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Introduction: Previous studies have reported that chromium (Cr)-induced
epigenetic alterations and DNA methylation play a vital role in the
pathogenesis of diseases induced by chromium exposure. Epigenomic
analyses have been limited and mainly focused on occupational chromium
exposure; their findings are not generalizable to populations with
environmental Cr exposure.

Methods: We identified the differential methylation of genes and regions to
elucidate the mechanisms of toxicity related to environmental chromium
exposure. DNA methylation was measured in blood samples collected from
individuals in Cr-contaminated (n = 10) and unexposed areas (n = 10) by using
the Illumina Infinium HumanMethylation850K array. To evaluate the relationship
between chromium levels in urine and CpG methylation at 850 thousand sites, we
investigated differentially methylated positions (DMPs) and differentially
methylated regions (DMRs) by using linear models and DMRcate method,
respectively. The model was adjusted for biologically relevant variables and
estimated cell-type compositions.

Results: At the epigenome-wide level, we identified five CpGs [cg20690919
(pror  =0.006), cg00704664 (prpr -0.024), cgl0809143 (prpr -0.043),
€g27057652 (prpr -0.047), cg05390480 (prpr -0.024)] and one DMR (chrl7:
19,648,718-19,648,972), annotated to ALDH3A1 genes (p < 0.05) as being
significantly associated with log, transformed urinary chromium levels.

Discussion: Environmental chromium exposure is associated with DNA
methylation, and the significant DMPs and DMR being annotated to cause DNA
damage and genomic instability were found in this work. Research involving larger
samples is required to further explore the epigenetic effect of environmental
chromium exposure on health outcomes through DNA methylation.
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1 Introduction

Chromium (Cr), a major source of heavy metal pollution, is
frequently used in industrial products and processes, resulting in high
levels of Cr exposure. Its redox form, hexavalent chromium Cr (VI), is
classified as a type I carcinogen by the International Agency for
Research on Cancer (Wilbur et al,, 2012). Cr (VI) is rarely found in
nature and is mainly produced through electroplating, stainless steel
welding, leather production, and the production of Cr-containing
pigments and paints (Martinez-Zamudio and Ha, 2011; Santonen
et al, 2019). Cr (VI) is a recognized human carcinogen, but the
mechanisms underlying Cr (VI)-induced carcinogenesis are not fully
understood (Abreu et al,, 2018; Feng et al., 2020).

Studies investigating cancer biomarkers have discovered that
certain  gene expression profiles, epigenetic  signatures,
heterozygosity losses, and allelic imbalances result from cancer
development (Kothari et al, 2018; Marino et al, 2022). Of the
molecular processes associated with cancer, DNA methylation
plays an important role in early cancer development through
epigenetic reprogramming (Cantone and Fisher, 2013) and is a
mechanism underlying the effects of environmental pollutants on
human health (Chervona et al., 2012; Brocato and Costa, 2013; Tiffon,
2018). Researchers found that metal carcinogens do not cause many
mutations or have strong genotoxic effects; instead, they induce
various epigenetic changes (Wang and Yang, 2019). Cr-induced
epigenetic alterations have received increased attention and been
recognized as having promising potential as novel biomarkers for
cancer prognostic prediction and early cancer diagnosis (Laird, 2003).

Increasingly, in vitro, and epidemiological studies have
highlighted that Cr exposure can affect human health by
regulating DNA methylation. Studies have provided evidence that
Cr changes global DNA methylation (Lou et al., 2013; Dworzanski
et al,, 2020; Ha et al,, 2021) and locus-specific DNA methylation (Hu
et al, 2018; Feng et al, 2020; Xu et al, 2021). Ha et al. (2021)
demonstrated that global DNA methylation was reduced in workers
exposed to chromate and that programmed cell death 5 (PDCD5)
percentage was significantly associated with global DNA
hypomethylation. A study (Lou et al, 2013) revealed that high
levels of Cr (VI) compound exposure could result in global DNA
hypomethylation in the human B lymphoblastoid cell line
(HMy2.CIR) or human lung cancer cell line (A549). Additionally,
the hypermethylation of MGMT, HOGG1, and RAD5I caused by Cr
exposure was reported in a population-based study (Hu et al., 2018).
Xu et al. (2021) demonstrated that Cr (VI) exposure can regulate
neurogeninl gene expression through DNA
hypomethylation, which leads to neurotoxicity. However, few
epidemiological ~ studies investigated  differential DNA
methylation in response to Cr exposure at the epigenome-wide level.

