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Abstract

Three arsenic species in urine are measured using an atomic absorption spectrophotome-

ter. RT-PCR is performed to detect the expression levels of AS3MT, 3 miRNAs, and 17 rela-

tive mRNAs in 43 workers producing arsenic trioxide, 36 workers who stopped exposure to

arsenic for 85 days, and 24 individuals as the control group. The concentrations of urinary

arsenic are very high in workers. A negative correlation between AS3MT and MiR-548c-3p

is found. There exist significant changes for most selected miRNAs and mRNAs in workers.

There are no significant differences between workers who stopped exposure to arsenic and

the control group for most miRNAs and mRNAs, but the MiR-548c-3p levels show significant

changes. Similar positive correlations between the expression of AS3MT and all selected

mRNAs are found. Negative correlations between the expression of MiR-548c-3p and many

relative mRNAs are found as well. AS3MT and MiR-548c-3p may regulate arsenic methyla-

tion jointly, which when involved in a group of relative mRNAs may play roles in arsenic

metabolism and epigenetic changes caused by this metabolism.

Introduction

Arsenic can promote cancer through epigenetic mechanisms, and AS3MT plays a role in this

process [1]. Both in vitro and in vivo evidence support that inorganic arsenic acts as an epige-

netic modifier of genes involved in critical cellular functions such as cellular growth and

immune response [2].. AS3MT may regulated by some miRNAs. There are some mRNAs,

such as lin28, Dicer, Ago2, Exportin-5, play important role in miRNA biogenesis pathways

and their regulation [3]. Relative genes associated with those miRNAs and relative mRNAs are

widely distributed in the genome, and most are closely involved in malignant tumor [1,4–6].

Arsenic exposure disrupts the genome-wide expression of miRNAs in vivo, which can lead

to changes in gene expression [7]. A list of miRNAs whose expression levels are known to be

affected by iAs treatment, corroborating the importance of proceeding with the hunt for spe-

cific subset of miRNAs that can serve as potential biomarkers of iAs effects and that have useful

diagnostic value[8]. In this study, several gene analysis software were used to forecast what

miRNAs will regulate AS3MT. It is MiR-548, MiR-129,and MiR-129 that may regulate
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AS3MT by pairing complementarity. AS3MT is probably the direct target of miR-548c-3p.

The MiR-548 family has been demonstrated to be involved in the pathogenesis of several can-

cers; however, its role has not yet been elucidated [9]. This miRNA family is less expressed in

some patients and plays an important role in some cancers [10].

The miRNA processing pathway has long been viewed as linear and universal to all mam-

malian miRNAs [3]. Some relative mRNAs, such as exportin-5, dicer, trbp, Argonaute (Ago2),

Lin28 (also termed Lin28a), and Lin28b, play roles in this process [3,6,11]. Arsenic exposure

has been shown to alter methylation levels of both global DNA and gene promoters, which

may cause changes in expression for many relative mRNAs to promote cell apoptosis, cell

cycle inhibition, or relative regulation of carcinogenesis [12, 13]. There are many relationships

among the above mRNAs.

Although experiments in suitable model systems could complement the human studies,

there may be differences in epigenetic effects between animals and humans and between vari-

ous tissues and cell types [14]. Thus, studies on human populations exposed to high levels of

arsenic are necessary to understand individual differences between arsenic methylation and

genetic background.

In this study, we investigate the effects of arsenic exposure, defined by the internal biomark-

ers inorganic arsenic (iAs), monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)

in urine, on the expression of AS3MT, 3 miRNAs and 17 relative mRNAs. We explore how

miRNAs and relative mRNAs play a role in AS3MT activity and arsenic metabolism, and the

relationships among the expression levels of different RNAs in workers who produce arsenic

trioxide, to study the widespread roles of AS3MT and miRNAs networks in workers exposed

to arsenic trioxide.

