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Unlike cutaneous melanoma, uveal melanoma (UM) is characterized by mutations in GNAQ and GNAT1 and remains a fatal disease
because there is essentially no effective targeted therapy or immunotherapy available. We report the discovery of the copper
ionophore elesclomol as a GNAQ/11-specific UM inhibitor. Elesclomol was identified in a differential cytotoxicity screen of an in-
house tool compound library, and its in vivo pharmacological efficacy was further confirmed in zebrafish and mouse UM models.
Mechanistically, elesclomol transports copper to mitochondria and produces a large amount of reactive oxygen species (ROS) as Cu
(I1) is reduced to Cu(l) in GNAQ/11-mutant UM cells, which selectively activates LATS1 kinase in the Hippo signaling pathway and
consequently promotes YAP phosphorylation and inhibits its nuclear accumulation. The inactivation of YAP downregulates the
expression of SNAI2, which in turn suppresses the migration of UM cells. These findings were cross validated by our clinical
observation that YAP activation was found specifically in UM samples with a GNAQ/71 mutation. Furthermore, addition of
binimetinib, a MEK inhibitor, to elesclomol increased its synthetic lethality to GNAQ/77-mutant UM cells, thereby overriding drug
resistance. This effect was confirmed in an orthotopic xenograft model and in a patient-derived xenograft model of UM. These
studies reveal a novel mechanistic basis for repurposing elesclomol by showing that copper homeostasis is a GNAQ/11-specific
vulnerability in UM. Elesclomol may provide a new therapeutic path for selectively targeting malignant GNAQ/17-mutant UM.

Oncogene (2022) 41:3539-3553; https://doi.org/10.1038/541388-022-02364-0

INTRODUCTION

Uveal melanoma (UM) is the most common primary intraocular
malignancy in adults, of whom approximately half will develop
metastases, predominantly in the liver [1, 2]. Once metastases
occur, the median progression-free survival (PFS) and overall
survival (OS) are only 3.3 and 10.2 months, respectively [3]. This
extremely low survival rate is attributed not only to the malignant
nature of UM but also to the lack of effective clinical treatments.
More than 80% of patients with UM harbor a mutation in guanine
nucleotide-binding protein G(q) subunit alpha (GNAQ) or guanine
nucleotide-binding protein G (11) subunit alpha (GNA11) [4-6]. Gag
and Ga,;, encoded by GNAQ and GNATI, are a subunits of a
heterotrimeric G protein, which plays an important role in G
protein-coupled receptor (GPCR) signaling. Interestingly, muta-
tions in GNAQ or GNAT1 occur in a mutually exclusive manner, in
arginine 183 (R183) or glutamine 209 (Q209). R183 and Q209 are
located in the switch | and switch Il domains of the Gag.
subunits, respectively. These mutations continuously activate G
protein by entirely crippling its GTPase activity [7]. Mutant
constitutively activated Gag and Ga; drive abnormal proliferative
signaling, including the MAPK/MEK/ERK, Trio/Rho/Rac/YAP and
PI3K/Akt/mTOR pathways [8-10].

The discovery of agents that directly target mutant Ga, or Gay;
or their signaling pathways would present a compelling approach
to treat UM with a Gag or Ga;; mutation. However, thus far, the
only Gag/1q inhibitors identified are a series of natural products
represented by YM-254890 and FR900359 [11]. These two natural
products specifically inhibit Gag/11-mediated signal transduction
and cellular proliferation in UM cells that carry a GNAQ/119%%°
mutation [12, 13]. Nevertheless, the complex structure and
difficulties in synthesis or production of these natural products
have impeded their preclinical development. The drug-like
properties of these compounds and their exact pharmacological
efficacies in vivo need to be further investigated.

Alternatively, targeting Gag,1,-mediated signaling pathways has
proven to be extremely challenging because GNAQ and GNAT1
mutations activate multiple signaling pathways to orchestrate
disease progression. For instance, a review of 590 cases from six
eligible clinical studies showed that UM is poorly responsive to
MEK inhibitors, including selumetinib (median PFS 16 weeks,
median OS 11.8 months, 14% partial response (PR), 1-year OS rate
45%) and trametinib (median PFS 1.8 months, overall response
rate (ORR)/PR/complete response (CR) 0%) [14]. Distinct from skin
cutaneous melanoma (SKCM), where the combination of MEK and
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BRAF inhibitors benefits metastatic patients with BRAF'6°°F or V60K
mutations [15], GNAQ/11 mutations activate other cascades, such
as PI3K/Akt/mTOR and Trio/Rho/Rac/YAP; thus, blocking the RAF/
MEK/ERK pathway alone is not sufficient to achieve a satisfactory
therapeutic effect in UM. The combination of selumetinib with the
AKT inhibitor MK2206 induced synergistic inhibition of GNAQ-
mutant UM cells in vitro and in vivo [16]. However, a phase I
clinical trial of trametinib combined with the AKT inhibitor
GSK795 showed no improvement in either the PFS or the
response rate (RR) compared with those in the selumetinib group
(NCT01979523) [17]. Therefore, it is urgent to find effective
therapies that specifically target GNAQ/7T1-mutant UM, especially
for tumors that are resistant to MEK inhibitors. To achieve this
goal, we performed a differential cytotoxicity screen in a 384-well
format of an in-house tool compound library composed of 3541
known target chemicals.

Here, we report that the copper ionophore elesclomol
possesses excellent selectivity against GNAQ/T7-mutant UM cell
lines and maintains its therapeutic efficacy in patient-derived
tumor cells in an ex vivo model. Elesclomol forms a complex with
Cu(ll). Cells are able to effectively transport these copper
molecules to mitochondria [18]. Through a redox reaction, copper
is reduced to its Cu(l) state, and then, free reactive oxygen species
(ROS) are produced through the Fenton reaction [18, 19]. In fact,
elesclomol is a clinical stage compound that has previously been
used alone or in combination with paclitaxel but failed in relapsed
or refractory acute myeloid leukemia [20], ovarian cancer [21],
refractory solid tumors [22] and SKCM [23, 24]. We were prompted

to ask three questions about repurposing elesclomol. First, why
are GNAQ/T71-mutant UM cells particularly sensitive to elesclomol?
Second, what is the molecular mechanism and clinical relevance
of elesclomol-triggered copper-dependent cell death? Third, is our
understanding of the GNAQ/77-specific mode of action of
elesclomol sufficient to repurpose this compound for the
treatment of UM?

RESULTS

Elesclomol selectively inhibits GNAQ/77-mutant UM cells

To discover GNAQ/11-specific compounds, the proliferation ratio
of seven UM cell lines was examined by screening a chemical
library composed of 3541 known target compounds. Among the
seven cell lines, 92.1, OMM2.3, and XMP46 carry a GNAQ®?®®
mutation, OMM1 is GNA7 7Q2°9-mutant and Mel285, Mel290, and
MUM2B are GNAQ/11-wild-type (Fig. TA). In addition to searching
for drugs with immediate clinical application, we intended to use
this large set of compounds with drug-like properties as chemical
probes to decipher any potential vulnerability of GNAQ/77-mutant
cells. Elesclomol was on the top of the list of drugs that efficiently
kill UM cells, with a log, fold change (compound/DMSO) (log,FC)
at —3.064 (Fig. 1B). By further examining the half maximal
inhibitory concentration (ICso) and target selection, the preference
of 74 candidate compounds for GNAQ/T1-mutant or GNAQ/11-
wild-type cells was determined using the index log;o (relative ICsq
ratio) (Supplementary Table 1, Fig. 1C). Dinaciclib, elesclomol,
fimepinostat, and alvocidib stood out for their selectivity and
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Discovery of the GNAQ/11-specific compound elesclomol. A A schematic diagram of drug screening and experimental flow.

