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Proteomic phenotyping of metastatic melanoma reveals
putative signatures of MEK inhibitor response and prognosis

Christoph Krisp'~, Robert Parker', Dana Pascovici', Nicholas K. Hayward®, James S. Wilmott*, John F. Thompson*®, Graham J. Mann?,
Georgina V. Long™®, Richard A. Scolyer*® and Mark P. Molloy @'’

BACKGROUND: Genotyping of melanomas is used to identify patients for treatment with BRAF and MEK inhibitors, but clinical
responses are highly variable. This study investigated the utility of protein expression phenotyping to provide an integrated
assessment of gene expression programs in BRAF/NRAS melanoma which would be useful for prognosis and may predict response
to MEK inhibition.

METHODS: Mass spectrometry profiling of early passage cell lines established from Stage Il cutaneous melanomas was conducted.
Basal protein expression was correlated with in vitro response to the MEK inhibitor, selumetinib. Protein expression in a cohort of 32
drug naive BRAF/NRAS metastatic melanoma specimens was examined. The prognostic utility of a subset of these proteins and
mRNA transcripts from a separate cohort was determined.

RESULTS: Unsupervised analysis of basal cell line protein abundances delineated response to selumetinib, but BRAF/NRAS
genotype did not. Resistance was associated with functions including cell motility, cell adhesion and cytoskeletal organization.
Several of these response biomarkers were observed in lymph node biospecimens and correlated with melanoma-specific survival.
Loss of ICAM-1 protein and mRNA expression was a strong prognosticator of diminished survival in BRAF/NRAS mutant melanoma.

CONCLUSIONS: These results demonstrate the utility of proteomic phenotyping to identify both putative biomarkers of response

to MEK inhibition and prognostication associated with metastatic melanoma.

British Journal of Cancer (2018) 119:713-723; https://doi.org/10.1038/541416-018-0227-2

INTRODUCTION

In cutaneous melanoma, mutations of either the Ser/Thr protein
kinase BRAF (approximately 40%), or the small GTPase NRAS
(approximately 25%) are most common."? Mutations in either of
these proteins are usually mutually exclusive and result in
unrestrained activation of the MAPK cell proliferative pathway.
In clinical practice, it is now routine to screen for BRAF V600
mutations in metastatic melanoma patients®* since there are
approved targeted therapies to treat advanced melanoma
patients. However, in spite of this genotypic information, patient
response greatly varies.>® Approximately 5-10% of patients do
not respond as expected due to innate resistance, whilst the
responses in the remaining patients vary significantly.” For
example, in an open-label randomized, phase 3 study of 704
patients with metastatic melanoma comparing dabrafenib plus
trametinib versus vemurafenib monotherapy,® the objective
response rate was 64% (95% Cl 59-69) in the combination-

therapy group versus 51% (95% Cl 46-57) in the vemurafenib
group. Early identification of long-term responders to targeted
therapy is an unmet clinical need.'

In recent years, research has focused on identifying the
mechanisms by which melanomas transition from a drug sensitive
to a resistant phenotype.'" These processes arise directly as a
result of selective pressures where tumors reoccur with cell
populations enriched for further genetic aberrations''* and/or
have transitioned to utilize alternative signaling processes that can
re-establish MAPK activity, cell survival and proliferation.’>'® The
complexity of the responses observed in patients during therapy
is indicative of tumor plasticity, and reflects a heterogeneous
disease where drug sensitivity may depend on several intrinsic
factors (tumor stage, intra-tumor heterogeneity, tumor micro-
environment, and individual genetic and epigenetic diversity).'” In
the tumor microenvironment stromal cells can secrete hepatocyte
growth factor (HGF) that leads to MAPK reactivation by signaling
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through the receptor tyrosine kinase MET.'®'? Broad transcrip-
tional programs are active in melanocyte development and
pigmentation and are associated with proliferative or invasive
phenotypes. These have also recently been correlated with MAPK
dependency and response to therapy in vitro.?°?

Here, we explored the use of protein phenotyping by SWATH
mass spectrometry®> to provide a readout of MAPK pathway
activity in BRAF/NRAS mutated melanoma cells. We hypothesized
that the basal cancer proteome reflects an integrated signal of
gene expression programs and this may have superior utility for
predicting response to MEK inhibition than the current clinical
standard of targeted genotyping. We validated our findings in
fresh-frozen lymph node metastatic melanoma specimens, and
further, determined prognostic associations with melanoma
specific survival (MSS) based on a three-protein biomarker
signature. Our results demonstrate the feasibility of protein-
based screening of tumors to identify likely response to targeted
drug treatment, which could not be predicted a priori by the
current clinical standard of targeted mutational genotyping.

MATERIALS AND METHODS

Cell culture

Stage lll early passage melanoma cell lines C002, C037, C045,
C052, C054, C078, C084, and C096 were generated from fresh
tissue melanoma specimens from patients with melanomas of
cutaneous origin that presented with superficial spreading or
nodular melanoma subtypes. D22M was established from a Stage
IV patient (Supplementary Table 1). The mutational status was
assessed using a melanoma-specific panel.?* The cell lines were
cultured in 10% (v/v) bovine serum supplemented RPMI 1640
medium (Life Technologies) at 37 °C in a 5% CO, atmosphere. Cell
lines were harvested at 80% confluence.

Cell viability assay

Cell lines were seeded in 96-well plates at 5000 cells/well in
triplicate for each drug treatment. After 2 h adherence cells were
treated with serial dilutions (10, 2, 1, 0.2, and 0.02) of MEK inhibitor
selumetinib (AZD6244; Selleckchem) dissolved in DMSO. After
10 days of growth the viability for each cell line was assessed by
Presto Blue Assay and compared to DMSO only treated cells (Life
Technologies).

Melanoma tissue

The fresh-frozen melanoma tumor samples were obtained from
the Melanoma Institute Australia Biospecimen Bank, accrued with
written informed patient consent and approved by Institutional
Review Board (Sydney South West Area Health Service institutional
ethics review committee (Royal Prince Alfred Hospital (RPAH)
Zone) Protocol No. X08-0155/HREC 08/RPAH/262, No. X11-0023/
HREC 11/RPAH/32, and No. X07-0202/HREC/07/RPAH/30). Twenty-
six tissue specimens were taken from regional lymph nodes of
AJCC Stage Il patients, 3 specimens were from regional lymph
nodes of AJCC Stage IV patients and a further 3 specimens were
from distant lymph nodes of AJCC Stage IV patients. In total 32
tumors were studied; 16 NRAS mutant and 16 BRAF mutant
melanomas with patient follow-up exceeding 10 years (Supple-
mentary Table 2). Melanoma-specific survival was calculated from
the date of resection. None of the patients were treated with BRAF
or MEK inhibitor targeted therapies or immune check point
inhibitors therapy. The most common treatments were adjuvant
radiotherapy or experimental vaccinations. Amongst these speci-
mens, 6 NRAS and 7 BRAF patients showed poor survival after
sample collection (<2 years), whereas the other 9 NRAS and 7

BRAF patients showed good survival (>4 years).

