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Abstract

Metastatic melanoma is challenging to clinically address. Although standard of care targeted
therapy has high response rates in patients with BRAF-mutant melanoma, therapy relapse occurs
in most cases. Intrinsically resistant melanoma cells drive therapy resistance and display molecular
and biologic properties akin to neural crest-like stem cells (NCLSCs) including high invasiveness,
plasticity and self-renewal capacity. The shared transcriptional programs and vulnerabilities
between NCLSCs and cancer cells remains poorly understood. Here, we identify a developmental
LPAR1-axis critical for NCLSC viability and melanoma cell survival. LPAR1 activity increased
during progression and following acquisition of therapeutic resistance. Notably, genetic inhibition
of LPAR1 potentiated BRAFi +/- MEK:i efficacy and ablated melanoma migration and invasion.
Our data defines LPARL as a new therapeutic target in melanoma and highlights the promise of
dissecting stem cell-like pathways hijacked by tumor cells.
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INTRODUCTION

Immense progress has been made for patients with advanced melanoma with 13 new FDA-
approved therapies since 2011 (1, 2). The majority (76%) of patients whose melanomas
harbor activating BRAFVS00E/K mytations (~50% of patients) respond dramatically to dual
BRAF/MEK inhibitor therapy (BRAFI/MEKIi) (3). However, resistance arises within 2 years
in near all cases, and four out of five of these patients show no long-term benefit with
immunotherapy due to toxicity and/or non-responsiveness. This expanding BRAFi/MEKIi-
resistant patient cohort is the greatest challenge of the melanoma field as no alternative
effective targeted therapies exist.

We and others have identified melanoma cells that dedifferentiate to a neural crest-like

stem cell (NCLSC) state capable of surviving challenging environmental contexts including
metastasis and therapy (4). Molecularly, these NCLSC-like melanoma cells express NCLSC
markers including JARID1B (5), NGFR (6), EGFR (7), SerpinE2 (8) and/or AXL, as well
as a NCLSC transcriptional signature (9). Biologically, NCLSC-like melanoma cells exhibit
high invasiveness and plasticity. Critically, NCLSC-like melanoma cells are intrinsically
resistant to chemo- and targeted therapy (4, 9). These findings underscore the need to
develop novel therapeutic strategies that potently eliminate NCLSC-like melanoma cells
and define the molecular mechanisms responsible for the therapy resistance and aggressive
phenotypes of NCLSC-like melanoma cells.
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Towards this goal, we executed a transcriptome juxtaposition study to compare gene
expression profiles of human skin-derived NCLSCs, melanocytes and melanoma cultures.
During embryonic development, multipotent trunk NCLSCs migrate from the neural

plate to the epidermis/dermis and undergo lineage specification to generate differentiated
melanocytes (10, 11). In turn, melanoma cells arise following the malignant transformation
of melanocytes. We focused on genes highly expressed in both melanoma cells and
NCLSCs, but not in melanocytes to identify genes associated with a dedifferentiated NCLSC
state. This approach led to the delineation of a cluster of stem cell-like genes enriched in
melanoma. Using a targeted RNA interference strategy coupled with functional /n vitroand
in vivo studies, we have identified lysophosphatidic acid receptor 1 (LPAR1) as critical for
targeted therapy-resistance in melanoma cells. LPARL is elevated in patient tumor tissue and
drives melanoma proliferation, mobility, invasiveness and resistance to therapy by promoting
mTOR and YAP activity. Our findings reveal an unanticipated role of LPAR1 in regulating
both mTOR and YAP activity, and define LPARL1 as a novel target for the treatment of
BRAFI/MEK:i-resistant melanoma patients.

Materials and Methods

Additional molecular and cell biology techniques, list of oligonucleotides, high-throughput
methods and detailed computational analyses are described in Extended Experimental
Procedures.

Cell Culture of NCLSC, melanocytes and fibroblasts

NCLSC, melanocytes and fibroblasts were isolated from human foreskins and were cultured
as previously described (12). Following the investigation of LPARL1 levels in a panel of

23 melanoma cell lines, 4 melanocyte cultures and 4 NCLSC cultures, we selected the top
highest 3 LPAR1 expressing cell lines in the BRAF~MT cohort, with similar expression

to that found in NCLSCs, as LPAR1 high. Conversely, we selected the lowest 3 LPAR1
expressing cell lines in the BRAA~MT cohort, with similar expression to melanocytes, as
LPAR1 low cells. We also selected the top 3 highest LPAR1 expressing cell lines in the
NRAFMT cohort as LPAR1 high and the lowest 3 LPAR1 expressing cell lines in the
NRAS-MT cohort as the LPAR1 low. All of the BRAF/NRAS-WT/WT cell lines had low
LPAR1 expression akin to melanocytes.

