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ABSTRACT

Approximately 140 million people worldwide are exposed to inorganic arsenic through contaminated drinking water.
Chronic exposure increases risk for cancers as well as cardiovascular, respiratory, and neurologic diseases. Arsenic
metabolism involves the AS3MT (arsenic methyltransferase) gene, and arsenic metabolism efficiency (AME, measured as
relative concentrations of arsenic metabolites in urine) varies among individuals. Inherited genetic variation in the 10q24.32
region, containing AS3MT, influences AME, but the mechanisms remain unclear. To better understand these mechanisms,
we use tissue-specific expression data from GTEx (Genotype-tissue Expression project) to identify cis-eQTLs (expression
quantitative trait loci) for AS3MT and other nearby genes. We combined these data with results from a genome-wide
association study of AME using “colocalization analysis,” to determine if 10q24.32 SNPs (single nucleotide polymorphisms)
that affect AME also affect expression of AS3MT or nearby genes. These analyses identified cis-eQTLs for AS3MT in 38 tissue
types. Colocalization results suggest that the casual variant represented by AME lead SNP rs4919690 impacts expression of
AS3MT in 13 tissue types (> 80% probability). Our results suggest this causal SNP also regulates/coregulates expression of
nearby genes: BORCS7 (43 tissues), NT5C2 (2 tissues), CYP17A1-AS1 (1 tissue), and RP11-724N1.1 (1 tissue). The rs4919690
allele associated with decreased AME is associated with decreased expression of AS3MT (and other coregulated genes). Our
study provides a potential biological mechanism for the association between 10q24.32 variation and AME and suggests that
the causal variant, represented by rs4919690, may impact AME (as measured in urine) through its effects on arsenic
metabolism occurring in multiple tissue types.

Key words: arsenic metabolism efficiency; colocalization; AS3MT; multitissue; expression quantitative trait locus (eQTL); sin-
gle nucleotide polymorphism (SNP); Genotype-tissue Expression (GTEx) project.
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The World Health Organization (WHO) reports that � 140 mil-
lion people across 50 countries consume water containing arse-
nic � 10 mg/L (Ravenscroft et al., 2009; WHO, 2018) (often
naturally contaminated groundwater). Chronic exposure to ar-
senic has been linked to many health conditions including ar-
senical skin lesions, cardiovascular disease, diabetes,
respiratory and neurologic diseases, and obstetric problems
(Hong et al., 2014; Rahman et al., 2009). The International Agency
for Research on Cancer classifies arsenic as a human carcinogen
(Group 1), and chronic arsenic exposure has been linked to risk
of bladder, liver, kidney, lung, prostate, and skin cancers (Hong
et al., 2014; Hopenhayn-Rich et al., 1998; WHO, 2018).

Inorganic arsenic (iAs) (arsenite, AsIII, and arsenate, AsV) is
the primary arsenic species ingested via contaminated drinking
water, and is believed to be primarily metabolized in the liver.
Based on the Challenger model (Challenger, 1945; Gao et al.,
2015; Rehman and Naranmandura, 2012) of arsenic metabolism,
iAs in the pentavalent state (AsV) is reduced to the trivalent
state (AsIII); AsIII then undergoes oxidative methylation by arse-
nic methyltransferase (encoded by AS3MT) using S-adenosyl-
methionine (SAM) as the methyl donor. This produces
monomethylarsonic acid (MMAV), which can be reduced to
monomethylarsonous acid (MMAIII). A second methylation re-
action produces dimethylarsinic acid (DMAV) that can then be
reduced to dimethylarsinous acid (DMAIII), the end product of
arsenic metabolism. These arsenic species can be excreted in
urine, where DMA accounts for the largest proportion of arsenic
species excreted (Ameer et al., 2016; De Loma et al., 2019; Vahter,
1999, 2002). The relative percentage of urinary arsenic metabo-
lites (eg, DMA%) is often used as a measure of arsenic metabo-
lism efficiency (AME) (Ahsan et al., 2007; Lindberg et al., 2008).
Therefore, high DMA% represents an enhanced AME, which is
believed to facilitate the clearance of arsenic from the body and
decrease the risk of arsenic-related toxicities (Pierce et al., 2013).

A previous genome-wide association study (GWAS) of
Bangladeshi individuals, who were exposed to a wide range of
arsenic levels in drinking water, showed that genetic variation
in the 10q24.32 region influences AME (Pierce et al., 2012). This
region contains the AS3MT gene, which resides within a large
block of linkage disequilibrium (LD) covering approximately
1 Mb. Genetic polymorphisms in and around this gene have
been reported as associated with AME, as measured by urinary
arsenic metabolites, in multiple exposed populations (Agusa
et al., 2009; Balakrishnan et al., 2017; Engström et al., 2007; Meza
et al., 2005; Wood et al., 2006). The importance of AS3MT for arse-
nic metabolism is well-established. AS3MT knockout mice ex-
posed to iAs have markedly reduced capacities to eliminate
arsenic compared with wild-type mice (Drobna et al., 2009;
Marafante and Vahter, 1984). Knockout mice retain higher levels
of arsenic, particularly unmethylated arsenic, in tissues (Chen
et al., 2011; Drobna et al., 2009; Hughes et al., 2010), and are at
much higher risk for multiple toxicity-related phenotypes in-
cluding regenerative hyperplasia and cytotoxicity of the uroepi-
thelium (Yokohira et al., 2010), toxicity-associated mortality
(Yokohira et al., 2010), inflammatory cell infiltration of the liver
(Yokohira et al., 2010), and obesity and insulin resistance
(Douillet et al., 2017).