and neurodl
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Although Cr-induced DNA methylation changes have
been reported, little evidence of the effects of high levels
of Cr in the environment (caused by industrial pollution) on
DNA methylation is available. Research has not confirmed
whether Cr can result in novel differential DNA methylation
locus under long-term environmental exposure; most
research has focused on occupational exposure (Hu et al,,
2018; Feng et al., 2020; Ha et al,, 2021) or chromate-related
lung cancer (Kondo et al., 2006; Tsuboi et al., 2020), and the
results are not generalizable. Researchers should fully explore
the effects of Cr exposure on human health. We applied the
Infinium HumanMethylation850K  BeadChip
(Illumina Inc, United States) to measure DNA methylation

Illumina

levels at more than 850,000 CpG sites and investigated
epigenetic changes between groups with and without
Cr
sectional study by using data from Jinzhou City in the

environmental exposure. We conducted a cross-
People’s Republic of China, an area with high levels of Cr,
to explore the associations between Cr exposure and
(DMPs)

differentially methylated regions (DMRs) and to elucidate

differentially ~ methylated  positions and
the long-term health effects of high levels of environmental

Cr exposure.

2 Materials and methods

2.1 Study design

To reveal epigenome-wide DNA methylation patterns in
response to Cr exposure, a cross-sectional study was
conducted in Taihe district, Jinzhou City, Liaoning
Province of northeast China, which experienced severe Cr
pollution in the 1960s (Zhao et al., 2022). Because of the large-
scale production of ferroalloys, large amounts of wastewater,
ore residue, and gas containing Cr (VI) were discharged into
the environment surrounding Taihe district. Although the
local government has taken restorative measures, the local
environment experienced severe Cr (VI) pollution, and
relatively high levels of Cr remain (Yong-Gang et al., 2019).
Participants are included in the present study, who have lived
in local areas for more than 40 years without occupational Cr
exposure or the history of cancers. Finally, the Cr exposure
group comprised 10 individuals from Cr-exposed regions
along a contaminated river less than 10km from the
ferroalloy factory, and the unexposed group comprised
10 individuals from unexposed regions at least 50 km from

that factory (Xu et al., 2018). Both groups had similar lifestyles,
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cultural backgrounds, and socioeconomic status. All

participants signed informed consent forms.

2.2 Sample collection, processing, and
analysis

Urine specimens were collected in heavy metal-free plastic
Fisher Waltham,
Massachusetts, United States). The tubes containing these

tubes  (Falcon, Thermo Scientific,
samples were transferred to the laboratory in foam boxes with
dry ice and stored at —80°C for later analysis. The concentrations
of Cr in urine were determined through inductively coupled
plasma mass spectrometry (ICP-MS; Thermo Fisher X2; Thermo
Fisher Scientific, Waltham, Massachusetts, United States).
Appropriate control procedures were used to guarantee
detection accuracy; further details are provided in our

previous study (Zhao et al., 2020).

2.3 Covariates

Trained undergraduate and postgraduate students interviewed
each participant to determine their age (continuous variable), sex
(male or female), smoking status (yes or no), and body mass index
(BMIL; calculated using measured height and weight). Urine
creatinine (U-Cre) levels were measured by staff members at a
local tertiary hospital to avoid urine dilution. Because methylation
has cell-type specificity and blood samples comprise various cell
types, CpG methylation levels and methylation array data can be
confounded by cell-type composition (Jaffe and Irizarry, 2014). To
estimate cell-type composition in blood samples, we used the
Houseman regression calibration method (Houseman et al,
2012) in the minfl package to evaluate the proportions of CD8*
T cells, CD4" T cells, natural killer (NK) cells, B cells, monocytes,
and granulocytes in each blood sample.