Melanoma Patient scRNA-seq data

Invasive/NCSC/Nutrient depleted and Pigmented gene sets were derived from Rambow et
al. Cell 2018 (9), and the Stress-like gene set was derived from Baron et al Cell Systems
2020 (13). Normalized single cell expression data from Tirosh et al Science 2016 paper
(14) (GEO accession number GSE72056) was used to calculate cell expression signatures
for 1257 tumor cells as an average value among genes from the set. Expression signatures
were compared using ttest between cells with no detected LPAR1 expression versus LPAR1
positive cells. Fold changes of mean LPAR1+/LPAR1- values were calculated.
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Cell Lines Established from Human Melanomas and Patient-derived Xenografts

All normal skin epidermal melanocytes, keratinocytes, dermal stem cells and human
metastatic melanoma cell lines that were established at The Wistar Institute have

been documented (https://www.wistar.org/lab/meenhard-herlyn-dvm-dsc/page/resources).
UACC-62 and UACC-903 cells were kind gifts from Dr. Marianne B. Powell (Stanford
University, Stanford, CA 94305, USA). A375 cells were purchased from the ATCC. All
resistant cell lines that acquired drug resistance to PLX4720 (hereafter referred to as
“BR” cell lines) or the combination of PLX4720 and PD0325901 (hereafter referred to

as “CR” cell lines) were established after continuous exposure to PLX4720 at 10 uM

or the combination of PLX4720 at 10 uM and PD0325901 at 1 pM. All cell lines were
maintained in Tumor media (MCDB and LC15) supplemented with 2% fetal bovine serum
(FBS; Tissue Culture Biologicals) or DMEM media (Mediatech, Inc.) supplemented with
10% fetal bovine serum. Cells were cultured in a 37°C humidified incubator supplied with
5% CO,. All cell lines were authenticated by DNA fingerprinting.

Accession Number

The GEO database accession number for the gene expression microarray and RNAseq data
is GSE92765.

Drug Sensitivity IC50 Data

ICsq data for human melanoma cell lines with BRAFV690 mutations treated with selective
BRAF and MEK inhibitors were curated from the Cancer Cell Line Encyclopedia (CCLE).

Reverse phase protein array (RPPA) and Analysis

Chemicals

The RPPA assay was performed by the MD Anderson Cancer Center RPPA core facility
(Houston, TX) using the method described on the MD Anderson Cancer Center website.
The same differential expression analysis method used for the microarray data was applied
to RPPA data. Proteins that were most significantly down-regulated were clustered by their
functional pathways and were used to generate the heatmaps.

The BRAF inhibitors PLX4032, PLX4720 and GSK2118436 and the MEK inhibitor
PD0325901 were purchased from Selleckchem. For /n vivo oral gavage, PLX4032 was
suspended in Klucel EF 2% (w/v), and the pH was adjusted to 4 using HCI. The compound
was dosed using feeding tubes (Instech Laboratories, Inc).

Cell Growth/Viability and Assessment of Cell Clonogenicity

Cell viability was measured by the MTT assay. For the assessment of cell clonogenicity,
cells were seeded in 6-well tissue culture plates at a density of 4000 cells/well as biological
triplicates in drug-free medium. Medium was refreshed every 2 or 3 days for 15-21 days.
Colonies were then stained overnight with methanol containing 0.05% crystal violet. After
extensive washing with distilled H,O, cells were air-dried and subjected to image acquisition
using an Epson scanner (Epson perfection V700 photo).
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GST pull-down assay

The GST pull-down assay was carried out using an Active Rapl Detection Kit (Cell
Signaling) according to the manufacturer’s instructions. Briefly, 50% glutathione resin slurry
was bound to the column tube, followed by the addition of 20 pG GST-RalGDS-RBD. Cell
lysates (1 mg total protein) from melanoma cells with different treatments were added to

the column tube and incubated at 4°C for 1 hr. After 3 cycles of washing, the reducing
sample buffer was added and the eluted samples were collected and subjected to SDS
electrophoresis and Western blotting.

RESULTS

Transcriptome Juxtaposition and Targeted Screens Identify LPAR1

In an effort to identify shared stem cell-like programs between melanoma cells and

neural crest-like stem cells (NCLSCs), gene expression profiles of human skin-derived
NCLSC, melanocyte and melanoma cultures were juxtaposed to distinguish gene candidates
enriched in NCLSC and melanoma cultures, but not melanocytes (Figure 1A). Analysis of
gene expression microarray and RNA sequencing (RNA-Seq) data identified 98 (adjusted
p-value<0.05, fold>2) and 122 (adjusted p-value<0.05) gene candidates, respectively,
including novel and known (i.e., NGFR, PDGFRp) drivers of melanoma aggressiveness

(7, 15, 16) (Figure 1A, Supplemental Table S1, Supplemental Figure 1A), resulting in a

set of 208 unique genes. To experimentally validate the functional relevance of these gene
candidates on melanoma cell proliferation, a targeted RNA interference screen was executed
(188 of the 208 genes were included in the siRNA library), which in addition included 52
genes that serve functional roles in stem cell biology, resulting in a set of 240 unique genes.
Four distinct siRNA sequences were incorporated against each gene (8 genes IGFBP2,
MEIS2, ODC1, PALLD, RASD1, TM4SF1, TNFRSF12A, TNFRSF21 were tested twice)
along with the housekeeping gene EIF4A3 (K), 5 non-specific (NS) siRNA and a media only
well (E). Two melanoma cell lines (one harboring a BRAFV600E mutation, one harboring

an NRASRBIR mutation) were included in the screen (Figure 1B, Supplemental Table S2).
Approximately 19% of the gene candidates could inhibit melanoma cell proliferation by