Protein preparation and digestion

Cultured cells were lysed and proteins denatured in 100 mM
triethyl ammonium bicarbonate (TEAB, Sigma Aldrich) and 1%
sodium deoxycholate (SDC, Sigma Aldrich) buffer (pH 7.8) for 5
min at 99 °C. After lysis Benzonase ® nuclease (Sigma Aldrich) was
added and incubated for 30 min at room temperature to degrade
DNA (1:10,000 enzyme/DNA). Tissue samples were lysed in 100
mM TEAB and 1% SDC buffer with 10 pulses of a probe sonicator
and boiled for 5min at 99°C. Protein concentration were
estimated using the bicinchoninic acid protein assay (Pierce). For
the cell lines, cysteine residues were reduced in presence of 10
mM dithiothreitol (DTT, Bio-Rad) at 60 °C and alkylated with 10
mM iodoacetamide (IAA, Bio-Rad) at room temperature in the
dark. Trypsin (Promega, sequencing grade) was added in a 1:50
ration and proteins were enzymatically degraded overnight at
37 °C. By adding 1 pL formic acid (FA, Ajax Finchem) the digestion
was quenched and the SDC precipitated and removed by
centrifugation (14.000 rpm) for 5min. Samples were lyophilized
and reconstituted in 2% acetonitrile (ACN, Merck) and 0.1% FA.
The tissue samples (20 ug) were mixed with the equivalent
amount of 4x NUPAGE loading buffer (Thermo Fisher Scientific)
with DTT, were loaded onto a 4-12% polyacrylamide gel (Thermo
Fisher Scientific) and run for 1 cm into the gel. Gels were stained
for an hour in Coomassie blue G-250. Entire 1 cm band for each
sample was cut in to small cubes and transferred into a 1.5mL
tube, destained, again reduced with 10 mM DTT, alkylated with 20
mM |AA and digested with trypsin (1:20 ration) over night.
Peptides were eluted from the gel pieces with 80% ACN and 0.1%
FA, lyophilized and re suspended in reconstituted in 2% ACN and
0.1% FA.

LC-MS/MS

LC-MS/MS analyses of cell line samples were carried out using a
NanoLC™ ultra with cHIiPLC® system (SCIEX). For RP LC-MS/MS,
200 pm x 0.5 mm nano cHIiPLC trap column (ChromXP™ C18-CL
3pm 120A; SCIEX) and 15cm x 75um nano cHiPLC columns
(ChromXP™ C18-CL 3 um 120 A) were used. Multiphase LC-MS/MS
using a prototype multiphase trap chip was conducted as
described previously®? using a TripleTOF 5600 mass spectrometer
(SCIEX) and 80 min acetonitrile gradients.

LC-MS/MS analysis for tissue samples were performed on an
Ekspert NanoLC 400 with cHiPLC system (SCIEX) coupled to a
TripleTOF 6600 mass spectrometer (SCIEX). In RP LC-MS/MS mode,
a 200 um x 0.5 mm nano cHiPLC trap column and 15 cm x 200 um
nano cHiPLC columns (ChromXP™ C18-CL 3 um 120 A) was used
with 140 min ACN gradients.

For data dependent MS/MS acquisition, 20 most intense m/z
values exciding a threshold >150 counts per second on the
TripleTOF 5600 (cps) and 250 cps on the TripelTOF 6600 with
charge stages between 2+ and 4+ were selected for analysis from
a full MS survey scan and excluded form analysis for 20s to
minimize redundant precursor sampling.

In data independent acquisition m/z windows of 12.5 Da were
used over a range of 400-1250 m/z on the TripleTOF 5600 and a
100 variable window method over a range of 400-1250 m/z on the
TripleTOF 6600 with window sizes based on precursor densities in
the LC-MS/MS acquisition. Collision energies were calculated for 2
+ precursors with m/z values of lowest m/z in window +10% of
the window width. The data were acquired over an 80 min ACN
gradient.

Selected reaction monitoring (SRM) of peptides selected from
SWATH-MS acquisitions were carried out on a QTRAP® 5500
(SCIEX) with NanoAcquity UPLC system (Waters). Peptides were
injected onto a 180 um x 2 cm Symmetry trap (Waters; C18 5 um



120A) and separated on a 100umx10cm BEH130 column
(Waters; 1.7 um C18 120A). After targeted peptide transition
optimization and retention time scheduling, 96 transitions were
targeted over a 30 min gradient from 1 to 50 % of 99.9% ACN and
1% FA.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium®® via the PRIDE partner
repository with the dataset identifier PXD002725 for in-vitro study
and PXD007083 for human tissue specimen study.

Protein identification

Spectral libraries for SWATH-MS quantitation were generated with
ProteinPilot™ software 5.0 using the Paragon™ algorithm (SCIEX)
in the thorough ID mode including biological modifications and
chemical modifications. MS/MS data were searched against the
human UniProt database (release February 2016, 20198 entries)
with carbamidomethyl as a fixed modification for cysteine
residues. An Unused Score cut-off was set to 0.05 and the FDR
analysis was enabled.

Data analysis

Generated Paragon group files were imported into PeakView™
software 2.1 using the SWATH MicroApp 2.0 (release 25/08/2014)
to generate a sample specific spectral library which was matched
against SWATH-MS data. After retention time calibration with
endogenous peptides, data were processed using following
processing settings; 100 maximal peptides per protein, maximal
6 transitions per peptide, peptide confidence threshold of 99%,
transition false discovery rate <1%, 5 min extraction window and
fragment extraction tolerance of 75 ppm. Transition, peptide and
protein areas of processed data were exported. Protein areas were
log2 transformed and normalized by subtracting median protein
areas per sample (Supplementary Fig. S1) and were further
analyzed using Perseus software version 2.5 to perform principal
component analysis, Student’s T-test analysis with permutation
based multi-variant testing and hieratical clustering.

SRM data were processed using Skyline software version 2.5.
After manual validation of transition peak integration, quantifier
peptide peak areas were exported and CVs and peak area rations
were calculated.

Patient clinical data and gene expression data from genomic data
commons

We downloaded patient clinical information and gene expression
data from lllumina mRNA sequencing of melanoma specimens
submitted by the Westmead Hospital, University of Sydney,
Australia to the NIH Genomic Data Commons as part of the Skin
Cutaneous Melanoma project with the case submitter identifier
TCGA-EE- from the TCGA-SKCM project. To compare with the
proteomics data, data from AJCC Stage Il specimens with either
BRAF or NRAS mutations were used (n=69). Survival time from
surgery to last follow up and vital status were extracted. Individual
files per patient containing fragments per kilobase of transcript per
million mapped reads (FPKM) normalized gene transcripts were
combined and transcriptional levels of ICAM-1, PMEL, and ITGAV
were extracted. Values were log2 transformed and each gene
was normalized by its mean gene transcript level across all patients.

RESULTS

Melanoma cell lines
Nine genotyped cutaneous AJCC Stage Il early passage
melanoma cell lines were selected which broadly represents
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common clinically relevant mutations in the MAPK pathway
(Supplementary Table 1).** Three cell lines possessed an
activating NRAS mutation (Q61K/L) (C002, C054, and C096),
three possessed BRAF V600E/K mutations (C078, C088, and
C045), and three cell lines were wild type for BRAF and NRAS
(C037, C052, and C084). We also tested the cell line D22M
obtained from an AJCC Stage IV patient which had mutations in
both BRAF V600K and MEK1 P124L.