In our previous GWAS, we reported rs9527 as the single nu-
cleotide polymorphism (SNP) most significantly associated with
DMA% in the AS3MT region (after imputation rs4919690 was
identified as the lead SNP). Conditioning on this primary associ-
ation signal revealed a secondary signal, reported initially as
rs11191527 (rs75075426 was identified as the lead SNP after im-
putation). For this study, we utilized existing array-based SNP

data for the Bangladeshi individuals included in this prior anal-
ysis. This array measured only a subset of SNPs in the 10q24.32
region, so we used imputation to generate information on SNPs
not measured on the array and performed conditional associa-
tion analyses to identify the lead SNPs for each independent as-
sociation signal. For each signal, the lead SNP may not be the
causal SNP; however, colocalization analysis does not require
specifying a causal or lead SNP. The nonimputed results were
shown in our previous paper (Pierce et al., 2012); we show the
imputed results in Figure 1. After adjusting for these 2 indepen-
dent association signals, no further evidence of association
with DMA% was observed (Figure 1) (Pierce et al., 2012).

Given the global impact of arsenic exposure on health, there
remains a need to understand the biological mechanisms by
which these variants impact arsenic-related phenotypes. One
possibility is that SNPs alter the amino acid sequence of the
AS3MT protein product in a way that impacts the enzyme’s
function; however, as none of our previously identified top
SNPs reside in exons, this mechanism is unlikely. It is also pos-
sible that these variants impact AME through regulation of
AS3MT expression (or expression of other genes). Using results
from our previous GWAS of AME and tissue-specific gene ex-
pression data from human tissue donors from the Genotype-
tissue Expression (GTEx) project, we sought to determine if
SNPs affecting DMA% also have local (ie, cis) effects on the ex-
pression of AS3MT or other nearby genes. We quantify the prob-
ability of a common causal variant (CCV) driving the association
with DMA% and gene expression using Bayesian colocalization
analysis. Through this work, we aim to provide a potential
mechanism for the observed association between 10q24.32 vari-
ation and AME and identify tissue types in which this mecha-
nism likely operates.

MATERIALS AND METHODS

Study Descriptions
Our previous GWAS of urinary arsenic species was conducted
using data on 2056 individuals randomly selected from the
Health Effects of Arsenic Longitudinal Study (HEALS). Data on
tissue-specific gene expression and cis-eQTLs (expression quan-
titative trait loci) were obtained from the GTEx project (v7).

The Health Effects of Arsenic Longitudinal Study (HEALS). HEALS is a
prospective cohort study of a population from Araihazar,
Bangladesh exposed to iAs through naturally contaminated
drinking water (Ahsan et al., 2006). Established in 2000, the study
seeks to understand a range of health outcomes associated with
arsenic exposure, including arsenic-induced skin lesions and
skin cancers. Recruitment for the original HEALS cohort oc-
curred from October 2000 through May 2002; during this time
11 746 men and women (age 18–75 years) were enrolled. At base-
line, study physicians, blinded to arsenic measurements, used
structured protocols to conduct in-person interviews and clini-
cal evaluations, and to collect spot urine and blood samples. In-
person follow-up interviews were conducted biennially.
Information on arsenic exposure was obtained by testing all
5966 wells in the study area for arsenic and from individual
reporting of the primary well from which they obtained their
drinking water. The protocol for this study 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.

CHERNOFF ET AL. | 383



The Columbia University Trace Metals Core Laboratory used
graphite furnace atomic absorption spectrometry (Sigma, St
Louis, Missouri) (Nixon et al., 1991) to measure urinary arsenic.
Urinary arsenic species were distinguished using high-
performance liquid chromatography for metabolite separation
and plasma mass spectrometry with a dynamic reaction cell for
detection (as previously described by Ahsan et al. [2007]). Total
concentration of arsenic metabolites (iAs, MMA, and DMA) were
represented as a percentage of total arsenic after subtracting or-
ganic arsenic from dietary sources (arsenobetaine and
arsenocholine).

The Genotype-tissue Expression (GTEx) project data version 7.
Established in 2010 by the NIH, this project established a cen-
tralized data source for information on inherited genetic varia-
tion and gene expression in multiple human tissue types
(Carithers et al., 2015; GTEx Consortium, 2017). Numerous tis-
sues are collected from each participating donor, enabling the
study of tissue-specific gene expression and its relationship
with genetic variation. Expression data for the project was
obtained through RNA sequencing using Illumina’s TruSeq li-
brary construction protocol (GTEx Consortium, 2017; GTEx
Portal, 2019). Genotype data was generated from whole genome

Figure 1. Two variants in the 10q24.32 region show independent association with DMA% in the Health Effects of Arsenic Longitudinal Study (HEALS). Results from a

prior genome-wide association study of arsenic metabolism efficiency (DMA%) using genotyping and arsenic metabolite data from the HEALS cohort, plot generated

using LocusZoom (Pruim et al., 2010). The single nucleotide polymorphism (SNP) with the strongest association with DMA% is labeled in each panel. Panel A shows the

overall association results. Panel B shows p values from models adjusted for rs4919690. Panel C shows the p values from models adjusted for both rs4919690 and

rs75075426, which here yielded no significant SNPs.
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sequencing obtained using Illumina’s HiSeq X (with the first
batch run on HiSeq 2000). Genotype data on 620 individuals was
used in this study.

Genotyping and quality control for HEALS data. For 3454 HEALS par-
ticipants, DNA was extracted from clot blood using the
Flexigene DNA kit (Cat No. 51204) from Qiagen, and sample con-
centration and purity was assessed by NanoDrop 1000. Genome
Reference Consortium Human Build 37 was used for sequencing
and analysis. From each sample, 250 ng of DNA was then geno-
typed using Illumina HumanCytoSNP-12 v2.1 chips, which in-
cluded 299 140 SNP markers, and read on the BeadArray reader.
Genotype calls were generated by processing image data using
the BeadStudio software.

