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Integrated pathway and epistasis analysis reveals interactive
effect of genetic variants at TERFI and AFAPIL2 loci on
melanoma risk
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Genome-wide association studies (GWASs) have characterized 13 loci associated with melanoma, which only account for a
small part of melanoma risk. To identify new genes with too small an effect to be detected individually but which collectively
influence melanoma risk and/or show interactive effects, we used a two-step analysis strategy including pathway analysis of
genome-wide SNP data, in a first step, and epistasis analysis within significant pathways, in a second step. Pathway analysis,
using the gene-set enrichment analysis (GSEA) approach and the gene ontology (GO) database, was applied to the outcomes
of MELARISK (3,976 subjects) and MDACC (2,827 subjects) GWASs. Cross-gene SNP-SNP interaction analysis within
melanoma-associated GOs was performed using the INTERSNP software. Five GO categories were significantly enriched in
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inducing factor; AIFM3: apoptosis-inducing factor, mitochondrion-associated, 3; Akt: v-akt murine thymoma viral oncogene; ATM:

ataxia telangiectasia mutated serine/threonine kinase; CASP8: caspase 8, apoptosis-related cysteine peptidase; CDK4: cyclin-dependent
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1 receptor (alpha melanocyte stimulating hormone receptor); NCBIL: National Center for Biotechnology Information; PI3K: phosphoino-
sitide 3-kinase; POT1: protection of telomeres 1; PRKCE: protein kinase C, epsilon; SNP: single nucleotide polymorphism; TERFI: telo-
meric repeat binding factor (NIMA-interacting) 1; TERF2IP: telomeric repeat binding factor 2, interacting protein; TERT: telomerase
reverse transcriptase; TIALl: TIAl cytotoxic granule-associated RNA binding protein-like 1; TNFSF4: tumor necrosis factor ligand
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Interaction between TERFI and AFAP1L2 loci on melanoma risk

genes associated with melanoma (false discovery rate < 5% in both studies): response to light stimulus, regulation of mitotic
cell cycle, induction of programmed cell death, cytokine activity and oxidative phosphorylation. Epistasis analysis, within each
of the five significant GOs, showed significant evidence for interaction for one SNP pair at TERFI and AFAP1L2 locCi (Pmeta-

it = 2.0 X 1077, which met both the pathway and overall multiple-testing corrected thresholds that are equal to 9.8 x 10~7
and 2.0 x 1077, respectively) and suggestive evidence for another pair involving correlated SNPs at the same loci (Pmeta-
int=3.6 x 107°). This interaction has important biological relevance given the key role of TERF1 in telomere biology and the
reported physical interaction between TERF1 and AFAP1L2 proteins. This finding brings a novel piece of evidence for the
emerging role of telomere dysfunction into melanoma development.

What’s new?

Only a small percentage of melanoma risk is known to be linked to genetic variants identified by genome-wide association
studies. In this study, the authors sought to determine whether variants within multiple pathways might interact to increase
this risk. They identified five pathways associated with melanoma, and showed significant interaction between variants at
TERF1 and AFAP1L2 loci. Given the key role of TERF1 in telomere biology and its physical interaction with AFAP1L2, these
results support a role for telomere dysfunction in melanoma development.

Cutaneous melanoma (CM) is the most aggressive form of
skin cancer and has shown a consistent increase in incidence
among fair-skinned populations over the past four decades.'
CM risk likely results from the joint effects and interactions
of environmental factors, including exposure to ultraviolet
radiation, and many genetic factors. There is a broad spec-
trum of genetic variation that underlies genetic susceptibility
to CM. This variation extends from rare high-penetrance
mutations influencing familial CM risk [such as the well-
established cyclin-dependent kinase inhibitor 2A (CDKN2A)?
and cyclin-dependent kinase 4 (CDK4)]? to common low-risk
variants involved in more common forms of CM, as those
recently identified by genome-wide association studies
(GWASs). GWASs of CM have been successful in identifying
13 loci associated with CM risk™” but, as for other complex
diseases, genetic variants at these loci account for only a
small portion of CM risk.