Materials and methods

Study population

Our analysis complies with the Declaration of Helsinki Ethical Principles for Medical Research

Involving Human Subjects (World Medical Association 1989), and the Declaration of Helsinki

(1964, amended in 1975, 1983, 1989, 1996 and 2000) of the World Medical Association. Ques-

tionnaires were used to obtain information from each individual including age, sex, type of

work, service length, smoking and alcohol use (current smoker who smokes more than 10

cigarettes each day and any consumption of alcohol), other potential chemical exposures

(lead, carbon monoxide, silicon dioxide, and so on), and data on health status, dietary habits,

history of chronic disease, family member history, place of birth, race, education. See S1 and

S2 Figs. This study was approved by the Ethics Committee of the Yunnan Provincial Center

for Disease Control and Prevention. Individuals were enrolled in the study after agreeing to

participate and signing an Informed Consent form. Completion of the questionnaire was

entirely voluntary.

The data used for our analysis were from workers in two plants. We collected the data from

43 workers in one arsenic plant that was producing arsenic trioxide (named A plant), and 36

workers from another plant in which the production had been stopped 85 days from the time

biological samples were collected (named B plant). The plants chosen for our study produce

arsenic trioxide using arsenic ore by reverberator smelting and charcoal deoxidizing. Based on

the characteristics of the chemical components of the ore and the production technique flow

adopted, there are few other occupational hazard factors except for arsenic pollution in the

plant. The occupational protective measures of the plant are far from being sufficient and effi-

cient. Additionally, the 24 individuals in the control group resided in villages that were located

more than 50 km in distance from each of the two plants and had similar social economic
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status to the 79 workers. The prefecture of the city to which the two plants belonged to is well

known for having a high incidence of lung cancer, and arsenic may be involved in the process.

Sample collection

Written instructions regarding the hygienic conditions for collection of samples and 500 ml

polyethylene containers treated with hydrochloric acid and rinsed with deionized water were

provided to all participants. Subjects were asked to provide the first morning void urine. At

the same time, blood samples were collected, and total RNA (1 mg) was extracted within 1 day.

Determination of As metabolisms

We determined As species (iAs, MMA, and DMA) in urine using an atomic absorption spec-

trophotometer (AA-6800) with an As speciation pretreatment system (ASA-2SP, Shimadzu

Co., Kyoto, Japan). Speciation analysis was based on the well-established hydride generation of

volatile arsines, followed by cryogenic separation in liquid nitrogen. The limit of detection of 1

ng±<5% for each of the three As species was determined using hydride generation-atomic

absorption spectrometry (HGAAS). Briefly, 1 ml urine that had been stored at -80˚C was

thawed at room temperature and digested with 2 N NaOH at 100˚C for 3 hrs in a 15-ml poly-

methylpentene test tube, followed by dilution with Milli-Q water (Millipore, Yonezawa,

Japan). This digestion procedure did not alter the distribution of iAs or methylated arsenicals

(Yamauchi and Yamamura. 1984). The absorbance of As in the digested urine samples was

determined at 193.7 nm.

Quantitative real-time PCR analysis

Overall, 21 RNAs including AS3MT, 3 miRNAs, 6 relative mRNAs that are important in the

miRNA biogenesis pathways and their regulation, and 11 relative mRNAs that promote cell

apoptosis, cell cycle inhibition, or relative regulation of carcinogenesis, as well as a β-actin

sequence (control fragment), were selected in this study. Total RNA (1 mg) was extracted

using Trizol reagent (Invitrogen) following manufacturer’s instruction, and then transcribed

into cDNA with NCodeVILOmiRNA cDNA Synthesis Kit (Invitrogen). Quantitative real-time

PCR (qRT-PCR) was performed with the Platinum SYBR Green qPCR SuperMix-UDG (Invi-

trogen) in ABI7900 (Applied Biosystems, America). PCR primers are designed for all RNAs.

The relative expression levels of all RNAs were determined using the 2-ΔΔCt method. All reac-

tions were performed in triplicate.

Statistical analysis

All statistical analyses were performed using SPSS software (Version 19, Chicago, IL, USA).

