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ARTICLE INFO ABSTRACT
Keywords: We conducted a genome-wide interaction analysis between long-term exposure to trihalomethanes in drinking
Trihalomethanes water and colorectal cancer (CRC) risk in a multicenter case-control study in Spain, including 1037 CRC cases

Colorectal Cancer
Gene-environment interaction
Drinking water

and 2100 controls. Exposure categories were estimated based on sex-specific median and quartile values of total
trihalomethanes (TTHM), chloroform (CHCl3), and brominated trihalomethanes (Br-THMs) among controls. In
addition, TTHM exposure was assessed relative to the WHO guideline thresholds. Gene-environment interaction
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models were computed with the GxEScanR package. To explore biological plausibility, relevant results were
inspected in search of expression quantitative trait loci (eQTLs) in two independent resources: BarcUVaSeq and
the Genome Tissue Expression (GTEx) v8. Finally, we searched the Comparative Toxicogenomics Database to
identify candidate genes previously linked to trihalomethane exposure, retrieved their eQTLs, and evaluated
gene-environment interactions with TTHM levels.

We found three variants that modulated CRC risk in relation to CHCl3 and TTHM exposure: rs77985109 near
LRRC8B, chr15:28997737 near WHAMMP2, and rs7890183 near MAGEB2. Two additional variants were spe-
cifically found for women and one for rectal cancer. Functional assessment suggested a regulatory role of
1577985109 in LRRC8B expression. Moreover, eQTL analysis of candidate genes revealed an additional variant
associated with CCL2 which could modulate CRC risk under different TTHM exposure levels.

The present study identified novel loci potentially influencing CRC susceptibility under THM exposure,
highlighting the importance of integrating environmental and genetic data to better understand environmental
driven cancer risks. Further research is needed to confirm these results and clarify underlying mechanisms.

1. Introduction

Colorectal cancer (CRC) is a major global health concern. According
to recent studies it ranks as the third most commonly diagnosed cancer
and the second leading cause of cancer-related mortality worldwide,
with over 1.9 million new cases and more than 900,000 deaths reported
annually (Sung et al. 2021). The incidence of CRC varies geographically,
with higher age-standardized rates in western regions, reflecting dif-
ferences in lifestyle, diet, and screening practices. While widespread
implementation of screening programs has led to earlier detection and
decreased mortality (Cardoso et al. 2021), diagnose rates remain
increasing, largely attributed to population aging and greater adherence
to lifestyle-related risk factors (Baidoun et al. 2021; Lewandowska et al.
2022), including older age, male sex, a diet high in processed and red
meat, obesity, physical inactivity, smoking, and alcohol consumption
(Thanikachalam and Khan 2019; Baidoun et al. 2021; Matsuda, Fuji-
moto, and Igarashi 2025). Still, burden of CRC is not completely
explained by established risk factors, and environmental exposures have
been suggested to contribute, including chemicals in drinking water
(Helte et al. 2025).

Disinfection by-products (DBPs) are chemical compounds generated
from disinfection of drinking water. Chlorination is considered the most
cost-effective and widespread method for preventing waterborne dis-
eases. However, this process generates undesired by-products, with tri-
halomethanes (THMs) being the most frequent DBPs detected in
chlorinated water (Richardson et al. 2000; Srivastav, Patel, and
Chaudhary 2020). Due to their known toxicologic effects, four THMs are
regulated in drinking water in many countries: chloroform, bromodi-
chloromethane (BDCM), dibromochloromethane (DBCM), and bromo-
form (the latter three are collectively referred to as brominated THMs
(Br-THMs)). THMs can be absorbed by ingestion, inhalation, and dermal
contact due to their lipophilic and high volatility properties (Villanueva
et al. 2015; Gordon et al. 2006). Experimental studies have demon-
strated that various DBPs can induce DNA damage (Zhang et al. 2012;
Landi et al. 2003), while studies in rodents have highlighted their car-
cinogenicity (IARC 1999a; 1999b; Wilbourn, Partensky, and Rice 1999).
Several epidemiological studies have suggested an association between
THMs and gastrointestinal cancers, but findings remain inconsistent
(Young, Wolf, and Kanarek 1987; Bove, Rogerson, and Vena 2007;
Rahman et al. 2014; Villanueva et al. 2017; Jones et al. 2019; Helte et al.
2023; Donat-Vargas et al. 2025).

Beyond environmental and modifiable risk factors, CRC has been
associated with over 200 genetic variants identified through genome-
wide association studies (GWAS). Collectively, these variants account
for approximately 20% of the heritable component of CRC risk
(Fernandez-Rozadilla et al. 2023). Gene Environment (GxE) in-
teractions, the event by which genetic variants could modify the effect of
environmental exposures, have been proposed to explain a portion of the
remaining missing heritability (Génin 2020). However, to the best of our
knowledge, no studies have investigated the role of genetic variants in
modifying the effect of DBP exposure at genome-wide scale, and only a

few studies have focused on the potential effect modification produced
by single nucleotide polymorphisms (SNPs) near candidate genes
(Cantor et al. 2010; Villanueva et al. 2017; Beane Freeman et al. 2022).

