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Abstract

Background—Single nucleotide polymorphisms (SNPs) in inflammation, one-carbon 

metabolism and skin cancer genes might influence susceptibility to arsenic-induced skin lesions.

Methods—A case-control study was conducted in Pabna, Bangladesh (2001-2003) and drinking 

water arsenic concentration was measured for each participant. A panel of twenty-five candidate 

SNPs was analyzed in 540 cases and 400 controls. Logistic regression was used to estimate the 

association between each SNP and the potential for gene-environment interactions in skin lesion 

risk adjusting for relevant covariates. Replication testing was conducted in an independent 

Bangladesh population with 488 cases and 2,794 controls.

Results—In the discovery population, genetic variants in the one-carbon metabolism genes 

PEMT (rs2278952, P for interaction = 0.004; rs897453, P for interaction = 0.05) and DHFR 

(rs1650697, P for interaction = 0.02), inflammation gene IL10 (rs3024496, P for interaction = 

0.04), and skin cancer genes INPP5A (rs1133400, P for interaction = 0.03) and XPC (rs2228000, 

P for interaction = 0.01) significantly modified the association between arsenic and skin lesions 

after adjusting for multiple comparisons. The significant gene-environment interaction between a 
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SNP in INPP5A gene (rs1133400) and water arsenic on skin lesion risk was successfully 

replicated in an independent population (P for interaction = 0.03).

Conclusion—Minor allele carriers of skin cancer gene INPP5A modified odds of arsenic-

induced skin lesions in both main and replicative populations. Genetic variation in INPP5A 

appears to have a role in susceptibility to arsenic toxicity.
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Introduction

Arsenic is classified as a Group 1 human carcinogen by the International Agency for 

Research on Cancer due to sufficient evidence of carcinogenicity in humans1 and is 

associated with cancers of the urinary bladder, lung and skin. Globally, millions of 

individuals are exposed to arsenic from contaminated water via ingestion and dermal 

contact. However, Bangladesh is particularly affected by arsenic contaminated groundwater 

and it is estimated that approximately 73% of the shallow wells used for potable water in 

this country exceed the World Health Organization's provisional arsenic drinking water limit 

of 10 μg/L2. Arsenic-induced skin lesions are one of the first visible signs of arsenic 

toxicity 3-5. The presence of these premalignant skin lesions is highly associated with risk of 

cancer later in life, especially non-melanoma skin cancers 5-9. It was previously reported that 

71.7% of skin cancer patients had keratosis and 89.7% also had hyperpigmentation 5. The 

most common arsenic-induced skin cancers are squamous cell carcinoma (SCC), basal cell 

carcinoma (BCC) and Bowen's disease 5, 10. Skin cancer is a complex disease that has many 

contributing factors. Most cancers are caused by a cascade of accumulated mutations of 

genes involved in many different pathways over long periods of time 11. This is most likely 

also true for arsenic-induced carcinogenesis 12, 13.

The mechanism by which arsenic exposure induces skin lesions remains unclear. Moreover, 

epidemiological studies have shown that only a fraction of the exposed population develops 

skin lesions or other arsenic-induced disease 14. It has been posited that this heterogeneity 

could be due to individual genetic differences 15. Previous studies examining the role of 

genetic susceptibility in arsenic-related skin lesions found that SNPs in glutathione S-

transferase (GST) genes, methyltransferase (AS3MT), X-ray repair cross-complementing 

group 1 (XRCC1) and methylenetetrahydrofolate reductase (MTHFR) influence individual 

susceptibility for skin lesions 16-19.

Identifying genetic loci that increase susceptibility to skin lesions should improve our 

understanding of the underlying biological mechanisms of arsenic toxicity. In this study, we 

utilized a hypothesis-driven candidate gene approach that focused on SNPs in inflammation, 

one-carbon metabolism and skin cancer genes that have previously been shown to be 

associated with arsenic metabolism and/or skin carcinogenesis. This panel of candidate 

genes is listed in the supplemental material (Table S1). Our rationale for focusing on these 

pathways is the a priori understanding that inflammation and one-carbon metabolism are 

involved in carcinogenesis 20, 21. For example, the inflammatory gene IL10 has been 
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reported to help human papillomavirus (HPV) evade immune surveillance22, which together 

with arsenic-induced immune suppression may increase the risk of arsenic-induced 

carcinogenesis23, whereas the one-carbon metabolism gene DHFR, or dihydrofolate 

reductase, was shown to be associated with acute lymphoblastic leukemia (ALL)24. Genes 

that have been previously reported to be associated with skin cancers such as INPP5A, or 

inositol polyphosphate-5-phosphatase, inhibit the proliferation of cells and may function as a 

tumor suppressor for SCC25.