> 25% across the melanoma cell lines. The top 31 gene candidates were subjected to a
second independent validation screen (Figure 1C, Supplemental Table S3). Genes previously
reported to contribute to melanoma aggressiveness and therapy resistance emerged both

in our shared NCLSC and melanoma transcriptome analysis and second validation screen,
further supporting our hypothesis that novel therapeutic targets could be defined among
genes associated with a dedifferentiated NCLSC state. Nerve growth factor receptor (NGFR)
emerged in our screen, which is a canonical marker of de-differentiated melanoma cells

that display adaptive resistance to BRAF inhibition (6), and melanoma cells resistant to
anti-PD-1 blockade (17). The Notch signaling ligand, delta like canonical notch ligand 4
(DLL4), emerged in our screen, which agrees with the literature showing a role for notch
signaling in promoting cancer stem cell viability through tissue remodeling (18). Connective
tissue growth factor (CTGF) was detected in our screen and has been reported to increase

in AML-derived mesenchymal stem cells (19) and serve a critical role in the metastatic
capacity of melanoma cells (20). Ribonucleotide reductase regulatory subunit M2 (RRM2),
Baculoviral 1AP repeat containing 5 (BIRC5) and KDEL endoplasmic reticulum protein
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retention receptor 3 (KDELRS3) are additional genes that were detected in our screen that
have been previously shown to play a role in melanoma metastasis and therapy resistance
(21-23). The top gene candidates were next evaluated by Ingenuity Pathway Analysis
software, which identified a lysophosphatidic acid receptor 1 (LPAR1)-axis as a critical
signaling network (Figure 1D, Supplemental Figure 1B). LPARL1 is a G12/13-coupled
receptor that drives the proliferation of neuronal progenitor cells (24), and promotes the
aggressiveness of breast (25), lung (26), and ovarian cancer (27). Interrogation of LPAR1
expression in an extended panel of NCLSC, melanocyte and melanoma cultures confirmed
melanoma cells exhibit higher expression levels of LPAR1 relative to melanocytes (Figure
1E). A subset of 5 BRAF~mutant and 3 NRAS-mutant melanoma cell lines display higher
levels of LPARL1 relative to melanocytes and equivalent to those in NCLSCs (Figure 1E).
Conversely, a subset of 4 BRAF~mutant and 3 NRAS-mutant melanoma cell lines display
relatively low LPARZ1 expression levels akin to those observed in melanocytes. LPAR1
expression within BRAF/NRAS-wildtype/wildtype melanoma cells is lower overall relative
to other genotypes (Figure 1E). Collectively, these data identify LPAR1 as a stem cell gene
enriched in subsets of BRA~MT and NRAS-MT melanoma cells.

LPAR1 Sustains Melanoma and NCLSC Survival

A subset of 3 BRAFmutant and 3 NRAS-mutant melanoma cell lines with the highest
levels of LPAR1 (hereafter called LPAR1N cells) and a subset of 3 BRA~mutant and

3 NRAS-mutant melanoma cell lines with the lowest levels of LPAR1 (hereafter called
LPAR1® cells) were chosen to perform additional analyses to understand the functional role
of LPAR1 in melanoma. We found that ectopic addition of lysophosphatidic acid (LPA),

the activating ligand of LPARL, increases the proliferation of a subset of melanoma cell
lines across different genotypes (Figure 2A, Supplemental Figure 2A), which was positively
correlated to LPAR1 expression (Figure 1E) (28). Notably, LPAR1 expression correlated
with sensitivity to genetic silencing of LPAR1, whereby BRAF~mutant melanoma cell

lines with high LPAR1 expression (LPAR1M) display significant inhibition of proliferation
following siLPAR1 (Figure 2B, Supplemental Figure 2B). In contrast, BRA~mutant
melanoma cells or normal cells (i.e., melanocytes, fibroblasts) with low LPAR1 expression
(LPAR1!°) experience reduced or no cytotoxicity, with the exception of the WM46 cell

line. Loss of LPAR1 with shRNA also blunted the long-term colony forming capacity of
LPAR1 melanoma cells, in contrast to LPAR1!? melanoma cells (Figure 2C, Supplemental
Figure 2D). The positive relationship between LPAR1 expression and genetic silencing of
LPARZ1-induced inhibition of proliferation was also observed in NRAS-mutant melanoma
cells (Supplemental Figure 2C). In accordance, genetic silencing of LPAR1 induces NCLSC
cytotoxicity (Supplemental Figure 2E). Collectively, these data demonstrate the importance
of LPAR1 for NCLSCs and LPAR1N melanoma cells independent of genotype.

LPAR1 Drives Melanoma Migration and Invasion.

