filter. The virus
titer was quantified by ELLISA, measuring HIV p24 levels
(ZeptoMetrix Corp., New York, New York, USA). The cells
(OMM1 and OMMZ2.5) were transduced with lentiviruses
with multiplicity of infection =2 in a medium contain-
ing 8 pg/ml polybrene. The shRNA target sequences to
deplete YAPI and WWTR/I and the control sequence are
shown in Supplementary Table 1, Supplemental digital
content 1, szp://links.lww.com/MR/A345.
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Table 1 Drugs included in the screen

Drug Target/Mechanism of action Reference
Silmitasertib Casein Kinase 2, Cyclin-like kinases [49]
RG7112 MDM2-p53 interaction/ p53 activator [50]
Nutlin-3 MDM2-p53 interaction/ p53 activator [51]
Sotrastaurin Protein kinase C [16]
Everolimus mTORC1 [52]
KU0063794 mTORC1/2 [53]
Ribociclib Cyclin-dependent kinase 4/6 [54]
Foretinib c-Met, VEGFR2, Tyro, Axl, MERTK [55]
Navitoclax Bcl-2, Bel-xL, Bel-w [56]
Venetoclax Bcl-2 [67]
S63845 Mcl-1 [58]
MIK665 Mcl-1 [59]

Compound screen

Cells were seeded in appropriate concentrations in 6
by 6 wells into 96-well plates. The next day, the media
in half of the wells was supplemented with 50 ng/ml
doxycycline for the 1st round of screening and 10 ng/
ml doxycycline for the 2nd round. Next day serial dilu-
tions of inhibitors were added in all the wells. Viability
was accessed after 5 days of compound treatment using
CellTiter-Blue cell viability assay (Promega, Madison,
Wisconsin, USA).

A putative synergistic effect was calculated using Excess-
over-Bliss algorithm [47,48].

Everolimus, Foretinib, KU0063794, Ribociclib,
Silmitasertib, Sotrastaurin and RG7112 were obtained
from Selleck Chemicals (Houston, Texas, USA),
Navitoclax, MIK665 and S63845 from MedChem
Express (Monmouth Junction, New Jersey, USA),
Nutlin-3 from Cayman Chemical (Ann Arbor,
Michigan, USA) and Venetoclax from Torcis Bioscience
(Abingdon, UK) The targets of the inhibitors are listed
in Table 1.

Cell viability assay

The cells were seeded at their appropriate concentra-
tions into clear 96-well plates. The next day, the medium
was supplemented either with 20 ng/ml doxycycline or/
and with a compound. The treatment was repeated after
2 days. After 5 days (in case of doxycycline treatment) or
3 days from beginning of the experiment, the viability of
the cells was assessed using the CellTiter-Blue cell via-
bility assay (Promega).

Caspase 3/7 activity

The cells were seeded in triplicate into white-walled
96-well plates with clear bottoms or in clear 96-well
plates. The next day, the media was supplemented with
doxycycline 20 ng/ml (OMMT1) or 40 ng/ml (OMM2.5)
and a compound. After 3 days of treatment, the caspase
3/7 activity was assessed with the use of the Caspase-Glo
3/7 assay (Promega) and cell viability was assessed with
the CellTiter-Blue assay (Promega). Caspase activity rel-
ative to viability was calculated.

Western blot

The cells were seeded into 6-well plates. The next
day the media were supplemented with solutions con-
taining doxycycline, Mcll-inhibitor MIK665 or a com-
bination of both. After 3 days, the cells were rinsed
two times with ice-cold Phosphate Buffered Saline
and scraped and lysed with Giordano buffer (50 mM
Tris-HCI pH = 7.4, 250 mM NaCl, 0.1% 'Triton X-100,
5mM EDTA, supplemented with phosphatase- and
protease inhibitors. Equal protein amounts were sepa-
rated on SDS-PAGE and blotted on PVDF membranes
(Millipore, Darmstadt, Germany). The membranes
were blocked with 10% nonfat dry milk in TBST
buffer (10 mM Tris-HCI pH = 8.0, 150 mM NaCl, 0.2%
Tween-20) and incubated with the primary antibodies
diluted in 5% BSA/TBST overnight at 4 °C. The mem-
branes were washed with TBST and incubated with
horseradish peroxidase-conjugated secondary antibod-
ies (Jackson Laboratories, Bar Harbor, Maine, USA).
The chemiluminescent signal was visualized using a
Chemidoc machine (Bio-Rad, Hercules, CA, USA).
The bands were quantified using Imagel.ab software
(Bio-Rad).

