
Exonuclease 1 (EXO1) Gene Variation and Melanoma Risk

Fengju Song2,3, Abrar A. Qureshi1,3, Jiangwen Zhang4, Christopher I. Amos5, Jeffrey E.
Lee6, Qingyi Wei5, and Jiali Han1,3,7

1 Channing Laboratory, Department of Medicine, Brigham and Women's Hospital and Harvard
Medical School, Boston, Massachusetts, USA
2 Department of Epidemiology, Tianjin Medical University Cancer Institute and Hospital, Tianjin,
China
3 Department of Dermatology, Brigham and Women's Hospital, Harvard Medical School, Boston,
Massachusetts, USA
4 FAS Research Computing, Harvard University, Cambridge, MA, USA
5 Department of Epidemiology, The University of Texas MD Anderson Cancer Center, Houston,
TX, USA
6 Department of Surgical Oncology, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA
7 Department of Epidemiology, Harvard School of Public Health, Boston, Massachusetts, USA.

Abstract
Objective—DNA repair pathway genes play an important role in maintaining genomic integrity
and protecting against cancer development. This study aimed to identify novel SNPs in the DNA
repair–related genes associated with melanoma risk from a genome-wide association study
(GWAS).

Methods—A total of 8,422 SNPs from the 165 DNA repair–related genes were extracted from a
GWAS of melanoma risk, including 494 cases and 5,628 controls from the Nurses’ Health Study
(NHS) and the Health Professionals Follow-up Study (HPFS). We further replicated the top SNPs
in a GWAS of melanoma risk from the MD Anderson Cancer Center (1,804 cases and 1,026
controls).

Results—A total of 3 SNPs with P value < 0.001 were selected for in silico replication. One SNP
was replicated: rs3902093 [A] in EXO1 promoter region (Pdiscovery = 6.6×10-4, Preplication = 0.039,
Pjoint = 2.5×10-4; ORjoint = 0.80, 95% CI: 0.71, 0.90). This SNP was associated with the
expression of the EXO1; carriers of the A allele showed lower expression (P = 0.002).

Conclusion—Our study found that a promoter region SNP in the editing and processing
nucleases gene EXO1 was associated with decreased expression of EXO1 and decreased
melanoma risk. Further studies are warranted to validate this association and to investigate the
potential mechanisms.
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Introduction
Melanoma is the most lethal kind of skin cancer that kills thousands of people each year in
the United States. Ultraviolet (UV) radiation is an established environmental carcinogen for
skin cancer, including melanoma [1-3]. UV radiation is capable of causing a wide range of
lesions in DNA. One important defense mechanism against melanoma is the ability to repair
DNA damage induced by UV light. For example, Xeroderma pigmentosum (XP) is a
heterogeneous disorder involving hypersensitivity to UV radiation, and XP patients have a
more than 1000-fold increased risk of developing skin cancer [4, 5]. This abnormality is
caused by defects in the nucleotide excision repair of UV-induced DNA damage [6].

DNA repair genes form a complex network that protects the genome's integrity from
endogenous and exogenous damage [7]. When DNA damage is not repaired and does not
induce apoptotic elimination of the cell, DNA defects accumulate and are propagated
through the cell progeny, and finally cancer may occur [8]. Individual variations in DNA
repair capacity due to the presence of polymorphisms in DNA repair-related genes may
account for some cancer susceptibility in the general population [9, 10]. Polymorphisms in
several DNA repair-related genes have been found to be associated with the risk of
melanoma, but the findings are not consistent [11]. Our group previously conducted a nested
case-control study evaluating genetic variation across 60 DNA repair pathway genes in
relation to melanoma risk, and we identified a PARP1 variant involved in melanoma
development [12].

To comprehensively evaluate the association between polymorphisms of genes involved in
DNA repair pathways and the risk of melanoma, we extracted genotyping data of 165 DNA
repair–related genes from a genome-wide association study (GWAS) of melanoma risk, with
a subsequent in silico replication.

Materials and Methods
This study contained a discovery set (melanoma case-control study within the NHS and
HPFS) and a replication set (the MD Anderson Cancer Center melanoma case-control
study). The study protocols were approved by the Institutional Review Board at the Brigham
and Women's Hospital and the MD Anderson Cancer Center, and informed consent was
obtained from all participants.

