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ABSTRACT

To investigate whether genetic variants of platelet-derived growth factor (PDGF)
signaling pathway genes are associated with survival of cutaneous melanoma (CM)
patients, we assessed associations of single-nucleotide polymorphisms in PDGF
pathway with melanoma-specific survival in 858 CM patients of M.D. Anderson
Cancer Center (MDACC). Additional data of 409 cases from Harvard University were
also included for further analysis. We identified 13 SNPs in four genes (COL6A3,
NCK2, COL5A1 and PRKCD) with a nominal P < 0.05 and false discovery rate (FDR)
< 0.2 in MDACC dataset. Based on linkage disequilibrium, functional prediction and
minor allele frequency, a representative SNP in each gene was selected. In the meta-
analysis using MDACC and Harvard datasets, there were two SNPs associated with
poor survival of CM patients: rs6707820 C>T in NCK2 (HR = 1.87, 95% CI = 1.35-2.59,
P,.. = 1.53E-5); and rs2306574 T>C in PRKCD (HR = 1.73, 95% CI = 1.33-2.24, P,
= 4.56E-6). Moreover, CM patients in MDACC with combined risk genotypes of these
two loci had markedly poorer survival (HR = 2.47, 95% CI = 1.58-3.84, P < 0.001).
Genetic variants of rs6707820 C>T in NCK2 and rs2306574 T>C in PRKCD of the PDGF
signaling pathway may be biomarkers for melanoma survival.

INTRODUCTION

Cutaneous melanoma (CM) is the most aggressive
form of skin cancer. Its incidence rates continuously
increased in white men (2.1% per year) and women (2.4%
per year) between 1999 and 2008 in the United States [1]. It
is predicted that there will be 76,380 new cases and 10,130

deaths of CM in the United States in 2016 [2]. To date, tumor
Breslow thickness, tumor stage, ulceration and mitotic rate
remain the most important prognostic factors for CM patients
[3]. In general, CM patients with thinner tumors have a longer
survival than those with thicker tumors, and currently all
patients with microscopic nodal metastases, regardless of the
extent of tumor burden, are classified as stage III, including
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micrometastases detected by immunohistochemistry [3].
However, these methods are not sufficient to accurately
discriminate CM patients for personalized clinical assessment
or prediction of their survival, and additional effective
clinical or molecular characterization of CM patients with
more accurate prognostic potential for personalized health
care is needed [4, 5]. There is growing evidence for the role
of genetic (germline) variants in CM prognosis [5], and
genetic variant discovery may also provide clues about the
mechanisms underlying melanocyte carcinogenesis and CM
progression, leading to improved prediction of CM prognosis.

A number of investigations have indicated that the
platelet-derived growth factor (PDGF) family members
are highly expressed in some tumors, including CM, and
play important roles in stromal fibroblast recruitment [6,
7]. PDGF is one of the most extensively studied regulators
of mesenchymal cell proliferation and migration [8]
and an important molecule involved in the control and
modulation of the interactions between pericytes and
endothelial cells [9]. PDGF influences biologic function
through the PI3/MAP-kinase pathway [10], results in
fibroblast glycosaminoglycan-stimulating activity, and
induces hyaluronan (HA) synthesis [11]. PDGFR signaling
is also involved in reciprocal interactions between tumor
cells and stroma, thus mediating angiogenesis [12—14].
The PDGF family consists of four polypeptide chains
(PDGF-A -B —C and -D) that dimerize to form five
biologically active growth factors (i.e., PDGF-AA —AB
—BB —CC and —DD). While the PDGFa receptor binds to
PDGF-A -B and —C chains, the PDGFp receptor binds to
PDGF-B and PDGF-D chains, and the binding receptors
of PDGF isoforms stimulate mesenchymal origin cells to
proliferate, migrate and survive [15, 16]. The PDGF-A
has been documented to stimulate tumor growth in an
autocrine fashion [17-19], while the PDGF-B may be
implicated in stroma recruitment and can facilitate tumor
growth through its paracrine effects on stromal cells [20].
Likewise, The PDGF-C maintains growth-promoting
tumor microenvironment [18, 21], especially in CM [22],
and the PDGF-D accelerates tumor growth through the
activation of adjacent stromal cells [23].

Hence, it is likely that the PDGF signaling pathway
is important to some cancers and to CM in particular. This
motivated us to investigate whether genetic variants of
the PDGF signaling pathway genes are associated with
survival of CM patients, using published genome-wide
association study (GWAS) datasets [24, 25].

RESULTS

Patient characteristics in The University of Texas
MD Anderson Cancer Center (MDACC) and
Harvard University GWASs

The MDACC GWAS included 858 melanoma
patients with complete information in clinicopathological

features [24]. The patients were aged between 17 and 94
years at diagnosis (52.4 £ 14.4 years), and there were
more men (496, 57.8%) than women (362, 42.2%). More
patients in stages I/II (709, 82.6%) than those in stages
HI/IV (149, 17.4%) at presentation. After the initial
GWAS, 95 patients died of CM. In univariate analyses,
six variables, including age, sex, tumor stage, Breslow
thickness, ulceration and mitotic rate, were marginally
or significantly associated with melanoma-specific
survival (MSS). In multivariate analyses, only tumor
stage, Breslow thickness, and ulceration were found to be
significantly associated with MSS. (Supplementary Table
1). There were 409 cases available for survival analysis
in the Harvard GWAS [25]. Eligible cases were between
34 to 87 years of age at diagnosis (61.1 = 10.8 years).
A total of 48 CM-specific deaths were observed in the
Harvard dataset, and only age was significantly associated
with MSS in the univariate analysis (Supplementary Table
1). Besides follow-up information and genotype data,
only age and sex were available in the Harvard study.
Therefore, subsequent stratification or subgroup analyses
by clinical variables and multivariate analyses with
adjustment for clinical variables were performed using the
MDACC dataset only.

Multivariate analysis of single nucleotide
polymorphisms (SNPs) in MDACC patients

The 129 autosome genes in the PDGF signaling
pathway were extracted from the Molecular Signatures
Database (http://software.broadinstitute.org/gsea/msigdb/
search.jsp). A total of 22,128 SNPs located within 2-kb
upstream and downstream of the 129 genes were extracted
from the GWAS datasets (Figure 1).

