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Common variants for multiple basal cell carcinomas

To the editor

Among the millions of people who develop a first basal cell carcinoma (BCC)
annually, ~30% will get subsequent BCCs (Flohil et al., 2013). The majority of BCCs
occur on the head and neck, where tumor growth and surgery can lead to functional
and cosmetic morbidity. Because of the high incidence, risk of multiple tumors, and
morbidity, the disease burden and healthcare costs are considerable (Housman et al.,
2003; Hollestein et al., 2014).

Several candidate gene approaches (CGAs) suggest that polymorphisms in the genes
encoding cytochrome P450, glutathione S-transferase, and HLA are implicated in the
development of multiple BCCs (mBCC; Cerimele et al., 1988; Rompel et al., 1995; Lear
et al., 1996; Ramachandran et al., 2000). Most of these studies have a small sample
size and include only a few variants per gene. To date, there are no studies investigating
whether more recently identified BCC loci also confer susceptibility to mBCC. We
investigated whether single-nucleotide polymorphisms (SNPs) previously associated
with BCC increase the risk of mBCC using a CGA. In addition, we conducted a genome-
wide association study (GWAS) to identify previously unreported loci associated with
the risk of mBCC.

A detailed description of all the methods is presented in the Supplementary Material
online. We used participants from the Rotterdam Study (RS), which is a population-based
follow-up study that consists of three cohorts (RS-I, I, and Ill; Hofman et al., 2013). The
Medical Ethics Committee of the Erasmus Medical Center and the review board of
the Dutch Ministry of Health, Welfare and Sport have ratified the RS. All participants
who gave informed consent were linked with a nationwide registry of histopathology
in The Netherlands (PALGA, up to 31 December 2013) to identify histopathologically
confirmed BCCs, squamous cell carcinomas (SCCs), and melanomas (Casparie et al.,
2007).

DNA from whole blood was extracted and genotyped following standard protocols
(Hofman et al., 2013). Quality control procedures were applied to the genotyped SNP
data. The GWA data sets were imputed to the 1,000 Genomes data set using MACH-
minimac v1.0.18 (Howie et al., 2012). In total, 30,072,738 markers were genotyped
and/or imputed. We excluded markers with a minor allele frequency <3% and an
imputation quality <0.3. After quality control, 7,260,691 markers were available for
analysis.

From the 9,810 RS participants with genotype and phenotype information, 1,219
individuals with BCC were identified, of whom 472 had mBCC (38.7%). Participants
with mBCC had a significantly higher proportion of SCCs and/or melanomas compared
with those with single BCC (sBCC; Supplementary Table S1 online).

First, 19 candidate SNPs and 17 loci from well-powered GWASs/CGA of BCC
were selected (Supplementary Table S2 and Supplementary Material online). We then
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conducted SNP- and gene-based logistic regression analyses in two data sets, comparing
BCC to no BCC (i.e., validation set) and mBCC to sBCC to investigate whether these
BCC loci also increase the risk of mBCC. The analyses were adjusted for age at study
entry or age at first BCC, sex, and four principal components (PCs). As these SNPs and
loci were previously significantly associated with BCC, we only adjusted for multiple
testing in the mBCC versus sBCC data set using the Bonferroni correction. All analyses
were performed in PLINK v1.07 (Purcell et al., 2007).

In the CGA on BCC against no BCC, 12/19 (63%) candidate SNPs and 5/17 (29%)
loci were replicated, demonstrating a good external validity of the study (Table 1 and
Supplementary Table S3A online). Interestingly, the CGA comparing sBCC to mBCC did
not yield any significant associations between these BCC-related SNPs/loci and risk of
mBCC (Table 1 and Supplementary Table S3B online).