We hypothesized that common genetic variants may modify the as-
sociation between long-term exposure to trihalomethanes and CRC risk.
To test this hypothesis, we conducted a large genome-wide GxE analysis
to identify novel genetic variants that may modify the effect of long-term
exposure to total THMs (TTHMs), Br-THMs and Chloroform in public
drinking water on CRC.

2. Methods
2.1. Study design and population

A multicase-control study was conducted from 2007 to 2013 across
nine provinces in Spain as part of the MCC-Spain project (Castano-
Vinyals et al. 2015), which included cases of colorectal, gastric, prostate,
breast cancer, and chronic lymphocytic leukemia, along with a shared
pool of population-based controls. For the present analysis, histologi-
cally confirmed cases of colorectal cancer were included, defined by
ICD-10 codes: C18, C19, C20, D01.0, DO1.1, and D01.2. Cases were
interviewed shortly after diagnosis. Controls were randomly selected
from the general population and were identified from the lists of general
practitioners in primary care centers serving the same catchment area as
the participating hospitals. Controls were frequently matched to cases
by sex, age (within a five-year range), and area of residence, ensuring at
least one control per case in each area. Upon enrollment, participants
completed a structured, computerized epidemiological questionnaire
administered by trained interviewers, as part of the MCC-Spain study
protocol (https://www.mccspain.org/). The questionnaire collected
detailed information on sociodemographic characteristics, clinical his-
tory, lifestyle factors, and environmental exposures. In parallel, blood
samples were collected following standardized procedures. Additional
methodological details can be found elsewhere (Castano-Vinyals et al.
2015). The MCC-Spain study protocol was approved by the Ethics
Committees of all participating institutions and was conducted in
accordance with the ethical standards set forth in the 1964 Declaration
of Helsinki and its later amendments. All participants were informed
about the study objectives and provided written informed consent. The
database was registered with the Spanish Data Protection Agency
(registration no. 2102672171).

2.2. Genotyping

Blood samples were genotyped using two platforms: Infinium
Oncoarray-500 k BeadChip (Illumina, San Diego, CA), which contains
500,000 SNPs, was used for CRC cases and controls (368 and 695,
respectively) included in the CORECT study (Schmit et al. 2019), and
Infinium Global Screening array v2.0 (Illumina, San Diego, CA), which
contains near 800,000 SNPs, was used for the remaining cases and
controls (669 and 1405, respectively). Quality control (QC) measures
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included sample removal based on call rate below 90%, sex concor-
dance, heterozygosity (mean + 4 standard deviations), and duplicate
handling (retaining the sample with higher call rate when PI_HAT >
0.8). SNPs were filtered based on: chromosomal location, allele validity,
multi-locus nature, minor allele frequency, and call rate. Imputation was
performed using the Michigan Imputation Server (Das et al. 2016) based
on the GRCh37/hg19 genome build, using 1000 Genomes panel Phase 3
v5 for European population as reference. SNPs were retained according
to an imputation quality (r2 > 0.8). Data manipulation was accom-
plished using bcftools (Danecek et al. 2021), and PLINK2 (Chang et al.
2015). A final filtering was done to get only SNPs with a minor allele
frequency of at least 1% (MAF > 0.01). After imputation and quality
control filtering 5.7 million SNPs were used for further analysis.

2.3. Trihalomethanes exposure assessment

Detailed methodologies for assessing THM levels in the study areas,
including the estimation of long-term THM individual exposures and
levels in drinking water have been previously described (Villanueva
et al. 2017).

In the present study, TTHMs (total concentration of chloroform,
BDCM, DBCM, and bromoform), Br-THMs (sum of the three brominated
compounds), and chloroform were analyzed both as binary and cate-
gorical variables. Binary variables were defined as exposure levels below
or above the median, while categorical were based on quartiles. In both
cases, cut-off points were derived from the control group and stratified
by sex (Table 1). The reference group corresponded to the lowest
exposure category (below sex-specific control median for binary vari-
ables, or the first sex-specific control quartile for categorical variables).
As a complementary approach, exposure levels were categorized based
on established thresholds, indicating whether each participant’s expo-
sure level was below or above the respective WHO recommendation
limits (“Guidelines for Drinking-Water Quality” 2022). Specifically, 300
ug/1 for chloroform, 60 pg/1 for BDCM, 100 pg/1 for DBCM, 100 pg/1 for
bromoform, and the sum of the ratios between the concentrations and
the limit values for each compound < 1 for TTHMs.