All Quality Control (QC) was performed using PLINK (Purcell
et al., 2007). We excluded DNA samples with poor call rates (<
90%) (n¼ 6), as well as monomorphic (n¼ 38 753) or poorly called
(< 90%) SNPs. Individuals with mismatched sex (n¼ 36) based
on genetics and self-reporting were also removed. Once we ex-
amined the distributions of sample and SNP call rates, any sam-
ple with call rate < 97% (n¼ 4) or SNP with call rate < 95%
(n¼ 1045) was also excluded. Finally, we excluded SNPs with
Hardy-Weinberg equilibrium p values < 10�10 (n¼ 634). From
our initial pool of 3454 individuals, this QC resulted in 3364 indi-
viduals with high-quality genotype data for 257 747 SNPs. Of
these individuals, a subset of 2056 individuals with arsenic me-
tabolite data was included in the GWA analysis. The Michigan
Imputation Server (Das et al., 2016) was used to conduct geno-
type imputation using 1000 Genomes reference haplotypes (1KG
phase3 v5, which includes overall populations). Only high-
quality imputed biallelic SNPs (imputation r2 > 0.3) and SNPs
with minor allele frequency >0.005 were included in the
analysis.

The initial identification of arsenic-metabolism associated
SNPs in the 10q24.32 region using HEALS data has been previ-
ously reported by Pierce et al. (2012). In short, pairwise kinship
coefficients were estimated using GEMMA (Zhou and Stephens,
2012). All SNP association tests were performed in GEMMA
(Zhou and Stephens, 2012) using a mixed model that accounted
for cryptic relatedness and adjusted for sex, age, and genotyping
batch. Regional association plots were then generated using
LocusZoom (Pruim et al., 2010).

Identifying eQTLs analyzed using GTEx data. The cis-eQTLs used in
this paper were identified using expression data from the 48 tis-
sue types in GTEx release v7. This GTEx release included 620
donors whose data was used for eQTL analysis, and the sample
sizes for each tissue used in this analysis ranged from 88 to 491.
Donor enrollment and the consent process as well as specimen
procurement, sample fixation, and histological review proce-
dures for the GTEx project have been previously described
(Carithers et al., 2015; GTEx Consortium, 2017).

Expression quantification for GTEx samples has been de-
scribed in detail previously by the GTEx Consortium (2017).
Gene expression data for a particular tissue were normalized
between samples using TMM as implemented in edgeR
(Robinson et al., 2010; Robinson and Oshlack, 2010). Expression
values for each gene were normalized across samples using an
inverse normal transformation. RNA-seq expression outliers
were identified and excluded along with samples that produced
< 10 million mapped reads. The expression data was down-
loaded from data version 7 on the GTEx portal. (https://gtexpor-
tal.org/home/datasets; last accessed May 27, 2020)

We performed cis-eQTL mapping for AS3MT (and genes in
the 10q24.32 region within 500 kb of SNP rs4919690) using linear
regression, implemented with Matrix eQTL (Shabalin, 2012). The
eQTL analyses used a 1 Mb window (500 kb on each side of
rs4919690) to designate SNPs to be tested for association with a
gene. The restriction of cis-eQTL mapping to a 1 Mb distance is
common in studies of cis-eQTLs, including those performed by
GTEx (GTEx Consortium, 2017). However, to ensure our lead
DMA% SNPs did not have long-range cis effects on genes beyond
500 kb, we assessed association between these SNPs and all
genes within 5 Mb (on each side), but we observed no additional
genes showing association (p< 5�10�8); our DMA%-associated
SNPs were only associated with the expression of genes within
500 kb of the SNPs. Regressions were adjusted for all suggested
covariates provided by GTEx within the covariate file for each
tissue. This included adjustment for 3 genotyping principle
components, sex, and a set of covariates identified with the
Probabilistic Estimation of Expression Residuals (PEER) method.
The PEER method is designed to account for nongenetic factors
impacting observed gene expression (Stegle et al., 2010). This
enables researchers to understand the factors contributing to
variation in gene expression by jointly modeling the underlying
(nongenetic) causes of variability and the genetic effects to de-
termine the contributions from different sources of variation.
The PEER factors were calculated for the normalized expression
matrices and provided by GTEx for each tissue. The number of
PEER factors for each tissue was determined as a function of the
sample size available for each tissue, resulting in a different
number of PEER covariates for each tissue. In studies from the
GTEx consortium, these PEER factors were strongly associated
with known technical confounders and captured 59%–78% of
the total variation in gene expression levels (GTEx Consortium,
2017).

For each variant-gene pair, nominal p values were estimated
with a 2-tailed t test. We used a p value threshold of 5�10�8 to
identify cis-eQTLs. This threshold is loosely based on a
Bonferroni correction for the total number of tests performed,
which included testing approximately 2655 SNPs for each of 19
genes within our region of interest in a total of 48 tissue types
(2655 � 19 � 48¼ 2 421 360 total tests; 0.05/2 421 360¼ 2.1�10�8

Bonferroni corrected threshold). Using the standard GWAS sig-
nificance threshold of p¼ 5�10�8 is slightly less stringent, but
reasonable (and likely overly conservative) in light of the corre-
lation among test statistics due to LD in the region.

For each cis-eQTL identified, we performed a conditional
analysis of the region to identify secondary cis-eQTLs for the
gene being analyzed by adjusting for the lead SNP of the pri-
mary eQTL. For identified secondary eQTLs (p< 5�10�8), we con-
ducted additional analyses to identify additional eQTLs,
adjusting for the top SNPs of both the primary and secondary
eQTLs. Continuing this way, we were able to identify all cis-
eQTLs for each gene in a given tissue (p< 5�10�8) and “isolate”
each eQTL’s association signal using adjustments for the lead
SNPs of all other cis-eQTLs for a given gene.

To identify lead-SNP eQTL pairs that potentially share a CCV
with 1 of our 10q24.32 association signals for DMA%, we first
made a list of the lead SNPs for all identified eQTLs. Then we
identified lead eQTL SNPs that were in strong LD (r2 > 0.7) with
either of the lead SNPs from our 2 association signals for DMA%
(based on 1000 Genomes data for European and Bengali in
Bangladesh populations).