Discovery set
Study population

Nurses’ Health Study (NHS)—The NHS was established in 1976, when 121,700 female
US-registered nurses between ages of 30 and 55 residing in 11 large US states completed
and returned an initial self-administered questionnaire on their medical histories and
baseline health-related exposures. Since then, biennial questionnaires with prospective
collection of exposure information on risk factors have been collected. Along with
information about exposures every 2 years, outcome data with appropriate follow-up of
reported disease events are also collected. Overall, the follow-up rate has been very high;
after more than 20 years, ~90% of participants continue to complete questionnaires.
Between May 1989 and September 1990, we had collected blood samples from 32,826
participants in the NHS. Information on melanoma development was first collected in the
1984 questionnaire.

Health Professionals Follow-up Study (HPFS)—In 1986, 51,529 men from all 50 US
states in health professions (dentists, pharmacists, optometrists, osteopath physicians,
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podiatrists, and veterinarians) aged 40-75 answered a detailed questionnaire by mail,
forming the basis of the HPFS study. The average follow-up rate for this cohort over 10
years is >90%. On each biennial questionnaire, we obtained disease- and health-related
information. Between 1993 and 1994, 18,159 study participants provided blood samples by
overnight courier. Information on melanoma development was collected in the 1986
questionnaire.

Melanoma cases and controls in the discovery set—Eligible cases in both the NHS
and HPFS cohorts were participants with histopathologically confirmed invasive melanoma,
diagnosed at any time after baseline up to the 2008 follow-up cycle for both cohorts. All
subjects were US non-Hispanic Caucasians.

Data on skin cancer risk factors were obtained from cohort questionnaires in both cohorts in
the 1980s. These risk factors included adolescent sunburn reactions, number of severe
sunburns, mole count on the left arm, and natural hair color.

Eight GWASs included in the discovery set
We have previously conducted several GWASs on different disease outcomes (NHS: breast
cancer, coronary heart disease, type 2 diabetes, kidney stone, pancreatic cancer, and
glaucoma; HPFS: coronary heart disease, type 2 diabetes, kidney stone, advanced prostate
cancer, and glaucoma). In this study, we included only controls from each of the GWASs,
except for the kidney stone GWAS, from which we used both cases and controls.
Participants without melanoma were the controls in this study, and those diagnosed with
melanoma were the cases. In addition, we genotyped the rest of the melanoma cases in both
cohorts who were not included in the previous GWASs. Finally, we included 494 melanoma
cases and 5,628 controls.

We performed genotyping in breast cancer GWAS in NHS using the Illumina
HumanHap550 array, as part of the National Cancer Institute's Cancer Genetic Markers of
Susceptibility (CGEMS) Project. For the coronary heart disease and type 2 diabetes GWASs
of the discovery set, we performed genotyping using the Affymetrix 6.0 array. For the
glaucoma GWAS, we performed genotyping using the Illumina HumanHap660 array. For
the kidney stone, advanced prostate cancer and melanoma GWASs, we performed
genotyping using the Illumina HumanHap610 array. Based on the genotyped SNPs and
haplotype information in the NCBI build 35 of phase II Hapmap CEU data, we imputed
genotypes for >2.5 million SNPs using the program MACH [13]. Only SNPs with
imputation quality R2 > 0.95 in each study were included in the final analysis. A total of
1,579,307 SNPs were included in the final meta-analysis of the NHS and HPFS. Betas from
all GWAS studies of the discovery set were combined by a meta-analysis with weights
proportional to the inverse variance of the beta in each study. The study description and
quality control procedures for the eight GWAS sets of the discovery phase are presented in
Supplementary Methods.

Replication set
Genotyping in replication set—The study participants were from a hospital-based case-
control study of melanoma, for which cases were recruited from among non-Hispanic white
patients and controls at MD Anderson between March 1998 and August 2008. Samples and
data were available from 931 melanoma patients and 1,026 cancer-free controls (friends of
other patients reporting to clinics) who were frequency-matched on age and sex, completed
a comprehensive skin lifestyle questionnaire. This questionnaire was administered to 70% of
patients and controls by an interviewer and was self-administered among the remaining
30%. An additional case series comprising 873 individuals presenting for treatment for
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melanoma at MD Anderson was also included, bringing the total number of melanoma
patients to 1,804.

The whole blood samples were collected from each participant, with various DNA
extraction methods (including Gentra, Qiagen, and phenol/chloroform). DNA samples for
the first-stage GWAS were genotyped using the Illumina Omnil-Quad array, passed quality
control filters for genotyping and were called using the BeadStudio algorithm at the John
Hopkins University Center for Inherited Disease Research (CIDR).