B Overview of the potency of all compounds represented by cell viability. When compounds had a log,FC (compound/DMSO) below —2, they
were defined as UM sensitive. The red dot indicates the position of elesclomol. C Relative ICsq ratio of 74 hits against GNAQ/11-mutant and
GNAQ/11-wild-type UM cells on the logarithmic (base 10) scale. Red, gray and blue dots represent the strength gradient of the effectiveness of
compounds against GNAQ/71-mutant cells from strong to weak. The black arrow points to elesclomol. D Representative elesclomol
dose-response curves in six UM cell lines: GNAQ/77-mutant 92.1, OMM2.3, and OMM1 cells and GNAQ/17-wild-type Mel285, Mel290, and
MUM2B cells. E Representative dose-response curve of a primary UM-derived cell line to elesclomol and binimetinib. Error bars represent the
mean = SEM, n =2 independent experiments for (B), n =3 independent experiments for (D, E).
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potency against GNAQ/77-mutant UM cells, while protease
inhibitors specifically suppressed the growth of GNAQ/T7-wild-
type cells. Dinaciclib and alvocidib are inhibitors of various
members of the cyclin-dependent kinase (CDK) family [25, 26].
Fimepinostat is a dual PI3K and histone deacetylase (HDAC)
inhibitor [27]. As we looked for specificity, elesclomol showed low
ICso values against the GNAQ/77-mutant cell lines 92.1 (16 nM),
OMM2.3 (22 nM), and OMM1 (26 nM). However, the GNAQ/11-wild-
type cell lines Mel285, Mel290, and MUM2B were robustly resistant
to elesclomol, with ICso values higher than 10 uM (Fig. 1D).

To confirm the above pharmacological efficacy, elesclomol was
evaluated in a culture of patient-derived UM cells with a
GNAQ®*®" mutation. Elesclomol inhibited the growth of tumor
cells with an impressive 1C5q of 11 nM, while the MEK inhibitor
binimetinib was mostly ineffective, with an 1Cs, above 10 pM
(Fig. 1E). These results demonstrate that GNAQ/77-mutant UM cells
are much more sensitive to elesclomol than GNAQ/77-wild-
type cells.

GNAQ/11-specific cellular events caused by elesclomol
Elesclomol can effectively transport copper into cells and directly
impair mitochondria in several cancer cell lines by increasing the
cellular ROS level to an unsustainable level through the reduction
reaction of Cu(ll) to Cu(l) [18, 19]. We asked whether UM cells with
different genetic backgrounds had different capacities to manage
cellular ROS. After exposure to 100nM elesclomol for 3h,
intracellular ROS levels were examined. Compared with the
vehicle control, elesclomol significantly increased intracellular
ROS levels in GNAQ/11-mutant cells (p <0.001) (Fig. 2A, Supple-
mentary Fig. 1A), which is consistent with several previous studies
in other cancer types [28]. Cotreatment with 1 mM acetylcysteine
(N-acetyl-lI-cysteine, NAC, an ROS scavenger) and 2.5 pM rotenone
(@ mitochondrial electron transport chain | inhibitor) efficiently
blocked the cellular ROS production induced by elesclomol.
However, after treatment of GNAQ/771-wild-type cells with
elesclomol, ROS levels were not significantly higher than after
treatment with the vehicle, indicating that wild-type cells balance
oxidative stress through another mechanism. We next examined
whether elesclomol triggers NRF2 activation, as NRF2 senses
cellular oxidative stress and translocates to the nucleus, stimulat-
ing the transcription of antioxidant genes that protect cells from
ROS cytotoxicity [29]. Following elesclomol treatment at 100 nM
for 3 h, NRF2 only showed a tendency toward nuclear localization
in GNAQ/11-mutant cells (p <0.001) (Fig. 2B, Supplementary Fig.
1B). These results suggest that the GNAQ/77-mutant cell lines
OMM2.3 and OMM1 are more susceptible to oxidative stress.

To further explore the differential responses of gene transcription
and signaling pathways to elesclomol treatment, RNA sequencing
(RNA-seq) was performed on GNAQ/77-mutant 92.1 cells and GNAQ/
17-wild-type Mel285 cells, which had been treated with 25nM
elesclomol for 24 h (Supplementary Fig. 1Q). In the 92.1 cell line, 186
genes were identified as being differentially expressed, while in the
Mel285 cell line, only 8 genes were affected (p value < 0.05 and FC > 2)
(Fig. 2C). Gene set enrichment analysis (GSEA) revealed that oxidative
phosphorylation (OXPHOS) and peroxisome-related gene expression
were downregulated, while apoptosis, hypoxia, and TNFa signaling via
NFkB gene expression were upregulated in 92.1 cells (p <0.05 or p
adjusted <0.25) (Fig. 2D, E). Further comparing the genomic expression
signatures of 92.1 and Mel285 cells, it was found that the expression
levels of genes associated with epithelial-mesenchymal transition
(EMT), hypoxia and TNFa signaling via NFkB were significantly higher
in Mel285 cells, while ultraviolet (UV) response-related signaling was
downregulated (Supplementary Fig. 1D). These results revealed that
GNAQ/77-mutant cells were more dependent on OXPHOS pathways
and were vulnerable to oxidative stress induced by elesclomol.

To verify that binding with copper is the key mechanism
underlying the killing effect of elesclomol on UM cells, an ES analog
lacking copper binding capacity was designed (Fig. 2F,
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Supplementary Fig. 2A). The ICsy values of the analog against
92.1 and OMM2.3 cells were much higher than those of elesclomol
(Fig. 2G).

Next, we sought to elucidate whether elesclomol could trigger a
distinct regulated cell death phenotype rather than apoptosis,
necroptosis or ferroptosis, similar to other copper ionophores
[30, 31]. Elesclomol was reported to cause a ferredoxin-dependent
form of “cuproptosis” in NCI-H2030 cells [19] or apoptosis in K562
and K/VP.5 cells [32]. Cell cycle analysis indicated that OMM1 and
OMM2.3 cells were arrested in the GO/G1 phase after treatment
with 100 nM elesclomol for 24 h (p < 0.05) but not Mel290 cells
(Fig. 3A, Supplementary Fig. 3A). The proportion of OMM1 and
OMM2.3 cells undergoing apoptosis was also sharply elevated
after elesclomol treatment (p <0.001), but this was not seen in
Mel290 cells (Fig. 3B, Supplementary Fig. 3B). Western blot analysis
data showed that elesclomol treatment led to a remarkable
downregulation of c-Myc and cyclin D1 in OMM1 and OMM2.3
cells, which are required for cell cycle progression from G1 phase
to S phase. In addition, cleaved caspase-3 was upregulated in
OMM1 and OMM2.3 cells as the concentration of elesclomol
increased (Fig. 3C, Supplementary Fig. 3C). Elesclomol altered the
expression of the above proteins in a dose-dependent manner in
GNAQ/11-mutant OMM1 and OMM2.3 cells but not in GNAQ/11-
wild-type Mel290 cells. Elesclomol led to GO/G1 phase arrest and
apoptosis in GNAQ/11-mutant UM cells, which was consistent with
previous studies in different cell lines [33].

