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Most uveal melanoma cases harbor activating mutations in
either GNAQ or GNA11. Despite activation of the mitogen-
activated protein kinase (MAPK) signaling pathway down-
stream of Gαq/11, there are no effective targeted kinase ther-
apies for metastatic uveal melanoma. The human genome
encodes numerous understudied kinases, also called the “dark
kinome”. Identifying additional kinases regulated by Gαq/11
may uncover novel therapeutic targets for uveal melanoma. In
this study, we treated GNAQ-mutant uveal melanoma cell lines
with a Gαq/11 inhibitor, YM-254890, and conducted a kinase
signaling proteomic screen using multiplexed-kinase inhibitors
followed by mass spectrometry. We observed downregulated
expression and/or activity of 22 kinases. A custom siRNA
screen targeting these kinases demonstrated that knockdown
of microtubule affinity regulating kinase 3 (MARK3) and
serine/threonine kinase 10 (STK10) significantly reduced uveal
melanoma cell growth and decreased expression of cell cycle
proteins. Additionally, knockdown of MARK3 but not STK10
decreased ERK1/2 phosphorylation. Analysis of RNA-
sequencing and proteomic data showed that Gαq signaling
regulates STK10 expression and MARK3 activity. Our findings
suggest an involvement of STK10 and MARK3 in the Gαq/11
oncogenic pathway and prompt further investigation into the
specific roles and targeting potential of these kinases in uveal
melanoma.

The human genome encodes over 500 kinases that act by
phosphorylating target proteins to activate or deactivate
downstream signaling (1). Kinases regulate various cellular
functions, including cell cycle progression, cytoskeletal struc-
ture, and cellular differentiation. Numerous cancer types are
driven by dysfunctional kinase activity, often due to genetic
mutations, as seen in cutaneous melanoma (BRAF) or
* For correspondence: Andrew E. Aplin, Andrew.Aplin@Jefferson.edu.
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lymphoma (BCR-ABL). Mutations that cause constitutive ki-
nase activation can result in uncontrolled cell cycle progres-
sion and tumor growth. Beyond specific mutations,
upregulated expression or activation of kinases may be a
biomarker for aggressive cancer and result in aberrant down-
stream signaling. Although targeted therapies have been
developed against well-studied kinases, many other kinases are
understudied and may still be relevant to cancer progression
(2, 3).

Uveal melanoma is the most common primary ocular ma-
lignancy in adults. Approximately 50% of patients experience
metastasis, most commonly to the liver, and the 1-year survival
rate of metastatic uveal melanoma patients is 15% (4, 5).
Currently, there are only two FDA-approved therapies for
metastatic uveal melanoma, Tebentafusp and Hepzato kit.
Tebentafusp is an immune-based therapy limited to a subset of
patients, and the Hepzato kit is a liver-directed administration
of a chemotherapeutic agent, melphalan (6). Uveal melanoma
accounts for 5% of all melanomas and is genetically distinct
from cutaneous melanoma. It is characterized by a low
mutational burden and harbors mutually exclusive somatic
activating mutations in GNAQ or GNA11, encoding the het-
erotrimeric G protein guanine nucleotide-binding protein
subunit αq or α11 (Gαq/11) (7). These mutations initiate and
promote uveal melanoma growth by activating the phospho-
lipase C (PLC)/protein kinase C (PKC)/MAPK and the Trio-
Rho/Rac/yes-associated protein (YAP)/transcriptional coac-
tivator with PDZ-binding motif (TAZ) pathways (8, 9). Tar-
geted kinase inhibitors have effectively treated cutaneous
melanoma but show limited efficacy in uveal melanoma (10).
For example, selumetinib, a MEK inhibitor used to treat
cutaneous melanoma, did not significantly improve
progression-free survival (PFS) in phase III clinical trials in
uveal melanoma (11, 12). Additional inhibitors targeting PKC,
MEK, and FAK (downstream of Rac and Rho) are being
developed and tested in various combinations (13). Further-
more, direct targeting of mutant Gαq/11 is clinically
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Gαq/11 signaling in uveal melanoma
challenging because of non-specific inhibition of wild-type
Gαq/11 and systemic side effects (14). Due to concerns
regarding the toxicity of and intrinsic resistance to existing
targeted therapies, there is an urgent unmet clinical need to
characterize downstream effectors of Gαq/11 to identify new
therapeutic strategies for uveal melanoma.