In multivariate Cox regression analysis with
adjustments for age, sex, Breslow thickness, tumor stage,
ulceration and mitotic rate, we found that 1,578 SNPs
were significantly associated with MSS at P < 0.05 in
a signal-locus analysis with an additive genetic model.
Among these 13 SNPs with FDR < 0.2 in four genes
were considered significant after multiple test correction
Supplementary Figure 1A). Potential functionality
of the 13 SNPs was predicted by using SNPinfo and
RegulomeDB (Supplementary Table 2). According to
functional prediction, minor allele frequency (MAF),
and linkage disequilibrium, we selected a representative
SNP for each of the four genes as potentially functional
SNPs for further analyses (NVCK2 rs6707820 C>T, PRKCD
152306574 T>C, COL5A1 113301426 C>T and COL6A43
152645768 A>C, Supplementary Figure 1B). These four
putative functional SNPs together with clinical prognostic
variables were selected into a multivariate stepwise Cox
model. As a result, four independent functional SNPs
remained significantly associated with MSS at P < 0.05
(Supplementary Table 3).
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Meta-analysis of the results from MDACC and
Harvard studies

We assessed the associations of the four identified
SNPs in the Harvard study with adjustment for age and
sex. Two SNPs (NCK2 rs6707820 C>T and PRKCD
152306574 T>C) showed consistent, but non-significant,
associations with MSS in this independent study. In the
meta-analysis of MDACC and Harvard studies, the two
SNPs remained significantly associated with MSS (HR =
1.87, 95% CI = 1.35-2.59, P_ = 1.53E-5; HR = 1.73,
95% CI=1.33-2.24, P =4.56E-6, respectively.) (Table
D).

ta

Although no melanoma-specific survival data
available in the TCGA database, we also explored the
correlations of the four identified SNPs with the overall
survival of 287 melanoma patients in the TCGA database
with available information about age, sex and stage.

However, no significant result was found for these four
SNPs (Supplementary Table 4).

Genetic variants in the PDGF signaling pathway
genes as independent survival predictor in
MDACC patients

As shown in Table 2, the effects of that two
SNPs remained significant in the MDACC dataset after
adjustment for age, sex, Breslow thickness, regional/
distant metastasis, ulceration, mitotic rate of tumors
[rs6707820 CT+TT vs. CC: adjusted hazards ratio (adjHR)
=2.05, 95% confident interval (CI) = 1.31-3.22, P=0.002;
1s2306574 CT+CC vs. TT: adjHR = 1.97, 95% CI = 1.30-
2.99, P =0.001]. As shown in Figure 2A-2D, these two
SNPs had a significant association with poor MSS in both
additive and dominant model (P ;.. =0.002and P, . =
0.050 for SNP rs6707820; P .. <0.001,P, . =0.001
for rs2306574).

129 genes in the PDGF signal pathway
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Figure 1: Study workflow: we firstly chose 129 PDGF-related genes from the databases integrated in MSigDB (http://
software.broadinstitute.org/gsea/msigdb) and included a total of 22,128 genotyped or imputed SNPs that were located
within 2-kb upstream and downstream of those genes in the MDACC dataset; 13 SNPs were found significantly
associated with FDR < 0.2 and four intendent SNPs were further chosen to be replicated in the Harvard study; there

were two SNPs with consistent, by non-significant, associations
and further functional analyses were performed.

with melanoma-specific survival in the Harvard study,
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Table 1: Meta-analysis of four independent SNPs in MDACC and Harvard databases

MDACC (n=858)" Harvard (n=409)¢ Meta-analysis?

HR (95%CI) P HR (95%CI) P P, TI(%) HR(95%CI) P
rs6707820 C>T  NCK2 2.19(1.48-3.25) 9.53E-05 1.34(0.76-2.37) 0.310 0.1-64 48.4 1.87(1.35-2.59) 1.53E-05
rs2306574  T>C PRKCD 1.92(1.40-2.64) 6.46E-05 1.31(0.86-2.19) 0.181 0.242 27.1 1.73(1.33-2.24) 4.56E-06
152645768  A>C COL643 191 (1.41-2.58) 2.40E-05 0.65(0.37-1.14) 0.131 0.001 909 1.14(0.40-3.29)  0.801

rs13301426 C>T COL5SAI 2.36(1.53-3.64) 9.54E-05 1.05(0.52-2.14) 0.903 0.056 72.7 1.66(0.75-3.64)  0.210

SNP Allele*  Gene

MDACC: The University of Texas M.D. Anderson Cancer Center; HR: hazards ratio; CI: confidence interval; P, - P-value for
heterogeneity test, SNP: single nucleotide polymorphism.

aReference allele/effect allele.

®Adjusted for age, sex, Breslow’s tumor thickness, regional/distant metastasis, ulceration and mitotic rate.

°Adjusted for age and sex.

4If P, <0.10 or I>>50%, random-effects model was selected; otherwise fixed-effect model was selected.