We were particularly interested in the long-term pharmacolo-
gical efficacy of elesclomol in GNAQ/77-mutant cells, as it is well
known that tumor cells are notoriously versatile and can adapt to
environmental stress. Colony formation data showed that the
growth of OMM1 and OMM2.3 cells was significantly suppressed
by elesclomol at concentrations as low as 10 nM (p < 0.001), but
the proliferation of Mel290 cells was not affected (Fig. 3D,
Supplementary Fig. 3D).

Elesclomol impairs UM tumor growth in zebrafish and mouse
models

To evaluate the in vivo efficacy of elesclomol on UM growth, we
established an embryonic zebrafish xenograft model. This model
offers live imaging possibilities to directly investigate UM cell
migration and engagement under the action of different compounds
[34]. After being stained with CM-Dil, 92.1 cells carried red
fluorescence in their cell membrane and were injected into the yolk
sac of zebrafish embryos 2 days post-fertilization (dpf) Tg(kdrl:
egfp)@’’. After 6 days, the growth of the UM xenograft was observed
in the yolk sac, and migration toward the eyes, main body vessel and
tail was visible. The total tumor burden was then calculated
(Supplementary Fig. 4A, B). The maximum tolerable dose was
determined to be 10 uM, with an 80% survival rate after a 6-day
elesclomol treatment (Supplementary Fig. 4C); at this dose, the
growth and migration of 92.1-CM-Dil cells were significantly reduced
(Fig. 4A). The final tumor burden per embryo in the elesclomol group
was significantly lower than that in the control group (3164 +402.8,
n=24; 5714+ 417.1, n = 24; p <0.001) (Fig. 4B).

To confirm the in vivo efficacy of elesclomol in a mammalian
tumor model, a subcutaneous xenograft model was established in
nude mice using 92.1 cells. Two doses, 25 mg/kg/day and 50 mg/kg/
day, were administered to mice 5 days a week via tail vein injection,
according to previous reports [35]. After ten administrations, the
tumor-bearing UM mice treated with elesclomol showed significant
tumor regression in both dose groups (p < 0.05; p < 0.01) (Fig. 4C, D,
E, F), without a significant change in body weight (Supplementary
Fig. 4D). To establish a correlation between efficacy and pharmaco-
dynamic response, cells from the different mouse groups were
isolated at the end of the efficacy study. The decrease in Ki67 and the
increase in TUNEL in tumor tissue indicated an inhibition of cell
proliferation and an increase in apoptosis in the tumors of the
elesclomol treatment group (Fig. 4G, H).
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Elesclomol induces YAP phosphorylation in GNAQ/17-mutant
UM cells

Encouraged by the in vivo efficacy of elesclomol in the zebrafish
as well as the mouse model, we analyzed the activity of MAPK/
MEK/ERK, PI3K/Akt/mTOR, and Trio/Rho/Rac/YAP, all of which are
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reported to be pathways downstream of GNAQ/11 [36]. After 24 h
of elesclomol treatment, the levels of ERK1/2 and AKT phosphor-
ylation in four UM cell lines showed no sign of alteration, yet YAP
(Ser127) phosphorylation was induced in a dose-dependent
manner, which was more obvious in the GNAQ/77-mutant cell
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Fig. 2 Elesclomol selectively elevates intracellular ROS in GNAQ/17-mutant UM cells. A The ROS levels were measured in six UM cell lines
and normalized after 100 nM elesclomol treatment for 3 h. B Quantification of NRF2 intranuclear localization after elesclomol treatment at
100 nM for 3 h. € Volcano plot showing up- and downregulated genes in 92.1 and Mel285 cells after elesclomol treatment (FC > 2, p < 0.05).
D Heatmap of selected GSEA hallmark pathways enriched in 92.1 cells treated with elesclomol versus the control (DMSO). The color scale ranks
the indicated pathways based on their normalized enrichment score (NES). Blue and red indicate down- and upregulated pathways,
respectively. E Enrichment plots of select GSEA pathways enriched in 92.1 cells treated with elesclomol versus control (DMSO), including
oxidative phosphorylation, peroxisome, hypoxia and TNFa signaling via NFkB. F The structure of the ES analog. G Representative
dose-response curves of 92.1, OMM2.3, and Mel290 cells to elesclomol and its analog. Error bars represent the mean+SEM, n=3
:mdependent experiments for (A, B, C, G), *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig.3 Specific cellular events in elesclomol-treated GNAQ/77-mutant UM cells. Quantification of the cell cycle distribution (A) and apoptotic
proportion (B) of UM cells treated with 100 nM elesclomol for 24 h. C Quantification of immunoblot analysis of c-Myc, cyclin D1, caspase-3 and
cleaved caspase-3 proteins in UM cells treated for 24 h with selected concentrations of elesclomol. D Quantification of clonogenic growth of
UM cells treated for 14 days with elesclomol at selected concentrations. Error bars represent the mean + SEM, n = 3 independent experiments

for (A, B, C, D), *p < 0.05; **p < 0.01; ***p < 0.001.

lines 92.1, OMM2.3, and OMM1 (Fig. 5A). The phosphorylation of
YAP (Ser127) was also increased in a time-dependent manner in
UM cells treated with 100 nM elesclomol (Fig. 5B). The p-YAP/YAP
ratio increased significantly in GNAQ/771-mutant cells (p <0.001)
with prolonged exposure time but not in GNAQ/71-wild-type cells.
However, the p-ERK/ERK ratio did not change in either cell type
(Fig. 5C). Treatment with 100 nM elesclomol for 3 h blocked the
nuclear translocation of YAP, as shown by its increased cytosolic
fraction and decreased nuclear fraction, judged by YAP immuno-
fluorescence detection (Fig. 5D) and western blot analysis (Fig. 5E).
Elesclomol also suppressed the expression of endogenous YAP-
regulated genes, including CTGF and CYR61 (p < 0.05) (Fig. 5F). YAP
nuclear localization was also repressed in the tumors of
elesclomol-treated mice (Fig. 5G, H). Together, these findings
suggest that elesclomol selectively induced YAP (Ser127) phos-
phorylation and YAP cytoplasmic sequestration in GNAQ/T1-
mutant UM cells both in vitro and in vivo.

The results prompted us to research the clinical link between the
YAP phosphorylation level and GNAQ/71 mutation status. In the
tumor tissues of eight UM patients, the phosphorylation level of
YAP was significantly lower in tumor samples with GNAQ/T1
mutation than in those without this mutation (p < 0.01) (Fig. 6A, B),
indicating that YAP was abnormally activated in GNAQ/77-mutant
UM and might serve as a therapeutic biomarker. When YAP was
depleted by two siRNAs in OMM2.3 cells, the antiproliferative effect
of elesclomol was attenuated (Supplementary Fig. 5A, Fig. 6Q).

Oncogene (2022) 41:3539-3553

Further, overexpression of the YAP'?”A-Flag plasmid in GNAQ-
mutant 92.1 cells significantly attenuated their sensitivity to
elesclomol (Supplementary Fig. 5B, Fig. 6D). These results suggest
that elesclomol might exert its pharmacological efficacy by
inhibiting YAP activity.

To determine whether elesclomol regulates YAP phosphoryla-
tion via its upstream elements, the signaling status of the
canonical Hippo pathway and noncanonical MAP4K family was
examined. After exposure to elesclomol for 3 h, increased LATS1
phosphorylation at Thr1079 was detected in a dose-dependent
manner, while the expression levels of members of the MAP4K
family did not change (Fig. 6E, Supplementary Fig. 5C). Cotreat-
ment with NAC (1 mM) or rotenone (2.5uM) inhibited the
elesclomol-induced increase in p-LATS1 and p-YAP (Fig. 6F). These
data support the notion that elevated ROS generation induced by
elesclomol may directly contribute to activation of the LATS1-YAP
cascade.