We next interrogated the role of LPAR1 in melanoma invasiveness. LPAR1 has been
reported to promote metastasis of breast and ovarian cancer (29, 30). In wound healing
and transwell migration assays, genetic inhibition of LPAR1 reduced wound closure and
migratory capacity of LPAR1N melanoma cells grown in complete media, respectively
(Figure 3A, 3B). In Boyden chamber assays, genetic (ShLPAR1) inhibition of LPAR1 also
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reduced melanoma invasiveness (Figure 3C). To better recapitulate the normal physiology
of the skin, we established human skin reconstructs including LPAR1" melanoma cells
transfected with siLPAR1, which decreased melanoma proliferation and invasion (Figure
3D, Supplemental Figure 3B) (31). To ensure our observations on melanoma invasion

were independent of the impact of LPARL inhibition on melanoma viability, we performed
extracellular matrix degradation assays demonstrating viable melanoma cells expressing
shLPAR1 have reduced ability to degrade gelatin (Supplemental Figure 3A). Taken together,
these results suggest that LPAR1 signaling plays an important role in promoting melanoma
migration and invasion.

LPA Regulates LPARL1 Signaling through a RAPGEF5-RAP1A-Axis

We next dissected the requisite molecules for LPARL1 signal transduction using BRA~MT
melanoma cells. RAP-GTPases have been reported to be regulated by LPAR receptors (32,
33). Two members of the RAS subfamily of GTPases (RAP1A and RAPGEF5) emerged
from our targeted siRNA screen (Figure 1). In accordance, overexpression of RAPGEF5
could rescue proliferation in melanoma cells expressing shLPARL1 (Figure 4A, Supplemental
Figure 4A). Further, expression of a constitutively active RAP1A (Q63E) mutant rescues
proliferation in sShLPAR1 melanoma cells, whereas expression of the constitutively inactive
RAP1A (S17N) mutant does not rescue proliferation. To more directly examine the role

of LPAR1 on RAP1A activity, a GST pull-down assay was performed using GST-tagged
RAP binding domain (RBD) of RalGDS (GST-RalGDS-RBD), a direct downstream effector
of RAP1A that specifically binds to active RAP1A (34). RAP1A activity is suppressed

in shLPAR1 melanoma cells, as evidenced by a decrease in GST-RalGDS-GBD levels in
pulldown lysate (Figure 4B). Activation of LPAR1 following ectopic LPA hyperactivates
RAP1A, which is ablated by genetic silencing of RAPGEF5 (Figure 4C). In concordance,
overexpression of RAPGEFS5 recovers RAP1A activity in shLPAR1 melanoma cells (Figure
4D). Although acute genetic silencing of RAPGEF5 did not cause significant inhibition

of cell growth (Figure 1C), long-term genetic silencing of RAPGEF5 and RAP1A reduces
colony formation only in LPAR1M melanoma cells (Figure 4E, Supplemental Figure 4B).
Genetic silencing of RAPGEF5 and RAP1A also ablates melanoma invasiveness (Figure
4F) and decreases proliferation in human skin reconstructs (Figure 4G, Supplemental
Figure 4C, 4D, 4E, 4F). As LPARL1 is a G12/13-coupled receptor (35), we confirmed the
importance of G12/13 in the transduction of LPAR1 survival signals in LPAR1M melanoma
cells (Supplemental Figure 4G, 4H, 41). Indeed, silencing of G12/13 phenocopies the

effect of genetic silencing of LPAR1 on proliferation. Proliferation could not be rescued
following siG12/13 by ectopic LPA treatment demonstrating its role downstream of LPARL.
Collectively, these data demonstrate LPARL1 signal transduction locally transmits through a
RAPGEF5-RAP1A-axis.

MTOR and YAP are Downstream Effectors of LPAR1-Axis

LPAR1 stimulation by LPA has been previously shown to induce downstream YAP1
activation (35) and activation of the PI3K-mTOR pathway (36). To gain further mechanistic
insight into LPARL signal transduction in melanoma, we exploited a systems biology
approach to investigate functional proteomic alterations following LPAR1 inhibition. In
agreement, reverse phase protein arrays (RPPA) revealed a signature associated with
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inactivation of YAP (TAZ), as well as inhibition of mTOR (pS6, p4E-BP1) and cell

cycle progression (cyclin B1, pRb) following LPARL1 inhibition (Figure 5A, Supplemental
Table S4). Notably, genetic (siLPAR1) inhibition of LPAR1 inactivates mTOR and inhibits
YAP/TAZ as validated by Western blotting specifically in LPAR1M melanoma cells

across genotypes (Figure 5B, Supplemental Figure 5A). Phosphorylation of YAP at S127
inactivates YAP by promoting its translocation from the nucleus to the cytoplasm (37).
Genetic silencing of LPARL triggers cytoplasmic expression of YAP (Figure 5C). Notably,
genetic silencing of neither YAP or S6K could achieve equivalent suppression of long-term
clonogenic growth to silencing of LPAR1 (Figure 5D). However concurrent silencing of
S6K and YAP more completely blunted clonogenic growth only in LPAR1" melanoma cells
suggesting LPAR1 promotes melanoma cell cycle progression via both mTOR and YAP
signaling (Supplemental Figure 5B, 5C).