Quality control (QC) procedures for the replication set—Mean call rate for all
samples was 99.86%. Forty-one failed in genotyping with >10% missing rate across all
SNPs, and 11 samples had identity problems that could not be resolved. After excluding
from the study 126 duplicated, related, or outlier SNPs identified by principal component
analysis, there were 1,952 cases and 1,026 controls. Among 2,978 total case and control
subjects passing quality control, 138 in situ cases were subsequently removed from the study
as having indeterminate phenotype. Ten atypical melanocytic proliferation patients were
also excluded as not having invasive cancers. Finally, we used the data from 1,804 cases and
1,026 controls available for the association study of melanoma susceptibility.

DNA repair gene and SNP selection
We selected human DNA repair pathway genes according to a review article [14]. A
complete list of the genes can be found on
http://sciencepark.mdanderson.org/labs/wood/DNA_Repair_Genes.html. These pathways/
genes included Base excision repair (UNG, SMUG1, MBD4, TDG, OGG1, MUTYH,
NTHL1, MPG, NEIL1, NEIL2, NEIL3, APEX1, APEX2, LIG3, XRCC1, PNKP);
Poly(ADP-ribose) polymerase enzymes that bind to DNA (PARP1, PARP2); Direct reversal
of damage (MGMT, ALKBH2, ALKBH3); Repair of DNA-protein crosslink (TDP1);
Mismatch excision repair (MSH2, MSH3, MSH6, MLH1, PMS2, MSH4, MSH5, MLH3,
PMS1, PMS2L3); Nucleotide excision repair (XPC, RAD23B, CETN2, RAD23A, XPA,
RPA1, RPA2, RPA3, ERCC3, ERCC2, GTF2H1, GTF2H2, GTF2H3, GTF2H4, GTF2H5,
CDK7, CCNH, MNAT1, ERCC5, ERCC1, ERCC4, LIG1, CKN1, ERCC6, XAB2, DDB1,
DDB2, MMS19L); Homologous recombination (RAD51, RAD51L1, RAD51C, RAD51L3,
DMC1, XRCC2, XRCC3, RAD52, RAD54L, RAD54B, BRCA1, BRCA2, SHFM1,
RAD50, MRE11A, NBN, RBBP8, MUS81, EME1, EME2, GIYD1, BTBD12, GEN1); Non-
homologous end-joining (XRCC6, XRCC5, PRKDC, LIG4, XRCC4, DCLRE1C, NHEJ1);
Modulation of nucleotide pools (NUDT1, DUT, RRM2B); DNA polymerases (POLB,
POLG, POLD1, POLE, PCNA, REV3L, MAD2L2, REV1L, POLH, POLI, POLQ, POLK,
POLL, POLM, POLN); Editing and processing nucleases (FEN1, MTMR15, TREX,
TREX2, EXO1, APTX, TTRAP, SPO11, FLJ35220); Rad6 pathway (UBE2A, UBE2B,
RAD18, UBE2V2, UBE2N); Chromatin Structure (H2AFX, CHAF1A, SETMAR); Genes
defective in diseases associated with sensitivity to DNA damaging agents (BLM, WRN,
RECQL4, ATM, TTDN1, FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF,
FANCG, FANCI, BRIP1, FANCL, FANCM, PALB2, FAAP24); Other identified genes
with known or suspected DNA repair function (DCLRE1A, DCLRE1B, RPA4, RECQL,
RECQL5, HELQ, RDM1, OBFC2B); Other conserved DNA damage response genes (ATR,
MDC1, RAD1, RAD9A, HUS1, RAD17, CHEK1, CHEK2, TP53, TP53BP1, ATRIP,
TOPBP1, CLK2, PER1).

Statistical methods
We regressed a binary coding for melanoma cases and controls on each SNP (dosage file)
that passed quality control filters. The five largest principal components of genetic variation
were nominally significantly associated with melanoma risk, and we adjusted for them as
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well as age and gender. These principal components were calculated for all individuals on
the basis of ~10,000 unlinked markers using the EIGENSTRAT software [15]. SNPs within
the DNA repair-related genes and their ±30 kb flanking regions were extracted for further
analysis. We performed a meta-analysis to combine the replication set and the discovery set.
We constructed a pigmentation score to summarize pigmentation-related variables. Briefly,
we applied the logistic regression coefficients from a multivariate model, including sex, age,
hair color, and tendency to sunburn, to each individual's values for the latter two of these
variables and summed the values to compute a pigmentation score. Based on the mean
score, we identified participants with low and high levels of pigmentation.

The analysis of EXO1 expression by genotype was based on the transcript expression
profiling data of 87 HapMap CEU cell lines (NCBI GEO database, accession GSE7792)
[16].

Results
The distribution of major melanoma risk factors between cases and controls is shown in
Table 1. Cases and controls were comparable in sex and age, but cases were more likely to
burn and to have light hair color, more moles, and more severe sunburns.