Elesclomol decreases the viability of MEKi-resistant UM cells
It was reported that copper influx enhances the BRAFY®°_driven
MAPK signaling pathway through a Cu-MEK1 interaction, which
promotes the progression of SKCM in mice and humans [37]. We
wondered if elesclomol could boost MEK inhibitor resistance in
UM. Our screening compound library contains 18 MEK inhibitors,
including trametinib, selumetinib, TAK-733, and binimetinib
(Supplementary Table 2). Seven UM cell lines exhibited different
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Fig. 4 Elesclomol impairs UM tumor growth in zebrafish and mouse models. A Representative fluorescence images of an embryo injected
with 92.1-CM-Dil cells and treated with 10 pM elesclomol. Images were captured at 0, 2, 4, and 6 days post-treatment (dpt). B Quantification of
tumor burden per embryo was performed via automatic confocal analysis at 6 dpt with elesclomol or DMSO. C Average tumor volumes of 92.1
cell-derived xenografts after treatment with vehicle or elesclomol at 25 or 50 mg/kg for 10 days. The orange lines indicate the days of drug
administration. D Tumors harvested after 21 days of treatment. E The mean weight of tumors in each group was compared. F Fold change in
xenograft size, on the logarithmic (base 2) scale, after 10-day treatment with vehicle or elesclomol. The dotted line indicates a threshold of
10%-fold change. Representative images (G) and quantification (H) of H&E staining, Ki67 staining and TUNEL levels assessed by IHC and IF in
the tumor tissues. Error bars represent the mean + SEM, n =24 embryos in each group for (B), n =8 mice in each group for (C), *p < 0.05;
**p < 0.01; ***p < 0.001. Scale bar, 100 pm.

sensitivities to MEK inhibitors, among which OMM2.3 and OMM1
had the highest MEKi resistance (Supplementary Fig. 6A, B). We
first tested whether elesclomol would abolish the efficacy of MEK
inhibitors on MEKi-sensitive UM cells. The 92.1 cell line was chosen
because it is relatively sensitive to binimetinib, with an IC5o of
78 nM (Supplementary Fig. 6C). In a fixed 1:1 ratio combination
assay, the Cl (combination index) [38] was 0.65 for 92.1 cells
(Supplementary Fig. 6D). Apparently, elesclomol treatment did not
attenuate but improved the efficacy of this MEKi in MEKi-sensitive
UM cells.

Next, two strategies were used to evaluate the effect of the
combination of elesclomol/binimetinib on MEKi-resistant cell lines.
In a fixed ratio/combination assay (Fig. 7A), the Cl was 0.30 and
0.25 for OMM2.3 and OMM1 cells, respectively, which indicated
that elesclomol sensitized UM cells to MEK inhibition

SPRINGER NATURE

(Supplementary Fig. 6E, F). Second, in a variable ratio/combination
assay in OMM2.3 and OMM1 cells, the same effects were observed
at elesclomol concentrations in the range of 1-100 nM when
combined with binimetinib in the range of 74-2000 nM (Fig. 7B).
Using a colony formation assay, we further confirmed that the
killing effect of binimetinib on OMM2.3 and OMM1 cells could be
enhanced by combination with elesclomol after prolonged
treatment (Fig. 7C, D). Interestingly, the combination of binime-
tinib and elesclomol simultaneously inhibited ERK phosphoryla-
tion and increased YAP phosphorylation (Fig. 7E).

To further evaluate the effect of the elesclomol-MEKi combina-
tion in vivo, luciferase-labeled 92.1 cells were pretreated with
100 nM binimetinib or 10 nM elesclomol or their combination for
72 h before being orthotopically injected into the eyeballs of nude
mice (n=4 in each group). After 21 days of incubation, small

Oncogene (2022) 41:3539-3553
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animal bioluminescence imaging analysis revealed weaker inten-
sity of the tumor signal in the combination group than in the
vehicle group and single-regimen groups (p < 0.05) (Fig. 7F, G). In
the vehicle group, the eyeballs were filled with hyperpigmented
tumors, and some of them showed tumor-related atrophy. There
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were some residual tumors and tumor-related atrophy in the
single-regimen-treated groups, whereas in the combination
group, the eyeballs recovered to an almost crystal-clear status
(Fig. 7H). After enucleation, the weight of the eyes (with the
tumors) was found to be significantly reduced in the combination
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Fig. 5 Elesclomol selectively induces YAP phosphorylation in GNAQ/77-mutant UM cells. A Immunoblot and quantitative analysis of p-
ERK1/2 (phospho Thr202/Tyr204), total ERK1/2, p-YAP (phospho Ser127), total YAP, p-AKT (phospho Thr308) and total AKT in UM cells treated
with elesclomol at select concentrations for 24 h. GAPDH was used as the loading control. B Immunoblot and quantitative analysis of p-ERK1/
2, ERK1/2, p-YAP, and YAP in UM cells treated with elesclomol at 100 nM for selected exposure times. GAPDH was used as the loading control.
C The p-YAP/YAP ratio and p-ERK1/2/ERK1/2 ratio in GNAQ/71-mutant and GNAQ/71-wild-type UM cell lines were calculated at selected
exposure times. D Representative IF images of GNAQ/T7-mutant UM cells showing the change in YAP localization after 100 nM elesclomol
treatment for 6 h. E Cytosolic and nuclear fractions isolated from UM cells treated with elesclomol were analyzed via western blotting; $-actin
and Lamin A/C were used as cytosolic and nuclear markers, respectively. F The expression of CTGF and CYR61 after elesclomol treatment was
determined via real-time qPCR. IF analysis of YAP localization (G) and relative quantification (H) in the tumor tissues from the in vivo study.

Error bars represent the mean + SEM, n = 3 independent experiments for (A, B, D, E, F), *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar, 100 pm.
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Fig. 6 Elesclomol promotes YAP phosphorylation via ROS-induced Hippo signaling pathway activation. A YAP protein and its
phosphorylation level were detected via western blotting in tumor samples from eight UM patients. B The p-YAP/YAP ratio was calculated and
compared between GNAQ/71-mutant and GNAQ/11-wild-type primary tumor tissues. C Representative dose-response curves for elesclomol-
treated OMM_2.3 cells transfected with siYAP or control siRNA. D Representative dose-response curves for elesclomol-treated 92.1 cells
transfected with YAP*'?”A-Flag or control plasmid. E Immunoblot analysis and quantification of p-LATS1 (phospho Thr1079), total LATS1, p-
MST1/MST2 (phospho Thr180 + Thr183) and total MST1 in UM cells treated with elesclomol at select concentrations for 3 h. GAPDH was used
as the loading control. F Immunoblot analysis and quantification of p-LATS1, LATS1, p-YAP, and YAP in UM cells treated with elesclomol with/
without NAC or rotenone for 3h. GAPDH was used as the loading control. Error bars represent the mean = SEM, n=3 independent

experiments for (A, C, D, E, F), *p < 0.05; **p < 0.01; ***p < 0.001.

group (p<0.05) (Fig. 7I). Notably, a patient-derived xenograft
(PDX) model was established, and the results also demonstrated
that combined treatment with binimetinib and elesclomol had a
significantly greater inhibitory effect on tumor growth than the
single-agent regimen, highlighting the potential of elesclomol to
increase the efficacy of MEKis (Fig. 7J, K, L). Taken together, these
data suggest that the combination of binimetinib and elesclomol
blocked the YAP and MEK/ERK signaling pathways, which are
constitutively activated in UM. The drug combination led to
significant pharmacological efficacy against UM cells both in vitro
and in vivo.