2.4. Statistical analysis

All statistical analyses were done in R (version 4.4.2) (R core team
2022). Only participants with both genotyping and THM assessment
were considered for further analysis (N = 3137). All analyses were
conducted for TTHMs and separately for chloroform and Br-THMs.

Imputed SNPs that passed filtering criteria were converted to a bi-
nary format for data management and analyses with R package Bina-
ryDosage (Morrison, CA196559), et al. 2020). Models were adjusted for
age (continuous), sex, region (East: including Barcelona, Valencia and
Murcia; North: including Ledn, Asturias, Cantabria, Gipuzkoa and
Navarra; Centre: including Madrid), body mass index (BMI) categorized
in three groups (<25, 25-29, >30 kg/rnz), educational level (less than
primary school, primary school, high school, university), smoking
(never, former, current smokers), use of non-steroid anti-inflammatory

Table 1
Cut off values for trihalomethane (THM) categorization.
quartile 1 Median / quartile 2 quartile 3

Chloroform, ug/L
Control — Men 15.0 22.5 26.9
Control - Women 15.7 21.9 25.7
Br-THM, pg/L
Control — Men 4.1 10.7 45.6
Control - Women 4.0 7.0 17.1
TTHM, pg/L
Control — Men 26.2 35.1 64.2
Control — Women 24.2 31.2 37.0

Br-THM: brominated trihalomethanes; TTHM: total trihalomethanes.
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drugs (NSAIDs; no, yes), physical activity (inactive, moderately active,
active, very active), first-degree family history of CRC (no, yes), and
genetic ancestry (first four principal components (PCs)). The selection of
the adjustment covariates was based on those used in prior main models
(Villanueva et al. 2017) with the addition of the genetic ancestry to
account for population stratification. Missing values in categorical var-
iables were set as separate categories. Non-numerical covariates (sex,
region, education, NSAIDs use, PCs, smoking, and familiar history of
CRC) were categorized as shown in Table 2. To account for potential

Table 2
Characteristics of the study population. Colorectal cancer cases (CRC) and
controls from the MCC-spain study.

Control (n = 2100) CRC (n =1037) P

n/mean (sd/%) n/mean (sd/%)

Age 63.2 (11.3) 66.6 (10.2) <0.001
Sex

Men 1140 (54.3) 671 (64.7)

Women 960 (45.7) 366 (35.3) <0.001

Tumor sidedness

Colon - 717 (69.1)

Rectum - 320 (30.9)

Education

Less than primary 289 (14.1) 333 (30.8)

Primary school 725 (35.3) 432 (40.0)

Secondary school 610 (29.7) 217 (20.1)

University 432 (21.0) 99 (9.2) <0.001
Physical act

Inactive 581 (27.7) 337 (32.5)

Moderately active 784 (37.3) 401 (38.7)

Active 321 (15.3) 110 (10.6)

Very active 414 (19.7) 189 (18.2) <0.001
Region

East 721 (34.3) 470 (45.3)

North 808 (38.5) 401 (38.7)

Center 571 (27.2) 166 (16.0) <0.001
FH cancer

No 1798 (85.6) 803 (77.4)

Yes 189 (9.0) 166 (16.0)

Missing 113 (5.4) 68 (6.6) <0.001
NSAIDs

No 1210 (57.6) 639 (61.6)

Yes 809 (38.5) 359 (34.6)

Missing 81 (3.9) 39 (3.8) 0.093
BMI

<25 kg/m2 842 (40.1) 418 (40.3)

25-30 kg/m2 876 (41.7) 451 (43.5)

>30 kg/m2 382 (18.2) 168 (16.2) 0.351
Smoking

Never 892 (42.5) 417 (40.2)

Former 741 (35.3) 404 (39.0)

Current 461 (22.0) 205 (19.8)

Missing 6 (0.3) 11 (1.1) 0.005
TTHM level (pg/L) 45.0 (31.3) 54.2 (42.6) 0.017
Br-THM level (pg/L) 25.0 (30.7) 37.3(41.2) <0.001
Chloroform level (pg/L) 20.0 (8.7) 16.9 (8.6) <0.001
THM median

Low 1053 (50.1) 512 (49.4)

High 1047 (49.9) 525 (50.6) 0.713
Br-THM median

Low 1050 (50.0) 468 (45.1)

High 1050 (50.0) 569 (54.9) 0.010
Chloroform median

Low 1050 (50.0) 736 (70.97)

High 1050 (50.0) 301 (29.03) <0.001
TTHM WHO guidelines

Below WHO cutoff 1921 (91.5) 809 (78.0)

Above WHO cutoff 179 (8.5) 228 (22.0) <0.001

Notes: Region, East (Barcelona, Valencia, Murcia), North (Cantabria, Ledn,
Asturias, Gipuzkoa, Navarra), Center (Madrid); FH, familiar history of CRC, only
first relative degree; NSAIDs, non-steroidal anti-inflammatory drugs; BMI, body
mass index; TTHM, total trihalomethanes; Br-THM, brominated tri-
halomethanes; P: p-value obtained by Wilcoxon rank-sum test for continuous
variables or chi-squared test for categorical variables.
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confounding between THM components, mutually adjusted models were
constructed for chloroform and Br-THMs (Donat-Vargas et al. 2023;
2025). Additionally, stratified models by sex and tumor location (colon,
rectum) were also computed to explore novel findings in specific subsets
of population and tumor location.