LPAR1 Promotes Intrinsic and Acquired Resistance to Targeted Therapy

We next interrogated the role LPARL serves in the context of targeted therapy. Publicly
available genome-wide expression data in the TCGA revealed LPAR1" melanoma cells
express a negative correlation with a master lineage regulator in melanocytes, MITF, and a
positive correlation with a de-differentiated melanoma marker, AXL (Figure 6A). To place
LPAR1N cells into context with other recently characterized therapy resistant melanoma
subpopulations (i.e., NCSC, invasive, pigmented, stress-like cancer cell) (9, 13, 38), we
analyzed publicly available scRNAseq datasets that revealed LPAR1M cells significantly
correlate with a recently reported neural crest stem cell melanoma subpopulation that plays
a role during minimal residual disease (Supplemental Figure 6A) (9, 14). In agreement,
LPAR1N cells possess intrinsic resistance to MAPK pathway inhibitors (MAPKi) (39)
(Supplemental Figure 6B, 6C, 6D). LPAR1M melanoma cell lines are less sensitive to
BRAF inhibitor (PLX4720) and MEK inhibitor (PD0325901, AZD6244) therapy relative
to LPAR1'® melanoma cells. No difference in B-catenin levels are observable between
LPAR1M and LPAR1 cells (Supplemental Figure 6E). Notably, LPAR1 expression
increases in LPAR1!® melanoma cell lines (Figure 6B) and patient-derived xenograft models
(Supplemental Figure 6F) once resistance to BRAFi or BRAFI/MEK:i is acquired. LPAR1 is
functional in acquired therapy resistance, as genetic (siLPARL1) targeting of LPAR1 impairs
proliferation (Figure 6C, Supplemental Figure 6G) and blunts long-term colony formation
Supplemental Figure 6H) exclusively in melanoma cells with acquired BRAFi- or BRAFi/
MEK:i-resistance, whereas paired parental cells displayed little to no sensitivity. Further,
genetic silencing of RAGPEF or RAP1A phenocopied these effects in therapy resistant
melanoma cells (Supplemental Figure 6H). Genetic silencing of LPAR1 also increased

the efficacy of BRAFi (Supplemental Figure 61). RPPA analyses revealed that melanoma
cells with acquired BRAFi/MEKi-resistance display higher phosphorylation of Rb at S807
(associated with elevated cell cycle progression) and higher mTOR activity (increased
phosphorylation of S6 and 4E-BP1) relative to therapy naive parental cells, which has been
reported to denote therapy refractory melanomas (40) (Figure 6D, Supplemental Table S5).
Genetic silencing of LPARL significantly inhibited cell cycle progression (decreased cyclin
B1 and pRb S807), decreased mTOR activity (decreased pS6 and p4E-BP1) and blunted
YAP activity (increased pYAP S127), which was validated by Western blotting (Figure 6D,
6E). Notably, genetic (siLPARLY) inhibition of LPAR1 does not inhibit the MAPK pathway
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in melanoma cells. Taken together, these data reveal LPAR1 promotes intrinsic and acquired
resistance to BRAFi and BRAFI/MEK:I by sustaining mTOR and YAP activity.

We next investigated the /n vivo relevance of LPARL in tumorigenesis. Staining of a large
set patient tissue derived from benign nevi, primary melanoma and melanoma metastases
revealed a striking increase in LPARL expression in primary and metastatic melanoma tumor
tissue from patients versus benign nevi (Figure 6F). To characterize the /n vivo antitumor
activity of targeting LPAR1, melanoma xenografts were established in the flanks of NSG
mice using the WMQ cell line expressing shLuc or shLPAR1 (Figure 6G, Supplemental
Figure 6J). Genetic inhibition of LPAR1 had a significant effect on tumor growth, mTOR
signaling and YAP activity relative to control tumors (Supplemental Figure 6K). Notably,
the anti-tumor BRAFi efficacy is significantly increased in tumor cells expressing shLPAR1
relative to control tumors (Figure 6G). Altogether, these data suggest the stem cell-like
LPARZ1-axis is reduced in NCSLCs as they differentiate into melanocytes and increased

in a subset of melanoma cultures that possess intrinsic resistance to therapy (Figure 6H).
Notably, LPARL expression is elevated in therapy-naive cells following the acquisition of
resistance to BRAFi and/or MEKIi, representing a novel target to increase therapy efficacy.