Elesclomol regulates SNAI2 expression and cell migration

To elucidate the pharmacogenomic impact of elesclomol after
alteration of YAP phosphorylation in MEKi-resistant GNAQ/11-

SPRINGER NATURE

mutant UM cells, RNA-seq was conducted on OMM1 cells treated
with 1 uM elesclomol for 3 h. Using a threshold p value < 0.05 and
FC>2, 397 genes were found to be significantly up- or
downregulated after elesclomol exposure. By taking the intersec-
tion with the Hippo signaling pathway, five differentially
expressed genes stood out, among which SNAI2 (snail family
transcriptional repressor 2) ranked at the top of the list (Fig. 8A).
SNAI2 is a transcription factor in the Snail family with repressor
activity [39] that dampens the expression of target genes,
including BRCA2 and PUMA [40, 41]. SNAI2 is involved in initiating
EMT by repressing E-cadherin expression and is associated with
tumor invasion and metastasis and with poor prognosis in
different malignancies [42-47]. The mRNA expression level of
SNAI2 was downregulated by 3-h treatment with 1 uM elesclomol
(p <0.001) (Fig. 8B), and the protein expression level of SNAI2 in

Oncogene (2022) 41:3539-3553
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OMM2.3 and OMMT1 cells was decreased after treatment with
25/50/100 nM elesclomol for 24h (Fig. 8C). The correlation
between YAP and SNAI2 expression was demonstrated by an
siRNA assay in OMM2.3 cells (Fig. 8D, E). Additionally, the SNAI2
protein expression level was also repressed in the mouse tumor
model after elesclomol treatment (Fig. 8F).
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To investigate whether SNAI2 influences the proliferation and
migration of UM cells, siRNA was used to knockdown SNAI2
expression (Supplementary Fig. 7A). CCK-8 assay results showed
that decreasing SNAI2 had little effect on cell proliferation
(Supplementary Fig. 7B). However, wound healing assay and
transwell assay results suggested that SNAI2 had the capacity to
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Fig. 7 Antiproliferative effect of elesclomol on MEKi-resistant UM cells. A Dose-response curves of the MEKi binimetinib, elesclomol, and
their combination in the OMM2.3 and OMM1 cell lines. B OMM2.3 and OMMT1 cells were treated for 72 h as indicated with elesclomol and
binimetinib. FA values assessed at 56 different concentrations are shown utilizing Combenefit Software. C The colony formation ability of
OMM2.3 and OMMT1 cells was observed via crystal violet staining after 14 days of inoculation under elesclomol, binimetinib or combined
treatment and quantified using Imagel) (D). E Immunoblot analysis and quantification of p-YAP (phospho Ser127), total YAP, p-ERK1/2
(phospho Thr202/Tyr204), and total ERK1/2 in UM cells treated with 1 uM binimetinib, 100 nM elesclomol or the combined regimen for 3 h.
GAPDH was used as the loading control. The 92.1 cell line was pretreated with binimetinib, elesclomol or the combined regimen for 72 h and
injected orthotopically into the eyeballs of mice (n =4 for each group). The tumor bioluminescence signals (F) and quantification (G) of
92.1 cells in orthotopic xenografts were obtained using an animal imaging system 21 days after injection. H Tumors were harvested 21 days
after injection. | The weight of the eyes (with the tumors) was determined after 21 days of treatment. J Tumors harvested after 30 days of
treatment. K Average tumor volumes of PDXs after treatment with vehicle, elesclomol, binimetinib or their combination for 21 days. The
orange and green lines indicate the days of elesclomol and binimetinib administration, respectively. Representative images of H&E staining of
tumor tissues from each group are shown on the right. L The mean weight of tumors in each group was compared. Error bars represent the
mean + SEM, n =3 independent experiments for (A, B, C, E), n=4 mice in each group for (F), n=5 mice in each group for (J), *p < 0.05;

**p < 0.01; **p < 0.001.
<

promote cell migration: downregulating SNAI2 expression sig-
nificantly suppressed the migration rate of OMM2.3 cells
(p<0.001) (Fig. 8G, H, |, J). Previous studies have shown that
SNAI2 is under the control of YAP and reduces ROS production in
leukemia stem cells [48, 49]. Collectively, these results demon-
strate that elesclomol inhibits cell migration by promoting YAP
phosphorylation and downregulating the expression of the
SNAI2 gene.

DISCUSSION

The copper ionophore elesclomol provides a surprising new
strategy for targeting GNAQ/77-mutant UM, as copper was
previously reported to be required for oncogenic BRAF signaling
and tumorigenesis in SKCM [37]. The distinct difference in
sensitivity of GNAQ/71-mutant and GNAQ/77-wild-type UM cells
to elesclomol led us to inquire if the basic ROS level was different
in these two types of cells. By probing cells with H2DCFDA, we
found no significant correlation between the intracellular ROS
level and the GNAQ/11 genetic status at baseline (Fig. 2,
Supplementary Fig. 2). However, treatment with elesclomol
generated a significant increase in ROS in GNAQ/11-mutant cells
but not in GNAQ/T71-wild-type cells. These data suggest that
GNAQ/11-mutant UM cells may depend on a different metabolic
pathway than wild-type cells and rely more on constitutive
antioxidant activation to maintain their ROS level. Indeed, nuclear
translocation of NRF2 was stimulated by elesclomol in GNAQ/11-
mutant cells but not in GNAQ/177-wild-type cells. NRF2 helps to
protect against mitochondrial damage caused by ROS by
upregulating multiple antioxidant enzymes [50, 51]. GSEA of
RNA-seq revealed that the expression of oxidative phosphoryla-
tion and peroxisome components was downregulated following
elesclomol treatment, while hypoxia and apoptosis signaling were
upregulated in GNAQ-mutant 92.1 cells.

We speculate that cellular signal rewiring causes major
differences in physiological adaptive behavior and chemosensi-
tivity between GNAQ/77-wild-type and GNAQ/71-mutant UM.
Interestingly, in contrast to previous findings that elesclomol
boosts p-ERK and p-AKT activation in lung and breast cancer
[52, 53], our results reveal that the phosphorylation level of YAP
(Ser127) in GNAQ/T71-mutant UM cells is significantly increased,
rather than affecting the ERK and AKT cascades. This finding
suggests that simultaneous targeting of the MEK and YAP
signaling pathways may reduce the resistance of GNAQ/T7-mutant
cells to MEK inhibitors. Mutant GNAQ/117 was found to be
associated with dephosphorylation and nuclear localization of
YAP, enhancing YAP-dependent transcription and thereby pro-
moting UM tumorigenesis [9, 10, 54]. The correlation between the
presence of GNAQ/11 mutations and activated YAP was confirmed
in eight UM samples. Notably, elesclomol significantly elevated
the phosphorylation levels of LATS1 and YAP in a dose- and time-
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dependent manner in GNAQ/11-mutant UM cell lines and retained
YAP localization in the cytoplasm. Pretreatment of UM cells with
NAC and rotenone significantly reduced elesclomol-induced
upregulation of LATS1 and YAP phosphorylation. In kidney cancer,
similar results showed that YAP/TAZ depletion diminished the
growth of glycolysis-dependent tumors and increased mitochon-
drial respiration and ROS accumulation, leading to oxidative
stress-induced cell death [55]. Thus, we propose that elesclomol
exerts its specific killing of GNAQ/77-mutant UM cells by
promoting the influx of copper into mitochondria and the
induction of ROS, which triggers activation of the LATS1-YAP axis
(Fig. 8K). The connection between ROS elevation and LATS1
activation remains to be explored in GNAQ/T1-mutant UM cells.