In our case-control study, we evaluated the main effects of SNPs and arsenic on skin lesion 

risk, as well as the interaction between SNPs and arsenic on skin lesions to evaluate 

differential susceptibility to arsenic exposures by genotype. The main findings were 

replicated in an independent Bangladesh population.

Material and Methods

Study populations

Main population—In 2001-2003, 900 case-control pairs matched on age and sex were 

recruited from 23 villages within the Pabna district of Bangladesh by Dhaka Community 

Hospital (DCH) to examine genetic factors of susceptibility to arsenic-related skin lesions. 

This study has been previously described in detail 17. Among these individuals, 940 

participants (540 cases and 400 controls) had sufficient quantities of DNA in biostorage for 

additional genotyping. These participants became the basis for this analysis. Arsenic-

induced skin lesion status was assessed by an experienced physician. The physician was 

blinded to the arsenic concentration in drinking water. Cases were defined as participants 

who were at least 16 years of age (in 2001) and were diagnosed with one or more types of 

arsenic-induced skin lesions (melanosis, keratosis or hyperkeratosis). Controls were healthy 

individuals without visible skin lesions living in the same general community as the cases. 

The protocol for this study was approved by the Institutional Review Boards at the Harvard 

School of Public Health and Dhaka Community Hospital. Informed consent was obtained 

from every participant prior to participation.

Replication population—The replication study population consisted of 488 skin lesion 

cases and 2,794 healthy controls from Araihazar, Bangladesh, who participated in The 

Health Effects of Arsenic Longitudinal Study (HEALS) and provided DNA for a genome-

wide association study (GWAS) of arsenic-related metabolism and toxicity 26. In 

2000-2002, healthy individuals who were at least 18 years of age, were residents of the 

study area for at least five years and were drinking water from a local well were recruited. 

Trained study physicians, who were blinded to the arsenic measurements, recorded the 

presence/absence of skin lesions (melanosis, keratosis or leukomelanosis) for each 

individual at each follow-up. The study protocol was approved by the Institutional Review 

Boards of The University of Chicago, Columbia University, and the Bangladesh Medical 

Research Council. Informed consent was obtained from all participants.
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Questionnaires and interviews

Trained interviewers administered questionnaires to collect socio-demographic information, 

drinking water history, medical history, lifestyle factors and residential history including 

identification of the primary water source (tube well). Interviewers in the study were blinded 

to the participants' arsenic exposure to minimize the potential for bias.

Exposure assessment

Personal drinking water samples were analyzed for arsenic. Water sample from the 

participant's primary drinking source were collected in a 50ml falcon tube and 0.1ml of pure 

metal grade nitric acid was added to preserve the samples following the United States 

Environmental Protection Agency's guidelines for collecting and analyzing natural waters 

for metals. The samples were stored at room temperature out of direct contact with 

ultraviolet light prior to analysis. Total arsenic concentration was measured using 

Environmental Protection Agency (EPA) method 200.8 with Inductively Coupled Plasma 

Mass Spectroscopy (ICP-MS) (Environmental Laboratory Services, North Syracuse, New 

York). The limit of detection (LOD) was 1μg As/L. Samples below the LOD were assigned 

a value of 0.5μg As/L (n = 125). To validate the water arsenic measurements, we also 

collected and measured toenail arsenic concentrations for each participant using methods as 

previously described27.

In the replication population, personal drinking water samples were collected in 50ml acid-

washed tubes. Briefly, water arsenic concentrations were analyzed in the Geochemistry 

Research Laboratory of Columbia University LDEO using graphite furnace atomic 

absorption (GFAA). Water samples with arsenic concentration below the LOD (5μg As/L) 

(n = 682) were reanalyzed using ICP-MS 28, which has a detection limit of 0.1μg/L (26). 

Samples below the LOD were assigned a value of 0.1μg/L (n = 33).

SNPs selection

SNPs were selected based on the following criteria: 1) a minor allele frequency (MAF) of at 

least 5% based on the publicly available Hapmap population data from Gujarati Indians in 

Houston, Texas (GIH) who share similar genetics with the Bengali population in Bangladesh 

(Table S2); and either 2) potentially functional SNPs that are either non-synonymous SNPs, 

or lie in the 3′-Untranslated Region (UTR) or 5′-UTR, or were as previously reported to be 

functional; or 3) in previous studies have been found to be associated with either 

inflammation, one-carbon metabolism, and skin cancers. A total of 25 SNPs from 23 genes 

were selected for genotyping, of which 3 SNPs were from 3 inflammatory genes, 11 SNPs 

were from 9 one-carbon metabolism genes, and 11 SNPs were from 11 skin cancer genes 

(Table S1).