Table 1. SNP-based and gene-based association analyses

BCC vs. no BCC mBCC vs. sBCC

SNP Locus SNP-based Gene-based SNP- SNP-based Gene-based SNP-

p-value p-value based OR  p-value p-value based OR
rs1126809  TYR 0.0027 0.14 1.16 0.99 0.16 1.0010
rs4911414  20q11.22 0.067 0.96 1.086 0.49 0.77 0.94
rs1015362  20q11.22 0.83 0.96 1.010 0.15 0.77 0.87
rs7538876  PADI6 0.00062 0.075 1.16 0.063 0.11 1.17
rs801114 1942.13 0.0070 0.049 1.13 0.63 0.75 0.96
rs11170164 KRT5 0.17 0.0020 1.12 0.13 0.24 1.27
rs2151280 CDKN2B-AS1 0.0043 0.13 0.88 0.97 0.64 1.00
rs157935 LINC-PINT 0.00077 0.10 0.85 0.18 0.86 0.88
rs16891982 SLC45A2 0.0081 0.038 0.65 0.82 0.47 0.93
rs401681 CLPTM1L 0.00053 0.022 0.86 0.36 0.83 0.92
rs12210050 EXOC2 0.030 0.35 1.15 0.69 0.13 0.95
rs7335046  UBAC2 0.19 0.35 1.087 0.10 0.016 1.22
rs1805007  MCIR 0.069 0.60 1.16 0.43 0.25 0.88
rs78378222 TP53 0.037 0.17 1.34 0.13 0.39 1.49
rs12203592 IRF4 7.7E-05 0.063 1.31 0.35 0.30 0.89
rs12202284 EXOC2 0.12 0.35 1.096 0.88 0.13 1.017
rs8015138  14g22.1 0.79 0.088 0.99 0.91 0.72 0.99
rs214782 TGM3 1.2E-05 0.0070 1.27 0.056 0.19 1.22
rs7006527  RGS22 0.0018 0.17 0.82 0.49 0.85 1.088

Abbreviations: BCC, basal cell carcinoma; mBCC, multiple basal cell carcinomas; OR, odds
ratio; sBCC, single basal cell carcinoma; SNP, single-nucleotide polymorphism. Numbers in bold
display significant differences (P-value <0.05). The gene-based P-value for mBCC versus sBCC
should be corrected for multiple testing.
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Finally, we conducted a pilot GWAS using logistic regression (additive model) to test
for associations between markers and mBCC, adjusting for age at diagnosis, sex, and four
PCs (Supplementary Material online). A meta-analysis of the GWAS results per cohort
was performed. Despite the low overall power to detect genome-wide significant hits
(Supplementary Figure ST online), we identified genome-wide suggestive associations
in chromosomes 2, 3, 18, and 22 (P-values <5 x 10, Supplementary Figure S2 online
and Table 2). The most significant SNP was rs78857623 (P-value =1.2 x 107, Table 2),
which mapped to an intron in FHIT, and it was in linkage disequilibrium (r*=0.65) with
another significantly associated intronic FHIT SNP (rs78316259; P-value=4.6 x 10°).
FHIT is a tumor suppressor gene that encodes a diadenosine polyphosphate hydrolase
involved in purine metabolism (Barnes et al., 1996). Aberrant FHIT transcripts as well
as germline mutations in this gene have been found in different cancers including BCC
(Ohta et al., 1996; Goldberg et al., 2006; Ding et al., 2008).

Given the high proportion of SCCs and melanomas in mBCC cases, a sensitivity
analysis investigating the influence of other cutaneous cancers was performed
(SupplementaryTable ST online). We observed changes in the P-values of the associations
due to a 13% decrease in sample size, but all top SNPs remained significant with a
P-value <5 x 10~ (data not shown), showing that our findings were driven by BCC
cases.

In contrast to other BCC GWASs, we performed a GWAS on histopathologically
confirmed mBCC. By combining national pathology data with genomewide SNP data
from a population-based study, we accurately distinguished between sBCC and mBCC.
It is a pilot GWAS because the sample size is small and replication data are not easily
available. All existing cohorts, which have performed genetic epidemiology on skin
cancer, do not have data on mBCC. Like in other GWASs, the significant associations
are only statistical and therefore any inference about the functional impact of the
variants to the risk of mBCC needs to be investigated with other approaches. Despite
these limitations, our data set contains the largest collection of cases with mBCC to
date and may serve as a valuable reference for future studies.

Because of the high risk of subsequent BCCs in individuals with a first BCC, we
expected that loci predisposing to sBCCs would also contribute to the risk of mBCC.
However, the CGA analysis did not support this hypothesis, suggesting that other
biological factors, including genes, may confer an increased risk to mBCC. The earlier
onset of first BCCs in patients with mBCC may indeed suggest that these patients have
a stronger genetic burden compared with those with sBCC (68.7 vs. 72.4 years; P-value
<0.05, Supplementary Table S1 online). A heritability analysis comparing mBCC
against sBCC in well-powered samples will help validate this hypothesis. It could also
be argued that other yet-to-be-identified loci conferring susceptibility to BCC may also
increase risk of mBCC, which will require larger consortia on the genetics of BCC.
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Common variants for multiple basal cell carcinomas

In conclusion, genetic loci previously associated with BCC do not increase the risk
of mBCC. A pilot GWAS on mBCC identified to our knowledge previously unreported
susceptibility variants, but these findings need to be replicated in other mBCC cohorts.
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SUPPLEMENTARY MATERIAL