Typically, GWASs focus on the analysis of individual
SNPs, and only the strongest evidence for associations for a
limited number of top-ranked SNPs is reported. One major
limitation of this approach is that disease susceptibility is
likely to result from the combined and possibly interactive
effects of many genetic factors, each making a small contri-
bution to overall disease risk, and the effect of such factors
may be missed if they are examined individually. Recently, a
number of complementary approaches to GWAS have been
proposed to prioritize genes involved in complex diseases,
including GWAS pathway analysis and epistasis analysis.

Pathway analysis is based on the premise that genes do
not work in isolation; instead, genes that belong to biological
and functional units (pathways or gene sets) can harbor
markers which might be detectable when examined jointly.
This approach can also provide novel insights into disease
biology. A number of methods for performing genome-wide
pathway analysis of SNP data have been proposed, of which
the most popular is the gene-set enrichment analysis®

(GSEA) method. This approach uses a competitive test to
search for pathways enriched in genes associated with disease
risk. GSEA has successfully identified a number of pathways
associated with risk of complex diseases,” including cancers
such as basal cell carcinoma of the skin® and bladder cancer.’

Another way to increase power of detecting association of
markers with disease risk is to conduct statistical analysis
that considers gene-gene interactions; this is especially true
for low marginal-effect SNPs. Although advances in compu-
tational methods'®'" have considerably reduced the enor-
mous computing time required to examine interactions at the
genome-wide level, the multiple hypothesis testing issue
remains a major limitation of genome-wide epistasis analysis.
Statistical and biological filtering pipelines have been pro-
posed to limit the search for pairwise interactions among a
subset of genetic markers.'> Although these two filtering pro-
cedures most often have been used independently, combining
them may further limit the interaction search and thus
increase statistical power.

In this study, we propose a two-step analysis strategy
aimed at characterizing pathways associated with melanoma
risk, in the first step, and identifying interactions among all
cross-gene SNP pairs within significant pathways, in the sec-
ond step. This analysis strategy was applied to two large
case—control studies of melanoma with genome-wide SNP
data: the French MELARISK study, which comprised of
3,976 subjects of European ancestry, and served as the dis-
covery dataset, and the North-American MD Anderson Can-
cer Center (MDACC) study, which included 2,827 European-
ancestry subjects and was used as the replication dataset.

Material and Methods

Study populations

Protocols of both MELARISK and MDACC studies have
been approved by the ethical committees of Paris-Saint-
Louis, Paris-Necker and Ile-de-France II (Paris, France) for
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the MELARISK study and by the MD Anderson Cancer Cen-
ter Institutional Review Board (Houston, Texas) for the
MDACC study. All subjects participating to these studies
gave their written informed consent.

Discovery study. The discovery dataset comprised of
1,244 CM cases from the MELARISK study and 3,144
population-based controls. The protocol of recruitment and
data collection of CM patients has been described in detail
elsewhere.'”” Briefly, melanoma patients were recruited
between 1992 and 2011 through a nationwide network of
French Dermatology Departments and Oncogenetic clinics
that constitute the French Melanoma Study Group and MEL-
ARISK collection. MELARISK patients were histologically
confirmed melanoma cases of European ancestry who had
been enrolled for the presence of family history of melanoma,
multiple primaries and/or diagnosis before 40 years of age, in
order to enrich the case series for genetic susceptibility. Infor-
mation on demographic and clinical characteristics, family
history of melanoma and known melanoma risk factors was
collected through interview and clinical examination, extrac-
tion of medical records and by completing a questionnaire.
Confirmation of each reported case of melanoma was sought
through review of medical records, review of pathological
material and/or from pathological reports. In case of family
history, only one CM patient per family was included in our
study. Confirmed melanoma cases included in this study had
been tested negative for germline mutations of CDKN2A, the
major known locus predisposing to familial melanoma.”
Population-based controls were recruited from the same vari-
ous parts of France as the cases and had genotyping data
provided by the Centre National de Génotypage (CNG, Evry,
France). After quality control (QC) of genotypic data, 1,179
cases and 2,797 controls were included in the analysis.