Genotyping

Genomic DNA was extracted from 6mL human whole blood using the Puregene® DNA 

purification reagents according to the manufacturer's instructions (Genera Systems, 

Minneapolis). The concentrations of genomic DNA were determined by absorptions at 

260nm, and quality checks were done by measuring the ratio of absorbance at 260 and 280. 

Extracted DNA was genotyped using Sequenom MassARRAY iPLEX genotyping system 
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(San Diego, CA) by Partners Center for Personalized Genetic Medicine (Boston, MA). 

Genotyping procedures were validated by repeating 10% of the samples and all SNPs 

achieved a concordance rate of 100%. For each SNP, the average genotyping call rates were 

at least 95% (Table S1). SNPs that had genotyping efficiencies of < 90% and failed the 

Hardy-Weinberg Equilibrium (HWE) test (P < 0.05) were also excluded from the analysis (n 

= 3).

In the replication population, genomic DNA was extracted from clot blood using Flexigene 

DNA kit (Qiagen, Venlo, Netherlands), as described previously 26. Nanodrop 1000 was used 

to check the concentration and quality of all extracted DNA. Extracted DNA was genotyped 

using the Illumina Infinium HD SNP array according to Illumina's protocol and read on the 

BeadArray Reader. SNPs that had call rates of < 95% (n = 103) and HWE p-values of < 

10−7 (n = 164) were excluded from the analysis, resulting in 259,597 SNPs for 2,879 

individuals.

Statistical analysis

Individual characteristics and known risk factors for skin lesions were compared between 

cases and controls using Fisher's exact test for categorical variables and Wilcoxon rank sum 

test for continuous variables. Dominant genetic effect models were used in all analyses with 

dichotomous outcomes for presence or absence of the minor allele. Drinking water arsenic 

variable was transformed using the natural logarithm. After modeling the concentration-

response relationship between arsenic and skin lesions, we noticed a non-linear pattern. We, 

therefore, opted to use piecewise linear regression with 3 degrees of freedom for water 

arsenic (knots at 2 and 5) to account for this curvature. Multiple logistic regression models 

were fitted for each SNP to estimate the main association of each individual SNP within the 

gene on skin lesions. All models were adjusted for age (continuous), sex (male or female), 

education (none to primary, secondary to college, or graduate or above), body mass index 

(continuous), smoking status (never versus ever or current smoker), chewing betel nut 

(never versus ever or current user) and drinking water arsenic (3 degrees of freedom in 

piecewise linear fashion), because these variables are risk factors of skin lesions and/or 

change the coefficients of SNPs by at least 10%. Odds ratio (OR) and 95% confidence 

interval (CI) were calculated to estimate the magnitude of the association between SNPs and 

skin lesions.

We added interaction terms as a product between each SNP and arsenic exposure to estimate 

gene-environment interaction. Likelihood ratio tests with 3 degrees of freedom were used to 

test the significance of the interaction terms. The number of degrees of freedom was selected 

based on the curvature of the dose-response relationship. Similar results were seen with 

additive genetic models. A dose-response figure was plotted using odds ratio estimates from 

cubic regression splines.

All statistical analyses were carried out using R version 3.1.0 (www.r-project.org/), and SAS 

version 9.2 (SAS Institute Inc., Cary, NC, USA). A two-sided P-value of less than 0.05 was 

considered statistically significant. The ‘qvalue’ package in R was used to adjust for 

multiple comparisons, and we set false discovery rate (FDR) q-values of less than 0.10 to 

reach statistical significance for all analyses 29. The same analyses were performed on 
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significant SNPs in an independent Bangladesh population (HEALS) for replication to 

minimize possible false positives findings.

Results

Participants' demographics and SNPs genotyped

Genotyped skin lesion cases and controls in the main population had similar characteristics 

(Table 1) except water arsenic levels was significantly higher in cases compared to controls 

(mean of 208 μg/L versus 61.9 μg/L for water arsenic, P-value < 0.001). To check for 

potential selection bias, we compared the individual characteristics of participants and non-

participants, but did not find any significant differences between the two groups 30. 

Individual characteristics of the replication population can be found in Supplementary 

Material, Table S3. Similarly, individuals with skin lesion were more highly exposed to 

arsenic than controls in the replication population (mean of 122.7 μg/L versus 76.4 μg/L for 

water arsenic, P-value < 0.001).