Previous attempts to study the kinome landscape of uveal
melanoma have focused on transcriptomic data (15, 16). The
downside to this approach is that it does not consider protein
expression or activity. In contrast, a functional proteomic
technique using multiplexed inhibitor beads and mass spec-
trometry (MIB-MS) measures both kinase activity and
expression levels (2, 3). This method is an unbiased, quanti-
tative approach to detecting understudied kinases that may be
relevant to tumor growth and cell survival. In this study, we
employed MIB-MS kinome profiling to study changes in ki-
nase expression and/or activation status after treatment with
YM-254890, a Gαq/11 inhibitor. MIB-MS identified several
understudied kinases that were downregulated after Gαq/11
treatment. A secondary targeted siRNA screen was conducted
C Altered kinases (
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Figure 1. Profiling the uveal melanoma kinome using quantitative MIB-MS
transduction, and cell division kinases. A, GNAQ-mutant uveal melanoma cel
YM-254890. Cell lysates were analyzed by Western blotting for phospho-ERK1
resentation of kinome profiling using MIB-MS. Lysates from GNAQ-mutant uve
254890 were run through MIB columns followed by MS (n = 3). C, heatmap of
cell lines. Statistical significance was determined by the Student’s t test p-valu
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and demonstrated a dependency of uveal melanoma cell
growth on microtubule affinity regulating kinase 3 (MARK3)
and serine/threonine kinase 10 (STK10). Overall, this study
highlights the importance of unexplored kinases in uveal
melanoma.
Results

To identify kinases regulated by Gαq/11, we treated GNAQ-
mutant MP38, MP46, and OMM1.3 uveal melanoma cells with
the Gαq/11 inhibitor, YM-254890, for 24 h. Decreased ERK1/2
phosphorylation at the Thr202/Tyr204 sites following YM-
254890 treatment was confirmed in all three cell lines (8, 17)
(Fig. 1A). Lysates from DMSO (vehicle control) or YM-
254890-treated cells were purified through MIB columns
composed of competitive pan-kinase inhibitors, pulling down
active and highly expressed kinases that were then identified
by MS (3) (Fig. 1B). Approximately 250 kinases were captured
with this technique in the three uveal melanoma cell lines.
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Gαq/11 signaling in uveal melanoma
showed significant downregulation of cell cycle kinases such as
Aurora A and WEE1 and cell division kinases such as PLK1.
Additionally, YM-254890 led to an upregulation of PRKD1 and
PRKD2, and receptor tyrosine kinases, including KIT, FGFR2,
and FGFR3 (Figs. 1C and S1, A and B).

Next, we investigated kinases that were significantly down-
regulated in activity or expression after YM-254890 treatment
in at least one cell line. We identified 22 downregulated ki-
nases, some previously unexplored in uveal melanoma
(Fig. 1C). We tested whether these 22 kinases were required
for uveal melanoma cell growth using siRNA. Knockdown of
GNAQ was used as a positive control (18, 19). Knockdown of
STK10, PLK1, MARK3, BUB1, and WEE1 led to the greatest
inhibition of viability in all three cell lines, although these ef-
fects were modest in MP46 cells (Figs. 2 and S2). Among these
kinases, MARK3 and STK10 are unexplored in uveal mela-
noma. The knockdown efficiency of MARK3 and STK10 was
confirmed by Western blotting (Fig. 3A). We also blotted for
phosphorylation of putative downstream targets of MARK3
and STK10, including ERK1/2 and the ezrin-radixin-moesin
(ERM) protein complex (20). As expected, the knockdown of
STK10 reduced ERM complex phosphorylation, and interest-
ingly, the knockdown of MARK3 reduced ERK1/2 phosphor-
ylation and STK10 protein levels (Figs. 3A and S3). We
validated the growth inhibitory effects of siRNA-mediated
knockdown of STK10 and MARK3 by measuring cell con-
fluency using an IncuCyte live cell imager. MARK3 or STK10
knockdown elicited significant growth inhibition in MP38 and
OMM1.3 cells (39%–65% inhibition) (Fig. 3B). MARK3 or
STK10 knockdown also increased cell death, as measured by
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Figure 2. Loss-of-function screen identifies MARK3 and STK10 as potentia
post-siRNA knockdown of 22 candidate kinases in MP38 (left panel) and OMM1
three cell lines.
the percentage of cells positive for annexin-V staining (Figs. 3C
and S3B). MARK3 knockdown elicited a more pronounced
effect on cell growth in MP38 cells, while OMM1.3 cells were
more sensitive to STK10 knockdown. Knockdown of MARK3
or STK10 did not result in growth inhibition of BRAF mutant
cutaneous melanoma cells, 1205Lu, suggesting that the effect
of MARK3 or STK10 knockdown is Gαq/11-specific (Fig. S4, A
and B). To investigate the clinical relevance of these kinases,
we analyzed the disease-specific survival of uveal melanoma
patients based on the expression of MARK3 and STK10 in
TCGA. High expression of MARK3 or STK10 was associated
with poor disease-specific survival amongst uveal melanoma
patients (Fig. 3D). These data suggest that MARK3 and STK10
may be critical kinases downstream of Gαq/11 that are
important in uveal melanoma cell growth.

