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Abstract

Animal models have suggested that oral or topical administration of caffeine could inhibit ultraviolet-induced
carcinogenesis via the ataxia telangiectasia and rad3 (ATR)-related apoptosis. Previous epidemiological studies have
demonstrated that increased caffeine consumption is associated with reduced risk of basal cell carcinoma (BCC). To identify
common genetic markers that may modify this association, we tested gene-caffeine intake interaction on BCC risk in a
genome-wide analysis. We included 3383 BCC cases and 8528 controls of European ancestry from the Nurses’ Health Study
and Health Professionals Follow-up Study. Single nucleotide polymorphism (SNP) rs142310826 near the NEIL3 gene showed
a genome-wide significant interaction with caffeine consumption (P = 1.78 x 10 for interaction) on BCC risk. There was no
gender difference for this interaction (P = 0.64 for heterogeneity). NEIL3, a gene belonging to the base excision DNA repair
pathway, encodes a DNA glycosylase that recognizes and removes lesions produced by oxidative stress. In addition, we
identified several loci with P value for interaction <5 x 107 in gender-specific analyses (P for heterogeneity between genders
< 0.001) including those mapping to the genes LRRTM4, ATF3 and DCLRE1C in women and POTEA in men. Finally, we tested
the associations between caffeine consumption-related SNPs reported by previous genome-wide association studies and
risk of BCC, both individually and jointly, but found no significant association. In sum, we identified a DNA repair gene that
could be involved in caffeine-mediated skin tumor inhibition. Further studies are warranted to confirm these findings.

Introduction

Basal cell carcinoma (BCC), a major histological type of non-
melanoma skin cancer, is the most common malignancy among
populations of European ancestry (1). Like other common dis-
orders, BCC is thought to have both environmental and genetic
components and to involve their interactions. Some known risk
factors for BCC include exposure to ultraviolet (UV) radiation,

family history of skin cancer and lighter pigmentation (2,3).
Habitual coffee, tea and total caffeine consumption has also
been associated with lower incidence of non-melanoma skin
cancers according to several epidemiological studies (4-7). In
a recent prospective study using data from the Nurses’ Health
Study (NHS) and the Health Professionals Follow-up Study
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Abbreviations

ATR ataxia telangiectasia and rad3

BCC basal cell carcinoma

GWAS Genome-wide association studies
HPFS Health Professionals Follow-up Study
MAF minor allele frequency

NHS Nurses’ Health Study

SNP single nucleotide polymorphism

uv ultraviolet

(HPFS), researchers found a significant inverse association
between total caffeine intake and risk of BCC (7). These obser-
vations are supported by experimental work, whereby oral or
topical administration of caffeine inhibits UV-induced carcino-
genesis in mice (8,9). Though the mechanisms underlying the
protective effect of caffeine on BCC development are unclear,
some hypothesize that caffeine might augment apoptosis in
UV-damaged keratinocytes through ataxia telangiectasia and
rad3 (ATR)-related kinase and its downstream effector, check-
point kinase-1 (Chk1) (10-12).

Genome-wide association studies (GWASs) have identified
several genetic loci that confer susceptibility to BCC (13-15);
however, they tested only for associations between individual
genetic markers and risk of BCC without taking interactions into
consideration. Testing for gene-environment interactions on a
genome-wide scale may uncover novel loci and pathways impli-
cated in BCC. This approach has been successful for colorectal
cancer (16), Parkinson’s disease (17) and type 2 diabetes (18), but
to the best of our knowledge has not been applied in the con-
text of BCC. In this study, we conducted genome-wide analy-
ses of gene-caffeine consumption interactions among men and
women of the HPFS and NHS, respectively. Our study may pro-
vide new biologic insights into caffeine’s role in BCC develop-
ment and lead to discovery of BCC-related genes that have been
missed in conventional GWASs.