Primary antibodies against YAP1 (D8H1X), TAZ (V386)
and PARP (#9542) were obtained from Cell Signaling
Technology, Beverly, Massachusetts, USA; against
Vinculin (V9131) from Sigma-Aldrich (St Louis, Missouri,
USA).

RNA isolation and quantitative PCR

The cells were seeded into 6-well plates. The next
day, media were supplemented with either doxycycline
(40 ng/ml for OMM2.5, 20 ng/ml for OMM1) or/and a
compound. After 3 days of treatment, cells were col-
lected by scraping and placed in lysis buffer and RNA
was isolated using the SV Total RNA Isolation System
(Promega) according to the manufacturer’s protocol.
The reverse transcription reaction was performed using
ImPromlII reverse transcriptase (Promega). qPCR was
performed using SYBR Green Mix (Roche Diagnostics,
Indianapolis, Indiana, USA) in a C1000 Touch Thermal
Cycler (Bio-Rad laboratories). The relative expression
of target genes was determined and corrected in relation
to the housekeeping genes CAPNS/ and SRPR. In each
experiment, the average relative expression was com-
pared to the untreated, set at 1. Primer sequences are
listed in Supplementary Table 2, Supplemental digital
content 1, Zztp://links.lww.com/MR/A345.

Statistical analysis

The data were analyzed using GraphPad Prism soft-
ware v.9.1.0 (GraphPad Software, San Diego, California,
USA). Student’s 7-test was used to analyze the difference
between the two groups. One-way analysis of variance was
used to analyze the differences between multiple groups.
P values of 0.05 or less were considered significant.
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Clinical data analysis

The LUMC cohort includes clinical, histopathological
and genetic information on 64 cases treated with pri-
mary enucleation at the LUMC between 1999 and 2008.
Clinical information was collected from the Integral
Cancer Center West patient records and updated in
2021.

After enucleation, part of the tumor was snap-frozen
with 2-methyl butane and used for mRNA and DNA
isolation, while the remainder was embedded in paraf-
fin after 48 h of fixation in 4% necutrally buffered for-
malin and was sent for histological analysis. RNA was
isolated with the RNeasy mini kit (Qiagen, Venlo, The
Netherlands), and mRNA expression was determined
with the H'T-12 v4 chip (Illumina, San Diego, California,
USA). Chromosome 3 status was obtained with sin-
gle-nucleotide  polymorphism analysis, performed
with the Affymetrix 250K_NSP-chip and Affymetrix
Cytoscan HD chip (Affymetrix, Santa Clara, California,
USA).

The Cancer Genome Atlas (TCGA) cohort represents 80
primary uveal melanoma cases enucleated in six differ-
ent centers [14]. mRNA expression was determined by
RNA-seq.

The statistical software SPSS, version 25 (IBM Corp,
Armonk, New York, USA) was used for statistical analyses
of the LUMC and TCGA cohorts. Survival analysis was
performed with Kaplan—Meier and log-rank test, with
death due to metastases as an endpoint. Cases that died
of another or unknown cause were censored. The two
subpopulations that were compared in each analysis were
determined by splitting the total cohort along the median
value of mRNA expression for the analyzed gene.

The study was approved by the Biobank Committee of
the Leiden University Medical Center (LUMC; 19.062.
CBO/uveamelanoomlab-2019-3; B20.023). The tenets of
the Declaration of Helsinki were followed.

Synthesis and structure analysis of K-975

General reagents and solvents were purchased from
Sigma-Aldrich, Biosolve (Valkenswaard, the Netherlands)
and VWR (Amsterdam, the Netherlands) and used as
received.  3-(4-chlorophenoxy)-4-methylaniline  (CAS
number 1400872-19-6, article number EN300-7432581)
was purchased from Enamine (Riga, Latvia) and used as
received.

Reactions were performed under an inert nitrogen
atmosphere. 3-(4-chlorophenoxy)-4-methylaniline
(50 mg; 0.21 mmol) was taken up in dichloromethane
(5 ml). Triethylamine (89 pl; 0.64 mmol) was added and
the mixture was stirred for a few minutes before addition
of acryloyl chloride (19 pl; 0.23 mmol). The mixture was
stirred at room temperature and progress was monitored
by thin-layer chromatography (T'LC) analysis.