Phenotyping of melanoma cell lines by SWATH mass spectrometry
The protein expression phenotypes of these melanoma cell lines
were investigated by SWATH data independent quantitative mass
spectrometry.?® This workflow necessitated the development of a
reference peptide spectral ion library which we generated by
profiling the melanoma cell lines by on-line 2D-LC-MS/MS
combining strong cation exchange and reversed phase chroma-
tography in a liquid chromatography-chip format, as described
previously.® The peptide spectral data were searched against the
human UniProt database to create a melanoma-derived peptide
ion library representing 27,908 peptides from 3209 proteins.
Separately, three biological replicates of each of the nine
melanoma cell lines were profiled by SWATH-MS using 1h LC-
MS data acquisition time. We extracted peptide fragment ion peak
areas (false discovery rate <1%) and summed these to the protein
level, enabling relative quantitation of 2265 proteins across all ten
melanoma cell lines and replicates. Unsupervised hierarchical
clustering (Fig. 1a) and principal component analysis (PCA) (Fig. 1b)
based on basal protein expression identified two distinct sample
groups. Interestingly, segregation of these groups was not based
on BRAF or NRAS genotype.

Melanoma cell line sensitivity to MEK inhibition

Since SWATH-MS protein phenotyping did not discriminate the
melanoma cell lines based on mutational genotype, we investi-
gated this by screening for response to the MEKi selumetinib
(AZD6244) which has been shown to be effective in controlling
downstream ERK phosphorylation in BRAF and NRAS mutant
tumors (Fig. 1¢).”” We observed an association with the
unsupervised grouping seen in Fig. 1a, b, in that these 6 cell
lines were the most sensitive to 2 uM selumetinib after 10 days
(average 26 + 12% viable cells). C078 was the most resistant (97%
viability), while C084, C096, and D22M showed strong to partial
resistance (Fig. 1d). Therefore, basal protein expression levels from
early passage Stage lll derived melanoma cells was sufficient to
approximate the in vitro response to the ATP-competitive MEK
inhibitor, selumetinib and this was unrelated to BRAF/NRAS
mutational genotype.

Biological processes associated with with in vitro response to MEK
inhibition
To identify changes in biological processes that account for
differential sensitivity to MEK inhibition in these cells, we
correlated normalized SWATH protein areas with MEKi cell
viability. The average Pearson correlation (PC) for all SWATH
protein areas was PC = —0.02 with a standard deviation 0 = 0.37,
thus proteins with PC> 20 were considered as highly relevant.
Using these criteria, 38 proteins positively correlated with MEKi
resistance (PC = 0.75), while 27 proteins were negatively correla-
tion with MEKi resistance (PC < —0.75) (Fig. 2 and Supplementary
Fig. S2 and Supplementary Table S3). We considered these 63
proteins as key participants in defining metastatic melanoma
growth and survival in the presence of selumetinib.

To confirm the SWATH-MS results, 33 peptides from 18 proteins
were selected for independent analysis using a targeted MS
method, SRM-MS?® (Supplementary Table S4). We selected these
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a Unsupervised hierarchical clustering of normalized and z-score transformed SWATH-MS protein peak areas; * classification based on

10 day MEK inhibition cell viability. b 2D PCA projection of melanoma cell lines based on SWATH-MS protein peak areas identifies two clusters.
c Concentration response curves of the ten melanoma cell lines after ten-day exposure to MEK inhibitor selumetinib (AZD6244). d Cell viability
after 10 day exposure to 2 uM selumetinib (MEKi). Orange—nominal MEKi resistant, Blue—nominal MEKi sensitive based on PCA clusters

proteins to represent those which highly correlated with MEKi
response in the cell lines and spanned to proposed biological
functions described below. This analysis confirmed the reliability
of the global SWATH-MS dataset (Supplementary Table S4 and
Supplementary Fig. S3).

Protein expression levels which positively correlated with MEKi
resistance were those mainly involved in cell motility (e.g.
caldesmon and tropomyosin alpha-4 chain), cell adhesion and
cell-cell/matrix communication (e.g., integrin alpha-V (ITGAV),
integrin beta 1 (ITB1), CD44) and cytoskeletal organization (e.g.,
fascin 1 (FSCN1), Ras-related protein R-Ras (RRAS) and vinculin
(VINC)). Reduced expression levels of proteins associated with
MEKi resistance (negative correlations) were observed for those
involved in fatty acid biosynthesis including fatty acid synthase
(FAS) and the mitochondrial medium-chain specific acyl-CoA
dehydrogenase (ACADM). Similar negative correlations were
found for some proteins responsible for melanin biosynthesis
and melanosome maturation such as melanocyte protein PMEL,
melanoma antigen recognized by T-cells 1 (MART1),
microphthalmia-associated transcription factor (MITF), tyrosinase
(TYRO) and D-dopachrome decarboxylase (DOPD). The change in
levels of the molecular drivers for cell pigmentation was

consistent with the appearance of cell lysates.

MEKi response phenotype in melanoma tissue

To establish whether the proteins associated with the MEKi
response phenotype could be detected directly in patient tumors,
we examined 32 specimens (16 BRAF, 15 NRAS, 1 BRAF/NRAS wild
type; Supplementary Table 2) where survival time was defined as
“good” or “poor”. The specimens annotated as “good” were from
patients with >4 years survival (n = 18, mean post biopsy survival
107.5 months with 14 patients alive on last follow-up), and those
as “poor”, from patients with mean melanoma specific survival of
<6.7 months (n=14). We used the SWATH library established
from melanoma cell lines to measure protein expression in these
tissue specimens, allowing 1877 proteins to be quantified among
all 32 tissue samples (Supplementary Table S5 and Supplementary
Fig. S4). PCA analysis based on the expression levels of all 1877
proteins did not cluster specimens by BRAF/NRAS genotype, nor
“good/poor” survival. Greatest variance which was observed by
the first principal component stratified tumors due to the
abundance of invading neutrophils, with neutrophil gelatinase-
associated lipocalin, neutrophil defensin 3, myeloperoxidase, anti-
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microbial proteins cathepsin G, Lysozyme C, lactotransferrin and
azurocidin, and S100 proteins A8 and A9 showing the highest
positive loading (Fig. 3a). The second principle component
however separated the tumors according to proteins associated
with melanocyte differentiation (highest negative loading for
PMEL, transmembrane glycoprotein NMB, G-protein coupled
receptor 143 and CD63) (Fig. 3a). Hence, FDR corrected two
sample T-test analysis (g-value <0.1 and fold change >2-fold)
(Fig. 3b) was performed comparing tumors with negative principal
component 2 (PC2) projections to tumors with positive PC2
projections (Fig. 3c). Proteins identified in higher abundance in the
tumors with negative PC2 were involved in melanogenesis, for
example, PMEL (which negatively correlated with the MEKi
resistance phenotype in cell lines) and proteins with lower
abundance were those which positively correlated with the MEKi
resistance phenotype observed in melanoma cell lines (i.e., Fascin
1, PDLIM5, PDLIM?7, and Zyxin) (see Fig. 2 and Supplementary
Figure S3). Therefore, we conclude that protein expression
phenotypes established from fresh-frozen melanoma specimens
resemble those observed in melanoma cells lines which correlated
with in vitro selumetinib response.