To understand signaling and protein expression changes
associated with MARK3 or STK10 knockdown, we performed a
reverse-phase protein array (RPPA). In both MP38 and
OMM1.3 cell lines, we observed a reduction of ribosomal
protein phospho-S6 (S235/236), master cell cycle regulators
Aurora kinase A, FOXM1, and phospho-Rb (S807/811), G2/M
associated proteins PLK1, cyclin B, phospho-CDK1 (T14/Y15),
and phospho-CDC25C (T216), and S phase proteins CDC6 and
RRM2 with MARK3 or STK10 knockdown (Fig. 4A). Knock-
down of STK10 and MARK3 significantly induced cell cycle
arrest at G0 phase in both MP38 and OMM1.3 cells (Fig. S4C).
Consistent with Figure 1C, Aurora A and PLK1 were also
downregulated with YM-254890 treatment. Of note, synapto-
physin, a neuronal protein, was the only protein detected on
RPPA as upregulated after STK10 knockdown (Fig. 4A).
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below median RNA expression. Log-rank test was used to determine the significance of disease-specific survival.

Gαq/11 signaling in uveal melanoma
Reduced DUSP4 expression was observed with the knockdown
of MARK3 but not STK10. We validated the RPPA results by
Western blot and showed decreased expression of DUSP4 with
knockdown of MARK3 only and decreased expression of
phospho-Rb (S807/811), PLK1, Aurora A, RRM2, phospho-
CDK1 (T14/Y15), and phospho-CDC25C (T216) with knock-
down of eitherMARK3 or STK10 (Fig. 4B). Consistent with the
increase in the % of annexin-V-positive cells, cleaved PARP, a
marker of apoptosis, was elevated following the knockdown of
MARK3 and STK10 (Fig. 4B). Overall, these data demonstrate
that knockdown of MARK3 or STK10 downregulates proteins
involved in various stages of cell cycle progression.

Our kinome profiling results suggest that Gαq/11 regulates
MARK3 and STK10 expression or activity. To investigate the
exact mechanism of regulation, we examined RNA-seq data
from a publicly available dataset of two uveal melanoma cell
lines, Mel202 and OMM1.3, treated with YM-254890 (17).
4 J. Biol. Chem. (2023) 299(12) 105418
Differential gene expression analysis showed that STK10
transcript levels were reduced after 24 h of YM-254890
treatment, while MARK3 levels were either unchanged or
slightly increased (Fig. 5A). Treatment with either MEK in-
hibitor or ERK1/2 inhibitor also reduced STK10 transcript
levels without affecting MARK3 transcript levels (Figs. 5B and
S5). To determine if MARK3 regulation by Gαq/11 occurs at
the protein level, we conducted a YM-254890 treatment time-
course experiment over 24 h. Western blot analysis showed
that STK10, but not MARK3, protein expression was signifi-
cantly reduced at 24 h (Figs. 6A and S6, A and B). Addition-
ally, the knockdown of Gαq reduced STK10 protein levels
(Figs. 6B and S6C). We identified whether MEK or ERK1/2
inhibition induces similar effects on STK10 and MARK3 as
with YM-254890 treatment. Trametinib (MEK inhibitor) and
SCH772984 similarly decreased the phosphorylation of ERK1/
2 after 30 min of treatment and markedly downregulated
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Gαq/11 signaling in uveal melanoma
STK10 after 16 to 24 h of treatment (Fig. S7). Overall, we
determined that STK10 expression was regulated by Gαq and
MAPK signaling. To determine YM-254890-driven changes in
MARK3 activity, we analyzed the phosphorylation of
CDC25C, a known MARK3 substrate, after YM-254890
treatment. Consistent with MARK3 knockdown, phosphory-
lation of endogenous CDC25C was reduced after YM-254890
treatment (Fig. 6C). Thus, transcriptomic and proteomic data
indicate that STK10 expression is regulated by Gαq/11 acti-
vation of the MAPK pathway, while MARK3 activity is likely
regulated further downstream of mutant Gαq/11.
Discussion