Survival of MDACC patients with unfavorable adding of NUGs to the multivariate model between the
genotypes of the two SNPs beginning and the remaining of the follow-up over times
(Figure 2H).
We combined risk genotypes of NCK2 rs6707820
C>T and PRKCD 152306574 T>C into a composite In silico functional analyses
count variable as the number of unfavorable genotypes
(NUGs) in the MDACC study. All patients were We also performed the expression quantitative trait
separated into three groups with 0, 1, and 2 NUGs, loci (eQTL) analysis by using mRNA expression data
which had 413, 352, and 93 patients, respectively. of 284 metastatic melanoma tissues from the TCGA
The per-unit increase in NUG was associated with an database [26]. We found that the rs6707820 T allele and
increased risk of death (P <0.001, Table 3). We then 1s2306574 C allele was correlated with increased mRNA
divided all patients into a low-risk group with 0 NUGs expression levels of NCK2 and PRKCD, respectively
and a high-risk group with 1-2 NUGs. The high-risk (P gaiive = 0.063 and P, = 0.064, respectively Figure
group had a two-fold increased risk of death (adjHR 3A-3B). The Genotype-Tissue Expression (GTEXx)
= 2.47, 95% CI = 1.58-3.84, P < 0.001), compared project collected transcriptome data in a wide variety
with the low risk group with adjustment for clinical of tissue types from post-mortem donors(http://www.
covariates. To illustrate these results, Kaplan-Meier gtexportal.org) [27]. In GTEx, we found that the
curves are shown in Figure 2E-2F. 1s2306574 C allele was associated with an increased
mRNA expression level of PRKCD in data from the
Stratified analyses for NUGs in MDACC patients sun-exposed skin (P < 0.001, Supplementary Figure
3A), which is consistent with that in metastatic tissues.
Compared with the low-risk group, the high-risk However, the rs6707820 T allele showed a significant
group showed a remarkably increased risk of death in correlation with lower mRNA expression levels of
patients who had Breslow thickness > 1 mm, Mitotic rate NCK2 (P,,,... = 0.036, Supplementary Figure 3B) in
> 1, ulceration and regional/distant metastasis. However, lymphoblastoid cell-lines from 373 Europeans in the
there was no evidence for a multiplicative interaction of 1000 Genomes Project [28].
risk genotypes with any of clinical variables (all P, .., We further investigated the difference in the
>0.050, Table 4). expression levels of the two genes between CM and
normal skin tissues in the publicly available Oncomine
Receiver operating characteristic curve and Compendium of Expression Array Data (https:/www.
time dependent area under the curve (AUC) in oncomine.org/) [29]. The PRKCD expression levels in
MDACC patients tumor tissue were higher than that in normal tissue in the
Talantov study that included 45 CM tumor tissues and
We further evaluated the NUG for its potential to seven normal skins (P < 0.001, Supplementary Figure
predict CM prognosis by receiver operating characteristic 3C). The NCK2 also showed a higher expression level
curve (Figure 2G). The AUC of the 5-year MSS in CM tumor tissue in both Talantov (P < 0.001) and
significantly increased from 86.0% to 87.8% (P = 0.021, Riker studies that included 14 CM tumor tissues and
DeLong’s test). In the time-dependent AUC, the plot four normal skins (P = 0.023) (Supplementary Figure

indicated an improved prediction performance with the 3D-3E).
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Table 2: Associations between MSS of CM patients and selected SNPs of the PDGF pathway in the MDACC study

Univariate analysis

Multivariate analysis*

Genotype Frequency Death (%) HR 95% CT) 7 HR 95% CT) 7
NCK2
rs6707820 C>T (genotyped)
CC 644 64 (9.9) 1.00 1.00
CT 204 27 (13.2) 1.39 (0.89-2.18) 0.153 1.87 (1.16-2.99) 0.010
TT 10 4 (40.0) 4.99 (1.82-13.71) 0.002 6.58 (2.29-18.90) 0.001
Trend test 0.012 <0.001
CT+TT 214 31 (14.5) 1.53 (1.00-2.35) 0.052 2.05(1.31-3.22) 0.002
PRKCD
1s2306574 T>C (imputed)
TT 534 45 (8.4) 1.00 1.00
CT 283 39 (13.8) 1.70 (1.11-2.61) 0.016 1.68 (1.07-2.63) 0.023
CC 41 11 (26.8) 3.92 (2.03-7.59) <0.001 445 (2.26-8.74) <0.001
Trend test <0.001 <0.001
CT+CC 324 50 (15.4) 1.94 (1.30-2.90) 0.001 1.97 (1.30-2.99) 0.001
MSS: melanoma-specific survival; CM: cutaneous melanoma; SNP: single nucleotide polymorphism; MDACC: The
University of Texas M.D. Anderson cancer center; HR: hazards ratio; CI: confidence interval.
* Adjusted for age, sex, Breslow thickness, regional/distant metastasis, ulceration, mitotic rate of tumors.
Table 3: HRs for associations between NUGs and MSS in CM patients of the MDACC study
s Frequency Univariate analysis Multivariate analysis®
NUG All Death (%) HR (95% CI) P HR (95% CI) P
0 413 31(7.5) 1.00 1.00
1 352 47 (13.4) 1.92 (1.22-3.02) 0.005 2.30 (1.43-3.68) 0.001
2 93 17 (18.3) 2.62 (1.45-4.73) 0.001 3.02 (1.66-5.51) <0.001
Trend test <0.001 <0.001
0 413 31(7.5) 1.00 1.00
1-2 445 64 (14.4) 2.07 (1.35-3.17) 0.001 2.47 (1.58-3.84) <0.001

NUG: number of unfavorable genotype; MSS: melanoma-specific survival; CM: cutaneous melanoma; SNP:single
nucleotide polymorphism; MDACC: The University of Texas M.D. Anderson Cancer Center; HR: hazards ratio; CI:

confidence interval.

“Number of risk genotypes were derived from 152306574 CC+CT and rs6707820 TT+CT.
®Multivariate Cox regression analyses were adjusted for age, sex, Breslow thickness, regional/distant metastasis, ulceration,

and mitotic rate of tumor.

DISCUSSION

In the present study, we found that genetic
variants of two PDGF pathway genes, namely PRKCD
rs2306574 T>C and NCK2 rs6707820 C>T, were likely
to independently or jointly modulate survival of CM
patients. We demonstrated that combination of the number

of PRKCD and NCK?2 risk genotypes with other known
clinicopathologic variables in the same multivariable
model significantly improved the prediction accuracy of
MSS in CM patients.