Abundance of ICAM-1 and ITGAV are associated with patient
survival

As high PMEL appears to be a feature of sensitivity to MEKi it was
of interest to examine the prognostic utility of this protein in
melanoma tissue specimens. We observed a range of PMEL
abundance levels in various lymph node tumor tissues (mean 7-
fold difference, Supplementary Table S6), however, PMEL expres-
sion alone was not associated with differences in post-surgery
MSS (p =0.98, Fig. 4a), nor was BRAF/NRAS genotype (p=0.69,

Fig. 4b). To search for other proteins with greater prognostic
utility, two-sample T-tests comparing “good” versus “poor” post-
surgery survivors was performed (Supplementary Table 5).
Patients with poor survival showed reduced expression of
intercellular adhesion molecule 1 (ICAM-1, also known as CD54,
p = 3.4e—4, 2.2-fold, Fig. 4c, d) and Kaplan-Meier survival analysis
revealed significant MSS advantage (p =8e—4, HR=6.0, 95% Cl
2.1-17.6, Table 1) for patients with high ICAM-1 protein expression
(Fig. 5a). Interestingly, patients with low ICAM-1 levels had a
higher metastatic burden, with 81% of these patients developing
distant metastases compared to 37.5% for patients with high
ICAM-1 levels. We further noted that the expression of ICAM-1 in
de-differentiated tumors, defined as those with low PMEL
expression (Supplementary Table 5), was a highly significant
prognostic factor, where low ICAM-1 expression correlated with
diminished MSS (p <0.0001, HR 25.1, 95% Cl 6.0-104.6) with
median survival of 8.4 months (n = 10) for low ICAM-1 expression
compared with an estimated 128.4 months (n = 9) for high ICAM-1
expression (Fig. 5b). In contrast, in pigmented melanoma (i.e.,
differentiated with high PMEL expression) (Supplementary
Table S5), ICAM-1 alone was not statistically different between
good or poor post-surgery survivors (Student’s T-test p = 0.56),
however, low ICAM-1 expression and high expression of the
vitronectin receptor integrin alpha-V (ITGAV, CD51) were prog-
nostic for very short median MSS of 1.4 months (Fig. 5¢). We note
that ITGAV was in our panel of response markers of MEKi
resistance. Interestingly, this phenotype coincided with lower
expression of beta catenin (4.9-fold), RAB27A (2.2-fold) and the
methyltransferase-like protein 9 (METL9, 15-fold). There were four
tumors with low expression of ITGAV in low ICAM-1 pigmented
specimens and these patients showed a median survival of
51.1 months. In the pigmented tumors where high ICAM-1 is
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maintained, MSS was independent of ITGAV (Student’s T-test p =
0.33) and a median survival of 33.2 months (n = 6) was observed.

We further assessed the prognostic value of the three markers
for relapse free survival (RFS) (Supplementary Table S7) which
demonstrated favorable outcomes RFS for high ICAM-1 protein
levels in the 26 AJCC Stage Il patients who were disease free after
surgery (p < 0.0001, Supplementary Fig. S5a). This RFS for ICAM-1
was also observed when we grouped patients based on PMEL
status, with higher ICAM-1 expression being advantageous (p <
0.0001, Supplementary Fig. S5b). In PMEL low tumors, disease free
survival was not associated with ICAM-1 and ITGAV levels,
(Supplementary Fig. S5c).

Survival based on RNA transcript level is consistent with SWATH-
MS based prognosis in NRAS/BRAF mutant melanoma

We sort to validate the proteomic prognostic biomarkers by
examining ICAM-1, PMEL, and ITGAV mRNA transcript levels from
69 AJCC Stage Il melanoma tissue specimens with either BRAF
V600E/G/K/R or NRAS Q61H/K/R mutations that were submitted to
TCGA and subsequently extracted from the NIH Genomic Data
Commons database using the TCGA-SKCM EE cases identifier
(https://portal.gdc.cancer.gov/projects/TCGA-SKCM).  (Fig. 5d-f,
and Supplementary Table S8). Kaplan-Meier survival analysis
based on gene transcript levels showed similar trends as observed
for SWATH-MS protein level measurements (Fig. 5a—c), confirming
that higher ICAM-1 transcript or protein showed a survival
advantage (Table 1). Further, analysis of mRNA transcript levels
for all 202 BRAF or NRAS mutant AJCC Stage Ill specimens in the

larger TCGA-SKCM dataset confirmed this finding (Supplementary
Fig. S6).

Further subgrouping of the TCGA-EE dataset based on
pigmentation status assessed from PMEL transcript level also
confirmed longer survival of patients with low pigmented
specimens and high ICAM-1 levels (p = 0.008, n = 26; Fig. 5e). In
pigmented specimens, the prognostic associations measured by
SWATH-MS were consistent with those based on gene transcript
levels, with significant survival benefit associated with low ITGAV
in pigmented, ICAM-1 low tumors (p <0.0001, HR =22.5, n=21;
Fig. 5f). In high ICAM-1 compared with low ICAM-1 pigmented
tumors, the ITGAV transcript level was not prognostic.

Finally, we observed that in the 18 cases with wildtype NRAS/
BRAF from the TCGA-EE dataset, ICAM-1 mRNA transcript level was
not a prognostic factor (Supplementary Fig S7).

DISCUSSION

In this study, we demonstrated that mass spectrometry-based
protein profiling of early passage cell lines derived from Stage llI
cutaneous melanoma patients growing under basal conditions
displayed a protein expression pattern that correlated with in vitro
response to selumitinib, but was not correlated with NRAS/BRAF
genotype. This observation is consistent with the clinical
experience that not all BRAF-mutant melanomas are sensitive to
BRAF inhibition or MEKi'' and suggests that response to MAPK
pathway blockade is reflected in the expression of particular
proteins. In contrast, the NRAS/BRAF genotype was not a predictive
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factor in determining in vitro cell response to MEKi, nor patient
prognosis. Gene ontology based descriptions of the biological
functions linked to these proteins finds involvement in cell
motility, adhesion, cytoskeletal architecture, fatty acid metabolism
and melanosome maturation.

It is well established that there are several mechanisms in
melanoma that result in a poor initial and/or durable response to
kinase inhibitor therapy.?® So far, the majority of these studies
focus on MAPK and other complementary signaling pathways able
to maintain or switch between a proliferative or invasive state in
response to targeted inhibition of key effectors.'>'%3%3! Here, we
demonstrated that the growth response to MEKi in early cultures
of Stage Illl melanoma cells depends on intrinsic global protein
expression programs that provide distinct cellular states that are
independent of NRAS/BRAF mutation or prior exposure to MEKi.
Intrinsic  resistance to inhibitors has been observed pre-
viously'®3233 and linked to tumor stromal plasticity or transcrip-
tional programs that reflect metastatic potential, or dependence
on MAPK pathway activation. We observed a proteomic profile for
response to MEKi that positively correlated with the expression of
microphthalmia-associated transcription factor (MITF) which is
often found to be suppressed in BRAF V600 mutated cells.*
Depending on the expression level, MITF can act in a pro-growth
(low) or anti-proliferative (high) manner. We observed MITF
expression to be low in MEKi resistant cells and confirmed that
its translational activity is impinged as evidenced by the low
expression of several melanosomal proteins that are targets of
MITF transcriptional activity (Supplementary Table S9).