2.4 DNA methylation analysis

Fasting whole blood samples were collected by clinicians in
ethylenediaminetetraacetic acid (EDTA) anticoagulant tubes and
stored them at —80°C. A DNeasy Blood and Tissue Kit (Qiagen) was
used to isolate DNA from whole blood. The purity and
concentration of DNA were estimated using Nanodrop 2000
(Thermo Fisher Scietific, Waltham,
United States). Approximately 500 ng of genomic DNA from

Massachusetts,

each sample was used for sodium bisulfite conversion with the
EZ DNA methylation Gold Kit (Zymo Research, United States) in
accordance with the manufacturer’s standard protocol. Genome-
wide DNA methylation was performed using the Illumina Infinium
HumanMethylation850K  (EPIC) BeadChip
United States) in accordance with the manufacturer’s instructions.

(Illumina Inc,

Frontiers in Genetics

03

10.3389/fgene.2022.1043486

2.5 Data processing

The original array data (IDAT files) were preprocessed using
the R (4.1.2) Bioconductor package (ChAMP) for deriving DNA
methylation levels. We excluded unhybridized probes (detection
p value >0.01) and probes with a maximum of two beads in 5% of
samples. Non-CpG probes, single-nucleotide polymorphisms
(SNPs) related probes, and all multi-hit probes were excluded.
Probes mapping to sex chromosomes (X and Y) were also
excluded to avoid sex-specific methylation bias (Zeng et al,
2019). In total, 797,055 high-quality probes remained for
subsequent analysis. We performed probe-type normalization
by using the beta-mixture quantile method (Marabita et al.,
2013). The methylation status of all CpG sites was denoted as
a beta value between 0 (completely unmethylated) and 1
(completely methylated) after preprocessing, involving both
control normalization and background subtraction. Finally, we
used the champ. runCombat function in the ChAMP package to
adjust for batch effects, and principal component analysis was
performed to determine the effectiveness of batch effect removal
(Wu et al,, 2017).

2.6 Data analysis

Medians IQRs)
(proportions) were used as continuous and categorical variables

(interquartile ranges, and frequencies
respectively, to present the descriptive statistics of the participant’s
demographics and Cr concentrations. We examined differences
between groups with and without Cr exposure by using the
Mann-Whitney U test for continuous variables and Fisher’s
exact test for categorical variables. We also evaluated the
associations between log, (urinary Cr) concentrations and
estimated whole blood cell-type proportions (CD8" T cells, CD4"
T cells, NK cells, B cells, monocytes, and granulocytes) by using
linear models adjusted for sex, age, smoking status, and BML
Prior to further analysis, log, transformation was performed
on Cr concentrations to eliminate the effects of extreme values
because the distribution was right skewed. We conducted an
epigenome-wide association study (EWAS) for investigating
DMPs through linear regression in the limma package in R
with empirical Bayes smoothing of standard errors (Ritchie
et al, 2015). Beta values were logit-transformed to M values
better
assumptions (Du et al, 2010). A robust linear regression model

In[Betavalue/ (1 — Beta value)]  to meet  model
was constructed with M values as dependent variables and log,
transformed Cr concentration as the independent variable after
adjustment for sex, smoking status, BMI, urine creatinine level, age
at enrollment, and estimated cell-type proportions. With
consideration for multiple comparisons, the Benjamini and
Hochberg (1995) method for false discovery rates (FDRs) was
applied using the p. adjust function in R, and Bonferroni correction
values were calculated as p values multiplied by the number of tests
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TABLE 1 Characteristics of chromate exposed and unexposed groups.

Exposed group (n = 10)

10.3389/fgene.2022.1043486

Unexposed group (n = 10)

N or median % or IQR N or median % or IQR
Age (year) 655 (62.5, 68.5) 64.0 (56.5, 66.0) 0.449
BMI (kg/mz) 24.0 (22.3, 27.0) 24.5 (22.7, 25.7) 0.971
Sex >0.999
male 5 50% 4 40%
female 5 50% 6 60%
Smoker >0.999
yes 4 40% 5 50%
no 6 60% 5 50%
Urine Cr (pg/L) 9.4 (5.5, 18.9) 35 (2.8,3.7) <0.001
Urine creatinine (mg/dl) 120.0 (84.1,233.1) 53.8 (39.5, 76.9) 0.009

Fisher’s exact test was used for categorical variables. A non-parametric test (Mann-Whitney U test) was performed for comparisons between groups IQR, interquartile range.

(Bozack et al., 2020), with significance set to & = 0.05. Because the
biological interpretation of beta values is straightforward (Du et al.,
2010), the effect estimates are reported as beta values with 95%
confidence intervals. In sensitivity analysis, the exposed/unexposed
group was also used as an independent variable adjusting the same
covariates to confirm the robustness.