TLC analysis was performed on Merck aluminum
sheets (precoated with silica gel 60 F254; Merck KgaA
Darmstadt, Germany). Compounds were visualized by
ultraviolet (UV) absorption (254 nm) and by using a solu-
tion of ninhydrin (15 g ™Y in 3% AcOH/EtOH v/v.

Upon completion, the crude reaction mixture was
adsorbed onto Celite for purification. Compounds were
purified on a Biichi Sepacore (Hendrik-Ido-Ambache,
the Netherlands) automatic flash chromatography sys-
tem X10/X50 using an ethyl acetate — heptane gradi-
ent. The Biichi Sepacore system was equipped with
two Biichi pump modules C-605, a Biichi control unit
C-620, a Biichi fraction collector C-660 and a Biichi UV
Photometer C-640. The silica columns were purchased
at GraceResolv and were packed with a grade of Davisil
silica.

The pure fractions were combined and concentrated to
dryness 7z vacuo at 40 °C followed by lyophilization from
an acetonitrile—water mixture to give the desired product
as a yellow solid (44 mg; 0.15 mmol; 73%).

NMR spectra ('H, 1‘Q’C) were recorded on a Bruker
(Fidllanden, Switzerland) Ultrashield 300 MHz spectrom-
eter at 298 K (Supplementary Fig. 1 A, B, Supplemental
digital content 2, 4ttp://links.lww.com/MR/A346).

Liquid chromatography-mass spectrometry (LC-MS)
measurements were performed on an LLC-MS system
equipped with a Waters (Etten-Leur, the Netherlands)
Acquity H-Class UPLC system with an Extended A
Photodiode Array Detector (210-800 nm), an Acquity
BEH C18 Column (1301&, 1.7 pm, 2.1 mm x 50 mm)
and an LCT-Premier ESI-Orthogonal Acceleration
Time of Flight Mass Spectrometer. Samples were run
using three mobile phases: A =Purified deionized
Water (Veolia — H O) B = Acetonitrile (UPLC grade —
CH CN) and C = 44% HZO 44% CH CN 12% Formic
amd (UPLC grade - HCO H) Data processing was
performed using Waters MassLynx Mass Spectrometry
Software 4.1. UPLC-MS Program: flow rate = 0.5 ml/
min, runtime = 3 min, column T" = 40 °C, mass detection:
100-1500 Da. Gradient: Line C, provides a constant 4%
of the total composition. Initial conditions 94% A, 2% B,
4% C at 0.2 min. Composition gradually changes over
1.6 min, to 96% B and 4% C at 1.80 min. This is kept
until 2.15 min before changing back to the original com-
position at 2.20 min and remains so until the 3 min time
mark. The spectra are shown in Supplementary Fig. 1 C,
Supplemental digital content 2, /ztp://links.lww.com/MR/
A346.

Results

Depletion of TAZ sensitizes uveal melanoma cells to
inhibition of Mcl-1

In order to study the function of YAP1 and TAZ in met-
astatic uveal melanoma, we generated derivatives of the
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metastasis-derived uveal melanoma cell lines OMM2.5
and OMMI1, containing doxycycline-inducible shRNAs
targeting YAPI (i-shYAP), WWTR! (i-sh'TAZ) or both
(1-shYAP/TAZ) and non-targeting controls (i-shCtrl and
1-shCtrl/Ctrl). The efficiency of the knockdown can be
observed in Supplementary Fig. 2 A-B, Supplemental
digital content 3, Azp://links.lww.com/MR/A347. Induction
of shRNA expression with doxycycline led to substantial
depletion of the respective proteins, without any effect
on the control cells. The residual level of YAP1 protein
varied between the distinct i-shYAP-containing cell lines:
the knockdown by the i-shYAP#2 (80% protein depletion
in OMMZ2.5 and 90% in OMM1) was more efficient than
i-shYAP#1 (70% in both cell lines).