PRKCD located on chromosome 3p21.1 belongs a
novel class serine/threonine kinase of the protein kinase
C family [30], and it is also regulated by phosphorylation
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Figure 2: Kaplan-Meier survival curves, receiver operating characteristic (ROC) curves and time-dependent AUC for
prediction of melanoma-specific survival. Cutaneous melanoma-specific survival stratified by genotypes of rs6707820 in NCK2 (A,
B) and 152306574 in PRKCD (C, D) in additive and dominant model. Kaplan-Meier estimates of melanoma-specific survival by numbers
of unfavorable genotypes (E), dichotomized subgroups by the numbers of unfavorable genotypes (F). ROC curves for five-year melanoma-
specific survival prediction (G), time-dependent AUC based on age, sex, regional/distant metastasis, Breslow thickness, ulceration, mitotic
rate, and number of unfavorable genotypes (H).
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Table 4: Associations in stratified analysis of MSS and NUG across genes in the MDACC study

Characteristics 0 NUGs* 1-2 NUGs? Multivariate analysis® o
All Death (%) All Death (%) HR (95% CI) P fieraction
Age 0.154
<50 183 7 (3.8) 188 24 (12.8) 4.25(1.73-10.49) 0.002
>50 230 24 (10.4) 257 40 (15.6) 1.86 (1.10-3.16) 0.021
Sex 0.874
Female 180 9(5.0) 182 17 (9.3) 2.67 (1.13-6.30) 0.025
Male 233 22(9.4) 263 47 (17.9) 2.37 (1.40-4.00) 0.001
Kool
No 342 17 (5.0) 367 34 (9.3) 1.84 (1.01-3.34) 0.046
Yes 71 14 (19.7) 78 30 (38.5) 3.40 (1.72-6.72) <0.001
Bl
<1 174 3(1.7) 173 4(2.3) 0.65 (0.11-3.72) 0.626
1-2 140 9(6.4) 136 17 (12.5) 2.14 (0.93-4.91) 0.074
2-4 64 13 (20.3) 103 28 (27.2) 1.72 (0.87-3.42) 0.120
>4 35 6(17.1) 33 15 (45.5) 3.36 (1.25-9.03) 0.016
Ulceration 0.068
No 335 18 (5.4) 346 30 (8.7) 1.66 (0.92-2.99) 0.090
Yes 70 13 (18.6) 85 30 (35.3) 3.79 (1.88-7.62) <0.001
Missing 22
e
<1 132 3(2.3) 143 6(4.2) 1.68 (0.40-7.08) 0.481
>1 281 28 (10.0) 302 58 (19.2) 2.10 (1.34-3.30) 0.001

MSS: melanoma-specific survival; NUG, number of risk genotype; MDACC: The University of Texas M.D. Anderson

Cancer Center; HR: hazards ratio; CI: confidence interval.

*number of risk genotypes were derived from rs2306574 CC+CT and rs6707820 TT+CT.
"Multivariate Cox regression analyses were adjusted for age, sex, Breslow thickness, distant/regional metastasis, ulceration

of tumor and tumor cell mitotic rate, where appropriate.
¢P-value for multiplicative interaction.

on various serine/threonine (e.g. TS50, T141, S304,
T451, T505, S506, T507, S643, and S664) and tyrosine
residues including Y311 [31, 32]. PRKCD suppresses
immunoresponsiveness and inhibits the proliferation of
B-lymphocytes [33], and PRKCD has an indispensable
function in negatively regulating B-cell proliferation,
which is particularly important for the establishment
of B-cell tolerance [34]. PRKCD appears to have dual
functions in carcinogenesis not specific for a particular
tumor type [35]. For example, PRKCD can be a suppressor
in a few cancer types [33, 36], but over-expression of
PRKCD increased the metastatic potential of murine

BL16 mouse melanoma cells [37, 38]. PRKCD is not
required for the proliferation or survival of normal cells,
but it is required for proliferation of multiple types of
cancer cells, both in vitro and in vivo, including those
from cancers of the breast, pancreas and prostate as well
as melanoma [39]. By using the TCGA and GTEX data,
we also showed that the rs2306574 variant C allele was
correlated with increased mRNA expression levels in
metastatic melanoma tissues and the sun exposure skin.
The present study supports PRKCD to be a predictor
for survival of CM patients, which is further supported
by the high expression levels of PRKCD in CM tumor
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tissues than in the normal skin from the Oncomine gene
expression database.

The NCK?2 gene located on chromosome 2q12.2 is
involved in signaling pathways mediating proliferation,
cytoskeleton organization and integrated stress response
[40—42]. NCK proteins belong to the SH2/SH3 adaptor
proteins, and there are two known family members
including  Nckl/Nck/Ncko. and  Nck2/Nckf{/GRB4
(growth factor receptor binding protein 4) [40, 43]. It
has been shown that Nck?2 is specifically involved in the
PDGF-induced membrane ruffling and the formation
of lamellipodia. Nck2 acts either in parallel with or
downstream of Racl, a mediator between PDGFR and the
actin cytoskeleton, and that Nck2, but not Nck1, blocks the
PDGF-induced actin polymerization and plays a specific
role in the PDGFR signaling to the actin cytoskeleton [44].
Other studies have suggested that the middle SH3 domains
of Ncka and Nckp could independently mediate PDGF-
BB signaling to promote human dermal fibroblasts (HDF's)
migration, and that overexpression of the middle SH3
domain of Ncka or Nckf alone in HDFs could also block
PDGF-BB-induced cell migration [45]. Furthermore,
in another investigation Nck2 protein and mRNA levels
were increased in human metastatic melanoma cells
compared with human primary melanoma cells that rarely
metastasized. Nck2 promoted cell proliferation, migration
and invasion in human melanoma cells; increased Nck2
expression in human primary melanoma cells promoted
the melanoma-derived tumor growth rate; and Nck2
promoted phosphorylation of proteins on tyrosine and
down-regulation of cell surface adhesion proteins in
human primary melanoma cells [41].

A

——P=0.063

7000
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5000
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4000

NCK2 mRNA expression

3000
1

2000
L

1000
I

T T
cc cT

(N =268) (N =5)
rs6707820

Finally, in other studies up-regulation of
NCK2 was present in melanoma tumor samples from
metastasis compared to nevocellular nevus lesions by
semi-quantitative RT-PCR and custom array analysis,
suggesting a role of NCK2 in melanocytic tumor
progression [46]. Consistent with this observation,
the Oncomine cancer microarray data (https:/www.
oncomine.org/) also suggested that Nck2 was up-
regulated in human melanoma in both Talantov and Riker
melanoma studies in the Oncomine Compendium [28].
Because NCK?2 is considered an oncogene, its variants
may play an important role in CM progression. We also
found marginally significant associations between the
variant allele of NCK2 rs6707820 and increased mRNA
expression levels of NCK2 in metastatic melanoma
tissues, although inconsistent eQTL results were found in
the lymphoblastoid cell lines from normal CEU people,
which may due to tissue heterogeneity. Taken together, the
variant rs6707820 in the NCK2 gene may be a predictor
for survival in CM patients.