Main effects of TTHMs, Br-THMs, and chloroform were evaluated
using logistic regression models. Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were estimated, adjusting for the mentioned cova-
riates. Additive genome-wide GXE interaction analyses were done with
GxEScanR package (Morrison, NCI (CA196559), et al. 2020). Genomic
inflation was conducted to account for population stratification or other
confounding effects, which can overestimate associations in genome-
wide association studies. Assessment was performed for each analysis
(either TTHMs, Br-THMs, or chloroform) by computing the genomic
inflation factor (lambda) and generating quantile-quantile (Q-Q) plots
(Turner 2018). Statistically significant results were further analyzed by
exposure category and genotype stratification to better understand the
interaction factors.

Given the known high TTHM concentrations along the Spanish east
coast, a sensitivity analysis was conducted to evaluate potential con-
founding between THM exposures and region by restricting the analysis
to participants from the eastern region of the country.

2.5. Functional assessment

To examine the magnitude of associations, investigate genes in the
surrounding region, and assess the extent of association signal due to
linkage disequilibrium (LD), regional association plots were performed
for statistically significant interactions using R package locuszoomr
(Lewis and Wang 2025). To further characterize the significant inter-
action variants reported, SNPs were inspected using Genotype-Tissue
Expression v8 (GTEx) (THE GTEX CONSORTIUM 2020) and BarcUVa-
Seq (Diez-Obrero et al. 2021) datasets to find possible expression
quantitative trait loci (eQTLs). In addition, the Comparative Taxonomic
Database (Davis et al. 2025) (CTD) (https://ctdbase.org/) was queried
to obtain a curated list of candidate genes reported to interact with any
of the four THMs under study. Then, GTEx and BarcUVaSeq were
searched for eQTLs associated to these candidate genes. The identified
eQTLs were inspected in the GxE interaction analysis results obtained
from section 2.4 to elucidate involved functions and mechanistic in-
sights. For simplicity, this analysis was restricted to interactions with
TTHM.

Statistical significance for genome-wide GxE interactions was set at
p-value smaller than 5x10°. For eQTL analysis, statistical significance
was defined using a Benjamini-Hochberg false discovery rate (FDR) p-
value of 0.05. Finally, for stratified GxE tests, statistical significance was
set at p-value smaller than 0.05.

3. Results
3.1. Population characteristics

A total of 3137 participants were included (1037 cases, 2100 con-
trols). Descriptive characteristics are presented in Table 2. The propor-
tion of men was higher in cases (64.7%) than in controls (54.3%) and
age was slightly higher among cases (66.6 + 10.2 years) than controls
(63.2 + 11.3 years). In summary, cases were more likely to be men,
older, ever smokers; while the control group had a slightly higher pro-
portion of NSAID users, higher education, and physical activity levels.

3.2. Thms and CRC risk

No individuals had exposure levels higher than those set by the WHO
for chloroform or any of the individual Br-THMs. However, the pro-
portion of participants with TTHM exposure levels above WHO guide-
lines was significantly higher in cases than controls (22.0% vs 8.5%,
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respectively). Compared to controls, CRC cases presented significantly
higher mean concentrations of TTHMs (54.2 vs 45.0 pg/l; p-value =
0.017) and Br-THMs (37.3 vs 25.0 pg/l; p-value < 0.001). In contrast,
the mean concentration of chloroform was significantly lower among
CRC cases (16.9 vs 20.0 pg/1; p-value < 0.001) (Table 2). Cut-off values
for THM categorization are shown in Table 1. Of note, Br-THMs and
TTHM concentrations were significantly higher throughout the Spanish
East coast, thus, most of the individuals with TTHMs exposure values
higher than the WHO cutoff were long-term residents of that region
(Fig. 1). A positive association between high TTHM exposure and CRC
risk in this subgroup of individuals was consistent with overall results,
indicating that no biases or confounding effects were likely to arise from
region (Supplementary Table S1).