Replication study. The MDACC study population has been
described in the published GWAS."* Briefly, this replication
population consisted of 1,804 European-ancestry patients
with newly diagnosed CM and 1,026 controls, who were
recruited from The University of Texas MD Anderson Can-
cer Center between March 1998 and August 2008. Of these
subjects, 931 CM patients and 1,026 age- and sex-matched
cancer-free controls had completed a lifestyle questionnaire
to provide information about their demographic and the
known risk factors for CM. The remaining 873 CM patients
without questionnaire data were recruited, as a part of a case
series study for survival analysis. After quality control of gen-
otypic data, 1,801 cases and 1,026 controls were included in
the analysis.

Genotype data

Cases and controls of the French study were genotyped in
three stages. The first two stages of genotypic data contrib-
uted to the GenoMEL consortium GWASs."'® Genotyping
was based on Illumina HumanHap300 Beadchip version 2
duo array and Illumina Humancnv 370K array for stage 1
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cases and controls, respectively (575 cases, 1,923 controls)
and on Illumina Human610-Quad array for stage 2 and stage
3 case—control samples (669 cases, 1,221 controls). Genotyp-
ing was performed at Centre National de Génotypage (Evry,
France) for 93% of all samples and at Service XS (Leiden, the
Netherlands) for the remainder. Standard quality controls
measures were applied to samples and SNPs separately for
each genotyping stage. Detailed information about the QC
procedure can be found in the published GWAS papers for
stage 1 and stage 2 samples.'>'® The same QC criteria were
applied to stage 3 samples. In addition, principal component
analysis (PCA) was applied to all pooled cases and controls
who had passed QC to remove a few additional outliers and
duplicates.

To get the same set of SNPs across samples and increase
SNP density, imputations were carried out in stage 1, stage 2
and stage 3 samples separately using MaCH'” (version 4.4.3)
and Hapmap3 CEU+TSI populations as reference panel
(release 2). A total of 1,032,745 SNPs that had imputation
quality score (rsq) >0.8 and minor allele frequency (MAF)
>0.05 and were shared by stage 1, stage 2 and stage 3 sam-
ples were retained for subsequent analysis.

MDACC samples were genotyped with the Illumina
HumanOmnil-Quad_v1-0_B array at the Johns Hopkins
University Center for Inherited Disease Research (CIDR). QC
was applied to samples and SNPs, as described previously.'*
Genome-wide imputation, in MDACC, was performed using
MaCH (version 1.0) program and Hapmap3 CEU panel
(release 2). After imputation 1,067,258 SNPs with rsq >0.80
and MAF >0.05 were retained for analysis.

Statistical methods
Pathway analysis. Pathway analysis was applied to out-
comes of MELARISK and MDACC genome-wide association
analyses, respectively. Association between individual SNPs
and CM risk in the MELARISK dataset was assessed by logis-
tic regression using allele dosage for SNP effect and adjusting
for stage of genotyping using STATA V12 (distributed by
Stata Corporation, College Station, TX). Test of SNP effect
was based on the Wald test. We checked that further inclu-
sion of the first two principal components, obtained from
PCA of genotyped SNP data, in the regression model did not
change the results. In the MDACC dataset, the initial GWAS
was conducted using the ProbABEL'® software, which
includes logistic regression analysis for disease status onto
genotype probabilities assuming an additive model (which is
equivalent to allele dosage). The effect of each SNP on risk of
melanoma was examined via a Wald test, as in MELARISK.
Pathway analysis of each dataset was performed using the
GSEA approach implemented in the GenGen package.®
GSEA derives an enrichment score to detect gene sets signifi-
cantly enriched in genes associated with disease compared to
the whole genome. It uses the single SNP association test sta-
tistic for the most significant SNP in each gene to represent
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the gene. All genes are ranked in descending order of their
test statistic value. A weighted Kolmogorov-Smirnov-like
running sum statistic is calculated to determine, within each
pathway, overrepresentation of highly ranked genes from the
ranked list of all genes. The Kolmogorov-Smirnov-like statis-
tic is normalized to account for differences in the number of
genes across the pathways. Statistical significance for path-
ways is calculated by permutation. SNPs between the start
site and the 3'-untranslated region were assigned to genes
using NCBI dbSNP Build 132 and human Genome Build
37.1. To map genes to pathways, we used gene ontology
(GO) categories. To reduce the number of overlapping GO
categories, we considered biological process and molecular
function level-4 ontologies, as provided by the GenGen pack-
age. Our analysis was also restricted to GOs that contained at
least 20 and at most 200 genes to avoid testing overly narrow
or broad functional categories. Statistical significance of path-
way enrichment scores was determined by 100,000 SNP sta-
tistics permutations. We used SNP statistics permutation
across the genome instead of case-control status permutation
as it is more computationally efficient and does not require
access to raw data. Simulations have shown that SNP-
statistics permutations perform much better than gene-
statistics permutations when compared to the gold-standard
approach of permuting the case-control status.'” We com-
puted empirical p-values and the false discovery rate (FDR)
to correct for multiple testing. We used a FDR <0.05 as a
stringent criterion for statistical significance in the discovery
dataset and a FDR <0.05 in the replication dataset as a crite-
rion for a validated result.