The concentrations of iAs, MMA and DMA were first log transformed to improve the normal-

ity of measures, then transformed back to the arithmetic scale for reporting purposes. After

assessing the association among the levels of miRNAs, relative mRNAs and three arsenic spe-

cies by Spearman’s rank correlation analysis, covariance and independent samples t-test were

performed for the analysis of arsenic species and all RNAs among groups under different levels

of arsenic trioxide exposure. We then investigated the association of arsenic species and all

RNAs among groups under different levels of arsenic trioxide exposure using multivariate lin-

ear regression models with adjustment for age, sex, smoking status, work years, and urinary

creatinine. All statistical tests were two-sided, with P value< 0.05 considered statistically signif-

icant for any single analysis.
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Results

There are no significant differences in sex, smoking, alcohol consumption, and so on among

the exposed workers in the two plants and the control group. For the demographics of the

study population, see Table 1.

Changes in iAs species and selected RNAs

The concentrations of iAs, MMA and DMA in urine are shown in Fig 1. Compared to the con-

trol group, the increases in the levels of iAs, MMA, and DMA in urine of workers exposed to

arsenic are all statistically significant (P<0.01).

The expression levels of 21 RNAs are shown in Figs 2–4. Compared to that in the control

group, AS3MT expression shows significant changes for workers producing arsenic (P<0.01),

but not for workers who stopped exposure to arsenic for 85 days. Based on genome informatics

analysis, it is MiR-548c-3p that may regulate AS3MT expression. Compared with that in the

control group, the decreases in MiR-548c-3p expression in workers from the two plants are sta-

tistically significant (P<0.01).

Table 1. Demographics of the study population.

Workers Control group Workers in B plant Workers in A plant

Number of subjects 24 36 43

Sex

Male 13 21 25

Female 11 15 18

Age(years) 32.9±3.8 36.5±6.9 35.9±8.2

service length(months) - 22.9±8.5 20.7±9.9

Type of work

Blast furnace 12 13

Reverberatory furnace 3 11

Rotary house 4 5

Machine repair 3 4

On-site inspection 9 5

Administration and test 5 5

Race

Han 16 22 27

Hani 5 9 11

Miao 3 5 5

Other exposures

Lead 0 6 7

High temperature 0 1 2

Other exposures 0 1 3

Education(years)

�5 8 12 16

5~10 7 11 17

�10 9 13 10

Workers who smoking 13 21 26

Workers who drinking 11 15 17

Workers who smelt arsenic are in A plant; workers who stopped exposure to arsenic about 85 days are in B plant.

https://doi.org/10.1371/journal.pone.0209014.t001
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Lin28, Lin28b, Dicer, Expothin-5, Trbp and Ago2 are mRNAs that are involved in the gen-

eration and maturation of miRNAs. Compared to those in the control group, the relative

mRNA levels increase significantly for workers producing arsenic (P<0.05), but not for work-

ers who stopped exposure to arsenic for 85 days.

Compared to those in the control group, there are significant changes for 9 mRNAs that

promote cell apoptosis, cell cycle inhibition, or relative regulation of carcinogenesis for

Fig 1. Urinary inorganic arsenic (iAs), monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) of subjects. Double

stars(��) indicate that the difference from control group is statistically significant(P<0.01), double stars(▲▲) indicate that the

difference from workers who stopped exposure to arsenic about 85 days (in B plant) is statistically significant(P<0.01). Workers who

smelt arsenic are in A plant.

https://doi.org/10.1371/journal.pone.0209014.g001

Fig 2. Relative levels of AS3MT RNA and 3miRNA selected in this study. All RNAs were selected with adjustment for age, gender, smoking status,

work years, and urinary creatinine, respectively. Double stars(��) indicate that the difference from control group is statistically significant(P<0.01), star

(�) indicate that the difference from control group is statistically significant(P<0.05), double stars(▲▲) indicate that the difference from workers who

stopped exposure to arsenic about 85 days (in B plant) is statistically significant(P<0.01).

https://doi.org/10.1371/journal.pone.0209014.g002
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workers producing arsenic (P<0.01), but only changes in p15 and Puma expression for work-

ers who stopped exposure to arsenic for 85 days (P<0.05). It is worth noting that the levels of

noxa expression in workers who stopped exposure to arsenic for 85 days are lower than that of

the control group (P<0.01).