DISCUSSION

Tumor cells often hijack stem cell-like pathways active in their normal progenitor cells
favoring tumor growth and survival (41, 42). Identifying and dissecting the stem cell-like
pathways that are responsible for the maintenance of normal stem cells thus has the
potential to help us better define tumor-specific changes and to discover novel therapeutic
approaches. There are an increasing number of studies that show correlations between
genes that regulate neural crest/melanocyte development and their contribution to melanoma
tumorigenesis (4, 7-9, 43, 44). By integrating combinatorial gene knockout approaches,
cell-based assays and immune-histochemical observations, recent studies have illustrated
several genes and pathways including Wnt (45) and Sox (46) proteins that serve important
roles in melanocyte specification and melanoma progression (47). The evidence that high
WNTS5A expression also correlates with a MITFI9/AXLN signature and that YAP signaling
serves as a downstream effector of WNT5A would suggest that LPAR1 and WNT5A may
co-regulate downstream YAP signaling through distinct yet parallel pathways (48). Further,
YAP has been shown to rescue RAS-mutant cancer cell viability following suppression

of KRAS in KRAS-mutant colon cancer cells (49) and MEK inhibition in NRAS-mutant
melanoma cells (50), with evidence that KRAS and YAP converge to regulate epithelial
mesenchymal transition (EMT) and tumor survival.

Using zebrafish, a chemical screen recently identified small-molecule suppressors of the
neural crest lineage that may have inhibitory effects on melanoma (51). However, a
systematic investigation of human cells is still lacking to directly explore shared gene
signatures between NCLSCs and melanoma cells for translational studies. In this study,
we took advantage of our extensive collection of melanoma cell lines and normal human
skin-derived melanocytes to compare them with human skin-derived NCLSCs that behave
similarly to embryonic neural crest cells (12). Using a systems biology approach in which
computational analyses were coupled with targeted siRNA screens, we identified a panel
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of genes up-regulated both in NCLSC and melanoma cells, but not in melanocytes. To

our knowledge, this is the first study where the common gene signature shared between
NCLSCs and melanoma cells was subjected to computational prediction, biological assays
and functional characterization.

We here identify that LPARL is upregulated in NCLSC and melanoma cells relative to
melanocytes. LPARL1 is highly expressed in regions of the central nervous system during
embryonic neurogenesis and serves a role in stem cell processes (52). LPA signaling
functions in nervous system processes, such as the mobilization of intracellular calcium,
changes in neuroblast and neuron conductance, and survival and migration of Schwann
cells (53). LPA gradients have previously been shown to be a major driver of melanoma
chemotaxis (54, 55). To our knowledge, no previous connection between LPA or LPAR1
and targeted therapy (i.e., BRAFI/MEKi resistance) has been made in the melanoma field. In
this study, we observe inhibition of LPAR1 signaling disrupts the acquisition of resistance.
Further, LPAR1 drives the formation of stem cell spheres. Collectively, these data suggest
that LPA signaling plays a vital role in cells with stem cell-like properties.

RAP small GTPases are one group of downstream effectors of LPA signaling that can be
activated via G proteins or specific GDP/GTP exchange factors (GEFs) (56). We identified
RAPGEF5 and RAP1A as critical for the local signal transduction of LPARL1. Through
functional rescue experiments and GST pull-down assays, we discovered that RAP1A is

a direct downstream effector of LPARL1 signaling that is regulated through RAPGEF5

by LPARL1. Collectively, these results underscore a core-signaling network comprised

of LPAR1, RAPGEF5 and RAP1A in melanoma. LPARL1 is a widely expressed LPAR
receptor that is up-regulated in advanced cancers including ovarian and breast cancer,

and has been implicated in promoting aggressiveness and metastasis in these tumors (29,
57). Our work investigates the functions of LPAR1 in melanoma and demonstrates that
LPAR1-RAPGEF5-RAP1A signaling is required for the growth, viability and invasiveness
of LPAR1M melanoma cells, independent of genotype.

LPA signaling has been previously reported to regulate cell survival signaling through two
main pathways; the PI3K/AKT (58) and the RAS/MAPK pathways (59). Interestingly, we
did not observe any significant alterations of pERK or pAKT levels upon genetic inhibition
of LPARL1 signaling. These findings indicate that LPAR1 signaling does not contribute to
human melanoma cell growth through the canonical MAPK or PI3K/AKT pathways, but
rather via alternative downstream effectors. Strikingly, we find LPAR1 inhibition results

in the potent and concurrent inactivation of YAP and mTOR signaling in melanoma, in
agreement with previous reports (35). LPA can stimulate the nuclear accumulation of YAP,
resulting in YAP activation (35), however its role in mTOR is novel in melanoma. mTOR
(60) and YAP (61) have both been implicated as resistance mechanisms against MAPK
inhibitors in melanoma. YAP downregulation has been shown to sensitize BRAFi-resistant
melanoma cells to MAPK pathway inhibitors, and YAP and Wnt signaling (via p-catenin-
LEF1) co-regulate apoptosis of acquired MAPK inhibitor-resistant melanoma (62). LPAR1
inhibition inhibits melanoma growth by loss of both mTOR and YAP activity as shown by
cells expressing either shS6K or shYAP not able to achieve the equivalent level of growth
suppression relative to shLPARL. Concurrently silencing both S6K and YAP could achieve
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equivalent growth suppression to shLPAR, notably only in LPAR1" melanoma cells. These
data suggest LPAR1 expression could serve as a biomarker for melanoma cells that heavily
rely on mTOR and YAP activity.