In the present study, we found interesting
associations of MSS with some novel genetic variants (i.e.
PRKCD 152306574 T>C, NCK2 rs6707820 C>T COL5A1,
rs13301426 C>T, and COL6A3 1s2645768 A>C). These
SNPs could modulate MSS independently in MDACC
patients, and the combined NUG of these SNPs could
better discriminate prognostic groups in multivariate
analyses, independent of other clinical characteristics.
These findings suggest that PDGF pathway genetic
variants might have biological roles in CM progression.
However, the present study has some limitations. In the
meta-analysis of the selected SNPs from MDACC data
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Figure 3: Correlations between SNPs and mRNA expression levels of NCK2 and PRKCD. Analyses of mRNA expression
levels by genotypes of NCK2 rs6707820 (A) and PRKCD 152306574 (B) in an additive genetic model using the data from 284 metastatic
melanoma tissues in the TCGA database. The Y-axis shows the normalized mRNA expression level. The boxes represent the median (black
middle line) limited by the first (Q1) and third (Q3) quartiles. The whiskers are the upper and lower adjacent values, which indicate the
value of Q3+1.5(Q3—Q1) or the maximum value [if it is less than Q3+1.5(Q3—Q1)], and the value of Q1-1.5 (Q3—Q1) or the minimum

value [if it is greater than Q3+1.5(Q3—Q1)], respectively.
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and Harvard data, only rs6707820 in NCK2 and rs2306574
in PRKCD remained statistically significant in predicting
MSS. Because of unavailable data from the Harvard
study, we could only perform multivariate analyses using
the MDACC data. Therefore, additional validation is
warranted.

MATERIALS AND METHODS

Study populations and SNP genotyping

The original MDACC study had 1,803 patients
accrued for a hospital-based case-control study of
CM, and the characteristics of these patients have
also been described previously [47]. The 858 patients
included for survival analysis were part of a molecular
epidemiology study in which complete information for
clinical prognostic variables and questionnaire data were
collected. Tissue samples were collected as whole blood
and DNA were extracted with various methods (including
Gentra, Qiagen and phenol/chloroform). Genotyping was
performed by the [llumina HumanOmni-Quad vl 0 B
array and requested from the Database of Genotypes
and Phenotypes (accession: phs000187.v1.pl) [48, 49].
Genome-wide imputation was conducted with the MACH
software based on the 1000 Genomes Project phase I
v2 CEU data [50]. The detailed genotyping information
and data quality control can be found in the previously
reported GWAS [47].

The Harvard study consisted of two cohorts: NHS
(Nurses’ Health Study) and HPFS (Health Professionals
Follow-up Study), established respectively in 1976 and
1986 [25]. All patients in both cohorts were diagnosed
with histopathologically confirmed invasive CM after
baseline until the 2008 follow-up cycle; there were 409
patients eligible for survival analysis. DNA was extracted
from the collected whole blood samples and genotyping
was performed using the [llumina HumanHap610 array.
Genome-wide imputation was also performed using the
MACH software based on the 1000 Genomes Project CEU
data (phase I v3, March 2012) [50]. All written informed
consent was obtained from each participant of the two
studies. All methods were performed in accordance with
the relevant guidelines and regulations, and the present
study followed the study protocols approved by the
institutional review board for each of the participating
institutions.

Gene and SNP selection

Based on the databases of BIOCARTA and
REACTOME  (http://software.broadinstitute.org/gsea/
msigdb/search.jsp), we included 129 genes located on
autosomes from the PDGF signaling pathway after
deleting duplicate genes. The genotyped or imputed
SNPs located within 2 kb upstream and downstream of

the PDGF pathway genes were extracted from the GWAS
datasets with genotyping call rate > 95%, MAF > 5%,
Hardy-Weinberg Equilibrium exact P value > 10%and
imputation r* > 0.8. As a result, there were 22,128 SNPs
including 3,315 genotyped SNPs and 18,813 imputed
SNPs in MDACC study.

Statistical methods

MSS was determined from the time of diagnosis
until death from CM; individuals who died of causes
other than CM were censored. Associations between SNPs
and MSS (in an additive model) were assessed by Cox
proportional hazards regression analyses performed with
GenABEL package of R software [51] with adjustments
for age, sex, tumor stage, Breslow thickness, tumor cell
mitotic rate, and ulceration of tumor in the MDACC
study [3]. The FDR cut-off of 0.2 was applied to limit the
probability of false positive findings as abundant of SNPs
had been tested. The multivariable stepwise Cox model
including four functional SNPs and clinical variables
was carried out to choose the independent SNPs. A meta-
analysis was used to combine the results from two studies.
Kaplan-Meier survival curves and log-rank tests were used
to evaluate the effects of genetic variants on the cumulative
probability of MSS. The multiplicative interaction between
subgroups was assessed with the logistic regression, and
the multiplicative interaction was considered significant
when P < 0.050. Receiver operating characteristic curve
was constructed from the logistic regression model, and
the NUG was used to assess the classification performance
of the model. Statistical significance of the improvement
in NUGs after adding an explanatory factor was calculated
by the Delong’s test [52]. For more biological relevance of
our findings, we searched the Oncomine website database
(https://www.oncomine.org/resource/login.html) for
studies that provided gene mRNA expression data from
melanoma cases. Linear regression analysis was used to
test for the trends in the associations between SNPs and
corresponding gene expression levels obtained from the
373 lymphoblastoid cell lines from the 1000 Genomes
European population and other datasets from GTEx
website [27] and the Cancer Genome Atlas (TCGA)
database (dbGaP Study Accession: phs000178.v1.p1) [26].
All other analyses were performed using SAS software
(Version 9.4; SAS institute, Cary, NC), unless otherwise
specified.