Methods

Study population, inclusion and exclusion

Eighteen case-control studies nested within the NHS and HPFS with
cleaned genotype data were included in our study. We treated 1986 as the
baseline year because caffeine intake was first measured in 1984 in the NHS
and 1986 in the HPFS, and excluded participants who had other common
cancers before 1986. BCC cases who had other common cancers before
diagnosis of BCC were excluded. Eligible controls were free of BCC and other
common cancers. Participants with identical genetic information but differ-
ent cohort IDs were removed, and participants sampled in more than one of
the 18 case—control studies were included only once. In total, 3383 BCC cases
and 8528 controls of European ancestry were included. See Supplementary
Materials, available at Carcinogenesis Online, for more detailed descriptions
of the NHS, the HPFS and the 18 nested case-control studies. The study
protocol was approved by the Institutional Review Boards of Brigham and
Women’s Hospital and the Harvard T.H. Chan School of Public Health.

Genotyping, quality control and imputation

Detailed descriptions of quality control and imputation are provided in
Supplementary Materials, available at Carcinogenesis Online. Samples from
the 18 nested case-control studies were genotyped using a variety of plat-
forms. We combined these datasets into three compiled datasets based
on their genotype platform type: Affymetrix (Affy), Illumina HumanHap
series (Illumina) or Illumina Omni Express (Omni) (Supplementary Table 1,
available at Carcinogenesis Online). Quality control on SNP completion rate,
sample completion rate, ancestry consistency, deviation from Hardy-
Weinberg equilibrium, Mendelian consistency, minor allele frequency
(MAF) and duplication samples were conducted within each of the three
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combined datasets. We then imputed the complied datasets using the
1000 Genomes Project ALL Phase I Integrated Release Version 3 Haplotypes
excluding monomorphic and singleton sites (2010-2011 data freeze, 2012-
03-14 haplotypes) as a reference panel. We included genetic markers with
imputation R-square > 0.3 and MAF > 1% in further analysis. The num-
bers of such markers in the three combined datasets are presented in
Supplementary Table 2, available at Carcinogenesis Online.

Caffeine intake

Information on consumption of coffee and other common caffeine-contain-
ing foods and beverages, including tea, cola and chocolate, was collected by
validated food-frequency questionnaire. The questionnaires were completed
in 1984, 1986, 1990, 1994, 1998, 2002 and 2006 for the NHS, and in 1986, 1990,
1994, 1998, 2002 and 2006 for the HPFS. On all questionnaires, participants
were asked how many times on average during the previous year they had
consumed each food and beverage. The participants could choose from nine
frequency responses (never, 1-3 per month, 1 per week, 24 per week, 5-6 per
week, 1 per day, 2-3 per day, 4-5 per day and >6 per day). Based on informa-
tion obtained from the food-frequency questionnaire, the total intake of caf-
feine was calculated by multiplying the reported frequency of each food by
the caffeine content of one serving of that food (1 cup for coffee or tea, one
12-ounce bottle or can for carbonated beverages and 1 ounce for chocolate).
According to the U.S. Department of Agriculture food composition sources,
caffeine content is 137 mg per cup of caffeinated coffee, 47 mg per cup of
tea, 46 mg per bottle or can of cola beverage and 7 mg per serving of choco-
late candy. Food and nutrient intakes assessed by this dietary questionnaire,
including caffeine, have been validated previously against two 1-week diet
records. The observed correlation between the questionnaire and the diet
record was about 0.9 for caffeine consumption (19,20). We used daily caffeine
intake (mg) measured in 1986 in this study.

BCC ascertainment

Disease follow-up procedures are identical for the NHS and the HPFS. Self-
reported BCC case-control status has been updated every 2 years starting
in 1984 in the NHS and 1986 in the HPFS without further pathological con-
firmation. The latest updates were made in 2008 in the NHS and 2010 in
the HPFS. Colditz et al. (21) evaluated the validity of self-reported illnesses
including skin cancer in the NHS. Among 33 random samples of women
who had reported non-melanoma skin cancer, medical records indicated
that 30 (91%) had correctly reported their skin cancer. Also, Hunter et al.
(22) previously examined risk factors for BCC in the NHS using self-
reported cases. As expected, they found that lighter pigmentation and
higher tendency to sunburn were associated with an increased risk of
BCC. In addition, using the self-reported BCC cases, our group identified
the previously well-documented genetic variant in the MC1R gene as the
top risk locus in our GWAS for BCC (15). These data support the validity of
self-report of BCC in our study.