Collectively, our studies establish the molecular basis of how the LPAR1-RAPGEF5-
RAP1A signaling axis underlies both intrinsic- and acquired- drug resistance to targeted
therapies for BRAFV800E/K melanoma cells. We also provide a rationale for combining
inhibitors of LPARL1 signaling with FDA approved MAPK inhibitors to trigger synthetic
lethality both in innate resistant and in acquired resistant cells. Our data warrant further
investigation of prognostic biomarkers of LPARL signaling that could predict success

in combining LPARLY inhibitors and targeted therapies to overcome both intrinsic-

and acquired-therapy resistance by expanding /n vitroand in vivo models. To date,

there have been a number of melanoma subpopulations characterized to drive therapy
resistance including NCSC-like (6), invasive (9), pigmented and a recently identified
stress subpopulation that all exhibit transient yet detectable levels of differentiation/
dedifferentiation (13). We believe our LPARL1 studies yield an actionable vulnerability
necessary for dedifferentiated NCSC-like melanoma cells to persist and drive therapy
resistance. In summary, these data provide the scientific rationale to clinically explore
LPARL1 as a novel therapeutic target for therapy-naive patients as well as in patients with
melanomas that are intrinsically resistant or have developed acquired resistant to targeted
therapies. As LPAR1 is important for the maintenance and growth of stem cells, it will be
interesting to further examine the link between LPAR1 signaling and melanoma stem-like
cells. Future studies of the functions of LPAR1 signaling in other types of cancers and its
potential role in response to immunotherapy are needed.
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STATEMENT OF SIGNIFICANCE

This study identifies an LPAR1-axis critical for melanoma invasion and intrinsic-/
acquired-therapy resistance.
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Figurel.
Transcriptome juxtaposition and targeted screens identify LPARL. (A) Volcano plot for

genes selected from RNAseq and microarray data. Highlighted are best novel genes enriched
in melanoma and NCLSC cultures relative to melanocytes by fold change and adjusted
pvalue (for RNA-seq: p<10~10 or fold>4, for microarrays: p<107 or fold>4). (B) Scatter
plot showing the averaged results of the targeted siRNA screen in 1205Lu and WM1366
cells. The X-axis represents the normalized growth and the Y-axis represents each individual
gene from 1-253. Four individual siRNAs against each gene were used. The blue dots
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represent the siEIF4A3 and the green dots represent non-specific sSiRNAs as negative
control. (C) The top 30 genes identified in the primary screen were used for the secondary
screen. (D) Ingenuity pathway analysis of the top 30 genes in the screen identifies the
LPAR1-RAP1A axis as the most significant network among the gene candidates. (E)
Relative gene expression levels of LPAR1 in melanoma, NCLSC and melanocytes assayed
by gRT-PCR. Biological replicates (n=3) for each condition are included.
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Figure 2.
LPAR1 promotes melanoma and NCLSC survival. (A) 1205Lu, WM9, WM989 and

WMO983B cells were seeded in 6-well plates, serum-starved for 24 hr and then treated with
LPA (10 pM, 0 — 72 hr). Cell numbers were quantified for LPA or vehicle treated cells (n=3,
Student’s T-test, * p<0.05, error bars indicate SD). (B) Melanoma cells, melanocytes and
fibroblasts were transfected with control siNS or siLPAR1 and incubated for 96 hr, followed
by the cell proliferation MTT assay. n=3; * p<0.05, all statistics compared proliferation
between siNS or siLPARL1 for each respective cell line. (C) Melanoma cells were infected
with lentiviral constructs expressing control shNS or shLPARL and grown for 3 weeks. Cells
were stained with Crystal Violet; n=3.
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Figure 3.
LPAR1 drives melanoma motility and invasiveness. (A) A wound healing assay was

performed in WM9 cells with the knockdown of LPAR1. Red lines indicate the leading
edges of migrating cells. Scale bar, 50 pm. The percentage of wound closure after different
time periods of migration was calculated and shown Error bars, SD; n = 3; * p < 0.05. (B)
Transwell migration assay (without matrigel coating) was performed for WM3 cells infected
with luciferase ShRNA (shLuc) or shLPAR1. Scale bar,100 uM. The number of migrated
cells were quantified to the right. Error bars are SD; n = 3; * p < 0.05. (C) Transwell
invasion assay (with matrigel coating) was performed in 1205Lu cells infected with shLuc or
shLPARL. Scale bar, 100 pM. The numbers of invaded cells were quantified. Error bars, SD;
n=3;*p<0.05. (D) 1205Lu cells transfected with siNS or siLPAR1 were used to make
skin reconstructs. S100, green; DAPI, blue. Scale bar for H&E staining, 50 uM. Scale bar for
immunofluorescence staining, 20 uM.
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Figure 4.