Abbreviations

adjHR: adjusted hazard ratio; AUC: area under the
curve; CI: confident interval; CM: Cutaneous melanoma;
eQTL: expression quantitative trait loci; FDR: false
discovery rate; GTeX: Genotype-Tissue Expression
project; GWAS: genome-wide association study; HPFS:
Health Professionals Follow-up Study; PDGF: platelet-
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derived growth factor; MAF: minor allele frequency;
MDACC: M.D. Anderson Cancer Center; MSS:
melanoma-specific survival; NHS: Nurses’ Health Study;
NUGSs: number of unfavorable genotypes; SNP: single
nucleotide polymorphism.

Author contributions

H.Li, Y.W., H.Liu and Q.W. designed and conceived
the experiments. Y.W., Q.S., HY.Li, H.Liu, and L.Y. helped
to analyze the data. WW., D.Z., C.ILA,, S.F., J.E.L. and
J.H. collected the samples and provided data. All authors
reviewed the paper.

ACKNOWLEDGMENTS

The authors thank John Hopkins University Center
for Inherited Disease Research for conducting high-
throughput genotyping for this study. The Experts and
Scholars of Hebei Province sponsored Hong Li for the
studying at Duke University. Qingyi Wei acknowledge
support from the Duke Cancer Institute as part of the P30
Cancer Center Support Grant (Grant ID: NIH CA014236)
and was also supported by start-up funds from Duke
Cancer Institute, Duke University Medical Center. We
would like to thank the participants and staff of the
Nurses’ Health Study (NHS) and Health Professionals
Follow-up Study (HPFS) for their valuable contributions
as well as the following state cancer registries for their
help: Alabama, Arizona, Arkansas, California, Colorado,
Connecticut, Delaware, Florida, Georgia, Idaho, Illinois,
Indiana, Towa, Kentucky, Louisiana, Maine, Maryland,
Massachusetts, Michigan, Nebraska, New Hampshire,
New Jersey, New York, North Carolina, North Dakota,
Ohio, Oklahoma, Oregon, Pennsylvania, Rhode Island,
South Carolina, Tennessee, Texas, Virginia, Washington,
and Wyoming. The MDACC study was support by
NIH/NCI RO1 CA100264 and 2P50CA093459, and the
Harvard study was supported by NIH R0O1 CA49449, P01
CA87969, UM1 CA186107 and UM1 CA167552.

The results published here are in whole or part based
upon data generated by The Cancer Genome Atlas pilot
project established by the NCI and NHGRI. Information
about TCGA and the investigators and institutions who
constitute The Cancer Genome Atlas (TCGA) Research
Network can be found at “http://cancergenome.nih.gov”.
The TCGA SNP data analyzed here are requested through
dbGAP (accession#: phs000178.v1.pl).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

10.

11.

12.

Simard EP, Ward EM, Siegel R, Jemal A. Cancers with
increasing incidence trends in the United States: 1999
through 2008. CA Cancer J Clin. 2012; 62: 118-28. https://
doi.org/10.3322/caac.20141.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016.
CA Cancer J Clin. 2016; 66: 7-30. https://doi.org/10.3322/
caac.21332.

Balch CM, Gershenwald JE, Soong SJ, Thompson JF,
Atkins MB, Byrd DR, Buzaid AC, Cochran AJ, Coit DG,
Ding S, Eggermont AM, Flaherty KT, Gimotty PA, et
al. Final version of 2009 AJCC melanoma staging and
classification. J Clin Oncol. 2009; 27: 6199-206. https://
doi.org/10.1200/7C0.2009.23.4799.

Schramm SJ, Mann GJ. Melanoma prognosis: a
REMARK-based systematic review and bioinformatic
analysis of immunohistochemical and gene microarray
studies. Mol Cancer Ther. 2011; 10: 1520-8. https://doi.
org/10.1158/1535-7163.MCT-10-0901.

Li C, Yin M, Wang LE, Amos CI, Zhu D, Lee JE,
Gershenwald JE, Grimm EA, Wei Q. Polymorphisms of
nucleotide excision repair genes predict melanoma survival.
Journal of Investigative Dermatology. 2013; 133: 1813-21.
https://doi.org/10.1038/jid.2012.498.

Nwani NG, Deguiz ML, Jimenez B, Vinokour E,
Dubrovskyi O, Ugolkov A, Mazar AP, Volpert OV.
Melanoma Cells Block PEDF Production in Fibroblasts
to Induce the Tumor-Promoting Phenotype of Cancer-
Associated Fibroblasts. Cancer Research. 2016; 76: 2265-
76. https://doi.org/10.1158/0008-5472.Can-15-2468.

Heldin CH, Lennartsson J. Structural and Functional
Properties of Platelet-Derived Growth Factor and Stem
Cell Factor Receptors. Cold Spring Harbor Perspectives
in Biology. 2013; 5. https://doi.org/10.1101/cshperspect.
a009100.

Hoch RV, Soriano P. Roles of PDGF in animal development.
Development. 2003; 130: 4769-84. https://doi.org/10.1242/
dev.00721.

Ribatti D, Nico B, Crivellato E. The role of pericytes in
angiogenesis. International Journal of Developmental
Biology. 2011; 55: 261-8. https://doi.org/10.1387/
jdb.103167dr.

Schlegel NC, von Planta A, Widmer DS, Dummer R,
Christofori G. PI3K signalling is required for a TGF beta-
induced epithelial-mesenchymal-like transition (EMT-like)
in human melanoma cells. Experimental Dermatology.
2015; 24: 22-8. https://doi.org/10.1111/exd.12580.
Godden JL, Edward M, MacKie RM. Melanoma cell-
derived factor stimulation of fibroblast glycosaminoglycan
synthesis--the role of platelet-derived growth factor.
European Journal of Cancer. 1999; 35: 473-80.

Fiuraskova M, Brychtova S, Sedlakova E, Benes P, Zalesak
B, Hlobilkova A, Tichy M, Kolar Z. Molecular changes in

www.impactjournals.com/oncotarget

74604

Oncotarget



13.

14.

16.

17.

19.

20.

21.