Alongside the expression of the MITF transcriptional network,
the unbiased measure of the proteome provided by SWATH-MS
identified other proteins correlated with intrinsic resistance to
MEK:i in cell lines. We observed positive correlations with intrinsic
MEKi resistance within a network of ECM and cytoskeletal proteins
involved in motility and cell adhesion, several of which have been
previously associated with invasiveness in melanoma.”® One of

these proteins the hyaluronic acid receptor, CD44, is a cell surface
transmembrane protein found elevated in melanoma metas-
tases.>>*® (D44 receptor stimulation by ECM components
contributes to matrix adhesion, migration, growth promotion,
and cell survival in several cancers including melanoma.?”~3°
Isoforms of CD44 are known to orchestrate multiple phenotypes in
melanoma altering in expression through cleavage and splicing in
response to extracellular or environmental signaling.**=*> ECM
signaling through CD44 involves the receptor complexes ERBB4/
HER and HGF/C-met that signal through RAS, Rho/rac, MAPK, and
AKT pathways to promote tumorigenicity.”*** In melanoma cells,
metabolic plasticity can provide cellular states that aid tumor
progression and provide survival mechanisms in response to
microenvironmental changes and drug therapy.”® For example,
intrinsic sub-populations of slow cycling metabolically distinct
cells that facilitate multi-drug resistance (e.g., proteasome inhibi-
tion or MAPK pathway inhibition) exhibit increased oxidative
phosphorylation (OXPHOS).*® Our data suggests that reduced
biosynthesis of fatty acids associated with low expression of FAS
and ACADM is an intrinsic property of MEKi resistant melanoma
cells. FAS is well-known as an oncogene expressed in rapidly
dividing tumors.*” Whilst the majority of variation in the proteome
measured by SWATH-MS reflected an expression gradient that
correlated with MEKi response, further sub-stratification of tumor
cells was also possible. For example, the MEKi resistant cell lines
C078 and C096 exhibited high expression of proteins Cav-1, PRTF,
and BASP1 indicating a cellular phenotype with higher amounts of
lipid-raft membrane micro-domains. Lipid rafts containing Cav-1
and the intergrins ITGAV and ITB1 (also found elevated in MEKi
resistant cells) can lead to signaling through the PI3K/AKT axis*®
and provide alternative pro-growth signals independent of MAPK
pathway.

The identification of MEKi sensitive phenotypes from Stage I
tumors (33% of good survivors and 43% in poor survivors), which
among others include changes to melanogenesis (higher PMEL
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Post-surgery survival analysis of AJCC Stage Ill/IV melanoma specimens investigated by SWATH-MS and downloaded from publicly available transcript data sets grouped based on presence

Table 1.

and absence of ICAM-1, PMEL, and ITGAV

SWATH-MS proteins TCGA-SKCM; EE cases—mRNA transcripts

Expression of marker

Median survival (months) p-value Hazard ratio 95% Cl  Median survival (months)

p-value Hazard ratio 95% Cl

21.6vs.47.5
1.6-22.2 22.9vs.55.9
5.5-90.8 9.7vs.69.1

9.7vs.44.2

2.3-25.1
0.2 - 1.8 69.1vs.44.2

1.3-3.8

59
0.6

2.2
<0.0001 22.5
0.0008 7.6

0.0046
0.376

0.008

2.1-17.6  8.2vs.109.1
6.0-104.6 8.4vs.128.4
1.8-235.0 1.4vs.51.1
1.2-85.2 1.4vs.33.2
0.02-1.5 51.1vs.33.2

6.0
25.1
20.8
9.9
0.2

0.0008
<0.0001

ow, PMEL high, ITGAV highvs.ICAM-1 low, PMEL high, ITGAV low 0.014
0.036
0.113

ow, PMEL high, ITGAV highvs.ICAM-1 high, PMEL high
ow, PMEL high, ITGAV lowvs.ICAM-1 high, PMEL high

ow, PMEL lowvs.ICAM-1 high, PMEL low

owvs.ICAM-1 high

expression and other melanosome specific proteins) suggests this
phenotype may have utility for rationale selection of MEKi
sensitive patients. However, when we tested the utility of the
combined in vitro MEKi response panel of all 63 proteins to predict
post-surgery survival in untreated patients the association failed.
Nonetheless, univariate analysis clearly illustrated the prognostic
value of ICAM-1 for MSS in NRAS/BRAF melanoma (Fig. 5), where
reduced expression is associated with worst survival, a finding that
has not been widely reported in melanoma. We further revealed
the prognostic utility of combining ICAM-1 expression with the
differentiation marker PMEL and the cell adhesion protein ITGAV
for more specific prognostication of molecular subtypes.

Our analysis focused on melanoma cases driven by mutation of
NRAS/BRAF genes as these are the most prevalent driver mutations
in melanoma.'? When we examined the smaller number of
wildtype NRAS/BRAF cases in the TCGA-SKCM dataset it was
interesting to note that ICAM-1 mRNA transcript levels were not
prognostic (Supplementary Fig. S7), directly contrasting the
situation in NRAS/BRAF mutated melanoma where this marker is
a strong prognosticator. We speculate that the differentiation
status of wildtype NRAS/BRAF melanomas impacts on the
prognostic utility of ICAM-1, as more than three quarters of the
wildtype NRAS/BRAF tumors had high PMEL levels and thus were
derived from well differentiated melanocytes. As we discovered in
the NRAS/BRAF mutant tumors derived from well differentiated
melanocytes (high PMEL), ICAM-1 expression alone was not a
biomarker, with prognosis requiring consideration of ITGAV
expression in these tumors (Fig. 5f). Insufficient cases were
available to assess ITGAV transcripts as a biomarker in wildtype
NRAS/BRAF melanoma.

There remains confounding information on the relationship of
ICAM-1 expression and prognosis in a range of cancers. In a study
on non-Hodgkin’s lymphoma, improved survival was observed for
patients with relatively high ICAM-1 expression,* as was the case
in breast cancer where ICAM-1 was associated with low growth
potential and negative lymph nodes involvement.*® In contrast,
high levels of the soluble ICAM-1 (sICAM-1), which acts as an
antagonist of ICAM-1 functions, has been identified in patients
with higher tumor burden and faster progressing tumors in
colorectal, gastric cancer and diffused large B-cell lymphoma.>' >3
It has been well established that ICAM-1 binding to lymphocyte
function-associated antigen 1 (LFA1) regulates cytotoxic T
lymphocytes (CTLs) cytotoxicity.>® In support of our findings,
Anastassiou and colleagues®® reported that the loss of ICAM-1 in
uveal melanoma was associated with increased risk of metastasis
5 years beyond diagnosis. Hamai and colleagues®® demonstrated
that reduced susceptibility of metastatic melanoma to CTL lysis is
linked to down-regulation of ICAM-1 expression. One interpreta-
tion of the improved prognosis seen in our study of patients with
higher ICAM-1 is that these tumors interface with immune
surveillance, contributing in part to controlling metastasis and
hence prolonging survival.