A total of 8,422 SNPs were extracted from the 165 DNA repair-related genes within their
±30 kb flanking regions from the discovery set. After removing SNPs in high linkage
disequilibrium (LD) (r2 > 0.8) 1,636 SNPs remained; only three reached a significance level
of P value < 0.001. We selected these three SNPs for in silico replication, all three SNPs in
both sets had imputed R2 > 0.99. One SNP in the discovery set was replicated: rs3902093
[A] in EXO1 (exonuclease 1) locus (Pdiscovery = 6.6×10-4, Preplication = 0.039, Pjoint =
2.5×10-4; OR joint = 0.80, 95% CI: 0.71, 0.90). The regional association plot for the EXO1
region in the discovery set is presented in Figure 1. Neither of the other two SNPs reached
the nominal significance level in the replication set (Table 2). A list of the SNPs with P-
value < 0.01 in the discovery set is shown in Supplemental Table 1.

For the EXO1 rs3902093, compared with the CC genotype, the CA genotype had a RR of
0.72 (95% CI: 0.58, 0.89), the AA genotype had a RR of 0.36 (95% CI: 0.15, 0.87), and CA
and AA combined had a RR of 0.69 (95% CI: 0.55, 0.85). When stratified by pigmentation
score, number of severe sunburns, and number of moles on the left arm, there were no
statistically significant interactions observed (all P values for interaction tests > 0.05) (Table
3).

In addition, we evaluated the expression of EXO1 in relation to the rs3902093 genotypes,
and found that the CA/AA genotype was associated with a lower expression of EXO1 (P =
0.002) than in the CC genotype (Figure 2).

Discussion
Recent GWASs have identified melanoma risk loci mainly limited to pigmentation and
nevogenesis pathways [17-19]. Epidemiological evidence for the association between DNA
repair genes and melanoma risk is sparse. A meta-analysis in 2009 suggested XPD/ERCC2
as the only low-penetrance melanoma risk gene; the C allele of the SNP rs13181 was
associated with a 10% population attributable risk of melanoma [11]. Afterward, two large
case-control studies from Germany and Spain failed to identify any DNA repair gene
polymorphisms associated with melanoma risk [20, 21]. A family based study genotyped
2,964 tag SNPs in 131 DNA repair genes and reported that polymorphisms in POLN and
PRKDC were associated with increased melanoma risk in melanoma families [22]. A
hospital-based case-control study found that XPC polymorphisms contributed to melanoma
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risk in a geographic region exposed to high sun radiation in Brazil [23]. In this GWAS-
based pathway analysis of 8,422 SNPs within 165 DNA repair genes, we found one SNP
rs3902093 in the EXO1 gene significantly associated with melanoma risk.

One limitation of our study is that the expression was examined in cell lines derived from
blood samples. However, although the expression pattern may vary across different cell
types, the expression quantitative trait loci (eQTL) could be in sharing [24]. It was reported
that >70% cis eQTL identified in the skin tissues were eQTL in lymphoblastoid cell lines as
well [25], so that lymphoblastoid cell line eQTL could be a useful surrogate to study the
genetic of gene expression in the skin.

To our knowledge, this report provides the first piece of evidence for an association between
an EXO1 gene polymorphism and melanoma risk. In fact, EXO1 variants have previously
been associated with the risk of many other types of cancer. Specifically, EXO1 K589E
(rs1047840) was found to be associated with the development of lung cancer [26], oral
cancer [27], breast cancer [28], gastric cancer [29], and colorectal cancer [30] in Asian
populations. It was also suggested that polymorphisms in EXO1 may be associated with risk
of cancer modified by tobacco smoking status [31]. Our study did not find an association
between this SNP and the risk of melanoma (OR = 1.02, 95% CI: 0.89, 1.17). The SNP
rs3902093 that we found to be associated with melanoma risk is in the promoter region of
EXO1. This SNP was also found to affect the expression of EXO1; the carriers of the variant
allele had lower expression and a lower risk of melanoma. When the initial step of damage
cleavage is more active than the final step of DNA re-synthesis in the DNA repair process,
this imbalance leads to excessive unrepaired DNA intermediate products and in turn causes
elevated mutation and cancer risk [32]. One possible underlying mechanism for our finding
is that lower expression of nuclease genes may prevent this imbalance in DNA repair,
reducing both DNA mutation and cancer risk.