We analyzed DMRs using DMRcate (Peters et al,, 2015) at a
bandwidth of 1,000 nucleotides (A = 1,000), and the scaling factor
for bandwidth was C = 2 (recommended parameter for EPIC
arrays). DMRcate identifies the most differentially methylated
regions by agglomerating CpG locations with an adjusted p
value below a certain threshold (based on FDRs), and these
regions’ locations are at post-smoothed significant probes where
the distance to the next consecutive probe is less than A (1,000)
nucleotides. All data analysis was conducted using R version 4.1.2.

3 Results
3.1 Participant characteristics

Table 1 presents the demographic characteristics of the
participants. The groups did not differ significantly in terms
of sex, age, smoking status, or BMI distribution (p > 0.05). The
median urine Cr concentration in exposure group was 9.4 ug/L,
significantly higher than that in the control group (3.5 pg/L, p <
0.001). In the exposure group, the median U-Cre level was
120.0 mg/dl, significantly higher than that in the unexposed
group (53.8 mg/dl, p < 0.001). In the linear models adjusted
for sex, smoking status, BMI, urine creatinine concentration, and
age at enrollment, Cr exposure was not associated with all cell
types (CD8" T cells, CD4" T cells, NK cells, B cells, monocytes,
and granulocytes), as estimated using Houseman regression
calibration (Supplementary Table SI).
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3.2 Differentially methylated positions

In site-specific analyses, 797,055 methylated CpG sites were
tested in fully adjusted models with log, (urinary Cr) values;
the Manhattan plot. After multiple
comparisons with FDRs and the Bonferroni correction, five

Figure 1 presents
(prpr < 0.05) DMPs (annotations relevant to four genes) were
significantly associated with Cr exposure [cg20690919 (USPI),
cg00704664 (CDH4), ¢gl0809143 (ILIRAP), cg27057652
(PXDNL), and ¢g05390480], and only cg20690919 remained
significant at a Bonferroni p value of <0.05 (Table 2). Each
two-fold increase in Cr concentration in urine was associated
with an 11.03% greater methylation of cg00704664 (95% CI: 8.34,
13.73; p = 9.02 x 105, prpg = 2.40 x 107%) and a 3.22% increase in
the methylation of cg10809143 (95% CI: 2.52,3.92; p=2.17 x 107,
pror = 432 x 107% Table 2). At three DMPs (cg20690919:
B = —2.80; cg05390480: p = —1.58; cg27057652: p = —3.16),
decreased methylation was associated with Cr concentration. In
Figure 2, most of the methylated CpG sites were hypomethylation:
60.9% of probes were hypomethylation while 39.1% of all probes
were hypermethylation. In the sensitivity analysis using exposure
group, the results were similar (Supplementary Table S2).

3.3 Differentially methylated regions

One DMR (chr17: 19,648,718-19,648,972) was identified on
chromosome 17 as containing 6 CpGs (Figure 3); this six CpGs
are ranked by genomic position in Table 3. This DMR spans the
body, the first exon, TSS200, TSS1500, and the 5'UTR of
ALDH3A1. The DNA methylation levels in this region were
high, ranging from 64.90% to 94.66%. All six CpG sites in this
region were significantly and negatively associated with Cr level
at nominal p < 0.05.
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FIGURE 1
Manhattan plot for epigenome-wide association of log, transformed urinary Cr concentration and DNA methylation levels. Full models were
adjusted for sex, smoking status, BMI, urine creatinine level, age at enrollment, and estimated cell-type proportions. The solid red line represents the
Bonferroni cutoff, and the dashed line represents the FDR cutoff.

TABLE 2 Differentially methylated CpG sites associated with Cr exposure (pgpr < 0.05).