Colocalization analyses. To estimate the probability that the asso-
ciations we observe for DMA% (in HEALS) and the tissue-
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specific cis-eQTLs in the 10q24.32 region (from GTEx) are due to
the same causal variant(s), we used a Bayesian test for colocali-
zation (Giambartolomei et al., 2014) implemented in the coloc
package in R (Wallace, 2013, Wallace et al., 2012). We applied
this test to the DMA% association signals paired with tissue-
specific eQTL association signals (applying this test to all pairs
for which the lead SNPs were in LD with r2 > 0.7) to estimate the
probability that each pair shares a CCV. Because our
Bangladeshi participants are not well-matched to the GTEx
donors on ancestry (ie, GTEx is primarily comprised individuals
of European ancestry), we provide LD estimates based on both
South Asian and European populations from the 1000 Genomes
Project. For this method, we used 2 sets of summary statistics:
association results from our GWAS and results from the GTEx
cis-eQTL analysis. For each DMA% association signal, we in-
cluded results for all SNPs (including imputed SNPs) within
500 kb of the lead SNP. For each of the 2 DMA% association sig-
nals, our results are adjusted for the lead SNP representing the
other DMA% association signal. For each corresponding eQTL,
we used the same set of SNPs selected from our eQTL results.
The summary statistics for each eQTL signal were adjusted for
the lead SNP(s) representing additional nearby eQTLs for the
same gene (based on our conditional eQTL analyses). The R
coloc package only utilized information on SNPs present in both
sets of summary statistics (Wallace, 2013; Wallace et al., 2012).

Bayesian colocalization requires specifying a prior probabil-
ity for a SNP being associated only with trait 1 (p1), only with
trait 2 (p2), and with both traits (p12). For our analysis, p1 repre-
sents the probability of being associated only with DMA%, p2

represents the probability of being only an eQTL, and p12 repre-
sents the probability of being associated with DMA% and an
eQTL. For our study, we set the overall probability of being asso-
ciated with DMA% (p1 þ p12) as 10�5 and the overall probability
of being an eQTL as 10�4 (p2 þ p12), both are which are typical in
studies of complex traits and eQTLs. The value of p12 was varied
in our analysis to correspond to a 5%, 20%, and 50% probability
that a causal variant for DMA% is also an eQTL. This led us to
examine 3 values of p12: 5�10�7, 2�10�6, and 5�10�6. Thus, we
covered a range of potential assumptions regarding the likeli-
hood that SNPs associated with DMA% are also eQTLs. Through
our colocalization analyses, we evaluated the posterior proba-
bility (PP) of colocalization (H4) as well as the PP of distinct
causal variants underlying the association with DMA% and the
identified eQTL (H3). In addition to these posteriors, we evalu-
ated the PP that there is an identifiable causal variant underly-
ing the association with DMA%, but no detectable eQTL signal
(H2) as well as the PP that there is no detectable DMA% signal
and a detectable eQTL (H1). Both H2 and H1 reflect the possibil-
ity that we do not have sufficient power for a robust colocaliza-
tion analysis within a given tissue.

RESULTS

Identifying Cis-eQTLs for Colocalization Analysis in GTEx Tissues
Our prior GWAS of AME using data from HEALS yielded 2 inde-
pendent association signals in the 10q24.32 region for DMA%.
These signals are represented by lead SNPs rs4919690 and
rs75075426. These 2 associations are in close proximity to the
AS3MT (arsenic methyltransferase) gene (Figure 1).

Using GTEx data, we examined AS3MT expression across all
available tissues and found that expression ranged from 411.5
transcripts per million (TPM) in the adrenal gland to 3.6 TPM in
the esophageal mucosa (GTEx Portal, 2019). Median AS3MT

expression for all GTEx tissues is presented in Supplementary
Table 1 and Supplementary Figures 1 and 2. Excluding the adre-
nal gland, most tissues showed expression levels between 28.7
and 3.6 TPM with the liver showing relatively high expression at
25.1 TPM (GTEx Portal, 2019). We identified cis-eQTLs for the
AS3MT gene across all available tissues. At a p value threshold
of 5�10�8, cis-eQTLs were identified in 38 tissue types. Multiple
eQTLs were observed in 11 tissues with a maximum of 3 signals
in a single tissue. Among these cis-eQTLs, we identified cis-
eQTLs in 13 tissues with a lead eSNP in high LD (r2 > 0.7) with
rs4919690 (the lead SNPs in the 10q24.32 region identified in our
GWAS of DMA%). We found rs4919690 to be the lead SNP for the
cis-eQTL in 7 of these tissue types (Table 1). In contrast, none of
the 48 observed eQTLs had a lead SNP in strong LD with the lead
SNP of our secondary association signal for DMA% (rs75075426).
This led us to focus exclusively on rs4919690 for the remainder
of our analyses.

Due to the presence of multiple genes in the10q24.32 region
near our lead SNPs for DMA% (rs4919690) we extended our eQTL
analyses beyond AS3MT to all genes within 500 kb of AS3MT. In to-
tal, across all available GTEx tissue types, we identified 18 genes
with an eQTL (p< 5�10�8) in at least 1 tissue type. Among these
genes, 4 had an eQTL with a lead SNP that was in high LD (r2 > 0.7)
with the DMA% lead SNP, rs4919690: NT5C2, CIP17A1-AS1, RP11-
724N1.1, and BORCS7. These genes, their associated eQTLs, and
their observed LD with our lead SNP are listed in Table 2.