Poor survival in patients with poorly differentiated (low PMEL
expression) tumors was linked with low ICAM-1 expression
(median post-surgery survival 8.4 months, HR = 25.1, p <0.0001),
and this was confirmed based on the mRNA transcript level in a
separate dataset (Fig. 5; Table 1). It was noteworthy that these
specimens also showed relatively high levels of ITGAV (Supple-
mentary Fig. S8). ITGAV was also highly expressed in the group
with poorest survival in pigmented tumors (see below). The loss of
ICAM-1 in melanoma cells, which has been used to distinguish
between primary and metastatic melanoma, promotes PI3K/AKT
signaling and thereby protection from lysis by melanoma antigen
probed CTLs, however, treatment with interferon gamma can
induce ICAM-1 expression on these metastatic melanomas and
reestablish susceptibility to CTL lysis.>® It is tantalizing to suggest
that interferon gamma treatment to prime CTLs, coupled with
immunotherapy may be a useful approach to treat melanoma
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Fig. 5 Kaplan-Meier patient survival plot (n = 32) based on SWATH-MS protein area of (a) ICAM-1 alone, b ICAM-1 in dedifferentiated tumor
specimen (low PMEL expression) and ¢ ICAM-1 and ITGAV in differentiated tumor specimen (high PMEL expression). Kaplan-Meier patient
survival plot of 69 AJCC Stage Il tumor specimens in the GDC database (TCGA-SKCM; EE annotated cases) based on FPKM normalized
transcription level of (d) ICAM-1 alone, e ICAM-1 in dedifferentiated tumor specimens (low PMEL expression), and f ICAM-1 and ITGAV in

differentiated tumor specimens (high PMEL expression)

patients with low ICAM-1 and low PMEL expression. This is
because patients with this phenotype have been shown here to
have very short survival and since low PMEL expression is one of
the driving factors of the ‘MEKi resistant’ phenotype observed
in vitro, these patients would most likely not have benefited from
MEK kinase inhibition treatment alone.

In pigmented metastatic tumors, high expression of ITGAV in
specimens possessing low ICAM-1 was associated with dismal
survival (median post-surgery survival 1.4 months, HR=20.0,
p =0.014). Similar survival trends were also observed for this
molecular phenotype using the TCGA-SKCM dataset mRNA
transcript level information of Stage Il NRAS/BRAF melanoma
specimens (Fig. 5; Table 1). High ITGAV expression along with high
integrin alpha-3 and alpha-6 subunits measured by immunohis-
tochemistry, has previously been associated with reduced survival
in colorectal cancer.>’ The ICAM-1 low, ITGAV high phenotype
seen here in pigmented melanoma that is associated with dismal
survival coincided with the loss of RAB27A, a protein involved in
melanosome transport and excretion. RAB27A expression corre-
lates with melanosome maturation, with lowest levels in stage |
and highest in stage IV melanosomes.”® Low levels of RAB27A
seen in tumors with high PMEL expression suggests malfunction-
ing melanosome maturation and stagnation in the early stages
I-Il. Interestingly, high levels of stage |-l melanosomes have
been linked to cisplatin resistance in highly pigmented MNT-1
melanoma cells due to drug trapping inside the melanosomes.>®
In our study of metastatic melanoma specimens, disrupted
melanin production was associated with poor patient survival; if
validated in earlier stage disease in a larger patient cohort, these

markers of stagnating melanosome maturation (high ITGAV
expression in high PMEL-expressing tumors and the loss
of RAB27A) might indicate a causative role for this phenotype of
poor survival. Since these tumors still have protein hallmarks
of the MEKi sensitive phenotype observed in the cell line cohort,
these patients might have benefitted from treatment with MEKi
drug therapy if it had been available at the time of their diagnosis.
Importantly, patient selection based on PMEL/ITGAV expression
could be particularly relevant given promising preliminary
approaches of combining MAPKi with anti-PD-L1/PD-1
immunotherapy.5°¢!

This study has demonstrated the value of protein phenotyping
of in vitro cell line models and patient tissue from lymph node
melanoma metastases to inform likelihood of response to MEKi. In
cell lines treated with selumitinib NRAS/BRAF genotype was not
useful in predicting drug response. We then assessed the use of
specific protein expression biomarkers in NRAS/BRAF metastatic
tissue specimens for prognostication, which identified a three
biomarker panel that showed clear associations with survival at
both mRNA transcript and protein level (Fig. 5). The SWATH-MS
screening approach that we carried-out is arguably more rapid
than IHC detection used in pathology laboratories. Taking
approximately 1h to acquire MS data per sample, SWATH-MS
has the utility to catalog every patient sample/cell line collected in
the clinic®® and when combined with measures of disease
phenotype may identify specific profiles or correlates to aid
clinical decision making in support of personalized treatments.
Currently, tissue biopsy and phenotypic classification of mela-
noma is based upon morphology (Breslow tumor thickness, tumor
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ulceration) and metastatic involvement of lymph nodes. This
information is used to indicate prognostic outcome and informs
clinical treatment regimens. More recently, targeted gene muta-
tion analysis or genome sequencing has been useful in selecting
patients for specific kinase inhibitor therapy. Whilst genotyping
has its place, it does not fully capture the complexity and
heterogeneity of the disease process and is ultimately limited
when treating a disease of high plasticity as seen in melanoma.
Our study and others'>%18334663°65 (laarly demonstrate the
power of protein/gene expression profiling in revealing the
molecular links underpinning different melanoma phenotypes
and expanding the use of these tools into large cohorts holds
potential to unlock more therapeutic regimens based on
molecular landscapes.

ACKNOWLEDGEMENTS

MPM acknowledges funding support from Cancer Institute NSW through Research
equipment grants and funding of Sydney Vital Translational Cancer Research Centre.
The authors are grateful to Antonia Pritchard, Jane Palmer and Chris Schmidt for their
technical support. Aspects of this research were conducted at the Australian
Proteome Analysis Facility facilitated by the Australian Government’s National
Collaborative Research Infrastructure Scheme.

AUTHOR CONTRIBUTIONS

CK. and R.P. produced and analyzed proteomic data. CK. and D. P. conducted
bioinformatic analyses. N.KH, JSW., J F.T, RAS. contributed specimens and data.
N.KH., GJ.M, GV.L, RAS. supported design and planning. CK, R.P., M.P.M. conceived
and designed the study. M.P.M. directed the study. C.K. and M.P.M analyzed data and
wrote the manuscript. All authors reviewed the manuscript.

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium?® via the PRIDE partner repository with the dataset identifier
PXD002725 for in-vitro study and PXD007083 for human tissue specimen study.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-018-0227-2.