(@e]€] Chromosome  Position® Gene p-Value prpr  Peonferroni  Median Median Mean
methylation methylation difference in
(%) of (%) of exposed %
unexposed group® methylation
group® (95%Cl)°
g20690919 1 62901654 USP1 7.44 x 0.006  0.006 9.8 1.8 -2.80
10 (-3.64, —1.96)
g05390480 1 199059142 | — 7.16 x 0024  0.057 6.8 1.6 -1.58
10 (~2.27, —0.89)
cg00704664 20 60500578 CDH4  9.02 x 0024  0.072 23 18.1 11.03 (8.34, 13.73)
10
cgl0809143 | 3 190281145 | ILIRAP = 2.17 x 0043  0.173 835 91.8 3.22 (2,52, 3.92)
107
cg27057652 | 8 52322137 PXDNL = 296 x 0.047 0236 95.2 86.4 -3.16
107 (-3.99, —2.33)

*hg19 assembly.
“Calculated beta value x 100.

“Effect size estimate from limma models of beta values adjusted for sex, smoking status, BMI, urine creatinine level, age at enrollment, and estimated cell-type proportions.

4 Discussion

Although the carcinogenic mechanism of Cr exposure is
unclear, genomic instability and epigenetic modification have
been identified during molecular processes linked to cancer
(Browning et al., 2017; Rager et al., 2019). In addition, in vivo
Cr-related data illustrated genotoxicity and mutagenicity results
have mostly been negative, and the mutagenic is not the main
cause of Cr (VI)-induced cancer (Proctor et al., 2014; Browning
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etal., 2017). Therefore, epigenetic modification, especially DNA
methylation, may play a vital role in pathogenesis mechanism of
Cr (VI) (Feng et al., 2020). Our EWAS identified an association
of moderate to high levels of Cr exposure with whole-blood
DNA methylation, and we identified five CpGs annotated to
four genes at prpr < 0.05: cg20690919 (USPI), cg00704664
(CDH4), cgl0809143 (ILIRAP), cg27057652 (PXDNL), and
cg05390480. We also identified DMR (chrl7:
19,648,718-19,648,972).

one

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1043486

Zhao et al.

~logo(P-value)

2 -1 0 1 2
Effect estimate (M-value scale)

FIGURE 2

Volcano plot for the epigenome-wide association of log,
transformed urinary Cr concentration and DNA methylation levels.
Full models were adjusted for sex, smoking status, BMI, urine
creatinine level, age at enrollment, and estimated cell-type
proportions. The solid red line represents the Bonferroni cutoff,
and the dashed line represents the FDR cutoff.

The most significant Cr-related CpG, cg20690919, is located
in the gene ubiquitin specific peptidase 1 (USPI) gene, which is a
785 amino-acid deubiquitinating enzyme with His and Cys
domains (Jang and Kim, 2021). USPI can involve in DNA
interstrand crosslink repair by deubiquitinating the Fanconi
anemia protein (Taniguchi et al, 2002; Kim and D’Andrea,

10.3389/fgene.2022.1043486

2012) and regulating DNA damage response pathways (Jang
and Kim, 2021). USP1-associated factor 1 (UAFI) and RAD51I-
associated protein 1 (RAD5IAPI) enhance the activity of
RAD51 during DNA the
homologous recombination pathway (Liang et al, 2020).
RAD5I has been significantly downregulated in response to

repair through

recombinase

Cr exposure in cell studies (Clancy et al,, 2012; Wu et al,
2012), and in a study related to occupational Cr exposure,
RAD51 was modified by hypermethylation to promote gene
damage (Hu et al., 2018).

Additional DMPs may be biologically responsive to Cr
The CDH4 gene
(R-cadherin), and the deregulation of R-cadherin is implicated

exposure. encodes retinal cadherin
in several human cancers (Miotto et al., 2004; Agiostratidou et al.,
2009). CDH4 is epigenetically silenced through promoter
hypermethylation in some epithelial cancers, and it may act as
a tumor suppressor (Tang et al, 2018). ILIRAP encodes a
component of the interleukin 1 receptor complex which
initiates signaling events that result in the activation of
interleukin 1-responsive genes. Adam et al. indicated that Cr
(VI)-induced cutaneous toxicity causes mitochondrial reactive
oxygen species accumulation, resulting in increased IL-1P
processing and secretion (Adam et al, 2017). However, few
studies have investigated the biological function of PXDNL,
and we did not find evidence confirming the relationship
between PXDNL methylation level and Cr exposure.