Colocalization of Cis-eQTLs for AS3MT and DMA% Association
Signals
For each eQTL in the 10q24.32 region identified above, we con-
ducted colocalization analysis to assess the evidence that the
eQTL shares a CCV with one of the association signals observed
for DMA%. Under the assumption that 50% of DMA% SNPs are
eQTLs (p12 ¼ 5�10�6), we found evidence for colocalization be-
tween cis-eQTLs for AS3MT and rs4919690 in 13 tissue types at a
PP of having a CCV >80% (Table 1). These included: subcutane-
ous and visceral omental adipose, the aorta and left ventricle of

Figure 2. Colocalization of arsenic metabolism efficiency association signal (lead

single nucleotide polymorphism [SNP] rs4919690) with a cis-eQTL (expression

quantitative trait locus) for AS3MT in the aortic artery. Filled circles representing

DMA% GWAS SNPs are plotted based on �log10 (p values), and empty circles

representing cis-eQTLs are also plotted by �log10(p values). The posterior proba-

bility of colocalization for the cis-eQTL and GWAS association signal ranged

from 0.997 to 1 depending on the prior probability (Table 1) revealing strong evi-

dence for signal colocalization and suggesting that the causal SNP that impacts

DMA% likely regulates AS3MT expression in the aorta.
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the heart, the coronary and tibial arteries, the amygdala and
hippocampus of the brain, the sigmoid and transverse colon,
the lung, the tibial nerve, and the vagina. Across all tissues, cis-
eQTLs for AS3MT in the aortic tissue showed the strongest PP of
colocalization (colocalized association signals shown in
Figure 2). In contrast, no evidence of colocalization was ob-
served for AS3MT eQTLs in the liver, the primary tissue in which
arsenic is believed to be metabolized.

Varying the prior probability (p12) concerning the percentage
of DMA% SNPs that are also eQTLs from 50% to 5% decreased
the number of tissues in which colocalization was observed (PP
of CCV> 80%) from 13 to 9. For subcutaneous adipose and the
tibial nerve, decreasing p12 decreased the PP of CCV and primar-
ily increased the PP of 2 distinct causal variants (Supplementary
Table 2). In contrast, for brain (amygdala) and colon (trans-
verse), decreasing p12 decreased the PP of CCV and primarily in-
creased the PP of H2 (association for DMA% only, no eQTL),
suggesting that the eQTL associations are too weak to conduct
well-powered colocalization analyses (Supplementary Table 2).

The minor allele of the lead SNP identified in our previous
GWA study of AME, rs4919690, is associated with lower metabo-
lism efficiency (lower DMA%). This minor allele is also associ-
ated with low AS3MT expression across all tissues in which
colocalization was identified (Figure 3). Thus, we observe con-
sistency in the directionality of association as the allele associ-
ated with low AS3MT expression is the same allele associated
with low AME.

Colocalization of Cis-eQTLs for Genes Near AS3MT and DMA%
Association Signals
We further examined colocalization of genes near AS3MT
(Table 2). Cis-eQTLs, for BORCS7 in 43 tissue types (lead SNP
rs11191421 in 29 tissues, rs4919690 in 12 tissues, rs9527 in 1 tis-
sue, and rs3740392 in 1 tissue) were found to colocalize
(PP>80%) with our primary DMA% association signal (lead SNP
rs4919690). Of note, 1 of the 43 tissue types containing a colocal-
izing cis-eQTL for BORCS7 was the liver (Figure 4). Evidence of
colocalization (PP>80%) with the primary DMA% association
signal was also observed for tissue-specific eQTLs impacting the

following genes: CYP17A1-AS1 (thyroid) and RP11-724N1.1 (thy-
roid). Colocalization with cis-eQTLs for NT5C2 was observed in
the cerebellum (lead SNP rs12779263) and pancreas (lead SNP
rs10883790). However, evidence of colocalization was generally
not as strong for eQTLs for CYP17A1-AS1, RP11-724N1.1, and
NT5C2, as compared with AS3MT and BORCS7 (in terms of ro-
bustness of the PP to each of the 3 choices of prior, see Table 2).

Overall, the results of our colocalization analyses were fairly
consistent across values of p12, which can be observed in
Table 2. In general, we observed lower probabilities of colocali-
zation with lower LD between the lead DMA% SNP and lead cis-
eQTL SNP in a given tissue, as expected. Varying the prior as-
sumption (p12) concerning the percentage of DMA% SNPs that
are also eQTLs, also altered the observed colocalization
(Supplementary Table 3). Like our analysis of AS3MT, we ob-
served evidence for distinct causal variants (an increased PP of
H3) as well as evidence that some eQTL signals were too weak
to conduct well-powered colocalization analyses (increased PP
of H2).

Correlation Between AS3MT and BORCS7 Expression
There is no prior evidence suggesting a role for BORCS7 in arse-
nic metabolism; however, colocalization between the DMA% as-
sociation signal (rs4919690) and cis-eQTLs for BORCS7 was
observed in 43 tissues including the liver. One potential expla-
nation for this lies in the coregulation of AS3MT and BORCS7.
Correlation between BORCS7 expression and AS3MT expression
was observed in nearly all tissues in which colocalization was
found for both genes (Figure 5), as well as in the liver. This find-
ing suggests that a CCV regulates expression of both genes (or 2
distinct causal regulatory variants in strong LD) and contributes
to the observed coexpression of these genes. To determine
whether this coexpression was entirely driven by genotype, we
used a linear regression model to examine the association after
adjusting for rs4919690. We found that for some tissues the
coexpression of BORCS7 and AS3MT appears entirely due to the
SNP. However, we observe a correlation between the expression
of these 2 genes after adjustment for this SNP in the aorta,
amygdala, left ventricle of the heart, and the liver, suggesting

Table 1. Colocalization of AS3MT Expression Quantitative Trait Loci (eQTLs) Identified in GTEx Tissues With the Primary Association Signal for
DMA% (Lead Single Nucleotide Polymorphism [SNP] rs4919690) Identified in a Bangladeshi Population Across a Range of Prior Probabilities