Aberrant kinase signaling contributes to cancer initiation
and progression. In this study, we inhibited constitutively
active mutant Gαq/11 in uveal melanoma cells and performed
a novel MIB-MS technique followed by a loss-of-function
screen to identify kinases relevant to uveal melanoma cell
growth that are potential drug targets. Since direct targeting of
Gαq/11 is clinically difficult due to toxicity, we focused on
kinases downregulated following YM-254890 treatment and
determined if they could be targeted to reduce uveal mela-
noma growth. Our loss-of-function screen identified MARK3
and STK10 as potential therapeutic targets that had not been
previously investigated in uveal melanoma. Bioinformatic pa-
tient data analysis underscored the importance of these ki-
nases, as increased expression was correlated with worse
prognosis in uveal melanoma. Functionally, MARK3 and
STK10 knockdown reduced cell growth, induced cell death,
and reduced activation of downstream cell cycle proteins.
Knockdown of MARK3, but not STK10, reduced ERK1/2
phosphorylation and DUSP4 expression, suggesting that
MARK3 is active within the MAPK pathway and may function
J. Biol. Chem. (2023) 299(12) 105418 5



A

B

Figure 5. Gαq/11 and MAPK pathway regulates STK10 mRNA expression. A, publicly available RNA-seq data was analyzed for MARK3 and STK10
expression following 24-h YM-254890 treatment in Mel202 and OMM1.3 cells. Expression data is shown as a log2 fold change of normalized counts
compared to DMSO. B, RNA-seq of PDX4 cells treated with MEK (5 μM binimetinib or 50 nM trametinib) or ERK1/2 (2 μM BVD523 or 500 nM SCH772984)
inhibitors for 24 h. Data are shown as fold change relative to DMSO (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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as a tumor promoter in uveal melanoma. Knockdown of
MARK3 also reduced STK10 expression, suggesting MARK3
may regulate STK10 via activation of the MAPK pathway.

MARK3, also known as CDC25C-associated kinase 1 (C-
TAK1), was first identified as a kinase that phosphorylates
CDC25C, targeting it for proteasomal degradation (21). Our
RPPA results suggest that cell cycle alterations are prevalent
after the knockdown of MARK3. There was a decrease in
phosphorylated CDC25C, which was also observed with Gαq/
11 inhibition, suggesting an effect mediated by reduced
MARK3 activity. MARK3 has been identified as a negative
regulator of the MAPK pathway through decreasing KSR1
activation of RAF (22). However, our results show that
MARK3 promotes MAPK signaling, as knockdown of MARK3
reduced cell growth and decreased ERK1/2 activity. There is
no consensus on whether MARK3 behaves as a tumor sup-
pressor or promoter. In hepatocellular carcinoma and glioma,
increased MARK3 activity promotes tumor growth (23, 24). In
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a kinome-wide knockout screen in a leukemic cell line,
MARK3 was shown to be critical in developing resistance to
DNA damage-inducing chemotherapies, suggesting a pro-
tumorigenic effect (25). In contrast, in a kinome-wide siRNA
screen in HEK293T cells, MARK3 was identified downstream
of tumor suppressor LKB1 and negatively regulates YAP
signaling in high-grade serous ovarian cancer (26, 27). These
findings suggest that in some contexts, MARK3 inhibits YAP/
TAZ-TEAD signaling and suppresses cancer growth. Further
experiments are necessary to elucidate the pro-tumorigenic
signaling axis driven by MARK3 in uveal melanoma.

STK10, also known as lymphocyte-oriented kinase (LOK),
was first characterized as a serine/threonine kinase highly
expressed in proliferating cells, lymphocytes, and numerous
cancer tissues that plays a role in cell cycle progression (28,
29). STK10 knockout models in lymphocytes and prostate
cancer have shown that STK10 is necessary for cell migration
(20, 30). Additionally, our data corroborate previous findings
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Figure 6. Gαq/11 regulates STK10 expression and MARK3 activity. A, representative Western blots of MARK3 and STK10 after OMM1.3 cells were treated
with 1 μM of YM-254890 over a 24-h time course (n = 3). B, representative Western blots showing the effect of siGNAQ on MARK3 and STK10 expression. C,
Western blot of lysates from OMM1.3 cells treated with YM-254890 for 0 to 24 h were analyzed for phosphorylation of the endogenous MARK3 substrate,
CDC25C; WCL, whole cell lysate.
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showing that STK10 phosphorylates the ERM complex and
does not activate the MAPK pathway (Fig. 2B) (20, 29). Once
phosphorylated and active, ERM proteins connect the cyto-
skeleton to the plasma membrane and associate with receptor
tyrosine kinases (RTKs) essential to tumor progression, such as
EGFR or c-Met (31). Rather than activating the MAPK
pathway, our results suggest that the MAPK pathway regulates
STK10. Further cell cycle analysis assays may be necessary to
determine the exact function of STK10 in uveal melanoma.