Materials and methods

Study population

The Rotterdam Study (RS) is a prospective population-based follow-up study of the
determinants and prognosis of chronic diseases, including skin diseases and cancer, in
the elderly. Only participants living in Rotterdam, The Netherlands, are included. The
RS consists of a major cohort (RS-I) and two extensions (RS-1I and RS-II). RS-I started
in 1990 and initially included 7,983 participants living in the Ommoord district in
Rotterdam. RS-l started in 2000 and now includes 3,011 participants. RS-lll is a further
extension of the cohort, started in 2006, and now includes 3,932 participants. By the end
of 2008, the RS comprised 14,926 subjects aged 45 years or over. The overall response
rate for all three cycles at baseline was 72.0%. The cohort consists predominantly
(90%) of participants of North-European ancestry. A detailed description of the design
of the RS is presented in Hofman et al. (2013). The Medical Ethics Committee of the
Erasmus Medical Center and the review board of the Dutch Ministry of Health, Welfare
and Sport have ratified the RS. Our study was conducted according to Declaration of

Helsinki Principles. From each participant, written informed consent was obtained.

Ascertainment of (multiple) basal cell carcinoma cases

All the participants of the RS who gave informed consent (n = 14,628) were linked
with the nationwide network and registry of histopathology and cytopathology in
The Netherlands (PALGA; up to 31st December 2013) to identify histopathologically
confirmed BCCs, squamous cell carcinomas and melanomas. PALGA was founded in
1971 and achieved complete national coverage in 1991. Every obtained pathology
excerpt contains encrypted patient data, a report identifier, the conclusion of the
pathologist and a PALGA diagnosis line derived from the Systematized Nomenclature
of Medicine (Casparie et al., 2007). The majority of excerpts extracted from PALGA
include an anatomical location, which makes it possible to distinguish between
participants with single or subsequent tumors. If location was not available, we assumed
that a biopsy followed by an excision for the same type of skin cancer, concerned the
same tumor. The next BCC following a radical excision was always counted as a new
neoplasm. If an excision was incomplete, the next reported tumor on the same/adjacent
location was regarded as recurrent and not a new BCC. If the diagnosis or the number
of unique BCCs remained unclear, the medical files were searched by hand and a
consensus decision was made based on these data.
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DNA collection, genotyping, imputation and quality control

DNA from whole blood was extracted following standard protocols (Hofman etal., 2013).
The llumina Infinium I HumanHap550 BeadChips were used to genotype the RS-I (n =
6,291) and RS-1I (n = 2,157) cohorts while Illumina Human610-Quad BeadChips were
used to genotype the RS-l cohort (n = 3,048). Quality control criteria included the
removal of SNPs with Hardy-Weinberg equilibrium deviations (p<10-6), genotyping
call rate < 97%, gender mismatch and a high mean autosomal heterozygosity. We also
excluded duplicates or first-degree relatives using identity-by-descent (IBD) estimates
and outliers (three standard deviations away from the population mean) using multi-
dimensional scaling (MDS) analysis with four principal components. After excluding
related participants, 9,810 participants remained in our dataset.

To increase the coverage of the genome, we imputed the RS-1, RS-1l and RS-1Il cohorts
separately, using 1000Genomes (GIANT Phase | version 3) as the reference panel and
using a two-step procedure imputation algorithm implemented in the program MACH-
Minimac v1.0.18 using default parameters (Howie et al., 2012). In total 30,072,738
markers were genotyped and/or imputed. We filtered out markers with a MAF < 3%
and an imputation quality score (*_pihat) < 0.3. This resulted in 7,260,691 markers that
passed quality control and were used in the meta-analysis.

Selection of SNPs and candidate loci associated with BCC

We selected English publications indexed in PubMed until December 2013 that reported
associations between common SNP variants (MAF > 1%) and BCC or keratinocyte
carcinoma. To reduce the burden of multiple testing for our CGA we limited our CGA
to variants identified in high-powered GWASs and CGAs of BCC in humans. For a
GWAS we considered SNPs with a p-value < 10-° to choose candidate genes.