Cross-gene SNP-SNP interaction analysis within melanoma-
associated pathways. In MELARISK, we analyzed all cross-
gene SNP-SNP interactions within each melanoma-associated
pathway. Pairwise SNP-SNP interactions were evaluated by
logistic regression assuming an additive model for SNP main
effects and interaction using the INTERSNP* software (ver-
sion 1.14). The additive effect of a SNP was represented by a
variable that was coded —1, 0 and 1 for homozygote for the
major allele, heterozygote and homozygote for the minor
allele, respectively. The interaction term was modeled by the
multiplication of variables between SNPs. Test of interaction
was performed by comparing the full model, which included
the additive effects of the two SNPs plus the interaction term
to the restricted model without interaction, using a
likelihood-ratio test which follows a ¥* distribution with one
degree of freedom.

For each gene, we examined all SNPs passing QC and
lying from 50 kb upstream to 50 kb downstream of the gene
(Build 37.1). As required by INTERSNP, we used the best
guess genotype provided by MaCH when its maximum pos-
terior probability was greater than or equal to 0.90 (otherwise
it was set to missing). We discarded strongly correlated SNPs
(¥*>0.8) and all SNP pairs for which one or more of the
nine genotypic combinations appeared in fewer than five sub-
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jects in cases and controls, respectively. All pairs of SNPs
showing suggestive evidence for interaction (pi,<10™%) in
MELARISK were subjected to replication in MDACC. We
selected SNP pairs that replicated in MDACC at the nominal
5% level and showed the same direction of interaction as in
MELARISK. We then meta-analyzed the discovery and repli-
cation results using a fixed-effects model.

To correct for multiple testing, we used a hierarchical
bottom-up procedure. We first corrected for multiple interac-
tion tests for each gene pair, then for multiple gene pairs
within a pathway and finally across all pathways found sig-
nificantly associated with melanoma. Specifically, for each
gene pair, we computed the effective number of independent
interaction tests from the eigenvalues of the correlation
matrix of products of SNPs allele dosages, similarly to the
method proposed by Li and Ji.*' The effective number of
independent tests in a pathway was estimated by the sum of
the effective number of independent tests for a gene pair
over all gene pairs tested within that pathway in the discov-
ery dataset. The corrected critical threshold for the number
of tests in a pathway (Tpamway) Was thus equal to the 5% type
I error divided by the effective number of independent tests
in that pathway. Finally, to correct for overall statistical sig-
nificance across all melanoma-associated pathways, we
applied a Bonferroni correction to the pathway-corrected
threshold (Tpahway) to get the overall critical threshold

( Toverall) .