There are no FDA-approved targeted kinase therapies for
metastatic uveal melanoma, despite constitutive activation of
Gαq/11 and downstream MAPK and YAP/TAZ-TEAD
signaling. However, kinase inhibitors are still the standard of
care in many cancer types and continue to be developed as
first- and second-line therapies. BRAF inhibitors and MEK
inhibitors revolutionized the treatment of cutaneous mela-
noma by reducing tumor burden and improving survival in
BRAF mutant melanoma patients (10). Thus, novel targetable
dependencies in uveal melanoma need to be identified. Results
from our study can be used to inform future drug design and
combination therapies for uveal melanoma.

Our study demonstrates the validity and power of kinome
profiling by MIB-MS. Previous molecular and therapeutic
screens in uveal melanoma have focused mainly on tran-
scriptomic data or well-studied therapeutic targets with
known cancer drugs (16, 32). Limitations of these approaches
are that they fail to consider the functional proteome, do not
assess beyond mRNA or protein expression, and overlook
understudied kinases, which could be crucial nodes regulating
cancer growth. It avoids an inherent bias in screening for a
limited number of proteins and kinases for example kinases
involved in specific pathways such as mTOR, MAPK, or cell
cycle signaling (33). Consistent with previous reports, our
kinome profiling data show downregulation of the cell cycle
and mitotic spindle kinases after Gαq/11 inhibition (33).
Conversely, upregulated kinases included RTKs such as c-Kit
(KIT) and fibroblast growth factor receptors 2 and 3 (FGFR2/
3), which have been studied in the context of uveal melanoma
(Fig. 1C) (34, 35). The expression or activity of these RTKs
may be upregulated following inhibition of Gαq/11 in a
compensatory manner, but further studies are required to see
if these can be targeted in combination with Gαq/11 inhibi-
tion. Additionally, protein kinase D1 and 2 (PRKD1/2), which
have not been previously studied in uveal melanoma, were
upregulated following Gαq/11 inhibition. However, pre-
liminary experiments knocking down PRKD1/2/3 in
J. Biol. Chem. (2023) 299(12) 105418 7
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combination with YM-254890 treatment did not increase
sensitivity to the drug (data not shown).

In conclusion, kinome profiling using MIB-MS combined
with loss-of-function studies led to the identification of
MARK3 and STK10 as potential therapeutic targets in uveal
melanoma regulated by Gαq/11. The strength of our research
lies in the functional proteomics of the MIB-MS kinome
profiling method. This technique allows for the identification
of both active and highly expressed kinases (2). Additional
studies, such as inducible knockdown of MARK3 or STK10
in vivo, are needed to confirm the validity of targeting these
kinases in uveal melanoma patients. Furthermore, small mo-
lecular inhibitors with increased specificity for MARK3 or
STK10 are being developed (23, 36). Characterization of these
inhibitors in vitro and in vivo is necessary to determine the
therapeutic potential of targeting these kinases in uveal
melanoma.

Experimental procedures

Analysis of The Cancer Genome Atlas (TCGA) data

Patient survival evaluation was performed for The Cancer
Genome Atlas (TCGA) uveal melanoma cohort using cBio-
Portal (37). Survival outcome data originated from the TCGA
Pan-Cancer Clinical Data Resource (38). Patients were strati-
fied into high- and low-expression groups based on median
RNA expression. The Log-rank test was used to determine
statistical significance for disease-specific survival.

Annexin/PI staining

Cells were trypsinized, washed with PBS, and resuspended
in 100 μl binding buffer. Cells were stained with 5 μl annexin
V-APC (BD Biosciences #550475) for 15 min at room tem-
perature. Cells were washed with binding buffer, resuspended
in 1 ml binding buffer, and stained with 2 μl of 1 mg/ml
propidium iodide (PI; MP Biomedicals #195458). Staining was
analyzed by flow cytometry on a BD FACSCelesta flow cy-
tometer (BD Biosciences). Data were analyzed by FlowJo
software (BD Biosciences). Experiments were performed in
triplicate, and statistical analysis was performed using a two-
tailed t test assuming equal variance with error bars repre-
senting SEM.

Cell cycle analysis

Cells were trypsinized, washed with PBS, and fixed in 4%
paraformaldehyde/PBS for 15 min. Cells were then washed and
incubated with 100 μg/ml RNAse A (Thermo Fisher Scientific)
and 40 μg/ml propidium iodide. After 30 min of incubation at
room temperature, propidium iodide staining was determined
by flow cytometry.