In OMM2.5 cells, the knockdown of TAZ significantly
reduced the expression of the canonical YAP1/TAZ tar-
get genes C1TGE and CYR61, while the depletion of
YAP1 had no or little effect (Supplementary Fig. 2 C
B, Supplemental digital content 3, Azup://links.lww.com/
MR/A347). In OMMI cells, the expression of CTGF was
downregulated upon YAP1 or TAZ knockdown, but only
depletion of TAZ reduced the level of CYR6/ mRNA
(Supplementary Fig. 2 D B, Supplemental digital content
3, http:/llinks.fow.com/MR/A347). In both cell lines, the
effect of the double YAP1/TAZ knockdown on transcrip-
tion of the target genes was greater than TAZ knockdown
alone, suggesting that YAP1 might to some extent com-
pensate for the effect TAZ depletion has on the tested
targets.

Depletion of TAZ significantly inhibited the growth
of both tested cell lines (Supplementary Fig. 2 E-F B,
Supplemental digital content 3, Zzp://links.lww.com/MR/
A347). Expression of i-shYAP#1 hardly affected cell
growth, but the induced expression of i-shYAP#2 could
slow down the growth of the cells to the same extent as
i-shWW'T'R1, which is possibly explained by the less effi-
cient depletion of YAP1 in i-shYAP#1 cells. Simultancous
knockdown of YAP1 and TAZ caused slightly stronger
inhibition of cell growth, compared to either of the single
knockdowns.

Because depletion of YAP1 and TAZ slows down the pro-
liferation of uveal melanoma cells, these transcriptional
coactivators can be considered as putative therapeutic
targets in uveal melanoma; however, as knockdown of
YAP1 and TAZ does not cause apoptosis, as illustrated by
little PARP cleavage upon treatment with doxycycline in
Supplementary Fig. 2 A-B, B, Supplemental digital con-
tent 3, http.f/links.low.com/MRJIA347 the cells may quickly
develop resistance to their inhibition. Therefore, we per-
formed a small-scale drug screen in order to find a ther-
apeutic target, which upon simultaneous inhibition with
YAP1 or TAZ depletion would force the uveal melanoma
cells into apoptosis. We treated OMM2.5/i-shYAP#2,/i-
sh'TAZ#1 and/i-shCtrl with serial dilutions of various
compounds developed to target cancer cells (Table 1),

in the absence or presence of doxycycline. On the basis
of the obtained dose-response curves, we calculated the
synergistic score using the Excess-over-Bliss (EoB) algo-
rithm. A positive EoB value indicates synergism between
two compounds, values close to zero refer to an additive
effect, negative values indicate antagonism. The calcu-
lated best EoB values for the tested drugs are summa-
rized in Fig. 1a. The two inhibitors of Mcl-1, S63845 and
MIK665, both demonstrated very good synergism with
depletion of both YAP1 and TAZ, as well as the Bcl-2/
Bcl-xl/Bcl-w inhibitor Navitoclax; the selective Bcl-2
inhibitor Venetoclax was synergistic only with depletion
of TAZ, but not YAP1. Overall, the result of the screen
highlights that inhibitors of Bcl-2 family members, such
as Bcl-2 and Mcl-1, can be synergistic with inhibition of
YAP1 or TAZ.

Remarkably, OMM2.5 was very sensitive to the Mcl-1
inhibitors with IC50s in the low nanomolar range, while
survival of OMMI1 cells was inhibited only by low
micromolar concentrations (Supplementary Fig. 3 A,
Supplemental digital content 4, /Azp://links.lwow.com/MR/
A348). This difference could not be explained by a dis-
tinct expression level of Mcl-1 between these cell lines
(data not shown).