Results

Pathway analysis

GSEA was applied to GWAS results from single SNP associa-
tion analysis conducted in 1,179 melanoma cases and 2,797
controls from the MELARISK study and in 1,801 melanoma
cases and 1,026 controls from the MDACC study. In MEL-
ARISK, 459,637 of 1,032,745 Hapmap3-imputed SNPs were
located within genes and mapped to 21,810 genes. Of these,
6,873 genes were assigned to 316 level-4 GO categories. In
MDACC, 475,093 of 1,067,258 SNPs were located within
genes and mapped to 22,096 genes. Of these, 6,909 genes
were assigned to 319 level-4 GO categories. A total of 15
GOs achieved the threshold for statistical significance
(FDR < 0.05) in MELARISK. Five of these GOs were success-
fully replicated in MDACC (FDR <0.05) and were the fol-
lowing: response to light stimulus (GO:0009416), regulation
of mitotic cell cycle (GO:0007346), induction of programmed
cell death (GO:0012502), cytokine activity (GO:0005125) and
oxidative phosphorylation (GO:0006119) (Table 1). These
GO categories included from 52 to 193 genes. The propor-
tion of genes that drive the enrichment score of a pathway
varied from 25% (regulation of mitotic cell cycle) to 43.2%
(cytokine activity) in MELARISK and from 25% (regulation
of mitotic cell cycle) to 45.3% (response to light stimulus) in
MDACC (Table 1). These proportions were quite similar
between the two studies for the significant gene sets, except
for cytokine activity where that proportion was higher in
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Table 1. Pathways associated with melanoma risk in MELARISK and MDACC studies
MELARISK MDACC
No. of genes No. of genes
No. of driving a No. of driving a
Pathway (GO class) genes’  p? FDR? pathway (%)>  genes' p? FDR? pathway (%)>
Response to light stimulus 75 <107° 0.001 31 (41.3) 75 <107° 0.002 34 (45.3)
(G0:0009416)
Regulation of mitotic cell cycle 52 <107° 0.001 13 (25.0) 52 5.6 X 107> 0.05 13 (25.0)
(G0:0007346)
Induction of programmed cell 193 5.0 X 107> 0.004 71 (36.8) 193 3.0 X 1074 0.02 76 (39.4)
death (G0:0012502)
Cytokine activity (50:0005125) 183 3.6 X 10>  0.05 79 (43.2) 188 9.1 Xx10°  0.05 63 (33.5)
Oxidative phosphorylation 54 1.6 X 107> 0.04 20 (37.0) 54 6.5 X 107*  0.02 18 (33.3)

(GO:0006119)

INumber of genes in a pathway having at least one GWAS SNP mapped to a gene.
2Empirical p-value and FDR of a pathway estimated by 100,000 permutations of SNP statistics.
>Number of genes driving the enrichment score of a pathway and proportion (%) over total number of genes in that pathway.

MELARISK (43.2%) than in MDACC (33.5%). The genes
driving the five significant gene sets showed small degree of
overlap as there were at most four and nine overlapping
genes between induction of programmed cell death and
response to light stimulus GOs in MELARISK and MDACC,
respectively (Supporting Information Figs. 1a and 1b).