The use of elesclomol has been tried but failed to achieve
favorable outcomes in several clinical studies conducted among
refractory solid tumors, including SKCM, ovarian cancer, pancreatic
cancer, and colorectal cancer [21-24]. We speculate that several
factors contributed to this failure. First, the method of adminis-
tration needs to be discussed. Although elesclomol is a safe agent,
because of the strong side effects of paclitaxel [22], the combined
infusion of elesclomol and paclitaxel limited the frequency of
administration [23, 24]. Based on the mechanism by which
elesclomol exerts its pharmacological effect through binding with
Cu [18, 19], we speculate that prechelation of elesclomol with
copper may improve its efficacy.

Second, patient selection is crucial for elesclomol therapy, as we
revealed here that UM cells with different genetic backgrounds
showed significantly different responses. In fact, combined data
from two randomized phase Il and phase Il trials showed that
elesclomol prolonged PFS time in patients with metastatic SKCM
with low lactate dehydrogenase (LDH) levels [23, 24]. However, the
criterion of low LDH should not be the sole factor determining the
sensitivity of a tumor to elesclomol. Physiological LDH levels are
likely regulated by many factors beyond hypoxia [20] and
consistently change with tumor progression [23]. Proposing
cancers with certain oncogenic drivers and copper metabolic
addiction would be more practical. In KRAS-mutated colorectal
cancer, upregulated expression of the copper-exporter ATP7A is
essential to protect cancer cells from excess copper toxicity [56].
Interestingly, the cellular function of GNAQ/11 is largely equivalent
to the function of Ras. High expression of ATP7A is also
significantly correlated with reduced survival in breast cancer
patients [57].

Third, a tumor’s genetic background and its specific vulner-
ability to copper metabolism should be taken into consideration
when choosing a drug combination. Here, we demonstrate that
elesclomol can sensitize GNAQ/71-mutant UM cells to MEK
inhibition in vitro and in vivo. In current clinical trials, MEK
inhibitors are the most commonly used targeted therapeutics.
However, UM responds poorly to MEK inhibitors [14]. In MEKi-
resistant UM cells, the oxidative stress sensor SNAI2 [48] was
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downregulated in response to elesclomol treatment. Although
SNAI2 does not affect the proliferation of UM cells, it can
significantly enhance their migration ability, and tumor metastasis
is the main cause of death in UM patients. Our study provides a
potential synthetic drug option for UM patients who show
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resistance or acquired resistance to MEKis. Mechanistically,
elesclomol and binimetinib synergistically inhibit two separate
signaling pathways to prevent the progression of UM.

Unlike SKCM, the mortality of UM is still high due to the lack of
effective targeted therapies and immune agents. Therefore, more
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Fig. 8 Elesclomol regulates SNAI2 expression and cell migration through YAP. A Wayne diagram showing differentially expressed genes,
including those in the Hippo pathway, after elesclomol treatment. SNAI2 is at the top among the five genes in the intersection.
Downregulation of SNAI2 expression after elesclomol treatment was detected via real-time gqPCR (B) and western blotting (C). The expression
of SNAI2 after YAP knockdown via siRNA was determined by real-time gPCR (D) and western blotting (E). F IHC analysis of SNAI2 in tumor
tissues from the in vivo study. The migration activity of OMM2.3 cells transfected with SNAI2 siRNA or control siRNA was determined by wound
healing assays (G) and transwell assays (H). The migration rate in the wound healing assay (I) and transwell assay (J) was quantified with
ImagelJ. K A schematic representation of the mechanism by which elesclomol selectively targets GNAQ/T7-mutant UM. Mutant GNAQ/11 cells
respond to elesclomol by producing abnormally high levels of cellular ROS, which promotes YAP phosphorylation and nuclear sequestration
through activation of LATS1 kinase. This subsequently downregulates SNAI2 expression by inducing YAP inactivation and suppresses UM cell
migration. By targeting two independent signaling pathways, the combination of elesclomol/binimetinib can synergistically inhibit the
growth of binimetinib-resistant UM cells. Error bars represent the mean + SEM, n =2 independent experiments for (A), n =3 independent

experiments for (B, C, D, E, G, H), *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar, 100 pm.
<

effective strategies and novel therapeutics are desperately needed
for this disease. This study reveals the fundamental mechanistic
understanding that copper homeostasis is a GNAQ/11-specific
vulnerability in UM. We envision that copper ionophores, such as
elesclomol, may provide a new therapeutic path for selectively
antagonizing malignant GNAQ/11 mutants when these com-
pounds have improved drug-like properties with appropriate
administration and patient selection protocols are identified.

MATERIALS AND METHODS

Cell lines

The UM cell lines 92.1, OMM2.3, OMM1, Mel285, Mel290 and XMP46 were
generously provided by Prof. MJJ (Leiden University Medical Center,
Leiden, The Netherlands) [58-63]. OMM2.3, OMM1, Mel285, Mel290,
MUM2B and XMP46 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS) in
the presence of penicillin/streptomycin. The 92.1 cell line was cultured in
RPMI 1640 medium supplemented with 10% FBS. The primary UM patient-
derived cell line was established from UM tumors upon mechanical
dissection of tissue and cultured in RPMI 1640 medium supplemented with
10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) and
10% FBS in the presence of penicillin/streptomycin. Cells were maintained
in a humidified incubator at 37 °C with 5% CO..

Mouse orthotopic and subcutaneous tumor models
Five-week-old male BALB/c nude mice were obtained from Shanghai Jie Si
Jie Laboratory Animals Co. Ltd.

For cell line-derived subcutaneous models, 92.1 cells were inoculated
subcutaneously into the right flank of mice at a concentration of 5 x 10° cells/ul
in 100 pl RPMI 1640 medium with 100 pl Matrigel (BD). For PDX models, fresh
tumor samples from a UM patient with the GNAQ®% mutation were collected
for subcutaneous implantation into the right flank of mice under the associated
informed consent. Tumors were measured every 3 days with a caliper, and
tumor volume was calculated using the following formula: tumor volume =
width x width x length x 0.52.

For orthotopic models, each animal was deeply anesthetized with
chloral hydrate, and the cornea was anesthetized with Benoxil. Methocel
eye drops were applied to avoid dryness of the eyes. Injections were
performed using a surgical microscope. Then, 2 ul PBS containing 2 x 10*
pretreated and luciferase-labeled 92.1 cells were injected into the
subchoroidal area of each eye through the limbus using a Hamilton
syringe. After the injection, the eyes were treated with antibiotic eye
ointment. After 21 days, bioluminescence was determined using a small
in vivo animal imaging system. All mice were euthanized after tumor
formation analysis, and tumor samples were collected.