The enhanced sensitivity of the TAZ-depleted uveal
melanoma cells to Mcl-1 inhibition is illustrated in
Fig. 1band c and Supplementary Fig. 3 B, Supplemental
digital content 4, htp.//links.lww.com/MRIA348. OMM?2.5
and OMM1 with doxycycline-induced knockdown of
"TAZ were more sensitive to Mcl-1 inhibitors after 3 days
of treatment: in OMMZ2.5, induction of i-shYAP#2 sensi-
tized the cells to MIK665, but in OMM1 cells, depletion
of YAP1 did not have any effect on MIK665 sensitiv-
ity. The effect of YAP1/TAZ double knockdown was
slightly more pronounced than TAZ knockdown in both
cell lines. This reduction of cell viability was most likely
a result of increased apoptosis, as suggested by the cle-
vated activity of caspases 3 and 7 (Fig. 1d and e and
Supplementary Fig. 3 C, Supplemental digital content
4, http://links.lww.com/MR/A348). The activated caspases
cleave PARP protein and cleaved PARP serves as a
marker of apoptosis. The band of cleaved PARP in the
MIK665-treated derivatives of OMMZ2.5 was detected
by western blot, as shown in Supplementary Fig. 2 A
B, Supplemental digital content 3, Azzp://links.low.com/
MR/A347. The signal became stronger with addition of
doxycycline in i-shTAZ and i-shYAP#2, together with
disappearance of the band of full-length PARP, which
supports the induction of apoptosis of uveal melanoma
cells upon simultaneous inhibition of TAZ and Mcl-
1. This effect was even stronger in the double YAP1/
TAZ knockdown. In OMM1/i-shYAP or/i-sh'TAZ cells,
the band of cleaved PARP was hardly visible but was
clearly detected in the double knockdown cell lines
upon treatment with doxycycline and the combination
of doxycycline and MIK665 (Supplementary Fig. 2 B
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B, Supplemental digital content 3, Azzp://links.low.com/
MRIA347).

To find an explanation for the increased apoptosis, we
analyzed the mRNA expression of several apoptosis reg-
ulatory proteins, including Be/-2, Mcll, Bim, BMF, Noxa
and Survivin.

Expression of most of these genes was not consistently
affected upon doxycycline, MIK665 or combination
treatment (data not shown); however, in the TAZ knock-
down and the double-knockdown cells, Be/-2 expression

was significantly downregulated in the cells treated with
doxycycline + MIK665 (Fig. 2a) compared to both sin-
gle treatments. Induction of i-shYAP#2 with doxycycline
decreased Bc/-2 expression compared to a control, but
treatment with MIK665 did not significantly enhance
this effect.

Inhibition of Mevalonate pathway allows indirect
control of YAP and TAZ activity

It has been shown before that inhibition of geranyl-ge-
ranyl transferase, which is important for the activation
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of RhoA/Racl, indirectly blocks the activation of YAP1
and TAZ [22]. Therefore, we used the geranyl-geranyl
transferase inhibitor GGTI-298 to investigate its effect
together with Mcl-1 inhibition on expression of YAP1/
TAZ target genes, YAP1, TAZ and Mcl-1 protein levels
and uveal melanoma proliferation/survival.

Several uveal melanoma cell lines treated with GGT1-298
demonstrated strong downregulation of expression of the
YAP1/TAZ transcription targets C7TGF and CYR61, as well
as FOXM1 and Survivin (Fig. 2b). At the protein level, we
noticed a slight downregulation of YAP1 and TAZ after
treatment with GGTI-298 in OMM2.3 and MP46 cells
(Fig. 2¢ and Supplementary Fig. 3 D, Supplemental dig-
ital content 4, Attp:f/links.lww.com/MR/A34S). Treatment
with the Mcl-1 inhibitors MIK665 (Fig. 2c) or S63845
(Supplementary Fig. 3 D, Supplemental digital content
4, hetp:/llinks.low.com/MR/A348) did not change the lev-
els of YAP1 (except MP38 and OMMZ2.3 cells) and TAZ,
but caused elevation in the level of Mcl-1. In the subset
of samples treated with the combination of GGTI-298
and Mcl-1 inhibitor, we sce a slightly further downreg-
ulation of YAP1 and TAZ, compared to mono treatment
with GGTI-298. The intensity of the Mcl-1 band in the
samples treated with the combination remains similar to
the band in the samples treated with only Mcl-1 inhib-
itors (in OMM1 and OMMZ2.3) or slightly decreases in
MP38 and MP46.

Next, we assessed the effect of the combination GGT1-
298 with MIK665 on the survival of uveal melanoma
cell lines. In all of the cases, the combination reduced
the survival of the cells more strongly than either of
the single treatments (Fig. 2d) and the positive EoB
scores indicated synergism. Interestingly, the synergistic
effect was not demonstrated in MEL285 and MEL290,
uveal melanoma cell lines that do not contain activating
mutations in GNAQ or GNA11 (Supplementary Fig. 4
A, Supplemental digital content 5, /#zp.//links.low.com/
MR/A349). The combination of GG'TI-298 and MIK665
increased the activity of caspases 3/7 in most of the tested
cell lines, except for OMM1, MEL285, MEL290 (Fig. 2e
and Supplementary Fig. 4 B, Supplemental digital con-
tent 5, attp://links.low.com/MR/A349).