Cell lines

Details on the acquirement and maintenance of MP46,
MP38, PDX4, UM004, and OMM1.3 cell lines have been re-
ported (39–41). Briefly, MP46 and MP38 cells were provided
by Dr Sergio Roman (Institute of Curie, France) and cultured
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in RPMI supplemented with 20% FBS. PDX4 and UM004 were
generated by Dr Takami Sato (Thomas Jefferson University)
and cultured in MEM supplemented with 10% heat-inactivated
FBS and 2 mM L-glutamine. OMM1.3 cells were acquired
from Dr Bruce Ksander (Harvard Medical School) and main-
tained in RPMI supplemented with 10% FBS. 1205Lu cells
were cultured in MCDB 153 medium containing 20%
Leibovitz-L15 medium, 2% FBS, 0.2% sodium bicarbonate, and
5 μg/ml insulin. All cell lines were routinely tested for myco-
plasma and authenticated by STR analysis.

Cell viability assay

Cells were trypsinized and seeded at 5 to 10 × 103 cells/well
in a 96-well plate. Cells were transfected with pooled siRNAs
targeting the 22 downregulated kinases identified via MIB-MS
profiling. After 6 days, cell viability was measured using the
CellTiter-Glo 2.0 Cell Viability Assay (Promega) according to
the manufacturer’s instructions. Percent cell viability was
normalized to cells treated with pooled non-targeting control
siRNAs. siRNA targeting GNAQ was included as a positive
control.

Immunoprecipitation and kinase activity assay

All steps were performed at 4 �C unless otherwise noted.
Cells were plated at 2 × 106 cells per 100 mm plate, treated
with YM-254890 or DMSO for 24 h, washed once in PBS, and
lysed in RIPA Lysis Buffer System (Santa Cruz). After a 30-min
incubation, lysates were centrifuged at 10,000g for 10 min, and
the supernatant was incubated with MARK3 antibody (#9311;
Cell Signaling Technology) overnight at 4 �C. 20 microliters of
Protein A/G PLUS-Agarose was added and incubated at 4� C
for 3 h. IPs were collected by centrifugation at 3000 rpm for
5 min, washed 2× with PBS and 2× with kinase buffer (25 mM
Tris (pH 7.5), 5 mM β-glycerophosphate, 2 mM DTT, 0.1 mM
Na3VO4, 10 mM MgCl2). The pellet was suspended in 40 μl
kinase buffer supplemented with 200 μM ATP (Cell Signaling
Technology) and recombinant CDC25C (Sigma-Aldrich) and
incubated for 30 min at 30 �C. The reaction was stopped by
boiling in 2X SDS sample buffer.

IncuCyte live cell growth assay

Cells were trypsinized and seeded at 2 to 4 × 105 cells/well
onto a 6-well plate. Photomicrographs were taken every 2 h by
an IncuCyte Live Cell Analysis Imaging System using a 10× or
20× objective (Essen Biosciences). Plate confluence was
measured using IncuCyte software. Experiments were per-
formed in triplicate, and statistical analysis was performed
using a two-tailed t test assuming equal variance with error
bars representing SEM.

Inhibitors

YM-254890 from Cayman Chemical Company (Ann Arbor,
MI) and binimetinib (MEK162), trametinib (GSK1120212),
ulixertinib (BVD-523), and SCH772984 from Selleck Chem-
icals LLC were dissolved in DMSO and used at the indicated
concentrations.
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MIB-MS profiling and data analysis of YM-254890-treated cells