Tissue rsIDs of eQTLs PP of Colocalization
Assuming 5% of

GWAS SNPs Are eQTLs

PP of Colocalization
Assuming 20%
of GWAS SNPs

Are eQTLs

PP of Colocalization
Assuming 50%

of GWAS SNPs Are eQTLs

LD Between
eQTL and
Lead SNP

in BEB

LD Between
eQTL and
Lead SNP

in EUR

Subcutaneous adipose rs4919690 0.219 0.575 0.848 1 1
Visceral omental adipose rs12416687 0.989 0.998 0.999 0.60 0.96
Aorta rs4919690 0.997 0.999 1 1 1
Coronary artery rs12775431 0.988 0.997 0.999 0.60 0.96
Tibial artery rs4919690 0.990 0.998 0.999 1 1
Brain: amygdala rs12775431 0.466 0.965 0.991 0.60 0.96
Brain: hippocampus rs4919690 0.887 0.979 0.993 1 1
Sigmoid colon rs12775431 0.970 0.994 0.998 0.60 0.96
Transverse colon rs9527 0.310 0.682 0.896 0.60 1
Heart: left ventricle rs4919690 0.985 0.997 0.999 1 1
Lung rs4919690 0.995 0.999 1 1 1
Tibial nerve rs4919690 0.582 0.870 0.965 1 1
Vagina rs11191421 0.970 0.994 0.998 0.60 0.94

Abbreviations: LD, linkage disequilibrium; PP, posterior probability.
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that factors other than genotype are contributing to the coregu-
lation of these genes in these tissue types (adjusted regression
results shown in Supplementary Figure 3). The factors that may
contribute to the observed coexpression include the

conformation of the local chromatin structure, and the sharing
of local regulatory elements including transcription factors,
enhancers, and promoters (Michalak, 2008). In considering
these additional factors, we used an additional linear regression

Table 2. Colocalization of Expression Quantitative Trait Loci (eQTLs) for Genes in the 10q24.32 Region (Excluding AS3MT) With the Primary
Association Signal for DMA% (Lead Single Nucleotide Polymorphism [SNP] rs4919690) With Posterior Probability of Colocalization > 80% (for p12

¼ 5 � 10�6)

Gene Top SNP (eQTL) Tissue PP if 5% of
GWAS SNPs
Are eQTLs

(p12¼ 5 � 10�7)

PP if 20% of
GWAS SNPs
Are eQTLs

(p12¼ 2 � 10�6)

PP if 50% of
GWAS SNPs
Are eQTLs

(p12¼ 5 � 10�6)

LD Between
eQTL and
rs4919690

in BEB

LD Between eQTL
and rs4919690

in EUR

NT5C2 rs12779263 Cerebellum 0.778 0.944 0.986 0.298 0.707
rs10883790 Pancreas 0.491 0.823 0.950 0.276 0.873

CYP17A1-AS1 rs11191401 Thyroid 0.891 0.975 0.994 0.496 0.708
RP11-724N1.1 rs11191401 Thyroid 0.324 0.697 0.903 0.496 0.708

Adrenal gland 0.981 0.996 0.999 0.604 0.974
Coronary artery 0.886 0.974 0.994 0.604 0.974
Tibial artery 0.992 0.998 1.000 0.604 0.974
Brain amygdala 0.186 0.521 0.814 0.604 0.974
Brain anterior

cingulate cortex
0.881 0.973 0.993 0.604 0.974

Brain caudate 0.984 0.997 0.999 0.604 0.974
Brain cortex 0.972 0.994 0.999 0.604 0.974
Cerebellar hemisphere 0.984 0.997 0.999 0.604 0.974
Hypothalamus 0.933 0.985 0.996 0.604 0.974
Hippocampus 0.621 0.886 0.969 0.604 0.974
Brain putamen 0.962 0.992 0.998 0.604 0.974
Brain spinal cord 0.886 0.974 0.993 0.604 0.974
Brain substantia nigra 0.581 0.869 0.964 0.604 0.974
Mammary 0.976 0.995 0.999 0.604 0.974

BORCS7 rs11191421

Sigmoid colon 0.968 0.993 0.998 0.604 0.974
Esophageal mucosa 0.934 0.985 0.996 0.604 0.974
Esophageal muscularis 0.804 0.952 0.988 0.604 0.974
Atrial appendage 0.979 0.996 0.999 0.604 0.974
Left ventricle 0.994 0.999 1.000 0.604 0.974
Liver 0.983 0.996 0.999 0.604 0.974
Lung 0.978 0.995 0.999 0.604 0.974
Minor salivary 0.870 0.970 0.992 0.604 0.974
Tibial nerve 0.996 0.999 1.000 0.604 0.974
Ovary 0.363 0.731 0.917 0.604 0.974
Pituitary 0.966 0.993 0.998 0.604 0.974
Nonsun-exposed skin 0.969 0.993 0.998 0.604 0.974
Sun-exposed skin 0.710 0.922 0.980 0.604 0.974
Small intestine 0.980 0.996 0.999 0.604 0.974
Stomach 0.951 0.989 0.997 0.604 0.974
Subcutaneous adipose 0.995 0.999 1.000 1 1rs4919690

Visceral omentum adipose 0.993 0.999 1.000 1 1
Aorta 0.996 0.999 1.000 1 1
Cerebellum 0.989 0.998 0.999 1 1
Skeletal muscle 0.957 0.991 0.998
Transverse colon 0.996 0.999 1.000 1 1
Gastroesophageal Junction 0.996 0.999 1.000 1 1
Prostate 0.967 0.993 0.998 1 1
Pancreas 0.908 0.979 0.995
Spleen 0.759 0.938 0.984 1 1
Thyroid 0.997 0.999 1.000 1 1
Uterus 0.274 0.643 0.879 1 1

rs9527 Brain frontal cortex 0.983 0.997 0.999 0.6 1
rs3740392 Brain nucleus accumbens 0.175 0.504 0.805 0.3 0.8

Abbreviations: LD, linkage disequilibrium; PP, posterior probability.
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model that adjusted for rs4919690 as well as sex, genotyping
platform, genotyping principle components, and all tissue-
specific PEER factors. The inclusion of PEER factors allowed us

to control for confounding due to differences in cell-type com-
position that may impact our results. Here, we observe correla-
tion between AS3MT and BORCS7 expression after adjustment

Figure 3. Expression of AS3MT across GTEx tissue types by genotype at lead single nucleotide polymorphism, rs4919690. The lightest shading represents AS3MT ex-

pression levels among individuals homozygous for the high efficiency allele (C). The darkest shading represents AS3MT expression levels among those individuals ho-

mozygous for the low efficiency allele (T). Here, we observe a clear pattern of lower AS3MT expression among those who have at least 1 copy of the low efficiency allele

(T) across all tissues in which colocalization was observed.
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in the aorta, tibial artery, liver, and tibial nerve (Supplementary
Figure 4).