Cross-gene SNP-SNP interaction analysis within
melanoma-associated pathways

We examined 518 distinct genes that belonged to the five
pathways identified by GSEA. This constituted a total of
7,975 analyzed SNPs, which resulted in 5,577,994 within-
pathway cross-gene SNP-SNP interaction tests in the discov-
ery MELARISK dataset. The effective number of independent
tests per pathway and corresponding pathway and overall
multiple-testing corrected thresholds are shown in Supporting
Information Table 1. There were four SNP pairs related to
four gene pairs that had p;,< 10~* in MELARISK and repli-
cated at the nominal 5% level in MDACC (Table 2). Two of
these pairs involved two SNPs within the same gene
(PRKCE), which were independent [linkage disequilibrium
(LD) measures being ¥ =0.001 and D' = 0.05]. An additional
SNP pair, related to one of the four replicated gene pairs
(TERF1/AFAPIL2), was found to have a p values of 2.1 X
10~* in MELARISK (close to the 10~ * threshold chosen to
select pairs for replication) and to strongly replicate in
MDACC (pj=2.4 X 10~*) (Table 2). The two SNP pairs at
TERF1 and AFAPIL2 loci were sharing one SNP (rs3863241)
at TERFI locus and had their two SNPs at AFAPIL2 locus in
moderate LD (r*=0.56; D' =0.86). All five SNP pairs
showed increased evidence for interaction in the meta-
analysis of MELARISK and MDACC. The regression coeffi-
cients and standard errors associated with each SNP-SNP
interaction effect are shown in Table 2. The strongest interac-
tion was found for rs3863241 (TERFI1)/rs649785 (AFAPIL2)
pair with pretaine = 2.0 X 10~7, which remained significant
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after correction for multiple testing, provided Tpamway and
Toveran are equal to 9.8 X 1077 and 2.0 X 1077, respectively
(Table 2 and Supporting Information Table 1). The other
pair at TERFI and AFAPIL2 loci had pmega-int = 3.6 X 106,
which was higher by only 0.6 order of magnitude than the
pathway-corrected threshold (Table 2). The other three pairs
had pmetaint ranging from 2.2 X 10°° for rs10189339
(PRKCE)/rs17098973 (TIALI) to 1.0 X 107> for rs6743144
(PRKCE)/rs178295 (AIFM3) pair. These p-values were from
1.5 to 2.4 and from 2.2 to 3.1 orders of magnitude higher
than their corresponding pathway and overall multiple-
testing corrected thresholds (Table 2 and Supporting Infor-
mation Table 1). We noted that for all five SNP pairs, no sin-
gle SNP had a nominally significant marginal effect and, in
the presence of interaction in the model, the SNP main
effects were also not nominally significant in either MELAR-
ISK or MDACC, except for rs6743144 in PRKCE (p = 0.03)
and rs614004 in CMTM7 (p = 1.1 X 1073) in MELARISK
(Supporting Information Table 2).

The SNP pair with significant evidence for interaction,
after taking into account multiple testing, showed a pattern
of interaction in which the odds ratios (ORs) associated with
GG (or CC) genotype of rs649785 (AFAPIL2) had an inverse
effect depending on the genotype, TT or CC, at rs3863241
(TERFI) (Fig. la). A similar pattern was observed for the
other SNP pair (rs597371/rs3863241) involving the same loci
(Fig. 1b). Further haplotype analysis of the two SNPs at
AFAPIL2 locus by stratifying on genotype at rs3863241
(TERFI locus), using the THESIAS*® program, showed that a
single haplotype bearing the minor C allele of rs649785 and
minor G allele of rs597371 had an inverse effect on mela-
noma risk depending on the genotype TT (OR =1.31, 95%
CI=1.13-152; p=29 X 10°* or CC (OR=0.71, 95%
CI=0.59-0.85, p=2.7 X 107" at rs3863241 (Table 3).
Regarding the other SNP pairs, the pair related to PRKCE/
AIFM3 showed a similar pattern of interaction as the TERFI/
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Figure 1. Two-locus odds ratios (ORs) and 95% confidence intervals for melanoma for each genotypic combination of TERFI and AFAP1L2
SNPs. On the left graph (a), subjects are grouped by genotypes at both TERFI rs3863241 and AFAP1L2 rs649785. On the right graph (b),
subjects are grouped by genotypes at both TERFI rs3863241 and AFAP1L2 rs597371. The x and y axes represent genotypic combinations
of TERF1 and AFAP1L2 SNPs and odds ratios for melanoma, respectively. For each SNP pair, the odds ratios were computed using the esti-
mates of SNP main effects and interaction obtained from the combined analysis of MELARISK and MDACC. Note that for each SNP pair, the

double heterozygous genotype has an odds ratio of 1 using our coding scheme (as explained in the statistical methods section).

Table 3. Effect of haplotypes bearing the two AFAP1L2 SNPs on the risk of melanoma by stratifying on genotypes at TERFI rs3863241 in

pooled MELARISK and MDACC datasets

Genotypes of rs3863241 (TERF1)* %

AFAP1L2 CT (1,404 cases/1,839 .‘E

haplotypes TT (844 cases/1,073 controls) controls) CC (607 cases/737 controls) 8

5649785  rs597371"  Freq®>  OR (95% CI)* p’ OR (95% CI)* p’ OR (95% Cl)* p’ (2

G A 0.49 - - - - - - 54

C G 0.38 1.31 (1.13-1.52) 2.9 X 1074 1.05 (0.93-1.17) 0.44 0.71 (0.59-0.85) 2.7 X104 5
C A 0.10 1.05 (0.82-1.36) 0.70 0.97 (0.80-1.17) 0.73 0.78 (0.58-1.04) 0.09
G G 0.03 0.91 (0.61-1.36) 0.65 0.73 (0.53-1.01) 0.06 1.19 (0.72-1.98) 0.49

1C is rs649785 minor allele; G is rs597371 minor allele.