Statistical analysis

To account for gender differences (cohort differences), we divided each of
the combined datasets into two parts and conducted genome-wide gene-
environment (G-E) interaction analysis in the six datasets (Illumina_NHS,
Mlumina_HPFS, Affy NHS, Affy HPFS, Omni NHS and Omni_HPFS). We
used standard logistic regression with a product term to test the inter-
action between caffeine consumption and genetic markers in relation to
BCC risk, adjusted for age in 1986, and the first three principal compo-
nents (PCs) from EIGENSTRAT (23) to account for population substruc-
ture. The formula for logistic regression model was: Logit(Pr(D=1)) = b0 +
bl*quartiles of caffeine consumption + b2'E(G) + b3*quartiles of caffeine
consumption*E(G) + b4*age in 1986 + b5*PC1 + b6*PC2 +b7*PC3, where E(G)
was expected dosage for imputed SNPs and dosage for genotyped SNPs.
We assumed additive genetic effects for all analyses. Quartiles of caffeine
intake were defined within each of the six datasets using the full range
from zero to maximum intake among controls. We coded the quartiles
as an ordinal variable (1st quartile = 1, 2nd quartile=2, 3rd quartile =3, 4th
quartile = 4) in the main analysis, and used the median values of each
quartile to represent the corresponding intake levels (1st quartile = median
intake of 1st quartile, 2nd quartile=median intake of 2nd quartile, etc.) for
sensitivity analysis. We combined results from Illumina_NHS, Affy_ NHS
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and Omni_NHS using inverse variance-weighted meta-analyses in METAL
software (24). The same procedure was implemented for the three HPFS
datasets to obtain combined results for men. We calculated P value for
heterogeneity between men and women with the Cochran Q test, and per-
formed the third meta-analysis for all six datasets if no significant differ-
ence was found between genders. All analyses were conducted using the
ProbABEL package (25) and R-3.0.2 (https://www.r-project.org). We mapped
identified SNPs to their nearest genes (physical distance on the same
chromosome) using the UCSC GRCh37/hg19 assembly.

Results

The characteristics of participants within each of the six subsets
are provided in Table 1. Participants in the NHS (women) con-
sumed more caffeine compared to those in the HPFS (men). BCC
was more prevalent among males.

For our main analysis, in which quartiles of caffeine intake
were modeled as ordinal variables and data from men and
women were combined, the P value for interaction between
each genetic marker and caffeine are shown in the Manhattan
plot and quantile-quantile (Q-Q) plot (Supplementary Figures
1 and 2, available at Carcinogenesis Online). On chromosome
4, we determined that SNP rs142310826 (MAF = 1.9%) had a
genome-wide significant interaction with caffeine consumption
(P = 1.78 x 107® for interaction). Results of this SNP’s interaction
with caffeine intake in each of the six datasets and in meta-
analyses are summarized in Table 2. The estimate for interaction
between this SNP and caffeine intake in relation to BCC among
women was not significantly different from that among men
(P =0.62 for gender heterogeneity).

In the gender-specific analysis, 19 genetic markers and 3
genetic markers with P value for interaction less than 5 x 10”7
were identified among women and men, respectively. For

Table 1. Descriptive characteristics of study population

correlated markers, only the most significant ones are pre-
sented in Table 3. The top significant marker identified among
females was 2:76738900:TTAGA (P = 2.51 x 10 for interaction),
which was mapped on gene LRRTM4. Eleven genetic variants
located very close to this top marker were also identified. As
expected, the beta estimates, MAF and imputation quality of
these related genetic markers are very similar. The other two
regions identified in NHS were mapped to gene ATF3 on chro-
mosome 1 and gene DCLREIC on chromosome 10, respectively.
In men, three correlated SNPs on chromosome 8 (POTEA gene)
were reported. However, the P value for interaction of the most
significant one, rs77868414, failed to reach genome-wide sig-
nificance (P =5 x 10°%). All 22 gender-specific markers reported
above (19 in NHS and 3 in HPFS) had P values for heterogeneity
<0.001 or 0.001. Therefore, we did not calculate the combined
estimates for them. Manhattan plots and Q-Q plots for gender-
specific analysis are shown in Supplementary Figures 3-6, avail-
able at Carcinogenesis Online. Markers that interact with caffeine
consumption in relation to BCC risk at the significance level of
5 x 10 are presented in Supplementary Tables 3-5, available at
Carcinogenesis Online.