DISCUSSION

In this study, our goal was to assess the evidence that genetic
variants in the 10q24.32 region known to impact AME (as mea-
sured by DMA% in urine) exert their effects through regulation
of AS3MT gene expression. Using tissue-specific eQTL results
from GTEx, we conducted colocalization analyses focused on
AS3MT and its surrounding genes to estimate the probability
that a CCV affects both AME and expression of nearby genes.
Our results provide evidence that the genetic variant impacting
AME (represented by rs4919690) also affects expression of
AS3MT (and other nearby genes) in 13 distinct tissue types, in-
cluding several tissues relevant to arsenic toxicity: heart tissues
(coronary artery, aorta, and left ventricle) and lung. In light of
AS3MT’s central role in arsenic metabolism (Lin et al., 2002),
these results suggest that the allele that decreases AME does so
by altering AS3MT activity (potentially in multiple tissues),
thereby increasing the internal dose of arsenic in tissues and in-
creasing susceptibility for arsenic-related diseases in individu-
als with low AME genotypes (Antonelli et al., 2014; de la Rosa
et al., 2017). Epidemiologic studies of AS3MT SNPs have reported
associations with risk of multiple arsenic-associated diseases
(Antonelli et al., 2014), including arsenic-induced skin lesions
(Valenzuela et al., 2009), carotid atherosclerosis (Hsieh et al.,
2011), coronary heart disease (Gong and O’Bryant, 2012), lung
cancer (de la Rosa et al., 2017), and bladder cancer (Beebe-
Dimmer, 2012).

Arsenic was not measured in GTEx (and we expect most
individuals to have very low exposure, with exposure likely
depending on factors like smoking, source of drinking water,
and occupational history), so we were unable to assess the

impact of arsenic on AS3MT expression in GTEx. Studies exam-
ining AS3MT expression in human lymphocytes (Pierce et al.,
2013) and peripheral blood (Engström et al., 2013), and in multi-
ple brain regions of mice (S�anchez-Pe~na et al., 2010) found no as-
sociation between AS3MT expression and arsenic dose. One
possible explanation for this lack of association may be a role
for AS3MT outside arsenic metabolism, resulting in ubiquitous
expression (as observed in GTEx) regardless of the presence of
arsenic. Although additional roles for AS3MT have not been well
described, strong associations between AS3MT variants and
schizophrenia risk suggest a potential neurological role
(D’Ambrosio et al., 2019). In addition, AS3MT is coregulated with
other genes in the 10q24.32 region, and these genes may serve
important roles in a variety of tissues resulting in the expres-
sion of AS3MT in these tissue types.

Previous studies in arsenic-dosed mice found arsenic metab-
olites in blood, liver, lung, bladder, and kidney as well as in
urine and that the levels of arsenicals were both tissue-specific
and dose-dependent (Kenyon et al., 2005, 2008) Arsenite methyl-
transferase activity, as measured by incubating mouse tissues
with sodium arsenite and S-[methyl-3H]adenosyl-L-methionine
and measuring MMA formation, has also been observed in mul-
tiple mouse tissues including liver, testis, kidney, and lung
(Healy et al., 1998). This observation combined with our results
suggests that SNPs associated with AME may impact this me-
tabolism in multiple tissues, and that this multi-tissue activity
may collectively impact DMA% in urine. We note that despite
the liver’s central role in arsenic metabolism, we did not ob-
serve colocalization between our DMA% association signal and
cis-eQTLs for AS3MT in the liver. One reason for this may be the
generally low level AS3MT expression observed across GTEx tis-
sues combined with relatively small sample sizes (226 in liver).
This may result in low power and prevent colocalization from
being detectable in some tissues.

The directionalities of associations in our GWA and cis-eQTL
analyses provides further support for AS3MT regulation as a
mechanism by which 10q24.32 SNPs impact AME. The allele as-
sociated with low AS3MT expression identified in our cis-eQTL
analysis is the same allele associated with low DMA% and in-
creased arsenic toxicity risk.

The association signal for DMA%, represented by rs4919690,
was also found to colocalize with cis-eQTL for 4 additional
genes, including BORCS7 (Stelzer et al., 2016; BORCS7-ASMT,
2020). Across these genes, we observed colocalization for cis-
eQTLs in a variety of tissue types. Some observed cis-eQTLs
appeared to be tissue specific, with colocalization observed in
only a single tissue type, whereas other eQTLs influenced ex-
pression in many tissues. Colocalization between the DMA% as-
sociation signal (rs4919690) and the cis-eQTLs for BORCS7 was
observed in 43 tissues including the liver. BORCS7 (previously
known as c10orf32) encodes a subunit of BORC, a multisubunit
complex that recruits Arl8 to lysosomes and initiates a process
that promotes microtubule-guided transport of lysosomes to-
ward the cell periphery (Pu et al., 2015). Studies of a truncated
BORCS7 transcript show that it is important for lysosomal trans-
port in neurons and truncation results in impaired motor func-
tion (Snouwaert et al., 2018). The lack of a functional BORCS7 in
mice is perinatally lethal, revealing its importance for normal
function; however, this lethality prevents studying AS3MT func-
tion in BORCS7 knockout mice (Snouwaert et al., 2018). A study
exploring the mechanism underlying the association between
arsenic exposure and increased diabetes risk found that arsenic
may induce pancreatic beta cell apoptosis through activation of
the lysosome-mitochondrial pathway (Pan et al., 2016). Beyond

Figure 4. Colocalization of arsenic metabolism efficiency association signal (lead

single nucleotide polymorphism [SNP] rs4919690) with a cis-eQTL (expression

quantitative trait locus) for BORCS7 in the liver. Filled circles representing

DMA% GWAS SNPs are plotted based on �log10(p values), and empty circles rep-

resenting cis-eQTLs are also plotted by �log10(p values). The posterior probabil-

ity of colocalization for the cis-eQTL and GWAS association signal ranged from

0.983 to 0.999 depending on the prior probability (Table 2) revealing strong evi-

dence for signal colocalization and suggesting that the causal SNP that impacts

DMA% regulates BORCS7 expression in the liver.
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the potential that coregulation of BORCS7 and AS3MT produces
the observed colocalization, the connections among BORCS7,
lysosomal function, and arsenic-induced activation of the
lysosomal-mitochondrial pathway provides a potential alter-
nate explanation for the colocalization. In addition, our previ-
ous work found an association between arsenic exposure
(measured by total urinary arsenic) and BORCS7 expression in
lymphocytes (Pierce et al., 2013).