Haplotypes frequencies estimated in controls of the pooled sample. This frequency was similar in each stratum defined by TERF1 rs3863241

genotypes.

Haplotype analysis was conducted in each stratum of subjects according to their genotype at rs3863241 (TERF1).
“OR (95% CI) is the odds ratio (95% confidence interval) for each haplotype with respect to the reference haplotype (GA).

®p-Value associated with Wald-test statistic.

AFAPIL2 pairs while the other two pairs (PRKCE/TIALI and
TNFSF4/CMTM?7) showed a synergistic effect (Supporting
Information Figs. 2a-2c).

Discussion
By testing for association on the basis of functional units
such as GO categories, we identified five gene sets that were
significantly enriched with genes associated with melanoma,
the vast majority of which have not yet emerged from con-
ventional single SNP analysis of GWAS. Epistasis analysis
within these melanoma-associated pathways showed signifi-
cant evidence for interaction for one SNP pair related to
TERF1 and AFAPIL2 loci and suggestive evidence for
another pair involving correlated SNPs at the same loci.
Three of the five GO categories that were identified in the
two melanoma studies, response to light stimulus, regulation

Int. J. Cancer: 00, 00-00 (2015) © 2015 UICC

of mitotic cell cycle and induction of programmed cell death,
included at most four loci previously reported by published
GWASs'™'® and that ranked high (top 1%) in MELARISK
and/or MDACC GWASs. These loci included 16q24 (MCIR),
9p21 (CDKN2B, CDKN2A), 11q22 (ATM) and 2q33
(CASPS8). However, all other genes driving the enrichment of
these pathways in MELARISK and/or MDACC had not been
reported to be robustly associated with melanoma risk. These
three GOs involve biological processes that are known to be
linked to melanoma development and progression. The other
two GOs, cytokine activity and oxidative phosphorylation,
represent novel pathways for melanoma risk. Only few candi-
date gene studies and one candidate pathway analysis have
focused on immune-related genes and often have led to
inconsistent results.”> At the tumor level, a number of cyto-
kines have been found to be highly expressed in human
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melanomas.** Identifying the cytokine activity pathway as
being associated with melanoma risk is of prime interest
given the role of immune-related mechanisms in melanoma
progression and the growing development of immunotherapy
regimens.”>*® Oxidative phosphorylation is an important
energy-producing process in the mitochondria, and a key
role of mitochondria in melanoma formation and progression
has been highlighted.”” However, polymorphisms of mole-
cules involved in oxidative phosphorylation have not yet
been reported to be associated with melanoma risk.

Our pathway analysis was based on the GSEA approach
which has the major advantage of using a “no-cutoft” strat-
egy that considers all genes from the genome without select-
ing significant genes according to a predetermined threshold
as done by other methods such as ALIGATOR*® and
MAGENTA.*® The choice of the boundaries within which
SNPs are assigned to genes is not clearly defined. We strictly
chose gene boundaries to decrease noise. However, when we
extended the boundaries to 20 kb on each side of each gene,
similar results were obtained (results not shown).

Epistasis analysis within the five melanoma-associated path-
ways uncovered two statistically significant SNP pairs at
TERFI and AFAPIL2 loci and three other pairs that did not
meet the multiple-testing corrected thresholds but nominally
replicated in MDACC. This is notable as very few of the
increasing number of studies focusing on gene-gene interac-
tions have been successful in detecting statistically significant
interactions and/or showing replication. Although our analysis
was based on imputed SNPs, we maximized imputation accu-
racy by using stringent QC criteria to retain SNPs for analysis.
Moreover, the imputation quality scores of all SNPs showing
interaction were greater than or equal to 0.9, and for those
SNPs that were genotyped, the correlation between genotyped
and imputed SNPs was at least 0.99. We assumed an additive
model for both SNP main effects and interaction to increase
power. Further analysis using a more general model including
additive and dominance terms showed no significant departure
from additivity for both main effects and interaction for all five
SNP pairs that replicated in MDACC (results not shown).