Cells were treated with 1 μM of YM-254890 for 24 h and
lysed on ice in buffer containing 50 mM HEPES (pH 7.5), 0.5%
Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
10 mM sodium fluoride, 2.5 mM sodium orthovanadate, 1X
protease inhibitor cocktail (Roche), and 1% each of phospha-
tase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Lysates were
sonicated and particulate was removed by centrifugation at
21,000g for 15 min at 4 �C and filtration through 0.45 μm
syringe filters. Protein concentrations were determined by
standard bicinchoninic acid assay (BCA) (Thermo Fisher Sci-
entific). Lysates were processed and analyzed by MIB-MS as
described previously (3). Kinases were isolated by flowing ly-
sates over kinase inhibitor-conjugated Sepharose beads (pur-
valanol B, VI16832, PP58, and CTx-0294885) in 10 ml gravity-
flow columns. Eluted kinases were reduced by incubation with
5 mM DTT at 65 �C for 25 min following alkylation with
20 mM iodoacetamide at room temperature for 30 min in the
dark. Proteins were digested with sequencing-grade modified
trypsin (Promega) overnight at 37 �C. C18-purified peptides
were dried in a speed vac, and subsequent LC-MS/MS analysis
was performed. Proteolytic peptides were resuspended in 0.1%
formic acid and separated with a Thermo Scientific RSLCnano
Ultimate 3000 LC on a Thermo Scientific Easy-Spray C18
PepMap 75 μm × 50 cm C18 2 μm column. A 240 min
gradient of 4 to 25% acetonitrile with 0.1% formic acid was run
at 300 nl/min at 50 �C. Eluted peptides were analyzed by a
Thermo Scientific Q Exactive Plus mass spectrometer utilizing
a top 15 methodology in which the 15 most intense peptide
precursor ions were subjected to fragmentation. The AGC for
MS1 was set to 3 × 106 with a max injection time of 120 mil-
liseconds, the AGC for MS2 ions was set to 1 × 105 with a max
injection time of 150 milliseconds, and the dynamic exclusion
was set to 90 s. Raw data analysis of LFQ experiments was
performed using MaxQuant software 1.6.0.1 and searched
using Andromeda 1.5.6.0 against the Swiss-Prot human pro-
tein database (downloaded on April 24, 2019, 20,402 entries).
The search was set up for full tryptic peptides with a maximum
of two missed cleavage sites. All settings were defaulted and
searched using acetylation of protein N-terminus and oxidized
methionine as variable modifications. Carbamidomethylation
of cysteine was set as a fixed modification. The precursor mass
tolerance threshold was set at 10 ppm and the maximum
fragment mass error was 0.02 Da. LFQ quantitation was per-
formed using MaxQuant with the following parameters: LFQ
minimum ratio count: Global parameters for protein quanti-
tation were as follows: label minimum ratio count: 1, peptides
used for quantitation: unique, only use modified proteins
selected and with normalized average ratio estimation selected.
Match between runs was employed for LFQ quantitation, and
the significance threshold of the ion score was calculated based
on a false discovery rate of <1%.

Measurement of MIB-enriched kinase abundance in cell
lines was performed by LFQ using MaxQuant software version
1.6.1.0. MaxQuant normalized LFQ values were filtered for
human protein kinases in Excel and then imported into
Perseus software (1.6.2.3) for quantitation. LFQ values were
filtered in the following manner: kinases identified by site only
were removed, and reverse or potential contaminants were
removed. Kinase LFQ intensity values were then log2 trans-
formed. No imputation of missing values was performed. Log2
LFQ intensity values were subjected to a Student’s t test
comparing treatment versus DMSO with the parameters S0 =
2, side both. All relevant proteomics files are available through
the PRIDE partner repository (http://www.ebi.ac.uk) with the
data set identifier PXD.
Reverse phase protein array analysis

Cells were plated in 6-well dishes at 2 to 4 × 105 cells per
well, treated with siRNA for 72 h, washed twice in ice-cold
PBS, and then lysed in 50 μl reverse phase protein array
(RPPA) lysis buffer [1% Triton X-100, 50 mM HEPES (pH 7.4),
150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF,
10 mM NaPPI, 1 mM Na3VO4, 10% glycerol, protease and
phosphatase inhibitors (Boehringer/Roche) for 20 min with
occasional shaking on ice. Lysates were centrifuged for 10 min
at 14,000 rpm, and the supernatant was collected. Protein
concentration was determined by Bradford assay. Lysates were
analyzed at the MD Anderson Functional Proteomics Core
Facility, where antibodies are extensively validated before be-
ing included in the panel. Serial dilutions of samples were
arrayed on nitrocellulose-coated slides and run against 456
validated antibodies. A DAB (3, 30-diaminobenzidin) colori-
metric reaction for a tyramide-based signal amplification
approach was used to produce stained slides. The slides were
scanned on a Huron TissueScope scanner, and spot densities
were determined using Array-Pro Analyzer. Relative protein
levels were quantified using SuperCurve fitting and normalized
for protein loading. Reverse-phase protein array (RPPA) data
were used to determine proteins/phospho-proteins that were
significantly different between siMARK3 or siSTK10 and un-
treated or control groups for MP38 and OMM1.3 cell line
samples. Comparisons were performed in matlab(R) using the
two-sample t test method with 1000 permutations and
assumed unequal variance. The Benjamini-Hochberg False
Discovery Rate (BHFDR) method was used to determine sta-
tistical significance. Data analyses were performed in R (v3.5.1
http://www.R-project.org/). The RPPA results were validated
by Western blotting for key targets.
RNA sequencing (RNA-seq) sample processing