Recently the results of Phase 1 clinical trial with another
geranyl-geranyl transferase inhibitor, that is, GG'TT-2418,
were published [60]. Therefore, we tested also GGTI-
2418 in combination with MIK665 on some uveal mela-
noma cell lines (Supplementary Fig. 4 C, Supplemental
digital content 5, A#tp://links.fow.com/MR/A349). In line
with the original publication using this inhibitor on
cell lines in culture, much higher concentrations of this
compound were needed to affect the growth of uveal
melanoma cell lines, and even treatment with 40 pM
demonstrated only a limited effect. Even so, some syn-
ergism with MIK665 was found although not as good as
GGTI-298.

To verify that the observed synergistic effect of simul-
taneous blocking of TAZ signaling and Mcl-1 was not
restricted to an Mcl-1 inhibitor of a particular molecular
structure, we also tested AZID5991, an Mcl-1 inhibitor
structurally distinct from MIK665 and S63845 [61]. The
uveal melanoma cells were less sensitive to AZID5991
than to MIK665, as higher concentrations of AZID5991
were required to get comparable growth inhibition. The
combination of GGTI-298 with AZD5991 demonstrated
a synergistic effect in most of the tested uveal mela-
noma cell lines, confirming the effect seen with MIK665
and S63845, although the EoB values were lower than
in combination with MIK665 (Supplementary Fig. 4 D,
Supplemental digital content 5, Zzp://links.lww.com/MR/
A349).

Direct inhibition of the YAP1/TAZ-TEAD interaction with
K-975

The inhibition of the mevalonate pathway with GGT1-
298 diminishes YAP1- and TAZ-mediated transcription
activation but, because the effect on YAP/TAZ via RhoA
inactivation is indirect, it likely interferes with multiple
cellular processes apart from YAP1 and TAZ activity.
To investigate more directly the functions of the YAP1/
TEAD and TAZ/TEAD transcription complexes in
uveal melanoma, we employed a recently described com-
pound, K-975, which covalently interacts with an internal
cysteine residue located in the palmitate-binding pocket
of TEADs. Because palmitoylation of this cysteine stabi-
lizes the TEAD proteins and is required for the interac-
tion with YAP1 or TAZ [62,63], K-975 treatment results in
the inhibition of these interactions and downregulation
of expression of YAP1/TAZ target genes in mesothelioma
cell lines [64]. Likewise, treatment of uveal melanoma
cell lines with K-975 significantly reduced the mRNA
expression of the tested YAP1/TAZ target genes (Fig. 3a).
The growth of all tested uveal melanoma cell lines was
inhibited by K-975 treatment, although OMM2.3 and
OMM2.5 were relatively insensitive (Fig. 3b). Similar to
the results obtained with GGTI-298, combining K-975
with MIK665 synergistically enhanced the growth reduc-
tion in uveal melanoma cells except MP46 cells (Fig. 3c¢).
Increase in caspase 3/7 activity upon treatment with
K-975-MIK665 combination varied per cell line: OMM1
demonstrated no elevation, while MP38 showed a more
than four-fold increase (Fig. 3d).

Analysis of clinical data

The correlation of YAP1/TAZ expression with the sur-
vival of uveal melanoma patients has been discussed
previously [33,35]. Having demonstrated the synergistic
effect of the combination of YAP1/TAZ and Mcl-1 on
the proliferation of uveal melanoma cells, we decided to
examine if the expression of Mcl-1 could be related to
the metastatic potential of uveal melanoma and survival
of metastatic uveal melanoma patients. We analyzed
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mRNA expression of Mc¢/-1 in two cohorts of uveal mel-
anoma patients: the LUMC cohort including 64 cases
(Fig. 3¢) and the TCGA cohort including 80 cases
(Fig. 3f). The mean expression level of Mc/-1 probe 1
was 8.34 in LUMC cohort. We stratified the cases by
the copy number of chromosome 3, as monosomy 3 and
subsequent loss of BAP1 expression represents a crucial
predisposing factor for the development of metastases.
The mRNA expression of M¢/-1 turned out to be signif-
icantly elevated in the tumors harboring monosomy 3 in
both cohorts.