3.3. Gene-THM interaction and CRC risk

Statistically significant gene-THM interactions for CRC were identi-
fied for three SNPs (Table 3, Supplementary Figs. S1-S3). The first one,
1577985109, was detected in the dichotomous chloroform exposure,
located within the intragenic region of LRRC8B on chromosome 1p22.2
(Supplementary Fig. S4). The second one, rs7890183, was identified in
association with quartile-based TTHM exposure variable, on chromo-
some Xp21.2, near MAGEBI-4 family genes (Supplementary Fig. S5).
The third SNP, chr15:28997737, was identified using the dichotomized
TTHM exposure variable based on the WHO guideline threshold, located
within the intragenic region of WHAMMP2, on chromosome 15q13.1
(Supplementary Fig. S6). QQ-plots and genomic inflation factor lambda
indicated no evidence of p-value inflation, suggesting minimal residual
population stratification and adequate covariate model adjustment
(Supplementary Figs. S7-S9). Additional gene-THM interactions with p-
values ranging between 1x10°° and 5x10°® are provided in Supplemen-
tary Table S2.

For rs77985109, individuals with high chloroform exposure exhibi-
ted a substantially reduced CRC risk among TT genotype carriers (OR =
0.46; 95% CI = 0.36-0.58; p < 0.001), whereas heterozygous TA carriers
had an increased CRC risk (OR = 1.56; 95% CI = 1.00-2.42; p = 0.05),

Center- « « =

North- *D]i g

E3 Total THMs
E3 Chloroform
B3 Brominated THMs

East-

ALL-

50 100
yg/l

o-

Fig. 1. Distribution of trihalomethane (THM) exposure levels by study region.
Distribution of average residential trihalomethane exposure from 18 to 2 years
before interview. Concentrations of tap water (micrograms/liter).
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Table 3
Gene x THMs genome-wide significant results.
Exposure SNP CHR  POS Locus Gene Reference Alternative AF Type P GWAS P GxE
Allele Allele
Chloroform binary 1577985109 1 90,019,685 1p22.2 LRRCS8B T A 0.07 Intron 0.549 3.68x10
8
TTHM WHO 15:28997737 15 28,997,737 15q13.1 WHAMMP2 C T 0.04 Intron 2.10x10°3 1.84x10°
threshold 8
TTHM quartiles rs7890183 X 30,203,779 Xp21.2 MAGEB2 T G 0.42 Intergenic 0.903 3.74x10
variant 8

TTHM: total trihalomethanes; CHR: chromosome; POS: GRCh37 coordinate position; AF: alternative frequency; Type: variant type; P GWAS: GWAS p-value; P GxE:

gene environment interaction p-value.

and carriers of the AA genotype also showed an increase in CRC risk,
although results were not statistically significant (OR = 4.18; 95% CI =
0.26-68.22; p = 0.32). A similar pattern was observed in the analysis
stratified by exposure, with participants in the high chloroform exposure
group carrying the TA genotype exhibiting a 2.3-fold increased risk of
CRC compared to TT carriers (OR = 2.3; 95% CI = 1.62-3.25; p <
0.001), and carriers of the AA genotype almost 6 times higher risk
compared to TT carriers; however, this last result was not statistically
significant (OR = 5.99; CI = 0.50-72.29; p = 0.16) (Table 4).

For rs7890183, individuals in the highest quartile of TTHM exposure
levels exhibited an increased CRC risk compared to all lower quartile
groups, with the effect being more pronounced among carriers of a G
allele. Accordingly, the increased CRC risk among carriers of the G allele
was mainly observed in the highest quartile group (Table 4).

Finally, for chr15:28997737, individuals with the CC genotype and
TTHMs exposure above the WHO limit had an increased CRC risk (OR =
3.27, 95% CI 2.50-4.27; p < 0.001) compared to those with lower
exposure. The association was stronger among T-allele carriers (OR =
14.16, 95% CI = 2.08-96.46; p = 0.007), although the wide confidence
interval reflects the low allele frequency of this variant (Table 4).

Sex-stratified gene-THM analyses identified two additional loci
specific for women (Supplementary Table S3): For chloroform exposure
(low vs high), rs10840415 showed an increased CRC risk among T
carriers under high exposure compared to those with low exposure (OR
= 2.63; 95% CI = 1.39-4.99). When looking at low exposure partici-
pants, T carriers had a decreased CRC risk compared to non-T carriers
(OR = 0.42; 95% CI = 0.26-0.69), whereas at high exposure levels CRC
risk increased among T carriers (OR = 2.73; 95% CI = 1.70-4.38). This
variant is located on chromosome 11p15.4, within AMPD3 gene. The
second loci identified in women, for Br-THM exposure (low vs high), was
157802581, which lies in an intergenic region of AC004901.1, a long
non-coding gene located on chromosome 7pl2.3. At low Br-THM
exposure levels, G carriers showed an increased CRC risk compared to
non-G carriers (OR = 2.93; 95% CI = 1.84-4.67). In contrast, at high Br-
THM exposure levels, CRC risk was decreased when comparing G car-
riers against non-G carriers (OR = 0.39; 95% CI = 0.25-0.62) (Supple-
mentary Table S4). Regarding tumor site, rs78231604 was associated
with a decreased trend in rectal cancer risk among T carriers compared
to non-T carriers within the same exposure quartile group, with ORs
ranging from 2.87 to 0.44 from the lowest to the highest Br-THM
quartile group. However, only extreme groups (Q1 and Q4) reached
statistical significance (Supplementary Table S4). This SNP maps to
chromosome 3p14.1 in an intron of PRICKLE2 gene.