Several studies have revealed significant associations
between Cr exposure and stomach cancer, and a meta-
analysis of 56 cohort and case-control studies suggested that
Cr (V1) is a stomach carcinogen in humans (relative risk = 1.27,
95% CI: 1.18-1.38) (Welling et al., 2015). Additionally, several
potential mechanisms of heavy metal (Cr included) exposure
contribute to GC development (Fink, 2003; Chervona et al.,
2012; Yuan et al., 2016), and in our previous work, we observed
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FIGURE 3

DMR associated with Cr located within chrl7: 19,648,718—-19,648,972. Percentage difference in methylation estimated from limma models of
beta values adjusted for sex, smoking status, BMI, urine creatinine level, age at enrollment, and estimated cell-type proportions.
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TABLE 3 CpG sites located in DMR (chr17: 19,648,718-19,648,972).

CpG Position® Gene Feature p-Value Median Median Mean difference

category methylation (%) of methylation (%) of in % methylation
unexposed group®  exposed group® (95%CI)°

cgl5046965 = 19648718 | ALDH3A1 | 5'UTR; 222x10° | 0.072 | 73.0 55.2 ~5.33 (~6.80, ~3.86)
1stExon

cg23098051 = 19648846 | ALDH3A1 | IstExon; 12010 | 0083 | 912 76.1 ~5.13 (-6.90, ~3.36)
5'UTR;
TSS200

cgl1475454 19648853 | ALDH3A1 = IstExon; 219x107* | 0.089 | 777 58.7 ~6.08 (~8.35, -3.80)
5'UTR;
TSS200

cg05447343 | 19648925 | ALDH3A1 | 5'UTR; 177x10 | 0.087  92.0 82.6 ~1.83 (-2.49, ~1.16)
TSS200

g18957070 19648970 | ALDH3A1 | 5'UTR; 470102 | 0320 | 955 93.5 ~0.36 (~0.72, ~0.01)
TSS200

cg01471036 19648972 | ALDH3A1 | 5'UTR; 410%x10° | 0070  93.6 88.1 ~1.93 (-2.37, ~1.50)
TSS1500;
TSS200

*hg19 assembly.
“Calculated beta value x 100.
“Effect size estimated from limma models of beta values adjusted for sex, smoking status, BMI, urine creatinine, age at enrollment, and estimated cell-type proportions.

that exposure to Cr in the environment leads to chronic Our study identified one DMR (chr17:
digestive system damage (Meng et al, 2015). In this study, 19,648,718-19,648,972) that spanned several functional
three of these four differentially methylated genes have been regions (including body, the first exon, TSS200, TSS1500, and
reported to be associated with digestive system cancers (USP1, 5'UTR) of aldehyde dehydrogenase 3A1 (ALDH3A1). ALDH3A1
CDH4, and ILIRAP). A study involving 188 patients with is an NAD (P)*-dependent enzyme with the capacity to oxidize
gastric cancer (GC) revealed that the mRNA levels and medium-chain aliphatic and aromatic aldehydes (Marchitti et al.,
protein levels of USPI were overexpressed in GC tissue than 2008; Voulgaridou et al., 2017). Although no study has reported
in adjacent normal tissue, and further analysis indicated that an association between ALDH3A1 and metal exposure, through
USP1 may promote GC metastasis by upregulating the inhibition (Muzio et al., 2001; Oraldi et al., 2011) or activation
ID2 expression (Li et al, 2021). Meng et al. revealed that (Leong et al., 2003; Vitale-Brovarone et al., 2008) of ALDH3A1
USP1 was upregulated in GC tissue and played an oncogenic pathways, studies have demonstrated the close relationship
role in GC progression (Meng and Li, 2022). An analysis of between ALDH3A1I and cell proliferation. Meanwhile, a study
human primary tumors indicated that CDH4 was exploring the gene expression and DNA methylation changes in
hypermethylated in colorectal (78%) and gastric (95%) current and ex-smokers found that lower methylation CpG sites
carcinomas, and CDH4 methylation may be an early event in of ALDH3AI increased the expression levels of ALDH3AI
gastrointestinal tumor progression (Miotto et al., 2004). A (Reddy et al, 2021). This may play a key role in tumor
bioinformatics analysis identified differentially methylated promotion because elevated expression levels of ALDH3AI
CDH4 in human colon cancer samples (Luo et al., 2021). In were linked to increased cell growth and survival (Burchiel
vitro and in vivo data have indicated that ILIRAP knockdown et al.,, 2007).