In sensitivity analysis, we used the median values of each
quartile to represent the corresponding caffeine intake levels (1st
quartile = median intake of 1st quartile, 2nd quartile = median
intake of 2nd quartile, etc.), which did not change the results
materially. Supplementary Table 6, available at Carcinogenesis
Online, summarizes sensitivity analysis results for the inde-
pendent markers discovered in our main analysis.

Genome-wide association studies have identified sev-
eral genetic loci associated with caffeine/coffee consumption
(26-29). We extracted results for these SNPs from our genome-
wide G-E interaction analysis to better illustrate their potential

n (%) Quartiles of caffeine intake, mg/day, Median
Age in 1986,
Datasets BCC cases BCC controls Gender mean First Second Third Fourth
Mlumina_NHS 544 (28.6%) 1355 (71.4%) Female 54 45 150 353 555
Tlumina_HPFS 302 (34.5%) 573 (65.5%) Male 53 15 81 201 458
Affymetrix_NHS 785 (23.5%) 2556 (76.5%) Female 54 39 160 354 630
Affymetrix _HPFS 818 (31.9%) 1748 (68.1%) Male 55 11 115 348 630
OmniExpress_NHS 524 (25.7%) 1513 (74.3%) Female 54 42 150 356 627
OmniExpress_HPFS 410 (34.4%) 783 (65.6%) Male 54 17 120 348 542
Table 2. Results of rs142310826 (CHR:BP-4:179402856) in each of the six datasets and meta-analyses
MAF Imputation Beta (SE) for P for P for P for heterogeneity

Datasets (‘A’ allele) R-square interaction interaction  heterogeneity between genders
NHS (female)

[lumina_NHS 0.0189 0.556 -0.65 (0.38) 8.64E-02 7.16E-01 (3 NHS sets) 6.17E-01 (compare

Affymetrix_NHS 0.0181 0.587 -0.78 (0.24) 1.51E-03 combined NHS

OmniExpress_NHS 0.0183 0.598 -1.06 (0.36) 3.53E-03 results versus

All NHS sets (meta-analysis) 0.0184° 0.580° -0.82 (0.18) 4.96E-06 combined HPFS
HPFS (male) results)

[Nlumina_HPFS 0.0189 0.556 -0.86 (0.47) 6.91E-02 6.39E-01 (3 HPFS sets)

Affymetrix _HPFS 0.0181 0.587 -0.50 (0.28) 7.89E-02

OmniExpress_HPFS 0.0183 0.598 -0.90 (0.38) 1.77E-02

All HPFS sets (meta-analysis)  0.0184® 0.5802 -0.68 (0.20) 8.55E-04

All six sets (meta-analysis) 0.0184° 0.580° -0.76 (0.13) 1.78E-08 8.74E-01 (6 sets)

2Average MAF and imputation R-square quality metric of Illumina, Affymetrix and OmniExpress datasets.
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Table 3. Genetic markers with P value for interaction <5 X 107 in gender-specific analysis
NHS (female) HPFS (male) P for
Average heterogeneity
Frequency imputation between Mapped
SNP CHR:BP Al A2 for Al R-square* Beta Pvalue Beta Pvalue genders gene
NHS (female)
NA 2:76738900:TTAGA Deletion Insertion 0.186 0.97 -0.27 2.51E-08 -0.02 6.77E-01 5.50E-04 LRRTM4
156694870 1:212728988 a g 0.153 0.96 0.27 1.64E-07 -0.03 5.53E-01 5.50E-05 ATF3
rs191976747 10:15021717 a t 0.011 0.63 -1.32 4.51E-07 -0.04 8.80E-01 5.48E-04 DCLRE1C
HPFS (male)
1s77868414  8:43285229 c g 0.034 0.38 0.06 7.19E-01 -0.97 3.43E-07 3.50E-05 POTEA

2Average imputation R-square quality metric of Illumina, Affymetrix and OmniExpress datasets.

functions. We also tested their individual and combined associ-
ation with risk of BCC, but no significant association was found.
Supplementary Table 7, available at Carcinogenesis Online, shows
analytic methods and results for these additional analyses.