22.

PDEGEF and bFGF in malignant melanomas in relation to
the stromal microenvironment. Anticancer Research. 2005;
25:4299-303.

Furuhashi M, Sjoblom T, Abramsson A, Ellingsen J, Micke
P, Li H, Bergsten-Folestad E, Eriksson U, Heuchel R,
Betsholtz C, Heldin CH, Ostman A. Platelet-derived growth
factor production by B16 melanoma cells leads to increased
pericyte abundance in tumors and an associated increase in
tumor growth rate. Cancer Research. 2004; 64: 2725-33.
https://doi.org/10.1158/0008-5472.Can-03-1489.

Dong JY, Grunstein J, Tejada M, Peale F, Frantz G, Liang
WC, Bai W, Yu LL, Kowalski J, Liang XH, Fuh G, Gerber
HP, Ferrara N. VEGF-null cells require PDGFR alpha
signaling-mediated stromal fibroblast recruitment for
tumorigenesis. Embo Journal. 2004; 23: 2800-10. https://
doi.org/10.1038/sj.emboj.7600289.

Betsholtz C, Nister M, Rorsman F, Heldin CH, Westermark
B. Structural and functional aspects of platelet-derived
growth factor and its role in the pathogenesis of
glioblastoma. Mol Chem Neuropathol. 1989; 10: 27-36.

Matoskova B, Rorsman F, Svensson V, Betsholtz C.
Alternative splicing of the platelet-derived growth factor
A-chain transcript occurs in normal as well as tumor cells
and is conserved among mammalian species. Molecular and
Cellular Biology. 1989; 9: 3148-50.

Sulzbacher 1, Traxler M, Mosberger I, Lang S, Chott A.
Platelet-derived growth factor-AA and -alpha receptor
expression suggests an autocrine and/or paracrine loop in
osteosarcoma. Mod Pathol. 2000; 13: 632-7. https://doi.
org/10.1038/modpathol.3880109.

Willenberg A, Saalbach A, Simon JC, Anderegg U.
Melanoma Cells Control HA Synthesis in Peritumoral
Fibroblasts via PDGF-AA and PDGF-CC: Impact on
Melanoma Cell Proliferation. Journal of Investigative
Dermatology. 2012; 132: 385-93. https://doi.org/10.1038/
jid.2011.325.

Chen SY, Lin JS, Lin HC, Shan YS, Cheng YJ, Yang BC.
Dependence of fibroblast infiltration in tumor stroma on
type IV collagen-initiated integrin signal through induction
of platelet-derived growth factor. Biochim Biophys
Acta. 2015; 1853: 929-39. https://doi.org/10.1016/;.
bbamcr.2015.02.004.

Sundberg C, Branting M, Gerdin B, Rubin K. Tumor cell
and connective tissue cell interactions in human colorectal
adenocarcinoma. Transfer of platelet-derived growth
factor-AB/BB to stromal cells. American Journal of
Pathology. 1997; 151: 479-92.

Anderberg C, Li H, Fredriksson L, Andrae J, Betsholtz C, Li
XR, Eriksson U, Pietras K. Paracrine Signaling by Platelet-
Derived Growth Factor-CC Promotes Tumor Growth by
Recruitment of Cancer-Associated Fibroblasts. Cancer
Research. 2009; 69: 369-78. https://doi.org/10.1158/0008-
5472.Can-08-2724.

Ruffini F, Tentori L, Dorio AS, Arcelli D, D'Amati G, D'Atri
S, Graziani G, Lacal PM. Platelet-derived growth factor

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

C and calpain-3 are modulators of human melanoma cell
invasiveness. Oncology Reports. 2013; 30: 2887-96. https://
doi.org/10.3892/0r.2013.2791.

Ogawa N, Inokuchi M, Takagi Y, Sugita H, Kato K, Kojima
K, Sugihara K. Clinical significance of platelet derived
growth factor-C and -D in gastric cancer. Oncology Letters.
2015; 10: 3495-501. https://doi.org/10.3892/01.2015.3758.

Li C, Yin M, Wang LE, Amos CI, Zhu D, Lee JE,
Gershenwald JE, Grimm EA, Wei Q. Polymorphisms
of nucleotide excision repair genes predict melanoma
survival. J Invest Dermatol. 2013; 133: 1813-21. https://
doi.org/10.1038/jid.2012.498.

Song F, Qureshi AA, Zhang J, Amos CI, Lee JE, Wei Q,
Han J. Exonuclease 1 (EXO1) gene variation and melanoma
risk. DNA Repair (Amst). 2012; 11: 304-9. https://doi.
org/10.1016/j.dnarep.2011.12.005.

Cancer Genome Atlas Network. Genomic Classification of
Cutaneous Melanoma. Cell. 2015; 161: 1681-96. https://doi.
org/10.1016/j.cell.2015.05.044.

Wang J, Gamazon ER, Pierce BL, Stranger BE, Im HK,
Gibbons RD, Cox NJ, Nicolae DL, Chen LS. Imputing
Gene Expression in Uncollected Tissues Within and Beyond
GTEx. Am J Hum Genet. 2016; 98: 697-708. https://doi.
org/10.1016/j.ajhg.2016.02.020.

1000 Genomes Project Consortium, Abecasis GR, Auton
A, Brooks LD, DePristo MA, Durbin RM, Handsaker RE,
Kang HM, Marth GT, McVean GA. An integrated map of
genetic variation from 1,092 human genomes. Nature. 2012;
491: 56-65. https://doi.org/10.1038/nature11632.

Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally
R, Ghosh D, Barrette T, Pandey A, Chinnaiyan AM.
ONCOMINE: a cancer microarray database and integrated
data-mining platform. Neoplasia. 2004; 6: 1-6.

Huppi K, Siwarski D, Goodnight J, Mischak H. Assignment
of the protein kinase C delta polypeptide gene (PRKCD)
to human chromosome 3 and mouse chromosome 14.
Genomics. 1994; 19: 161-2. https://doi.org/10.1006/
geno.1994.1028.