significantly increased inflammation of  tumor Studies have demonstrated the role of epigenetic alterations
microenvironment-related  inflammatory  factors  and in Cr (VI)-induced carcinogenicity and indicated that epigenetic
suppressed the development of stomach carcinoma (Lv et al., alterations lead to tumorigenesis through cell proliferation (Pillai

2021). Therefore, the results of our study suggest that Cr et al,, 2011; Clancy et al., 2012; Teng et al., 2013; Nguewa et al,,
exposure might cause gastrointestinal diseases through DNA 2014), DNA damage (Xie et al.,, 2005), and DNA repair (Suter

methylation and related pathways. As no epigenomic study has et al., 2004; Baylin, 2005). One review proposed that Cr (VI)-
explored the relationship between Cr exposure and induced decreases in DNA repair signaling concomitant with
gastrointestinal disease at DNA methylation levels, Cr-related increased cell proliferation increased the risk of DNA damage
studies focusing on gastrointestinal diseases are needed to through cell replication and that such damage could lead to
further confirm it. genomic instability and carcinogenesis (Rager et al., 2019). We
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identified significant DMPs and DMRs related to DNA repair
and cell proliferation.

Most the
relationship between occupational exposure to Cr and DNA
methylation (Kondo et al., 2006; Hu et al., 2018; Feng et al,,
2020; Ha et al., 2021). However, previous studies only focused on

epidemiological studies have focused on

occupational population but were not generalizable to general
population environmental-exposed to Cr (VI). The median
urinary Cr concentration of Chinese individuals in a national
survey was 0.38 (IQR: 0.15, 0.72) pg/L (Cao et al., 2021). The
median urinary Cr concentrations of participants enrolled in this
study were 9.4 ug/L and 3.5 pg/L, which are higher than the
median level of Chinese individuals. This study focused on
populations with relatively high levels of Cr exposure and
provided epidemiological evidence of the effects of high levels
of Cr exposure on DNA methylation. To the best of our
knowledge, this is the first study to discuss the association of
environmental Cr exposure and DNA methylation and explore
high levels of Cr-induced epigenetic effects. Another major
strength of our study is the use of EPIC microarray data to
detect DNA methylation. DNA methylation in other EWASs (Hu
etal,,2018; Zeng et al., 2019; Feng et al., 2020) on Cr exposure has
been measured through 450K microarray,
interrogates about 480,000 CpGs; EPIC  microarray
interrogates >850,000 CpGs, comprising >90% of 450K CpGs.
By using EPIC microarray, our study enlarges the DNA

which only

methylation sites and increases power in EWAS through the
correction for multiple testing (Bozack et al., 2020).

This study has some limitations that should be considered.
First, although this study identified five significant DMP- and
DMR-related genes (CDH4, ILIRAP, USPI, PXDNL, and
ALDH3AI), we did not examine the mRNA expression and
translation levels of these genes. Thus, we could not
determine whether Cr exposure affected the function of these
differential genes. Second, statistical power was limited by the
study’s small sample; thus, we may not have accurately identified
differences in methylation between the exposed and unexposed
groups, although we performed more comparisons than other
studies and our standard for the comparisons were strict. As this
study has been performed in a limited number of individuals, we
acknowledged that this study was preliminary and research
involving larger samples is needed to confirm our findings.
Third, some unconsidered confounding factors could bias our
results. However, the similar lifestyles, cultural backgrounds, and
socioeconomic status of the participants; the high-quality control
procedures; and the Houseman regression calibration method,
which accounts for different cell-type compositions, can reduce
bias. The epigenetic effect of Cr should be further explored in
different cell types because DNA methylation might be specific to
certain cell types (Lu et al., 2021).
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5 Conclusion

This is the first study to explore the relationship
between environmental Cr exposure and epigenome-wide
DNA methylation and to wuse 850K microarray to
investigate Cr (VI)-induced epigenetic alterations. In a
cross-sectional study focusing on Jinzhou City, which
has high levels of Cr exposure, five significant CpGs that
annotated four genes were identified at prpr < 0.05. In
addition, a DMR-annotated gene (ALDH3A ) related to cell
identified.
Epidemiological and biological studies should use larger

proliferation and tumor promotion was
samples to provide evidence to support out findings
regarding the epigenetic effects of environmental Cr

exposure.
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