Bulk sequencing: total RNA was quantified using the Quant-
iT RiboGreen RNA Assay Kit and normalized to 5 ng/μl.
Following plating, 2 μl of ERCC controls (using a 1:1000
dilution) were spiked into each sample. 200 ng aliquots of each
sample were transferred into library preparation which uses an
automated variant of the Illumina TruSeq Stranded mRNA
Sample Preparation Kit. This method preserves the strand
orientation of the RNA transcript, uses oligo dT beads to select
mRNA from the total RNA sample, and is followed by heat
fragmentation and cDNA synthesis from the RNA template.
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The resultant 400 base pairs (bp) cDNA were then processed
for dual-indexed library preparation: ‘A’ base addition, adapter
ligation using P7 adapters, and PCR enrichment using P5
adapters. After enrichment, the libraries were quantified using
Quant-iT PicoGreen (1:200 dilution). After normalizing sam-
ples to 5 ng/μl, the set was pooled and quantified using the
KAPA Library Quantification Kit for Illumina Sequencing
Platforms. The entire process was performed in a 96-well
format with pipetting performed by Agilent Bravo or Hamil-
ton Starlet. For Illumina sequencing, pooled libraries were
normalized to 2 nM and denatured using 0.1 M NaOH prior to
sequencing. Flowcell cluster amplification and sequencing
were performed according to the manufacturer’s protocols
using the NovaSeq 6000. Each run was a 101 bp paired-end
with an eight-base index barcode read. Data were analyzed
using the Broad Picard Pipeline, which includes de-
multiplexing and data aggregation. RNA-seq data were
aligned to the human reference genome (GRCh38) using Star
aligner (42) and GENCODE (43) annotations. RSEM (44) was
used to quantify gene and transcript-level expression. Gene
differential analysis was performed by comparing treated and
DMSO samples using DESeq2 (45). Data analyses were per-
formed in R (v3.5.1 http://www.R-project.org/). RNA-seq data
have been deposited to the Gene Expression Omnibus (GEO)
database with accession code GSE228090.

siRNA transfections

A total of 5 to 10 × 103 cells/well were plated on a 96-well
plate with the indicated siRNAs at a final concentration of
25 nM using Lipofectamine RNAi-MAX (Invitrogen). For
Western blotting, 2 to 4 × 103 cells/well were plated on a 6-
well plate, transfected with siRNA at the same final concen-
tration, and allowed to grow for 72 h before cell lysis. The
siGENOME targeting human GNAQ (D-008562-02) and non-
targeting control (D-001210-02-20) from Horizon Discovery
(Lafayette, CO, USA) were used. Additional pooled ON-
TARGET plus siRNAs targeting humans are found in
Table S1.

Western blot analysis

Protein lysates were boiled in Laemmli sample buffer,
separated by SDS-PAGE, and transferred to PVDF mem-
branes. The following primary antibodies were used: α-tubulin
(#2144), Aurora A (#3092), cleaved PARP (#9541), cyclin B1
(#4135), DUSP4 (#5149S), Ezrin/Radixin/Moesin (ERM)
(#3142), FOXM1 (#5436), MARK3 (#9311), phospho-CDC25C
(Ser216) (#9528S), phospho-Ezrin (Thr567)/Radixin (Thr564)/
Moesin (Thr558) (#3726), phospho-p44/42 MAPK (ERK1/2)
(Thr202/Tyr204) (#9101), phospho-Rb (Ser807/811) (#9308S),
PLK1 (#4513S), Rb (#9309S), and RRM2 (#65939S) from Cell
Signaling Technology (Danvers, MA, US); phospho-CDK1
(Thr14/Tyr15) (#44686G) from Invitrogen; CDC25C (#sc-
327), ERK1 (#sc-93), Gαq (GNAQ) (#sc-393), LOK/STK10
(#398083), and vinculin (#sc-73614) from Santa Cruz; and
β-actin (#A2066) from Sigma-Aldrich. Immunoreactivity was
detected using HRP-conjugated secondary antibodies
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(CalBioTech) and chemiluminescence substrate (Thermo
Scientific) on a Versadoc Imaging System (Bio-Rad).
Statistical analysis

Data were analyzed using the two-sided Student’s t test with
Microsoft Excel software (*p value < 0.05; **p value < 0.01,
and ***p value < 0.001).
Data availability

The data generated in this study are within the article or in
Supporting Information files. The publicly available data
analyzed in this study were obtained from GEO at GSE152705.
All relevant proteomics files are available through the PRIDE
partner repository (http://www.ebi.ac.uk) with the data set
identifier PXD. New RNA-seq data have been deposited to the
Gene Expression Omnibus (GEO) database with accession
code GSE228090.
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