Spearman’s rank correlation analysis among arsenic species, relative

mRNAs and miRNAs networks

The concentrations of iAs, MMA and DMA in urine are positively correlated with the expres-

sion levels of AS3MT RNA (P<0.05) and negatively correlated with those of MiR-548c-3p

Fig 3. Relative mRNAs levels of selected genes that are important in the miRNA biogenesis pathways and their regulation. Double stars(��) and

stars(▲▲) are same as Fig 2.

https://doi.org/10.1371/journal.pone.0209014.g003

Fig 4. Relative mRNAs levels of 11 selected genes that promote cell apoptosis, cell cycle inhibition, or relative regulation of carcinogenesis.

Double stars(��) and stars(▲▲) are same as Fig 2.

https://doi.org/10.1371/journal.pone.0209014.g004
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(P<0.01). The expression levels of AS3MT RNA are negatively correlated with those of MiR-

548c-3p (P<0.05). The expression levels of AS3MT RNA are positively correlated with those

of all relative mRNAs (P<0.05), while the levels of MiR-548c-3p are negatively correlated

with those of many relative mRNAs (P<0.05). With the increase in the content of iAs, MMA

and DMA in urine, an increase in the expression levels for many relative mRNAs is observed

(P<0.05). See Table 2.

Discussion

There are many data show that biomethylation plays a role in activating cancer and inducing

toxicity for inorganic arsenic. The methylation of iAs yields methylated metabolites in which

arsenic is present in both pentavalent and trivalent forms [15]. Studies show that arsenic expo-

sure and the incomplete methylation capacity of arsenic are adversely associated with cancer

and other diseases [16–18]. AS3MT is the key enzyme in the biotransformation pathway, cata-

lyzing the methylation of inorganic arsenic and playing an important role in the metabolism of

this metalloid [3,4,19].

Our previous study showed that arsenic levels at 7 posts in the plant producing arsenic tri-

oxide were very high. The workers had been exposed to high arsenic levels for long periods of

time [16]. Relative concentrations and proportions of arsenic metabolites in urine have been

identified as potential biomarkers of susceptibility to iAs toxicity [17,20].

Acute arsenic exposure at the levels observed in poisoned Japanese patients has been associ-

ated with a high concentration of 8-OHdG, which may result from DNA damage caused by

arsenic metabolism [21]. The data indicate that some aspects of chronic and acute arsenic poi-

soning may be reversible with the cessation of exposure. Consistent with Yamauchi et al., our

Table 2. Spearman’s rank correlation analysis along arsenic species, MiR-548c-3p, AS3MT and relative mRNAs.

iAs MMA DMA AS3MT MiR-548c-3p

iAs r value (p value) 0.923(0.000) 0.874(0.000) 0.216(0.042) -0.344(0.000)

MMA r value (p value) 0.932(0.000) 0.968(0.000) 0.260(0.014) -0.334(0.001)

DMA r value (p value) 0.874(0.000) 0.968(0.000) 0.316(0.003) -0.308(0.002)

AS3MT r value (p value) 0.216(0.042) 0.260(0.014) 0.316(0.003) -0.212(0.049)

MiR-548c-3p r value (p value) -0.344(0.000) -0.334(0.001) -0.308(0.002) -0.212(0.049)

Lin28 r value (p value) 0.356(0.000) 0.404(0.000) 0.454(0.000) 0.665(0.000) -0.391(0.000)

Lin28b r value (p value) 0.283(0.019) 0.314(0.009) 0.404(0.001) 0.461(0.000) -0.157(0.204)

Dicer r value (p value) 0.310(0.002) 0.257(0.009) 0.445(0.000) 0.552(0.000) -0.226(0.024)

Exportin-5 r value (p value) 0.389(0.000) 0.428(0.000) 0.473(0.000) 0.655(0.000) -0.398(0.000)

Trbp r value (p value) 0.307(0.004) 0.353(0.002) 0.454(0.000) 0.285(0.011) -0.225(0.037)

Ago2 r value (p value) 0.383(0.000) 0.423(0.000) 0.533(0.000) 0.533(0.000) -0.352(0.000)

p15 r value (p value) 0.417(0.000) 0.497(0.000) 0.494(0.000) 0.447(0.000) -0.291(0.003)

Hox10 r value (p value) 0.163(0.158) 0.187(0.105) 0.242(0.035) 0.595(0.000) -0.040(0.733)

Sox4 r value (p value) 0.184(0.087) 0.211(0.049) 0.308(0.008) 0.272(0.010) -0.188(0.069)