Ethics approval and consent to participate:: The fresh-frozen melanoma tumor
samples were obtained from the Melanoma Institute Australia Biospecimen Bank,
accrued with written informed patient consent and approved by Institutional Review
Board (Sydney South West Area Health Service institutional ethics review committee
(Royal Prince Alfred Hospital (RPAH) Zone) Protocol No. X08-0155/HREC 08/RPAH/
262, No. X11-0023/HREC 11/RPAH/32, and No. X07-0202/HREC/07/RPAH/30). This
study was performed in accordance with the principles of the Declaration of Helsinki.

Competing interests: The authors declare no competing interests.

Note: This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

REFERENCES

1. Akbani, R. et al. Genomic classification of cutaneous melanoma. Cell 161,
1681-1696 (2015).

2. Hayward, N. K. et al. Whole-genome landscapes of major melanoma subtypes.
Nature 545, 175 (2017).

3. Kunz, M. The genetic basis of new treatment modalities in melanoma. Curr. Drug
Targets 16, 233-248 (2015).

4. Luke, J. J, Flaherty, K. T, Ribas, A. & Long, G. V. Targeted agents and immu-
notherapies: optimizing outcomes in melanoma. Nat. Rev. Clin. Oncol. 14,
463-482 (2017).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Solit, D. B. et al. BRAF mutation predicts sensitivity to MEK inhibition. Nature 439,

358-362 (2006).

. Menzies, A. M. et al. Clinicopathologic features associated with efficacy and long-

term survival in metastatic melanoma patients treated with BRAF or combined
BRAF and MEK inhibitors. Cancer 121, 3826-3835 (2015).

. Long, G. V. et al. Combined BRAF and MEK inhibition versus BRAF inhibition alone

in melanoma. New Engl. J. Med. 371, 1877-1888 (2014).

. Robert, C. et al. Improved overall survival in melanoma with combined dabra-

fenib and trametinib. New Engl. J. Med. 372, 30-39 (2015).

. Larkin, J. et al. Combined vemurafenib and cobimetinib in BRAF-mutated mela-

noma. New Engl. J. Med. 371, 1867-1876 (2014).

. Long, G. V. et al. Factors predictive of response, disease progression, and overall

survival after dabrafenib and trametinib combination treatment: a pooled ana-
lysis of individual patient data from randomised trials. Lancet Oncol. 17,
1743-1754 (2016).

. Solit, D. B. & Rosen, N. Resistance to BRAF inhibition in melanomas. New Engl. J.

Med. 364, 772-774 (2011).

. Emery, C. M. et al. MEK1 mutations confer resistance to MEK and B-RAF inhibition.

Proc. Natl Acad. Sci. USA 106, 20411-20416 (2009).

. Van Allen, E. M. et al. The genetic landscape of clinical resistance to RAF inhibition

in metastatic melanoma. Cancer Discov. 4, 94-109 (2014).

. Poulikakos, P. I. et al. RAF inhibitor resistance is mediated by dimerization of

aberrantly spliced BRAF(V600E). Nature 480, 387-390 (2011).

. Rizos, H. et al. BRAF inhibitor resistance mechanisms in metastatic melanoma:

spectrum and clinical impact. Clin. Cancer Res. 20, 1965-1977 (2014).

. Long, G. V. et al. Increased MAPK reactivation in early resistance to dabrafenib/

trametinib combination therapy of BRAF-mutant metastatic melanoma. Nat.
Commun. 5, 5694 (2014).

. Meacham, C. E. & Morrison, S. J. Tumour heterogeneity and cancer cell plasticity.

Nature 501, 328-337 (2013).

. Straussman, R. et al. Tumour micro-environment elicits innate resistance to RAF

inhibitors through HGF secretion. Nature 487, 500-504 (2012).

. Wilson, T. R. et al. Widespread potential for growth-factor-driven resistance to

anticancer kinase inhibitors. Nature 487, 505-509 (2012).

Bittner, M. et al. Molecular classification of cutaneous malignant melanoma by
gene expression profiling. Nature 406, 536-540 (2000).

Sensi, M. et al. Human cutaneous melanomas lacking MITF and melanocyte dif-
ferentiation antigens express a functional Ax| receptor kinase. J. Invest. Dermatol.
131, 2448-2457 (2011).

Konieczkowski, D. J. et al. A melanoma cell state distinction influences sensitivity
to MAPK pathway inhibitors. Cancer Discov. 4, 816-827 (2014).

Gillet, L. C. et al. Targeted data extraction of the MS/MS spectra generated by
data-independent acquisition: a new concept for consistent and accurate pro-
teome analysis. Mol. Cell. Proteom. 11, 016717 (2012). O111.

Dutton-Regester, K. et al. A high-throughput panel for identifying clinically
relevant mutation profiles in melanoma. Mol. Cancer Ther. 11, 888-897 (2012).
Vizcaino, J. et al. The PRoteomics IDEntifications (PRIDE) database and associated
tools: status in 2013. Nucleic Acids Res. 41, D1063-D1069 (2013).

Krisp, C., Yang, H., van Soest, R. & Molloy, M. P. Online peptide fractionation using
a multiphasic microfluidic liquid chromatography chip improves reproducibility
and detection limits for quantitation in discovery and targeted proteomics. Mol.
Cell. Proteom. 14, 1708-1719 (2015).

Adjei, A. A. et al. Phase | pharmacokinetic and pharmacodynamic study of the
oral, small-molecule mitogen-activated protein kinase kinase 1/2 inhibitor
AZD6244 (ARRY-142886) in patients with advanced cancers. J. Clin. Oncol. 26,
2139-2146 (2008).

Lange, V., Picotti, P., Domon, B. & Aebersold, R. Selected reaction monitoring for
quantitative proteomics: a tutorial. Mol. Syst. Biol. 4, 222 (2008).

Pritchard, A. L. & Hayward, N. K. Molecular pathways: mitogen-activated protein
kinase pathway mutations and drug resistance. Clin. Cancer Res. 19, 2301-2309
(2013).

Hugo, W. et al. Non-genomic and immune evolution of melanoma acquiring
MAPKi resistance. Cell 162, 1271-1285 (2015).

Wagle, N. et al. MAP kinase pathway alterations in BRAF-mutant melanoma
patients with acquired resistance to combined RAF/MEK inhibition. Cancer Discov.
4, 61-68 (2014).

Hoek, K. S. et al. Metastatic potential of melanomas defined by specific gene
expression profiles with no BRAF signature. Pigm. Cell Res. 19, 290-302 (2006).
Nazarian, R. et al. Melanomas acquire resistance to B-RAF(V600E) inhibition by
RTK or N-RAS upregulation. Nature 468, 973-977 (2010).

Wellbrock, C. et al. Oncogenic BRAF regulates melanoma proliferation through
the lineage specific factor MITF. PLoS ONE 3, e2734 (2008).

Birch, M., Mitchell, S. & Hart, I. R. Isolation and characterization of human mela-
noma cell variants expressing high and low levels of CD44. Cancer Res. 51,
6660-6667 (1991).


https://doi.org/10.1038/s41416-018-0227-2
https://doi.org/10.1038/s41416-018-0227-2

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

Korabiowska, M. et al. CD-44: a marker of metastases of head and neck mela-
nomas. in vivo 9, 253-256 (1995).