Discussion

Using data from the NHS and the HPFS, our group previously
reported an inverse association between dietary caffeine intake
and risk of BCC (7): compared with the lowest quintile, the high-
est quintile had the lowest risk (RR = 0.82 in women, 95%CI:
0.76-0.86; RR = 0.87 in men, 95% CI: 0.81-0.94; P,__, < 0.0001 in
both). Here, we conducted a meta-analysis of genome-wide G-E
interaction studies among participants in the NHS and HPFS.
We determined that caffeine consumption was differentially
associated with BCC risk according to genetic variation at SNP
1s142310826, which is located on chromosome 4q34.3. We also
found several loci that modify the caffeine-BCC association
differently in men and women (P for heterogeneity between
genders < 0.001): genetic markers at chromosome 2p12, 1g32.2
and 10p13 in women, and SNPs at chromosome 8p11.21 in men.
These genetic markers and their mapped genes may prove
important in BCC etiology, especially when caffeine consump-
tion is considered.

UV-induced DNA damage in the skin can be caused by
direct UV radiation or by indirect stress via reactive oxygen
species (30). The SNP rs142310826 identified in our study is
about 1Mb upstream of NEIL3-AGA locus. NEIL3 encodes a DNA
glycosylase that recognizes and removes lesions produced by
oxidative stress, such as spiroiminodihydantoin (Sp), guani-
dinohydantoin (Gh) and 8-oxoguanine (8-0xoG), primarily in
single-stranded DNA (ssDNA) (31). NEIL3 has been shown to
be an important facilitator of cell proliferation in neural stem/
progenitor cells and tumor cells, suggesting its possible role in
replication-associated DNA repair (32,33). Some studies have
reported that polymorphisms of DNA glycosylases may pos-
sess altered enzymatic activity, increasing the risk of inflam-
mation-related cancers (34,35). Though our understanding of
the mechanism of caffeine’s inhibitory effect on BCC develop-
ment is quite limited, previous studies suggested the involve-
ment of the ATR-Chk1 signaling pathway (10-12). Similar to
targets of NEIL3, ATR is primarily recruited to the chromo-
some at the site of ssDNA damage (36). Activation of ATR-Chk1
pathway normally results in cell-cycle checkpoint. Biological
studies have demonstrated that caffeine could either directly
disrupt the ATR-Chk1 pathway (12) or inhibit ATR-mediated
DNA repair (37), thus promoting damaged cells to prematurely
undergo apoptosis rather than to process through the cell cycle.
We therefore propose that caffeine may inhibit ATR-mediated

DNA repair by NEIL3, which may enhance the elimination of
mutated basal cells in skin. In addition, caffeine could exert
antioxidant effects that may neutralize oxidative stress in cells
(38), which may decrease oxidative DNA damage and alter the
behavior of related DNA repair genes, such as NEIL3. The other
gene presented in the reported region is AGA, a gene encodes a
amidase which is involved in the degradation of glycoproteins
within lysosomes (39). However, no evidence has indicated its
role in cancer development.

The genetic markers identified among women mapped toL-
RRTM4, ATF3 and DCLRE1C. The leucine-rich repeat transmem-
brane neuronal 4 (LRRTM4) may play a role in the development
and maintenance of the excitatory synapse in the vertebrate
nervous system (40). According to the GWAS catalog (http://
www.ebi.ac.uk/gwas/home), SNPs mapped on this gene are
associated with phenotypes such as verbal declarative memory,
sporadic amyotrophic lateral sclerosis, and immunoglobulin
G (IgG) glycosylation. Changes in IgG glycosylation have been
linked to gastric cancer and ovarian cancer in previous stud-
ies (41,42), indicating other possible functions of this gene. The
activating transcription factor 3 (ATF3) gene has been demon-
strated to play opposite roles (oncogene or tumor suppression)
in cancer development depending on the cell type and context
(43). Though upregulation of ATF3 appears to enhance tumor
formation in keratinocytes (44), Atf3 protein levels decreased
when caffeine was administered in a mouse model (45).
Moreover, ATF3 was discovered to be related to the ATR-Chk1
pathway as well (46). The DNA cross-link repair 1C (DCLRE1C)
gene encodes a nuclear protein that has single-strand-specific
exonuclease activity and also functions in the regulation of the
cell cycle in response to DNA damage (47).