Main effect association of SNPs with skin lesions

In the main population, four SNPs were found to have nominally significant associations 

with arsenic-induced skin lesions, after adjusting for water arsenic, age, sex, smoking status, 

betel nut chewing, education and BMI. Two SNPs passed the 10% FDR cutoff, and they 

were SNPs located in the inflammation gene IL10 (rs3024496, adjusted OR = 0.68, P-value 

= 0.007) and one-carbon metabolism gene PEMT (rs7946, adjusted OR = 1.46, P-value = 

0.01) (Table 2). Main effect association results for all SNPs in the main population can be 

found in Supplementary Material, Table S4. No significant main effects (FDR < 10%) were 

observed between these two SNPs and odds of skin lesions in the replication population 

(Table 2).

Gene-environment interactions with arsenic exposure

In the main population, six SNPs were observed to significantly interact with water arsenic 

levels on the odds of skin lesions after adjusting for age, sex, smoking status, betel nut 

consumption, education and BMI (Table 3). They were rs2278952 (P for interaction = 

0.004) and rs897453 (P for interaction = 0.05) in the PEMT gene, rs2228000 (P for 

interaction = 0.01) in the XPC gene, rs1650697 (P for interaction = 0.02) in the DHFR gene, 

rs3024496 (P for interaction = 0.04) in the IL10 gene and rs1133400 (P for interaction = 

0.03) in the INPP5A gene. All six SNPs passed multiple comparisons at 10% FDR level. In 

the replication population, we observed consistent and significant interaction effects with 

water arsenic on odds of skin lesion for SNP rs1133400 (P for interaction in main 

population = 0.03; P for interaction in replication population = 0.03) in the INPP5A gene 

(Table 3). The dose-response relationship of arsenic and skin lesions in minor allele (G) 

carriers versus non-carriers of SNP rs1133400 is shown in Figure 1. Minor allele carriers 

(participants with at least one copy of G allele) had lower odds of skin lesion (Figure 1A), 

compared to non-minor allele carriers (Figure 1B). Interaction results for all SNPs in the 

main population can be found in Supplementary Material, Table S5.
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Discussion

We analyzed a panel of 25 candidate SNPs based on literature data in 540 arsenic-induced 

skin lesions cases and 400 controls in Bangladesh and found six genetic variants in the skin 

cancer genes INPP5A and XPC, one-carbon metabolism genes PEMT and DHFR, and 

inflammation gene IL10 to significantly interact with arsenic exposure on skin lesion risk 

after adjusting for multiple comparisons. Similar findings were obtained using toenail 

arsenic concentrations in the main population (data not shown). The interaction between 

rs1133400 on skin cancer gene INPP5A and arsenic was successfully replicated in an 

independent population.

Genetic variant rs1133400 is a non-synonymous SNP located on the INPP5A gene (inositol 

polyphosphate-5-phosphatase) which functions as a negative regulator of inositol 

signaling 31, 32. A study has reported the loss of INPP5A in primary SCC tumors (24% 

INPP5A gene deletion in SCC tumors versus 0% in normal skin) and progressive reduction 

of INPP5A levels is observed as the tumor progresses to the metastatic stage 25. Both in 

vitro and in vivo studies have also reported that reduced INPP5A expression leads to 

transformation and tumor growth, suggesting that INPP5A may play a crucial role as a 

tumor suppressor by inhibiting the proliferation of tumor cells 33-35. SCC is one of the most 

common types of skin cancer that is associated with chronic arsenic exposures and is highly 

correlated with arsenic-induced skin lesions 5. The loss of tumor suppressor INPP5A gene in 

an arsenic-exposed population might lead to increased vulnerability to skin lesions and 

potentially skin cancers later on. This significant interaction between INPP5A SNP 

rs1133400 and arsenic is consistent in both our main population and the replication 

population and suggest increased susceptibility to arsenic exposures by INPP5A genotype.

In the main population, genetic variants of PEMT rs7946 was shown to increase the odds of 

skin lesions. A significant gene-environment interaction was observed between PEMT SNPs 

rs2278952, a 5′-UTR SNP and rs897453, a potentially functional non-synonymous SNP that 

might result in loss of function, with arsenic exposure on skin lesions. These associations, 

however, were not significant in the replication study. Phosphatidylethanolamine N-

methyltransferase (PEMT) is responsible for de novo choline synthesis and hence regulates 

the amount of choline and its metabolites available for S-adenosyl methionine (SAM) 

production, which in turn determines the availability of methyl groups for arsenic 

metabolism 36, 37. PEMT rs7946 is a non-synonymous SNP that leads to substitution of the 

amino acid valine to methionine at position 175 in the PEMT protein (V175M), and is a loss 

of function variant 38. Expression of one-carbon metabolism genes such as DNMT1 has been 

shown to be significantly associated with urinary arsenic levels 39. Together, this evidence 

suggests that genetic variation in the one-carbon metabolism pathway genes may determine 

susceptibility to develop skin lesions and subsequently squamous cell cancers in arsenic-

exposed individuals. Interestingly, we observed significant main and interaction effects of 

inflammation gene IL10 SNP rs3024496 and arsenic-induced skin lesions, however, this was 

not replicated in the replication population.