3.4. Functional assessment

The search for associations of the statistically significant variants
identified in the GXE analysis with gene expression showed that, of in-
terest, rs77985109, is an eQTL in BarcUVaSeq data for three different
genes, whose expression levels were decreased in presence of the
alternative allele: i) PKN2 (p = -0.14, nominal p-value = 0.01), ii)
KYAT3 ( = -0.33, nominal p-value = 5.3x10'3), and iii) GBP3 (p =
-0.30, nominal p-value = 0.03). No eQTLs were observed in GTEx for

any of the significant GXE SNPs. On the other hand, the CTD query
yielded a list of 20 candidate genes with curated interaction evidence
with any of the four THMs studied (Supplementary Table S5). Only 4
and 5 SNPs were found to be eQTLs of any of those genes in GTEx and
BarcUVaSeq, respectively. No significant interaction p-values after false
discovery rate were seen for GTEx eQTLs (data not shown). In contrast,
rs752728, an eQTL for CCL2 (in BarcUVaSeq), showed a significant
interaction with TTHM (FDR corrected p-value = 0.031) (Supplemen-
tary Table S6). Of interest, compared to the reference group (TT carriers
in the lowest exposure quartile), at highest TTHMs exposure levels, CRC
risk was more pronounced among C carriers of rs752728 (OR = 1.82;
95%CI = 1.19-2.78) than among non-C carriers (OR = 1.4; 95%CI =
0.92-2.12). At the genotype level, the highest exposure quartile
exhibited an increased CRC risk compared to all other quartiles. This
effect was even stronger among C carriers, who showed a 2.3- to 3.5-
fold increase in risk, compared to 1.4—2.6-fold increase among non-C
carriers (Supplementary Table S7).

4. Discussion

To the best of our knowledge, this is the first study to analyze
genome-wide interactions between SNPs and accurately estimate THM
exposure levels in drinking water related to CRC risk. These analyses
revealed three novel GxE interactions, two for TTHM, and one for
chloroform which significantly modified the association between THMs
and CRC risk. In addition, three other variants were found to specifically
modify the CRC risk for women and rectum cancer. These findings may
help identify subpopulations that are more susceptible to the carcino-
genic effects of water disinfection by-products.

The variant rs77985109, which is associated with increased CRC risk
under high chloroform exposure, lies within an intronic region of
LRRC8B. Members of the LRRC8 gene family, particularly LRRC8A-C,
form the volume-regulated anion channel (VRAC) complex, a key
regulator of cellular volume homeostasis (Syeda et al. 2016). This
function becomes especially relevant in cases of inflammation and high
extracellular ClI" environments, mainly because VRACs are the key
channels to efflux Cl” under stressed conditions (Syeda et al. 2016; Chen
et al. 2019; Li et al. 2020). In addition, VRACs activity contributes to
apoptotic volume decrease, an essential property in programmed cell
death (Okada et al. 2001; Planells-Cases et al. 2015; Chen et al. 2019). In
the present study, carriers of the alternative allele of rs77985109
showed a significant reduction in CRC risk compared to those homo-
zygotes with the reference allele when chloroform exposure levels were
below 21.9 and 22.5 pg/1, for women and men, respectively. Of note,
this protective effect reversed in the context of high chloroform expo-
sure, suggesting a potential interaction between environmental expo-
sure to chloroform and LRRC8B-mediated cellular stress responses.
Notably, this variant is located in an intronic region without any known
regulatory function and has not been demonstrated to influence LRRC8B
expression in either BarcUVaSeq or GTEx colon tissue datasets. Never-
theless, recent evidence identifies rs77895109 as an eQTL in blood
samples, where increasing dosage of the alternative allele is associated
with LRRC8B downregulation (Burnham et al. 2024). On the other hand,