The observed colocalization of a BORCS7 eQTL and an AME
association signal may also be due to the coregulation of
AS3MT and BORCS7 (Figure 5), genes separated by

approximately 4 kb. Coexpression of AS3MT and BORCS7 has
been reported previously. A study of schizophrenia associated
variants using GTEx tissues found as association between a
risk SNP (rs7085104) and expression of a particular AS3MT iso-
form in multiple neuronal tissues; this association was inde-
pendent of BORCS7 expression, but the adjusted expression of
the genes were weakly correlated (Li et al., 2016). Similarly, an-
other schizophrenia study using human brain tissue from the
London Neurodegenerative Diseases Brain Bank found that
heterozygosity at a schizophrenia risk variant (rs11191419) was
associated with increased expression of BORCS7 and AS3MT in

Figure 5. Correlation between expression of AS3MT and BORCS7 in tissues for which colocalization was observed for both genes (as well as liver). These plots show cor-

relation between AS3MT and BORCS7 expression in nearly all tissues in which colocalization between lead single nucleotide polymorphism rs4919690 and expression

of these genes was observed (with the exception of the Amygdala). In addition, we observe correlation between AS3MT and BORCS7 expression in the liver, despite the

lack of colocalization for AS3MT in this tissue. The colors of the points reflect the genotype of each evaluated individual at rs4919690 and demonstrate that the low-effi-

ciency allele corresponds to lower expression in both of the examined genes.
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both fetal and adult brains (Duarte et al., 2016). This evidence
of the 2 genes being regulated by the same eQTL is similar to
our own observations of BORCS7 and AS3MT coregulation
across GTEx tissue types. Finally, the 2 genes have been
reported to be involved in a read-through transcription that
produces BORCS7-AS3MT (Kent et al., 2002).

The higher expression of BORCS7 than AS3MT across GTEx
tissues may have increased power to detect colocalization in
BORCS7 compared with AS3MT, despite the impact of the same
cis-eQTLs on both genes. Providing further evidence of coregula-
tion is the fact that the lead SNP for the colocalizing eQTL for
BORCS7 in the liver was also the lead SNP for the colocalizing
eQTL for AS3MT in multiple tissues. We observed correlation be-
tween BORCS7 and AS3MT expression in nearly all tissues in
which colocalization was found in both genes. When we exam-
ined this correlation further, we found that coexpression of
BORCS7 and AS3MT appears entirely due to the SNP in some tis-
sues, whereas in other tissues we found residual correlation
suggesting that factors other than genotype contribute to core-
gulation in some tissue types.

Our secondary association signal for DMA% was not found to
colocalize with cis-eQTLs for AS3MT or nearby genes, suggesting
an alternate (ie, non-eQTL) mechanism for its impact on AME.
The causal SNP underlying this secondary association signal
may impact arsenic metabolism in multiple tissues, but not
through regulation of local gene expression levels. One way in
which this might occur is through the SNP’s impact on messen-
ger RNA conformation, stability, or translational efficiency
(Battle et al., 2015).

We observed that AS3MT expression was substantially
higher in adrenal glands compared with other GTEx tissues, a
finding consistent with prior studies (Gomez-Rubio et al., 2009).
However, GTEx samples consist of an entire adrenal gland cross
section, so we cannot differentiate between expression in differ-
ent zones of the adrenal gland. Protein expression studies how-
ever, have observed high levels of AS3MT in both the adrenal
cortex and glomerular cells (Uhlen et al., 2015; The Human
Protein Atlas; Tissue Expression of AS3MT 2020). The high ex-
pression of AS3MT in the adrenal gland may be due to coregula-
tion with the highly expressed nearby gene CYP17A1, which
plays an important role in the formation of steroid hormones in
the adrenal gland (Gilep et al., 2011; Shu et al., 2020; van den
Akker et al., 2002). It is also possible that AS3MT expression is
high in the adrenal gland for protection against arsenic. Within
the adrenal gland, arsenic can disrupt endocrine function, in-
cluding repression of steroid-hormone regulated gene tran-
scription and interference with hormone receptor binding (Sun
et al., 2016). These effects may impact cognitive development,
learning, and memory by modifying the activity of the glucocor-
ticoid receptor and blocking steroid binding (Sun et al., 2016).

There are several limitations to this work. First, our DMA%
association signals were identified in a population of
Bangladeshi individuals, whereas the majority of GTEx donors
are of European ancestry. This ancestry mismatch is likely to
weaken evidence for colocalization in cases where a shared
causal variant affects both DMA% and gene expression. Arsenic
exposure is quite different within these 2 studies, with high lev-
els of exposure in Bangladeshi individuals and very low to no
arsenic exposure among GTEx participants. In addition, our
analysis focused on gene expression and did not consider other
cellular phenotypes that reflect gene regulation such as epige-
netics, protein levels, and RNA isoforms, which may limit our
ability to identify regulatory mechanisms underlying our ob-
served associations. Finally, the sample sizes available for our

eQTL analyses were not especially large, limiting our ability to
detect weak eQTL effects. This would be particularly true if the
effect of a 10q24.32 SNP on gene expression in the liver was
weak.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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