Mdm2 r value (p value) 0.288(0.003) 0.355(0.000) 0.432(0.000) 0.673(0.000) -0.232(0.020)

Pcnd r value (p value) 0.179(0.101) 0.245(0.021) 0.321(0.001) 0.289(0.007) -0.199(0.050)

Tgfβ r value (p value) 0.158(0.110) 0.184(0.063) 0.276(0.014) 0.575(0.000) -0.176(0.079)

Bax r value (p value) 0.229(0.020) 0.240(0.015) 0.235(0.017) 0.639(0.000) -0.204(0.041)

Noxa r value (p value) 0.228(0.021) 0.239(0.031) 0.283(0.004) 0.247(0.018) -0.187(0.052)

Puma r value (p value) 0.295(0.003) 0.364(0.000) 0.355(0.000) 0.496(0.000) -0.241(0.016)

Bcl2 r value (p value) 0.237(0.016) 0.307(0.002) 0.393(0.000) 0.626(0.000) -0.286(0.004)

Fas r value (p value) 0.137(0.171) 0.157(0.117) 0.231(0.020) 0.508(0.000) -0.219(0.029)

https://doi.org/10.1371/journal.pone.0209014.t002
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results show that there are substantial changes in the expression of many relative mRNAs that

are important in the miRNA biogenesis pathways and their regulation and that promote cell

apoptosis, cell cycle inhibition, or relative regulation of carcinogenesis. These RNAs may play

a role in promoting cancer and inducing toxicity, which are probably involved in arsenic

metabolism, just like AS3MT.

There exist aberrant changes for many relative mRNAs from workers in the two plants, and

these changes can not be explained using differences in arsenic concentration only. AS3MT
and MiR-548-3p may play roles in arsenic metabolism, promoting cancer and inducing toxic-

ity by multiple pathways.

MiRNAs are involved in temporal and tissue-specific eukaryotic gene regulation, either by

translational inhibition or exonucleolytic mRNA decay [22]. Altered miRNA expression may

lead to widespread gene expression changes [23]. Although the mode of action of miRNAs has

attracted great attention, the principles governing their expression and activity are only begin-

ning to emerge. There are many branches, crossroads and detours in miRNA processing,

according to recent studies [1]. In this study, the expression levels of selected relative mRNAs

are likely under the control of transcription factors, for example, p53 [24, 25]. Relative

mRNAs, such as Lin28 and Dicer, which are important in the generation and maturation

of miRNAs, may be involved in the metabolism of arsenic by ASMT, MiR-548c-3p, p53, and

so on.

Based on genome informatics analysis, it is MiR-548c-3p that very likely regulates

AS3MT. Our preinvestigation shows that there are obvious changes in the expression levels

of MiR-548c-3p in workers exposed to arsenic, and we plan to explore the expression rules

of this miRNA and the role it plays in cancers associated in arsenic exposure. The current

results show that there is lower expression of mir548 and higher expression of AS3MT in

workers exposed to arsenic. The miRNA processing pathway may be closely involved in this

process.

Both AS3MT and MiR-548c-3p may be highly involved in metabolizing arsenic, activating

cancer and inducing toxicity, but they may play their roles in different ways. Most likely,

AS3MT has close relations with many relative mRNAs, including all mRNAs selected in

this study. At the same time, MiR-548c-3p is closely related to some mRNAs that may be

closely involved in AS3MT functions, such as Lin28, Exportin-5 and Ago2. AS3MT function

may be influenced by not only MiR-548c-3p, but also many other RNAs. The biogenesis

pathways of MiR-548c-3p and other miRNAs, as well as their generation and maturation, are

involved in many pathways that may play an important role in arsenic metabolism and epige-

netic changes.

Conclusions

Our data and relative analysis suggest potentially widespread rules about the expression levels

of AS3MT, miRNAs and relative mRNAs in workers exposed to arsenic, which may caused by

arsenic metabolism. AS3MT and MiR-548c-3p likely play important roles in arsenic metabo-

lism and epigenetic changes, but in different ways. AS3MT is probably the direct target of

miR-548c-3p, and a group of relative mRNAs which selected in this study take part in this

process.
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