Knutson, J. R, lida, J, Fields, G. B. & McCarthy, J. B. CD44/chondroitin sulfate
proteoglycan and alpha 2 beta 1 integrin mediate human melanoma cell
migration on type IV collagen and invasion of basement membranes. Mol. Biol.
Cell 7, 383-396 (1996).

Maaser, K. et al. Functional hierarchy of simultaneously expressed adhesion
receptors: integrin alpha2betal but not CD44 mediates MV3 melanoma cell
migration and matrix reorganization within three-dimensional hyaluronan-con-
taining collagen matrices. Mol. Biol. Cell 10, 3067-3079 (1999).

Marhaba, R. & Zoller, M. CD44 in cancer progression: adhesion, migration and
growth regulation. J. Mol. Histol. 35, 211-231 (2004).

Gasbarri, A. et al. CD44s adhesive function spontaneous and PMA-inducible CD44
cleavage are regulated at post-translational level in cells of melanocytic lineage.
Melanoma Res. 13, 325-337 (2003).

Ahrens, T. et al. Soluble CD44 inhibits melanoma tumor growth by blocking
cell surface CD44 binding to hyaluronic acid. Oncogene 20, 3399-3408
(2001).

Zhang, P. et al. CD44 variant, but not standard CD44 isoforms, mediate dis-
assembly of endothelial VE-cadherin junction on metastatic melanoma cells. FEBS
Lett. 588, 4573-4582 (2014).

Orian-Rousseau, V., Chen, L, Sleeman, J. P, Herrlich, P. & Ponta, H. CD44 is
required for two consecutive steps in HGF/c-Met signaling. Gene Dev. 16,
3074-3086 (2002).

Cheng, C, Yaffe, M. B. & Sharp, P. A. A positive feedback loop couples Ras
activation and CD44 alternative splicing. Gene Dev. 20, 1715-1720 (2006).

Hag, R. et al. Oncogenic BRAF regulates oxidative metabolism via PGC1alpha and
MITF. Cancer Cell 23, 302-315 (2013).

Roesch, A. et al. Overcoming intrinsic multidrug resistance in melanoma by
blocking the mitochondrial respiratory chain of slow-cycling JARID1B(high) cells.
Cancer Cell 23, 811-825 (2013).

Lupu, R. & Menendez, J. A. Targeting fatty acid synthase in breast and endo-
metrial cancer: an alternative to selective estrogen receptor modulators? Endo-
crinology 147, 4056-4066 (2006).

Sedding, D. G. et al. Caveolin-1 facilitates mechanosensitive protein kinase B (Akt)
signaling in vitro and in vivo. Circ. Res. 96, 635-642 (2005).

Terol, M. J. et al. Expression of the adhesion molecule ICAM-1 in non-Hodgkin's
lymphoma: relationship with tumor dissemination and prognostic importance. J.
Clin. Oncol. 16, 35-40 (1998).

Proteomic phenotyping of metastatic melanoma reveals putative signatures...
C Krisp et al.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ogawa, Y. et al. Expression of intercellular adhesion molecule-1 in invasive breast
cancer reflects low growth potential, negative lymph node involvement, and
good prognosis. Clin. Cancer Res. 4, 31-36 (1998).

Sanchez-Rovira, P. et al. Serum levels of intercellular adhesion molecule 1 (ICAM-
1) in patients with colorectal cancer: inhibitory effect on cytotoxicity. Eur. J.
Cancer 34, 394-398 (1998).

Nakata, B. et al. Clinical significance of serum soluble intercellular adhesion
molecule 1 in gastric cancer. Clin. Cancer Res. 6, 1175-1179 (2000).

Terol, M. J. et al. Soluble intercellular adhesion molecule-1 (s-ICAM-1/5-CD54) in
diffuse large B-cell lymphoma: association with clinical characteristics and out-
come. Ann. Oncol. 14, 467-474 (2003).

Jenkinson, S. R, Williams, N. A. & Morgan, D. J. The role of intercellular adhesion
molecule-1/LFA-1 interactions in the generation of tumor-specific CD8+ T cell
responses. J. Immunol. 174, 3401-3407 (2005).

Anastassiou, G. et al. Expression of the cell adhesion molecules ICAM-1, VCAM-1
and NCAM in uveal melanoma: a clinicopathological study. Oncology 58, 83-88
(2000).

Hamai, A. et al. ICAM-1 has a critical role in the regulation of metastatic mela-
noma tumor susceptibility to CTL lysis by interfering with PI3K/AKT pathway.
Cancer Res. 68, 9854-9864 (2008).

Linhares, M. M. et al. Genetic and immunohistochemical expression of integrins
ITGAV, ITGA6, and ITGA3 as prognostic factor for colorectal cancer: models for
global and disease-free survival. PLoS ONE 10, e0144333 (2015).

Hume, A. N. et al. Rab27a regulates the peripheral distribution of melanosomes in
melanocytes. J. Cell. Biol. 152, 795-808 (2001).

Chen, K. G. et al. Influence of melanosome dynamics on melanoma drug sensi-
tivity. J. Natl. Cancer Inst. 101, 1259-1271 (2009).

Simeone, E. et al. Combination treatment of patients with BRAF-mutant mela-
noma: a new standard of care. BioDrugs 31, 51-61 (2017).

Deken, M. A. et al. Targeting the MAPK and PI3K pathways in combination with
PD1 blockade in melanoma. Oncoimmunology 5, 1238557 (2016).

Guo, T. et al. Rapid mass spectrometric conversion of tissue biopsy samples into
permanent quantitative digital proteome maps. Nat. Med. 21, 407-413 (2015).
Flaherty, K. T. et al. Combined BRAF and MEK inhibition in melanoma with BRAF
V600 mutations. New Engl. J. Med. 367, 1694-1703 (2012).

Johannessen, C. M. et al. COT drives resistance to RAF inhibition through MAP
kinase pathway reactivation. Nature 468, 968-972 (2010).

Dutton-Regester K. The Identification of Therapeutic Targets in Metastatic Mela-
noma. - PhD thesis (Queensland University of Technology, Brisbane, QLD, 2012).

723



	Proteomic phenotyping of metastatic melanoma reveals putative signatures of MEK inhibitor response and prognosis
	Introduction
	Materials and methods
	Cell culture
	Cell viability assay
	Melanoma tissue
	Protein preparation and digestion
	LC-MS/MS
	Protein identification
	Data analysis
	Patient clinical data and gene expression data from genomic data commons

	Results
	Melanoma cell lines
	Phenotyping of melanoma cell lines by SWATH mass spectrometry
	Melanoma cell line sensitivity to MEK inhibition
	Biological processes associated with with in�vitro response to MEK inhibition
	MEKi response phenotype in melanoma tissue
	Abundance of ICAM-1 and ITGAV are associated with patient survival
	Survival based on RNA transcript level is consistent with SWATH-MS based prognosis in NRAS/BRAF mutant melanoma

	Discussion
	Data availability

	Acknowledgements
	Author contributions
	Ethics approval and consent to participate:
	Ethics approval and consent to participate:
	ACKNOWLEDGMENTS