LIgA regulates LPAR1 signaling through a RAPGEF5-RAP1A-axis. (A) MTT assay was
performed in WM9 LPAR1 knockdown cells as well as in LPAR1 knockdown cells with
the expression of RAP1A (Q63E, constitutively active mutant), RAP1A (S17N, inactive
mutant), overexpression of RAP1A (wt) or RAPGEF5. n=3; ANOVA with post-hoc Holm-
Sidak’s multiple comparisons test were applied. * Holm-Sidak’s multiple comparisons
adjusted p<0.05; error bars indicate SD. (B) GST-tagged RalGDS-RBD was conjugated on
glutathione Sepharose 4B and incubated with WM9 cells infected with shLuc, shLPAR1-1
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or shLPAR1-2. (C-D) GSTtagged RalGDS-RBD was conjugated on glutathione Sepharose
4B and incubated with WM9 cells with the addition of LPA followed by the knockdown

of RAPGEFS5 (C) or the overexpression of RAPGEFS5 followed by the knockdown of
LPAR1 (D). (E) Melanoma cell lines were transfected with siNS, sSiRAPGEF5 or siRAP1A
and grown for 3 weeks in long-term colony formation assays. Cells were subsequently
stained with crystal violet and imaged, n=3. ANOVA with post-hoc Holm-Sidak’s multiple
comparisons test were applied. * Holm-Sidak’s multiple comparisons adjusted p<0.05; error
bars indicate SD. (F) Transwell invasion assay (with matrigel coating) was performed in
WMO cell lines infected with shNS, ShRAPGEFS5 or shRAP1A. (G) WM cells transfected
with siNS, siRAPGEF5, or siRAP1A were used to make skin reconstructs. S100, green;
DAPI, blue. Scale bar for H&E staining, 50 pM. Scale bar for immunofluorescence staining,
20 pM.
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Figure5.
mMTOR and YAP are downstream effectors of the LPAR1-axis. (A) WM9 cells were

transfected with siNS or siLPAR1 for 48 hr. Protein lysate was analyzed by RPPA.

Shown are the proteins most significantly altered. (B) A panel of LPAR1!° and LPAR1N
melanoma cell lines were transfected with siNS or siLPARL1 for 48 hr. Protein lysate was
immunoblotted to validate findings in (A). (C) Immunostaining of YAP in WM9 cells
transfected with siNS or siLPAR1 using an anti-YAP antibody (green); nuclei were stained
with DAPI (blue). The ratio of YAP localized to the nucleus was quantified and shown

to the right. (D) WMQ cells expressing shNS, shYAP, shS6K, shYAP+shS6K, or shLPAR1
were grown for 3 weeks in long-term colony formation assays and subsequently stained with
crystal violet. An unpaired two-tailed t-test was used for all studies.
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Figure6.

LPAR1 promotes intrinsic- and acquired-resistance to targeted therapy. (A) A scatterplot
was generated to examine the correlation between LPAR1 and MITF, as well as the
correlation between LPAR1 and AXL using gene expression data in the TCGA. A line

of best fit is shown. (B) Relative gene expression levels of LPAR1 were assessed by
quantitative PCR in a panel of paired melanoma cell lines that were therapy naive, or
developed acquired resistance to BRAF inhibition or combination BRAF/MEK inhibition.
n=3; ANOVA with post-hoc Holm-Sidak’s multiple comparisons test were applied. * Holm-
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Sidak’s multiple comparisons adjusted p<0.05. (C) Melanoma cells were transfected with
SiNS or siLPAR1 for 96 hr, followed by the cell proliferation MTT assay, n=3. ANOVA with
post-hoc Holm-Sidak’s multiple comparisons test were applied. * Holm-Sidak’s multiple
comparisons adjusted p<0.05. (D) UACC903 and UACC903CR cells were transfected with
SiNS or siLPARL for 48 hr. Lysate was analyzed by RPPA and shown are the proteins most
significantly altered in UACC903CR (LPAR1M) versus parental UACC903 (LPAR1) cells.
(E) Western blotting validation of lysate from UACC903, UACC903BR and UACC903CR
cells treated as in (D). (F) Immunohistochemistry for LPAR1 staining in patient-derived
tissue. Quantification of 61 tissues is shown to the right, LPARZ1 staining is red. Fisher’s
exact test was used to compare % tissue samples by the LPARL1 staining level. (G) Tumor
volumes from WM3 xenografts infected with lentiviral constructs expressing shCon or
shLPAR1 were treated with vehicle control or PLX4032 (25 mg/kg/d, chow). * p<0.05.
n=10 mice/arm. The tumors in the shLPAR1 + BRAFi arm are statistically smaller than

all other arms. The tumors in the shControl + BRAFi arm and the shLPAR1 arm are

both statistically smaller than the tumors in the shControl arm. (H) Schematic illustration

of LPAR1 expression fluctuation with differentiation status of melanoma cells. Under
targeted therapy, LPAR1! cells undergo dedifferentiation to a LPAR1M NCSC-like state
that is resistant to targeted therapy via elevated LPAR1->RAPGEF5->RAP1A->mTOR/YAP
activity. An unpaired two-tailed t-test was used for two group comparisons, unless otherwise
stated.
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