In addition, EXO1 functions in most aspects of DNA metabolism [33-35]. It is involved in
DNA resection during double-strand break repair [36]; it contributes to DNA damage signal
induction in mammals [37]; and it is important for telomere maintenance through promotion
of recombination at transcription-induced telomeric structures, by creating single strand
DNA at uncapped telomere ends [38]. EXO1 was found to be critical for the UV-induced
DNA damage response linking nucleotide excision repair to checkpoint activation in human
cells[39] and was also shown to have a role in the timely induction of UV-induced apoptosis
[40]. Therefore, the role of EXO1 in the process of DNA repair is complex, and the
mechanism by which it contributes to melanoma susceptibility warrants further study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

>We identify novel SNPs in the DNA repair–related genes associated with melanoma
risk from a genome-wide association study. >We extracted genotyping data of 8,422
SNPs from the 165 DNA repair–related genes. >We found that a promoter region SNP in
the editing and processing nucleases gene EXO1 was associated with decreased
expression of EXO1 and decreased melanoma risk.
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Figure 1.
Regional association plot in the 30-kb neighborhood of EXO1. The left-hand Y-axis shows
the association P-value of individual SNPs in the discovery set, which is plotted as -log10
(P) against chromosomal base-pair position. The right-hand Y-axis shows the recombination
rate estimated from the HapMap CEU population. Genotyped SNPs are plotted as diamonds,
and imputed SNPs are colored grey. Blue indicates the SNPs of rs3902093 in joint analysis;
bright red indicates rs3902093 in the discovery set; orange moderate LD (r2 ≥ 0.5 but <0.8);
and white no LD (r2 < 0.2). The genomic coordinate is in NCBI35/hg17.
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Figure 2.
EXO1 expression by the rs3902093 genotype. The expression level of the EXO1 locus was
significantly higher for the rs3902093 CC genotype compared with the A allele carriers (P =
0.002). The Y-axis is the expression intensity of EXO1. The box represents the central 50%
of the data or the interquartile range. The lower edge of the box plot is the first quartile or
25th percentile. The upper edge of the box plot is the third quartile or 75th percentile. The
line in the box is the median value. The ends of the vertical lines extend to a maximum of
1.5 times the inter-quartile.

Song et al. Page 12

DNA Repair (Amst). Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Song et al. Page 13

Table 1

Distribution of risk factors for melanoma in cases and controls in the discovery set.

Risk factors Cases, n (%) Controls, n (%)

Sex (female) 317 (64) 3376 (60)

Age (> 55) 75 (15) 1001 (18)

Hair color (red or blonde) 67 (16) 710 (14)

Number of moles on the left arm (> 2)* 66 (18) 559 (12)

Number of severe sunburns (> 5)* 209 (51) 2152 (44)

Tendency to burn (painful burn)* 110 (27) 869 (18)

*
significantly different between cases and controls (P value< 0.05)
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Table 3

EXO1 SNP rs3902093 and melanoma risk

EXO1 (rs3902093) Control Case OR (95% CI) P

Overall

    CC 3882 (68.99%) 378 (76.52%) 1.00

    CA 1600 (28.43%) 111 (22.47%) 0.72 (0.58, 0.89) 0.003

    AA 145 (2.58%) 5 (1.01%) 0.36 (0.15, 0.87) 0.024

    CA+AA 1745 (31.01%) 116 (23.48%) 0.69 (0.55, 0.85) 0.0007

Low pigmentation score

    CC 2013 (69.73%) 178 (76.07%) 1.00

    CA+AA 874 (30.27%) 56 (23.93%) 0.72 (0.53, 0.99) 0.04

High pigmentation score

    CC 1869 (68.21%) 200 (76.92%) 1.00

    CA+AA 871 (31.79%) 60 (23.08%) 0.65 (0.48, 0.88) 0.005

Number of severe sunburns ≤ 5

    CC 1893 (68.96%) 154 (77.78%) 1.00

    CA+AA 852 (31.04%) 44 (22.22%) 0.65 (0.46, 0.92) 0.01

Number of severe sunburns > 5

    CC 1475 (68.54%) 155 (74.16%) 1.00

    CA+AA 677 (31.46%) 54 (25.84%) 0.77 (0.56, 1.07) 0.11

Number of moles on left arm ≤ 2

    CC 2750 (69.66%) 237 (76.21%) 1.00

    CA+AA 1198 (30.34%) 74 (23.79%) 0.73 (0.56, 0.96) 0.02

Number of moles on left arm > 2

    CC 388 (69.41%) 45 (68.18%) 1.00

    CA+AA 171 (30.59%) 21 (31.82%) 1.09 (0.63, 1.90) 0.16

There were no statistically significant interactions between these factors and the EXO1 genotype on melanoma risk (all P values for interaction
tests > 0.05).
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