Elesclomol efficacy studies

Elesclomol was purchased from Selleck Chemicals (Shanghai, China). The
formulation of elesclomol explored in this study was a single reagent without
Cu. The elesclomol solution used in the mouse models contained 40% PEG 300
and 5% Tween 80. Mice were divided into three groups: the vehicle control
group in which the mice were treated with saline with the same schedule as
the treated animals; the elesclomol 25mg/kg group; and the elesclomol
50 mg/kg group in which mice were treated with elesclomol (25 mg/kg or
50 mg/kg, i.v. injection for 5 days/week for 2 weeks) (n =8 for each group).
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Elesclomol and binimetinib efficacy studies

Binimetinib was purchased from Selleck Chemicals (Shanghai, China). For
the orthotopic model, 2 x 10* luciferase-labeled 92.1 cells were pretreated
with four different drug treatment protocols and injected into the
subchoroidal area of the eye. Vehicle control group (n=4): cells were
pretreated with DMSO with the same schedule as the treated groups;
binimetinib group (n = 4): cells were pretreated with 100 nM binimetinib
for 72 h; elesclomol group (n=4): cells were pretreated with 10 nM
elesclomol for 72 h; combination group (n = 4): cells were pretreated with
100 nM binimetinib and 10 nM elesclomol for 72 h. The tumors were
harvested after 21 days. The tumor bioluminescence signals in the
orthotopic xenografts were visualized using an animal imaging system. For
the PDX model, mice were randomly divided into four groups (n=5 in
each group). Vehicle control group: the mice were treated with saline with
the same schedule as the treated animals; binimetinib group: mice were
treated with binimetinib (3 mg/kg, oral gavage, once a day for 21 days);
elesclomol group: mice were treated with elesclomol (25mg/kg, i.v.
injection for 5 days/week for 21 days); combination group: mice were
treated with binimetinib and elesclomol simultaneously.

Xenograft models in zebrafish

92.1 cells were stained with CM-Dil (Invitrogen) for 4min at 37°C,
incubated for 15 min on ice in the dark, washed with PBS 2 times and
taken up in 2% polyvinylpyrrolidone-40 (PVP-40). Approximately 300 CM-
Dil-labeled cells were injected into the yolk sac of anesthetized 2-dpf Tg
{kdrl:egfp)’“”6 zebrafish embryos using glass capillary needles (Holliston)
with an approximate opening equal to the dimension of one cell, and
treatment started at 24 h post-injection (hpi). The concentration of
elesclomol was determined based on a safety test in which 2-dpf embryos
were immersed in egg water containing elesclomol, and a survival rate
after 6 days > 80% was considered tolerable. The egg water with drug was
replaced every 2 days (n = 24 for each group). Stereo images were taken
with a Nikon SMZ25 stereomicroscope. Confocal images were acquired
using a confocal microscope (Nikon Microsystems). Image processing was
performed with ImageJ. Each individual red fluorescent cluster inside the
embryo was detected. The total tumor burden per embryo was estimated
by multiplying the mean area of all tumor foci by the total number of red
objects.

Drug screening

Using an automated platform, we tested three annotated libraries with a
total of 3541 compounds in seven UM cell lines (92.1, OMM2.3, OMM1,
Mel285, Mel290, MUM2B and XMP46). Cells were seeded in a 384-well
format and treated with individual compounds at a concentration of 2 uM
before evaluation of cell viability after 72 h (two doubling times) using a
CellTiter-Glo Luminescent assay (Promega). The initial screening was
replicated twice. The log,fold change (compound/DMSO) in cell viability
for each compound was calculated, and a value below —2 was defined as
UM sensitive (Supplementary Table 2). Further evaluation of compounds
that allowed more than 50% inhibition of cell viability was performed in a
nine-point threefold dilution series of each compound before evaluation of
cell viability after 72 h using a CCK-8 assay (Dojindo). Three replications
were performed. Dose-response curves were fitted, and the 1Cs, value of
the candidate compounds was calculated using GraphPad 7.0 software.
The preference of the compounds for GNAQ/11-mutant or GNAQ/11-wild-
type UM cells was determined using the index logq value (relative 1Csq
ratio).
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Synthesis of the elesclomol analog ELE-003 without copper
binding capacity

Synthesis of ELE-003: 1-Boc-2-isopropylhydrazine and benzoyl chloride
generated Compound 1, which was dissolved in dichloromethane, and
then, trifluoroacetic acid was added to remove the BOC protective group.
After sulfur oxygen exchange with Lawson reagent, Compound 3 was
obtained. Two equivalents of Compound 3 and one equivalent of malonic
acid were reacted with EDCI to afford the target compound ELE-003. ELE-
003 was dissolved in ethanol solution, and then, 2 equivalents of copper(ll)
chloride dihydrate was added. The mixture was stirred at room
temperature for 1h and then detected via LCMS. No MS signal of the
desired chelated molecule was detected (data not shown). Thus, it was
concluded that ELE-003 did not chelate copper ions.

Western blot analysis

Approximately 6 x 10° cells were seeded into 6-cm plates and cultured in
the presence or absence of drugs as indicated. Phospho-lysis buffer (50 mM
Tris pH 7.5, 1% Tween-20, 200 mM NaCl, 0.2% NP-40) supplemented with
phosphatase inhibitors and protease inhibitors (Promega) was used for cell
lysis, and the protein concentration was determined using a BCA protein
assay (Pierce) according to the instructions. SDS-polyacrylamide gel
electrophoresis was performed using 8 to 12% Bis-Tris gels, and proteins
were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore)
via semidry transfer in Trans-Blot transfer medium (Bio—Rad). Membranes
were blocked in 5% nonfat milk and incubated overnight at 4°C with
primary antibodies. Primary antibodies targeting the following proteins
were used: c-Myc (Abcam, ab32072), cyclin D1 (Abcam, ab134175), caspase-
3 (Proteintech, 19677-1-AP), cleaved caspase-3 (Cell Signaling, 9661),
p-ERK1/2 (phospho Thr202/Tyr204, Cell Signaling, 4370), ERK1/2 (Cell
Signaling, 9107), p-YAP (phospho Ser127, Abcam, ab76252), YAP (Protein-
tech, 66900-1-lg), p-AKT (phospho Thr308, Cell Signaling, 13038), AKT (Cell
Signaling, 4691), p-LATS1 (phospho Thr1079, Cell Signaling, 8654), LATS1
(Proteintech, 17049-1-AP), p-MST1/MST2 (phospho Thr180 + Thr183,
Abcam, ab76323), MST1 (Proteintech, 22245-1-AP), Flag (Cell Signaling,
#14793), SNAI2 (Proteintech, 12129-1-AP), GNAQ (Proteintech, 13927-1-AP),
and GAPDH (Abcam, ab8245). After repeated washes with TBST, the blots
were incubated with the appropriate secondary antibody and imaged using
a CLx Detection System (Odyssey). Grayscale analysis was performed using
Image) software. Each experiment was performed in triplicate.

siRNA and YAP*'?’A-flag transfection

GNAQ siRNA oligonucleotides (siGNAQ-1: 5-UUGUGCAUGAGCCUUAUUG-3/,
siGNAQ-2: 5’-UCGUCUAUCAUAGCAUUCC-3'), YAP siRNA oligonucleotides
(siYAP-1: 5'-CUGCCACCAAGCUAGAUAA-3’, siYAP-2: 5-GAUACCUGAUGAU
GUACCU-3’), SNAI2 siRNA oligonucleotides (siSNAI2-1: 5'-CGGACCCACACA
UUACCUU-3/, siSNAI2-2: 5'-CCAGAAUGUCUCUCCUGC-3/, siSNAI2-3: 5-ACU
ACAGUCCAAGCUUUCA-3/) and control siRNA (siNC: 5’-ATCCACTACCGTTGT
TATAGGTG-3/) were designed based on published synthetic siRNA
sequences (Biotend Co, Ltd, Shanghai, China). The plasmid YAP°'?>"A-Flag
(#17790, p2xFLAGhYAP1-S127A) was purchased from Addgene. Cells were
transfected with the plasmid and siRNAs using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

Colony formation, cell cycle arrest, and apoptosis assays

For colony formation assessment, cells were seeded into six-well plates
(2x 103 cells per well) and allowed to adhere overnight in regular growth
medium. Cells were then cultured in the absence or presence of drug as
indicated in complete medium for 10-14 days. Growth medium with or
without drug was replaced every 3 days. The remaining cells were fixed
with 4% paraformaldehyde (PFA), stained with 10% crystal violet, and
photographed using a digital scanner. Relative growth was quantified
using ImagelJ. All experiments were performed at least three times.
Representative experiments are shown.