The mRNA expression of Mc/-1 negatively correlated
with the survival of uveal melanoma patients in the
LLUMC cohort, as demonstrated in Fig. 3g. In the TCGA
cohort we observed a similar tendency, but the effect was
not significant (Fig. 3h).

The correlation of the expression of M¢/-1 with the chro-
mosome 3 status and the results suggest a role for Mcl-1
activity for metastases development in uveal melanoma
patients, but further analysis is needed to clarify the
prognostic significance of this marker.

Discussion

Transcriptional coactivators YAP1 and TAZ have
emerged as therapeutic targets for uveal melanoma
after the demonstration of their role in the malignant
transformation of uveal melanocytes [26]. Although
YAP1 and TAZ are structurally and functionally related,
their roles in cellular processes are not fully redundant
[65]. Our results demonstrate that TAZ and YAP1 have
partly overlapping, but also distinct functions in uveal
melanoma. Depletion of TAZ leads to more slowdown
of the growth of uveal melanoma cells than depletion of
YAP1, but knockdown of both YAP1 and TAZ inhibits
proliferation even more. The growth reduction in these
cases is caused by cell cycle arrest, but not apoptosis,
which suggests that inhibition of YAP1 and TAZ in
uveal melanoma might not be an effective therapy as
a single treatment, but could be potent in combination
with other drugs. As shown in the results of our small-
scale drug screen, inhibition of Bcl-2 family members,
particularly Mcl-1, in combination with TAZ or YAP1
depletion, drives uveal melanoma cells into apoptosis.
In line with our findings, Mc¢/-1 has been revealed as a
hit in a screen of genetic interactions of WW7R/, and
combination of Mcl-1 inhibitor and blocking TAZ with
verteporfin dramatically reduced the viability of nons-
mall cell lung cancer cell lines [66].

Verteporfin is a commonly used, but certainly not a spe-
cific inhibitor of YAP1 and TAZ, that binds these proteins
and interferes with the formation of the complexes with
the DNA-bound cofactors TEAD. Although mechanis-
tically distinct, the recently described compound K-975
also disrupts YAP1/TAZ-TEAD complexes by bind-
ing to TEADs and inhibiting their palmitoylation. The

application of these inhibitors does not allow the com-
plete blocking of YAP1 and TAZ signaling, because they
form complexes with the other cofactors, such as AP-1
[67], RUNX1/2 [68], PAX3 [69], BRD4 [70] and SMAD
[71]. Possibly due to this fact, we observed a more lim-
ited effect of compound K-975 on uveal melanoma cell
proliferation, in contrast to drastic growth reduction upon
TAZ knockdown. Even so, combining K-975 with Mcl-1
inhibitors synergistically reduced cell viability.

"TAZ activity can be modulated not only via blocking its
interaction with TEADs, but also via targeting upstream
regulators, mainly related to the canonical Hippo pathway,
including cell surface receptors [72,73], kinases [74,75],
mevalonate pathway inhibitors [22] and actin modulators
[76]. The regulation of YAP1 and TAZ activity is com-
plex and context-dependent. In uveal melanoma, YAP1
and TAZ have been reported to be activated by mutant
Gagq/11 via FAK kinase [20]. Our data suggest that met-
abolic regulation via the mevalonate pathway occurs in
uveal melanoma, as the geranyl-geranyl transferase I
inhibitor GGTT-298 reduces mRNA expression of YAP/
'TAZ target genes and reduces cell viability. Combination
of GGTI-298 with the Mcl-1 inhibitors synergistically
reduces cell survival and enhances apoptosis of uveal
melanoma cell lines. The clinically tested GGTI-2418
is structurally distinct from GGTI-298 and although it
inhibits cell growth to a lesser extent than GG'TI-298,
it still functions synergistically with the Mcl-1 inhibitor
MIK665 in growth inhibition of uveal melanoma cell
lines.

Expression of WWTRI1, encoding TAZ, has been reported
before to correlate with monosomy 3 and metastases
development [35]. We demonstrate here that higher
expression of Mcl-1 also correlates with monosomy of
chromosome 3, which represents an important progres-
sion marker. Indeed, a high expression of M¢/-1 showed
a tendency to correlate with shorter uveal melanoma
patient survival. Therefore, we think that in the future,
when clinically relevant TAZ inhibitors have been devel-
oped, the combined inhibition of Mcl-1 and TAZ is a
therapeutic option for metastases in uveal melanoma
patients.
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