Table 4
Colorectal cancer risk and trihalomethane (THM) exposures and stratified tables for each genome-wide significant single nucleotide polymorphisms (SNPs).
SNP  Exposure OR P OR P OR P OR (by P  OR (by P OR (by P
exposure) exposure) exposure)
1577985109 TT (n = 2664) TA (n = 458) AA (n =15) TT (n = 2664) TA (n = 458) AA (n =15)
Chloroform — low 1.00 (Ref.) - 0.68 (0.51-0.90) 0.008 0.66 (0.19-2.31) 0.511 1.00 (Ref) - 0.68 (0.51-0.90) 0.008 0.66 (0.19-2.31) 0.511
Chloroform — high 0.46 <0.001 1.05 (0.73-1.51) 0.790 2.74 (0.23-33.21) 0.432 1.00 (Ref) — 2.30 (1.62-3.25) <0.001 5.99 (0.50-72.29) 0.159
(0.36-0.58)
Chloroform high vs low (by 0.46 <0.001 1.56 (1.00-2.42) 0.050 4.18 (0.26-68.22) 0.324
genotype) (0.36-0.58)
rs7890183 TT (n = 1841) TG (n = 871) GG (n = 425) TT (n = 1841) TG (n = 871) GG (n = 425)
TTHM Q1 1.00 (Ref.) - 0.73 (0.51-1.06) 0.096 0.3 (0.18-0.49) <0.001 1.00 (Ref) - 0.73 (0.51-1.06) 0.096 0.3 (0.18-0.49) <0.001
TTHM Q2 0.72 0.034 0.69 (0.47-1.02) 0.063 0.96 (0.56-1.66) 0.891 1.00 (Ref) - 0.96 (0.65-1.41) 0.825 1.34 (0.77-2.33) 0.306
(0.53-0.97)
TTHM Q3 0.47 <0.001 0.7 (0.45-1.08) 0.105 0.12 (0.05-0.27) <0.001 1.00 (Ref) - 1.49 (0.96-2.31) 0.077 0.25 (0.11-0.57) 0.001
(0.32-0.68)
TTHM Q4 1.16 0.468 1.72 (1.1-2.7) 0.018 1.43 (0.84-2.43) 0.184 1.00 (Ref) - 1.48 (1.08-2.03) 0.014 1.23 (0.81-1.88) 0.337
(0.77-1.75)
TTHM Q4 vs Q1 (by genotype) 1.16 0.468 2.36 (1.42-3.92) <0.001 4.77 (2.45-9.27) <0.001
(0.77-1.75)
TTHM Q4 vs Q2 (by genotype) 1.61 0.024 2.50 (1.50-4.16) <0.001 1.49 (0.74-2.99) 0.265
(1.07-2.44)
TTHM Q4 vs Q3 (by genotype) 2.48 <0.001 2.47 (1.54-3.97) <0.001 12.34 <0.001
(1.73-3.56) (5.17-29.45)
chr15:28997737 CC (n = 3042) CT / TT* (n = 95) CC (n = 3042) CT / TT* (n = 95)
TTHM below WHO 1.00 (Ref.) — 0.34 (0.18-0.65) 0.001 1.00 (Ref) - 0.34 (0.18-0.65) 0.001
TTHM above WHO 3.27 (2.5-4.27) <0.001 4.88 (0.79-29.96) 0.087 1.00 (Ref) - 1.49 (0.24-9.21) 0.667
Above vs below WHO (by genotype) 3.27 (2.5-4.27) <0.001 14.16 0.007

(2.08-96.46)

TTHM: total trihalomethanes; OR: odds ratio; P: p-value; *CT/TT: grouped into a unique category.
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PKN2, a gene located 900 kb downstream from rs77985109 showed a
significant underexpression for each increase in A allele in BarcUVaSeq.
Notably, PKN2 has recently been characterized as a tumor suppressor in
CRC, with inhibitory effects demonstrated both in-vitro and in-vivo
(Cheng et al. 2018; Liu et al. 2021). This raises the possibility that
rs77985109 may exert regulatory effects relevant to CRC susceptibility
either through PKN2 or LRRC8B.

The second variant, rs7890183, is located near MAGEBI-4 gene
family, in particular closer to MAGEB2. Interestingly, the MAGEB2
product is a tumor specific antigen usually expressed in the testis and
silenced in most of the somatic tissues but is aberrantly expressed in
several tumor types (Pattani et al. 2012; Nobeyama and Nakagawa
2016; Cui et al. 2022). Moreover, a tumor growth stimulation mediated
by MAGEB2 in CRC has been observed in in-vivo models (Peche et al.
2015), particularly under stressed conditions. Interaction analysis
showed that carriers of rs7890183 G allele had a decreased CRC risk
compared to homozygous reference individuals within the lowest
quartile of TTHM exposure. In contrast, those in the highest exposure
quartile exhibited an increased CRC risk, with this effect being more
pronounced among G allele heterozygote carriers. Despite these find-
ings, no clear mechanistic link has been established between rs7890183
and MAGEB2 expression, and regulatory effects of this variant remain to
be elucidated.

The last variant reported with genome-wide interaction significance:
chr15:28997737, located in an intron of WHAMMP2, was associated
with decreased CRC risk among individuals exposed to TTHM levels
below the WHO established regulatory thresholds, but with a possible
increased CRC risk in those exposed to levels exceeding the WHO cutoff.
The biological function of WHAMMP2 remains poorly understood, as it
is annotated as a pseudogene with limited characterization. To date,
only in silico studies have reported associations between three unrelated
tumor types and WHAMMP?Z regulation, with different effects on gastric,
ovarian, and small cell lung cancer (Miao et al. 2017; Yang et al. 2020;
Mikaeili Namini et al. 2022). Given the paucity of functional data,
further investigation is needed to determine whether this locus has
regulatory activity or reflects linkage disequilibrium with nearby func-
tional elements relevant to CRC risk under elevated TTHM exposures.