For cell cycle arrest analysis, approximately 1 x 10° cells were cultured in
the presence or absence of drugs as indicated for 24 h, harvested in chilled
70% ethanol, and stored at 4 °C overnight. Then, the cells were labeled
with propidium iodide (40 pg/ml, Thermo Fisher Scientific) for 30 min at
37°C. The cell cycle distribution was determined using a FACSCalibur
system (BD, USA) and analyzed with ModFit LT software.

For apoptosis assays, approximately 1x 10° cells were cultured in the
presence or absence of drugs as indicated. After 24 h, apoptosis and cell
death were determined using an Annexin V-APC apoptosis detection kit
according to the manufacturer’s instructions (Affymetrix eBioscience). Data
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were acquired using a FACSCalibur system (BD, USA). Each independent
experiment was performed three times.

Immunohistochemistry

Tissues were perfused with 4% PFA, stored in fixative overnight, and
embedded in paraffin. For further staining with hematoxylin and eosin
(H&E) and antibodies, 5 um sections were cut. After deparaffinization and
antigen retrieval, the tissues were permeabilized with 0.3% Triton X-100,
incubated with 0.3% H,0, solution to quench endogenous peroxidase
activity, and blocked with 5% goat serum in PBS. Antibodies were
optimized using a predetermined staining protocol: Ki67 (Cell Signaling,
9449) and SNAI2 (Proteintech, 12129-1-AP). The slides were developed
using diaminobenzidine (DAB) (Maxim, China) and mounted. Next, the
slides were observed and photographed using a Nikon Eclipse Ni
Microscope (Nikon, Japan).

Immunofluorescence

Cells were fixed with 4% PFA for 10min at room temperature,
permeabilized with 0.3% Triton X-100 in PBS for 15 min and blocked in
5% BSA in PBS for 30min at room temperature. The cells were then
incubated with primary antibodies against NRF2 (Proteintech, 16396-1-AP)
and YAP (Proteintech, 66900-1-Ig), and Alexa Fluor-conjugated secondary
antibodies were used. Cell nuclei were stained with DAPI reagent (Abcam,
ab104139). TUNEL assays were performed according to the manufacturer’s
instructions (Millipore). Sample analysis and image acquisition were
performed using a Nikon Eclipse 80i Microscope (Nikon, Japan).

Measurement of intracellular ROS

ROS production in the cell lines was determined using the fluorescent dye
chloromethyl-2',7"- dichlorofluorescein diacetate (H2DCFDA, Thermo Fisher
Scientific). Adherent cells were plated at 5000 cells/well in a 96-well clear-
bottom black plate overnight before treatment. Cells were treated with
100 nM elesclomol or DMSO for 3 h at 37 °C, washed with PBS and incubated
with 10 uM H2DCFDA at 37 °C for 30 min in PBS while protected from light.
After loading of the fluorescent dye, the cells were washed twice with PBS
and resuspended in 100 pl PBS. To measure ROS levels, florescence was
captured with a Nikon Eclipse 80i Microscope (Nikon, Japan) and measured
using a SpectraMax iD3 (Molecular Devices) microplate reader. Three
biological replicates were performed for each group.

RNA-based next-generation sequencing (RNA-seq)

92.1 and Mel285 cells (1 x 107) were treated with 25nM elesclomol or
DMSO for 24 h. OMM1 cells (1 x 107) were treated with 1 UM elesclomol or
DMSO for 3 h. Total RNA was extracted using TRIzol reagent (Takara,
Japan). The cDNA was amplified and labeled with a Quick Amp Labeling Kit
(Agilent Technologies, USA) and hybridized onto an Agilent oligo
microarray. Statistical analysis and data normalization were conducted
with Genespring GX software (Agilent Technology). For differential gene
expression, p < 0.05 and an absolute fold change > 2 were used to identify
significantly altered genes. Pathway analysis was performed using Gene
Set Enrichment Analysis (v3.0). Three biological replicates were prepared
for each group.

RNA extraction and real-time PCR analysis

Total RNA was extracted using TRIzol reagent (Takara), and cDNA was
synthesized using a PrimeScript RT reagent kit (Takara) according to the
manufacturer’s instructions. Real-time PCR was performed using PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific) with specific primers
(Supplementary Table 3) for GAPDH (housekeeping gene), YAP, CTGF,
CYR61, MAP4K1, MAP4K2, MAP4K3, MAP4K4, MAP4K5 and SNAI2.

Nuclear and cytoplasmic extraction

We used a nuclear-cytosol extraction kit to separate the cytoplasmic and
nuclear proteins (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Fractions were analyzed via SDS-PAGE and western blotting
with specific antibodies against YAP (Proteintech, 66900-1-lg), Lamin A/C
(Abcam, ab108595), and B-actin (Abcam ab8226).

Growth kinetic assay in vitro
The growth kinetics of cells were determined using a Cell Counting Kit 8
(CCK-8, Dojindo) assay. Cells were plated in triplicate at a density of 2000
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cells/well in 96-well plates, and the absorbance value was measured at a
wavelength of 450 nm using a BioTek Epoch 2 microplate reader (BioTek,
USA) every 24 h after seeding.

Wound healing assay

Cells were plated in 6-well plates at a density of 1 x 10° cells per well. After
the cells attached to the bottom of the plate, wounds were generated
using sterilized pipette tips, and the medium was substituted with medium
containing 1% FBS. Images of the plates from the same point of view were
observed and captured every 24 h.

Transwell migration assay

The migratory ability of cells was evaluated using a transwell system
(Corning) according to the manufacturer’s instructions. Each chamber with
8-um pores contained 10000 cells and was placed in a 24-well plate
containing medium with 1% FBS. The lower compartment contained 20%
FBS. After 48 h of incubation at 37 °C, the cells that had migrated into the
lower chamber were stained with crystal violet dye and then washed with
100yl of 33% acetic acid. The absorbance of the wash liquid was
determined with a BioTek Epoch 2 microplate reader (BioTek, USA) at
630 nm.

Quantitative analysis of drug combinations

Drug synergism was analyzed using CalcuSyn software, which is based on
the median-effect principle and the combination index-isobologram
theorem (Chou-Talalay) [38]. CalcuSyn software generates combination
index (Cl) values, where Cl<0.75 indicates synergism, Cl=0.75-1.25
indicates additive effects, and Cl>1.25 indicates antagonism. Following
the instructions of the software, drug combinations at nonconstant ratios
were used to calculate the combination index in our study.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad 7.0 software. Data are
presented as the mean + standard error of the mean (S.E.M.). The number
of technical replicates or independent biological repeats is indicated in the
figure legends. Unpaired two-tailed Student’s t test and two-way ANOVA
were utilized as appropriate. Survival plots were generated based on
Kaplan—-Meier curves. Correlations were analyzed using Pearson’s correla-
tion coefficient (r) and the p value. No samples, mice or data points were
excluded from the analyses. For all analyses, the results were considered
statistically significant at *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

DATA AVAILABILITY
All sequencing data are available through the Gene Expression Omnibus (GEO) via
accession code PRJINA733836.
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