Welman A, Griffiths JR, Whetton AD, Dive C. Protein
kinase C delta is phosphorylated on five novel Ser/Thr sites
following inducible overexpression in human colorectal
cancer cells. Protein Sci. 2007; 16: 2711-5. https://doi.
org/10.1110/ps.072874607.

Blake RA, Garcia-Paramio P, Parker PJ, Courtneidge SA.
Src promotes PKCdelta degradation. Cell Growth Differ.
1999; 10: 231-41.

Perletti G, Terrian DM. Distinctive cellular roles for novel
protein kinase C isoenzymes. Curr Pharm Des. 2006; 12:
3117-33.

Miyamoto A, Nakayama K, Imaki H, Hirose S, Jiang Y, Abe
M, Tsukiyama T, Nagahama H, Ohno S, Hatakeyama S,
Nakayama KI. Increased proliferation of B cells and auto-

immunity in mice lacking protein kinase C delta. Nature.
2002; 416: 865-9. https://doi.org/10.1038/416865a.

WWw

.impactjournals.com/oncotarget

74605

Oncotarget



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Basu A, Pal D. Two faces of protein kinase Cdelta: the
contrasting roles of PKCdelta in cell survival and cell
death. ScientificWorldJournal. 2010; 10: 2272-84. https:/
doi.org/10.1100/tsw.2010.214.

Griner EM, Kazanietz MG. Protein kinase C and other
diacylglycerol effectors in cancer. Nat Rev Cancer. 2007;
7: 281-94. https://doi.org/10.1038/nrc2110.

La Porta CA, Comolli R. Overexpression of nPKCdelta in
BL6 murine melanoma cells enhances TGFbetal release
into the plasma of metastasized animals. Melanoma
Research. 2000; 10: 527-34.

La Porta CA, Di Dio A, Porro D, Comolli R. Overexpression
of novel protein kinase C delta in BL6 murine melanoma
cells inhibits the proliferative capacity in vitro but enhances
the metastatic potential in vivo. Melanoma Research. 2000;
10: 93-102.

Chen Z, Forman LW, Williams RM, Faller DV.
C-delta inhibits  the
proliferation and survival of cancer stem cells in culture
and in vivo. Bmc Cancer. 2014; 14: 90. https://doi.
org/10.1186/1471-2407-14-90.

Chen M, She H, Davis EM, Spicer CM, Kim L, Ren R,
Le Beau MM, Li W. Identification of Nck family genes,
chromosomal localization, expression, and signaling
specificity. Journal of Biological Chemistry. 1998; 273:
25171-8.

Labelle-Cote M, Dusseault J, Ismail S, Picard-Cloutier A,
Siegel PM, Larose L. Nck2 promotes human melanoma cell

Protein  kinase inactivation

proliferation, migration and invasion in vitro and primary
melanoma-derived tumor growth in vivo. BMC Cancer.
2011; 11: 443. https://doi.org/10.1186/1471-2407-11-443.

Bladt F, Aippersbach E, Gelkop S, Strasser GA, Nash P,
Tafuri A, Gertler FB, Pawson T. The murine Nck SH2/SH3
adaptors are important for the development of mesoderm-
derived embryonic structures and for regulating the cellular
actin network. Mol Cell Biol. 2003; 23: 4586-97.

Braverman LE, Quilliam LA. Identification of Grb4/
Nckbeta, a src homology 2 and 3 domain-containing adapter
protein having similar binding and biological properties to
Nck. Journal of Biological Chemistry. 1999; 274: 5542-9.

Chen M, She H, Kim A, Woodley DT, Li W. Nckbeta
adapter regulates actin polymerization in NIH 3T3

45.

46.

47.

48.

49.

50.

51.

52.

fibroblasts in response to platelet-derived growth factor bb.
Molecular and Cellular Biology. 2000; 20: 7867-80.

Guan S, Fan J, Han A, Chen M, Woodley DT, Li W. Non-
compensating roles between Nckalpha and Nckbeta in
PDGF-BB signaling to promote human dermal fibroblast
migration. J Invest Dermatol. 2009; 129: 1909-20. https://
doi.org/10.1038/jid.2008.457.

de Wit NJ, Rijntjes J, Diepstra JH, van Kuppevelt TH,
Weidle UH, Ruiter DJ, van Muijen GN. Analysis of
differential gene expression in human melanocytic tumour
lesions by custom made oligonucleotide arrays. Br J Cancer.
2005; 92: 2249-61. https://doi.org/10.1038/sj.bjc.6602612.
Amos CI, Wang LE, Lee JE, Gershenwald JE, Chen WV,
Fang S, Kosoy R, Zhang M, Qureshi AA, Vattathil S,
Schacherer CW, Gardner JM, Wang Y, et al. Genome-
wide association study identifies novel loci predisposing to
cutaneous melanoma. Human Molecular Genetics. 2011;
20: 5012-23. https://doi.org/10.1093/hmg/ddr415.

Mailman MD, Feolo M, Jin Y, Kimura M, Tryka K,
Bagoutdinov R, Hao L, Kiang A, Paschall J, Phan L,
Popova N, Pretel S, Ziyabari L, et al. The NCBI dbGaP
database of genotypes and phenotypes. Nat Genet. 2007;
39: 1181-6. https://doi.org/10.1038/ng1007-1181.

Tryka KA, Hao L, Sturcke A, Jin Y, Wang ZY, Ziyabari
L, Lee M, Popova N, Sharopova N, Kimura M, Feolo
M. NCBI's Database of Genotypes and Phenotypes:
dbGaP. Nucleic Acids Res. 2014; 42: D975-9. https://doi.
org/10.1093/nar/gkt1211.

Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH:
using sequence and genotype data to estimate haplotypes
and unobserved genotypes. Genet Epidemiol. 2010; 34:
816-34. https://doi.org/10.1002/gepi.20533.

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM.
GenABEL: an R library for genome-wide association
analysis. Bioinformatics. 2007; 23: 1294-6. https://doi.
org/10.1093/bioinformatics/btm108.

DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing
the areas under two or more correlated receiver operating
characteristic  curves: a approach.

Biometrics. 1988; 44: 837-45.

nonparametric

www.impactjournals.com/oncotarget

74606

Oncotarget