Regarding GxE results specific for women, expression patterns of
AMPD3 have been widely associated with multiple tumor types (Wong
et al. 2017; Yun et al. 2019; Hsu et al. 2022), although no evidence of
linkage with CRC has yet been reported. In addition, rs10840415 did not
influence AMPD3 expression in any of the two eQTL resources analyzed.
On the other hand, rs78231604, the only variant identified for rectal
cancer analysis, is located within PRICKLE2, a gene involved in neuro-
development which has no clear functional connections either with CRC
risk or Br-THM metabolism.

Interactions between TTHM exposure and eQTLs of candidate genes
suggested rs752728 as a potential modulator on CRC risk under different
exposure levels. This SNP was found to influence CCL2 expression, with
alternative alleles associated with increased expression levels. Accord-
ing to CTD, THMs interactions in humans seem to upregulate CCL2,
suggesting that carrying the alternative alleles of rs752728 and being
exposed to high TTHM levels could synergistically contribute to elevated
CRC risk. In accordance, several studies have related high CCL2
expression levels to both CRC risk and prognosis (Chun et al. 2015;
Zhang et al. 2025; Fukunaga et al. 2021). CCL2 encodes for a cytokine
involved in inflammatory processes through the recruitment of mono-
cytes and macrophages (Deshmane et al. 2009), therefore, potentially
fostering a pro-tumorigenic inflammatory state. This mechanism could
be triggered by the oxidative effects of THMs in cells, which in turn
could contribute to chemokine upregulation. However, no link has been
found to date which relates THMs to upregulation of CCL2, even though
some in-vitro and in-vivo studies have demonstrated upregulation of
other inflammatory cytokines with acute high dosages of THMs (Wang,
Li, and Chen 2018; Ghareeb and Sheikhzadeh 2024). Some studies have
investigated the influence of THMs on other tumor types mediated by
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candidate genes based on different biological pathways (Cantor et al.
2010; Beane Freeman et al. 2022). However, it is important to note that
we searched eQTLs for candidate genes in order to minimize multiple
comparisons tests and none of them was found to be associated with any
of those genes. Overall, these results suggest that THM exposure in-
teracts with variants related to cellular stress and inflammatory
pathways.

In our study, THM exposure levels were assessed from age 18 years to
two years before the interview; thus, this wide-range period allowed us
to measure TTHM concentrations before 2009, when maximum
contaminant levels were fully enforced according to a 2003 regulation in
Spain (Real Decreto 140/2003, de 7 de Febrero, Por El Que Se Esta-
blecen Los Criterios Sanitarios de La Calidad Del Agua de Consumo
Humano 2003). As a result, 11.7% of the participants had exposure
levels above the maximum contaminant levels for TTHM in Spain and
EU, which are set at 100 pg/1). In contrast, no individuals exceeded the
maximum contaminant levels for either chloroform or brominated
compounds. In accordance, results showed a clear CRC risk increase for
individuals exposed to TTHM levels above regulatory limits, whereas no
clear dose-response trend was identified when analyzing the TTHM
exposure in quartiles. The elevated TTHM exposure levels found at the
Eastern coast of Spain, which in turn accounts for about one third of the
participants, could also explain the differences seen between the asso-
ciation study previously conducted in this study population (Villanueva
et al. 2017) and other related studies (Bove, Rogerson, and Vena 2007;
Rahman et al. 2014; Jones et al. 2019). Those differences observed
across studies may arise from varying scenarios, such as regional or
geographical factors that can influence the estimated ORs. It is therefore
essential to account for geographic and environmental shifts when
evaluating these types of exposures.

The present study has some limitations: First, the sample size limited
our ability to detect interactions involving rare variants. Additionally,
these findings may not be generalizable to non-European populations, as
the study participants were almost exclusively of European descent. It is
also important to acknowledge that, although the identified variants are
located near genes with plausible roles in CRC susceptibility and pro-
gression, the study did not yield direct mechanistic evidence supporting
their functional impact. Therefore, further investigations are needed to
validate these findings and elucidate the biological mechanisms un-
derlying the interactions between these variants and THMs exposure in
CRC risk.

5. Conclusions

To conclude, the present study identifies several novel variants
which may interact with THMs and contribute to CRC risk, emphasizing
the revelance of gene-environment interactions in CRC susceptibility.
Further research is needed to validate these associations and to inves-
tigate the potential regulatory roles of the identified loci in environ-
mentally influenced CRC risk.
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