To select the candidate gene/locus of an associated SNP located within a gene/
locus, we retrieved the coordinates of the RefSeq longest transcript from the UCSC
Genome Browser (http://www.http://genome.ucsc.edu/; GRCh37/hg19 assembly) and
added 15Kb downstream and upstream of the locus region (Kent et al., 2002). The 30Kb
region was selected to only include regulatory regions nearby the locus to which the
variants have been previously annotated. For intergenic SNPs located more than 15Kb
from a gene, we added 30Kb (15Kb downstream and 15Kb upstream) to the position
of the candidate SNP. Further, we used the genomic coordinates of the selected loci
and extracted all SNPs available from the RS genome-wide SNP data for the gene/locus
association analyses. The list of SNPs and loci associated with the SNPs from the studies
we included for our analysis, are shown in Supplementary Table S2 online.
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Statistics and analyses

Candidate SNP and gene association analyses on (m)BCC

To test for associations between (m)BCC and common SNPs and candidate genes, best-
guessed genotypes of the three RS cohorts were estimated from the imputed data using
the Genome wide Complex Trait Analysis (GCTA) software with default parameters
(Yang et al., 2011).

We first carried-out a SNP-based association analysis on SNPs that were previously
associated with BCC using two case-control designs, namely: all prevalent cases of BCC
against no BCC (BCC/controls), and all prevalent cases with mBCC against all prevalent
cases with sBCC. We used the first design as a validation dataset and the second design
to address the research questions. For the SNP association we carried-out a logistic
regression analysis, adjusting the model for age at study entry/age at first BCC, sex and
four principal components. Since the SNPs were already replicated in previous GWAS
we only adjusted for multiple testing in the mBCC/sBCC design using the Bonferroni
correction. These analyses were carried-out in PLINK v1.07 (Purcell et al., 2007).

To screen for additional variants in the genomic region (15Kb up- and downstream)
to which the candidate SNPs are mapped to, a gene-based logistic regression analysis
using a set-based test implemented in PLINK v1.07 was performed with the following
parameters: r* = 0.5, p-value = 0.05, maximum number of SNPs = 15 and permutations
= 1000. This test calculates whether the mean statistics of SNP associations within
a gene are larger than those calculated under the null hypothesis of no association,
taking into account the linkage disequilibrium (LD) between SNPs within a set/gene
and adjusting for multiple testing per gene using permutations. For these analyses we
adjusted for the same covariates as in the SNP-based associations. P-values were further
adjusted for the number of evaluated genes in the mBCC/sBCC dataset.

Genome-wide association analysis

To discover to our knowledge previously unreported loci associated with an increased
risk for mBCC, a pilot GWAS per RS cohort with participants with mBCC as cases and
subjects with sBCC as controls was performed. We used logistic regression with an
additive model to test for associations between SNPs and the phenotype, adjusting for
age at diagnosis, sex and four principal components. The significance of the association
was tested using the likelihood ratio test with one degree of freedom. The GWAS analyses
were implemented in the ProbABEL package, which incorporates dose imputed data
within a logistic regression framework (Aulchenko et al., 2010). Subsequently, because
the standard error of the effects may not be accurate due to the small sample size, we
used the p-values from the likelihood-ratio tests as summary statistics to meta-analyze.
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The meta-analysis of the three RS cohorts was carried out using the METAL software,

allowing for genomic control correction and heterogeneity (Willer et al., 2010).

Supplementary table S1. Study population characteristics

Characteristics sBCC' mBCC’
Number of participants 747 472
Mean age (range) at study entry, years 66.4 (46-99) 65.8 (48-92)
Mean age (range) at first BCC diagnosis, years 72.4 (36-99) 68.7 (30-96)
Sex (%)

Female 429 (57.4) 233 (49.4)

Male 318 (42.6) 239 (50.6)
Other cutaneous cancers (%)

scc? 62 (8.3) 76 (16.1)

Melanoma 6(0.8) 13 (2.8)

SCC & Melanoma 2(0.3) 4(0.8)

All combined 70 (9.4) 93 (19.7)

! Single basal cell carcinoma
* Multiple basal cell carcinoma
? Squamous cell carcinoma

Numbers in bold display significant differences (p-value < 0.05) according to the independent-

samples t-test or Chi-squared test
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Common variants for multiple basal cell carcinomas
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Supplementary Figure S1. Q-Q-plot of the meta-analysis of the Rotterdam Study on mBCC
The —logy, of observed p-values of the associations between mBCC and SNPs (Y-axis) are plotted
against the expected p-values under the assumption of no association (X-axis).
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Supplementary Figure S2. Manhattan plot of the meta-analysis of the Rotterdam Study on mBCC
The —logio of observed p-values of the associations between mBCC and SNPs (Y-axis) for all

SNPs (dots) are represented per chromosome (X-axis). The horizontal lines indicate the significant
threshold of p-value = 5x10-6 (blue) and p-value = 5x1 0 (red).
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