The SNPs of the two statistically significant SNP pairs
belonged to the loci that extended from 50 kb upstream to 50
kb downstream of TERFI and AFAPIL2, two genes that were
part of the melanoma-associated regulation of mitotic cell cycle
GO and were thus selected for epistasis analysis according to
our two-step analysis strategy. However, these loci spanned
other genes. We first checked that these other genes did not
belong to the GO class to which TERFI and AFAPIL2 were
part of or to any other melanoma-associated GO. Investigation
of the LD pattern in the critical intervals clearly pointed toward
TERFI gene, although this was less clear for AFAPIL2 given
the presence of recombination hot spots around that gene.
Investigation of functional annotations of the interacting SNPs,
using Haploregv2,’® showed that rs3863241 (TERFI locus) was
in LD with two TERFI SNPs, rs1482029 and rs1574690
(r* = 0.96 and 0.60 with rs3863241, respectively), that map to

Interaction between TERFI and AFAP1L2 loci on melanoma risk

regulatory elements including enhancer-like elements in epi-
dermal keratinocytes and to transcription factor binding sites.
The two SNPs at AFAPIL2 locus were both in LD with one
SNP, rs10626058 (r* = 0.71 with rs649785 and r* = 0.59 with
rs597371), that maps to binding sites of transcription factors,
including the forkhead box P1 transcription factor (FOXP1),
which is known to be involved in various cancers. Both TERF1
[telomeric repeat binding factor (NIMA-interacting) 1] and
AFAPIL2 (actin filament associated protein 1-like 2) genes
have relevant biological functions regarding cancer and mela-
noma, in particular. TERFI is one the six genes encoding pro-
teins of the shelterin complex®" that mediate the interaction of
telomerase with telomeres and are involved in many telomere
functions.’® The identification of this gene by our study is a
major interest because there is accumulating evidence that telo-
mere dysfunction represents a novel mechanism for melanoma
development. Varijants of telomerase reverse transcriptase
(TERT) gene have been identified by GWASs of melanoma.*'®
Rare germline mutations in TERT promoter” and in three
shelterin complex genes, POT1, ACD and TERF2IP, have been
recently found to predispose to familial melanoma.**~® Risk of
melanoma was also reported to be associated with a set of
genes, other than TERFI, that influence telomere length.””
AFAPIL2 gene (also known as XB130) encodes an adaptor
molecule, a member of the actin filament-associated protein
(AFAP) family, that is a binding partner of tyrosine kinases
and promotes cell proliferation and survival, in particular via
the PI3K/Akt pathway, known to play a key role in melanoma
tumors.”® AFAP1L2 protein was also found to be involved in
cell migration and invasion via association with Rac-GTPases
including Racl.” Tt is of note that recurrent RACI mutations
have been found in melanoma tumors and mutated Racl pro-
tein promotes melanocyte proliferation and migration.** Fur-
thermore, our finding of statistical interaction at TERFI and
AFAPIL2 loci is supported by the physical interaction between
TERF1 and AFAP1L2 proteins.*' Indeed, AFAP1L2 is one of
the 320 proteins that was found, by a screening experiment of
12,000 proteins in human cells, to interact with the proteins of
the shelterin complex, especially TERF1.*!

In conclusion, this study shows that the proposed two-
step analysis strategy allowed not only identifying novel path-
ways associated with melanoma risk but also pointing out
strong candidates for melanoma susceptibility. Of particular
interest is the significant interaction found between TERFI
and AFAPIL2, which has important biological relevance,
given the key role of TERF1 in telomere biology and its
physical interaction with AFAP1L2 protein. It also brings a
new piece of evidence for the emerging role of telomere dys-
function into melanoma development. Further studies,
including functional and experimental studies, are needed to
confirm the current findings. Thus, integration of biological
knowledge together with investigation of gene-gene interac-
tions represents a powerful approach to disentangle the com-
plex mechanisms underlying multifactorial diseases such as
cancers.
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