Our study had several strengths including accurate measurement of individual 

environmental exposure levels from drinking water and biological relevance of the SNPs 
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genotyped. It is noteworthy that we replicated some of our significant findings in an 

independent population with similar ethnicity and arsenic exposure levels. Replication of 

molecular epidemiological data is essential for a reliable study and reducing false 

positives 40. Having reproducible results in an independent population confirmed that the 

significant associations we observed in our population can be transferred across different 

geographical regions of Bangladesh and West Bengal, among people who are drinking high 

levels of arsenic contaminated water. Some potential limitations of this study include 

possible arsenic exposure misclassification that might result from subjects drinking from 

different water sources which were unaccounted for. However, this is unlikely since we 

collected water samples from their main drinking well. Toenail arsenic was also used as an 

internal biomarker of arsenic exposure to correct this possible bias and we observed 

consistency with the findings from drinking water (data not shown). The LODs used for the 

measurement of arsenic exposures in the two populations were different (0.5μg As/L in main 

population versus 0.1μg As/L in replication population), however, we did a sensitivity 

analysis by using the same minimum water arsenic cutoff of 0.5μg As/L in the replication 

population (n = 88 samples removed) and observed the same results (data not shown). A 

relatively small sample size and multiple testing among 25 SNPs might result in possible 

false positives. However, we adjusted all our results using a stringent FDR cutoff of 10% to 

reduce the probability of potential false positives due to chance.

Conclusions

Our findings demonstrated differential susceptibility to arsenic exposures on skin lesion risk 

by genetic variation in INPP5A in our study population. This finding was replicated in a 

second, Bangladesh population, both of which were exposed to wide range of arsenic from 

drinking contaminated water. This suggests possible biological mechanisms that might link 

arsenic exposures to skin lesions and identifies genetically susceptible sub-populations 

which may be more vulnerable to arsenic exposure thus requiring more stringent 

environmental protection or screening. Future studies are warranted to confirm the observed 

associations in functional studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Odds ratios of INPP5A SNP rs1133400 in minor allele carriers (A) and non-minor 
allele carriers (B) in the main population
Dose-response of water arsenic and skin lesions in INPP5A SNP rs1133400 A) minor allele 

G carriers (P-value < 0.001) and B) non-minor allele carriers in the main population (P-

value < 0.001), adjusting for age, sex, smoking status, betel nut consumption, education and 

BMI. Minor allele carriers have lower odds of skin lesions compared to non-minor allele 

carriers. Dashed lines denote the 95% confidence interval.
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Table 1
Characteristics of the main study population in Pabna, Bangladesh in 2001-2003

Variablesa Cases (n = 540) Controls (n = 400) P-valueb

Sex 0.69

Male 331 (61.3%) 240 (60%)

Female 209 (38.7%) 160 (40%)

Age, years 0.62

Mean (SD) 34.0 (11.8) 34.4 (11.7)

Median (IQR) 34.0 (18.0) 34.5 (18.0)

Education level 0.23

None to Primary 479 (88.7%) 345 (86.3%)

Secondary to College 45 (8.3%) 38 (9.5%)

Graduate or above 16 (3.0%) 17 (4.2%)

BMI, kg/m2 0.11

Mean (SD) 20.2 (3.13) 20.5 (3.27)

Median (IQR) 19.6 (3.69) 19.7 (3.56)

Smoking status (Males onlyc) 0.80

Never 177 (71.5%) 125 (71%)

Ever or Current 154 (28.5%) 115 (29%)

Chew betel nuts 0.61

Never 382 (70.7%) 289 (72.3%)

Ever or Current 158 (29.3%) 111 (27.8%)

Water arsenic, μg/L < 0.001

Mean (SD) 208 (302) 61.9 (127)

Median (IQR) 26.5 (388) 9.43 (45.7)

Abbreviations: SD, standard deviation; IQR, interquartile range; BMI, body mass index

a
Data were shown as mean (SD) and median (IQR) for continuous variables or n (%) for categorical variables. There were 3 missing values from 

water arsenic, and these were excluded from analysis.

b
P-values were obtained from Wilcoxon rank sum test with continuity correction for continuous variables and Fisher's exact test for categorical 

variables.

c
Only males provided smoking status in the main population.
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