SNPs that showed the greatest interaction with caffeine in
BCC development in males mapped to POTEA. POTE is a highly
homologous gene family located on numerous chromosomes
and expressed in a wide variety of human cancers (colon, lung,
breast, ovary and pancreas) (48). In normal tissue, its expres-
sion is restricted to testis, ovary and prostate, with the highest
expression in testis (49). Little is known about the biological
function of this gene family, but there is evidence for its role in
inducing programmed cell death (49).

We specifically extracted results for caffeine consumption-
related loci identified by previous GWAS analysis, but none
showed significant interaction with caffeine intake in relation
to BCC risk. We additionally tested the individual and com-
bined associations between caffeine SNPs and risk of BCC, but
none reached statistical significance. These results suggest
that the inverse association between caffeine intake and risk
of BCC is not due to interaction or association with established
caffeine-related loci.
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Our study has several strengths. First, we used high-quality
cohort data, among which information on both caffeine intake
and genetic markers is available for studying G-E interactions.
The relatively large sample size facilitated detection of poten-
tial interaction, even using a conventional logistic regression
approach and a stringent genome-wide significance level.
Second, we took gender difference into consideration in our
analysis, because men and women may have different caf-
feine consumption habits, and caffeine may interact with sex
hormones when exerting its biological effects (50). This study
design helped identify several loci that are specific to men or
women, despite only one of them has reached genome-wide
significance. Because none of the gender-specific SNPs (or
their mapped genes) identified in this study has been shown
to related to sex hormone level in large bioinformatics data-
bases or published literatures, we propose the observed heter-
ogeneity may be explained by different caffeine consumption
habits between genders. It is possible that some of the genes
could only be turned on or off at certain levels of caffeine
consumption. Further epidemiological studies of larger sam-
ple sizes and biological studies are needed to verify our find-
ings and better illustrate the underlying mechanisms. Third,
we modeled caffeine consumption in a different way for the
purpose of sensitivity analysis, and the results did not change
materially.

We also acknowledge some limitations. First, we used caf-
feine consumption in 1986 rather than cumulative average
intake in our analysis. To study G-E interaction, environmen-
tal exposure should be measured at appropriate time points,
because many genes are expressed only during specific devel-
opmental periods, and some exposures may have greater
impact on specific stages. However, we understand very lit-
tle about the biological mechanisms and induction period of
caffeine’s effects on the development of BCC. Given that the
induction period of cancer is relatively long, and computing
cumulative average caffeine intake among BCC controls is not
straightforward, caffeine intake in 1986 is an acceptable option.
Second, SNP rs142310826 is less common and of only moderate
imputation quality in our datasets. However, when we directly
genotyped this SNP among 335 participants in our GWAS data-
sets, the correlation between imputed dosage and directly gen-
otyped allele count was 0.7 (P < 0.0001). Third, because all the
participants in this study are health professionals of European
ancestry, our results may not be generalizable to other ethnic
or socioeconomic groups. Finally, we did not split our data into
discovery and replication sets, because combined analysis
across all studies is the most powerful analytical strategy (51).
However, the results of the top SNP rs142310826 were largely
consistent among the six datasets, which may reflect the reli-
ability of our finding.

In conclusion, in this genome-wide G-E interaction meta-
analysis, the association of caffeine intake with BCC risk dif-
fered according to genetic variation of SNP rs142310826. Genetic
markers at chromosomes 2p12, 1q32.2, 10p13 and 8p11.21 modi-
fied the caffeine-BCC association differently in women and
men. Further G-E interaction analyses are warranted to verify
our findings, and additional biological studies are needed to
better elucidate the roles of these genetic variants and their
mapped genes.

Supplementary material

Supplementary Tables 1-7 and Figures 1-4 can be found at
http://carcin.oxfordjournals.org/
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