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Background: Benzene is a confirmed organic carcinogen, and one of the most common environmental
pollutants. However, the mechanism underlying benzene-induced hematotoxicity and leukemogenicity has
not been fully elucidated. Our study aimed to explore whether benzene exposure has an effect on the plasma
microRNA (miRNA) expression.

Methods: In the discovery stage, we used a microarray assay to detect the miRNA expression profiles of
two pooled plasma samples from ten healthy benzene-exposed individuals and ten non-benzene exposed
controls. Subsequently, we conducted an expanded validation of three candidate miRNAs in 118 healthy
benzene-exposed individuals and 91 non-exposed controls.

Results: In the discovery stage, 5 miRNAs demonstrated at least a 1-fold higher expression, and 12
miRNAs showed at least a ~1-fold lower expression in the exposure group as compared with the expression
levels in the control group. In the expanded validation stage, the plasma level of miR-638 was significantly
up-regulated (2.68+0.12 vs. 1.38+0.10, P<0.01) while the plasma levels of miR-221-3p and miR-122-5p were
significantly down-regulated (-0.42+0.08 vs. 1.44+0.12 for miR-221-3p and 1.91+0.10 vs. 2.86+0.13 for miR-
122-5p, P<0.01) in the exposures as compared with the controls. The validation results of the three miRINAs
by qRT-PCR were in concordance with the microarray analysis.

Conclusions: Our investigation suggested that benzene exposure might be related to elevated expression
of miR-638 and decreased expression of miR-221-3p and miR-122-5p in human plasma.
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Introduction via multiple pathways, including oxidative stress, DNA

Benzene is a confirmed organic carcinogen, and one of damage, cell cycle regulation and programmed cell death 3).

. . To date, the mechanism underlying benzene-induced
the most common environmental pollutants. However, it ’ ying

hematotoxicity and leukemogenicity has not been fully

is still widely used as an industrial solvent, representing a
elucidated.

significant occupational hazard. Long-term exposure to

benzene may lead to a range of hematologic disorders such It was previously reported that exposure to benzene or

as aplastic anemia (1)’ acute myelogenous leukemia, and its metabolites was associated with the alterations in the

other forms of leukemia (2). The adverse effects of benzene
exposure are probably mediated through its metabolites
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expression patterns of genes that were relevant to the toxic

effects of benzene (4,5). Environmental exposures might
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alter gene expression by affecting the expression levels
of microRNA (miRNA) that function as an important
gene regulator (6,7). Moreover, a great deal of research
shows that exposure to hazardous environmental factors
may notably disrupt miRNA expression patterns (8-10).
Despite intensive studies on benzene over several decades,
investigations on plasma miRINA expression in benzene-
exposed workers are lagging behind.

Circulating miRNA has attractive interests as a non-
invasive biomarker of physiological and pathological
conditions. In a previous study (11), we have investigated
the potential effects of chronic benzene poisoning (CBP)
and benzene exposure on miRNA expression, and identify
CBP-related miRNAs. In the present study, we further
identify plasma miRNAs that are associated with benzene
exposures with a larger sample sizes.

Methods
Subjects

In the present study, we enrolled 118 healthy benzene-
exposed workers who were employed at the work posts of
benzene for at least one year. Meanwhile, other 91 subjects
without occupational benzene exposure were enrolled as
controls. After participants provided informed consent,
we administered a questionnaire to collect information on
demographic characteristics, lifetime occupational history,
lifestyle habits (smoking and alcohol consumption), disease
history, environmental benzene exposures, history of
hematotoxicity drug utilization, physical and chemical factor
exposure. Subjects with previous or present treatment on
hematotoxicity drugs (e.g., chloromycetin, sulfonamides),
habitual exposure to other chemical or physical factors
causing hematotoxicity (e.g., ionizing radiation, arsenic)
and recent infection were excluded from the study. Each
worker donated approximately 5 mL fasting venous blood
(EDTA-anticoagulated), and the plasma was isolated
within one hour and stored at -80 °C until RNA extraction.
Exposure estimation was based on benzene concentration
monitoring data at the work place provided by Jiangsu
Provincial Center for Disease Prevention and Control. This
project was approved by the Ethics Committee of Jiangsu
Provincial Center for Disease Prevention and Control, and
ethics were respected throughout the whole study period.

Study design

According to whether exposed to benzene, subjects
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were classified into two groups: exposure (118 healthy
benzene-exposed individuals) and control (91 healthy
non-benzene exposed individuals).In the discovery stage,
we selected 10 workers from the exposed group, and 10
matched subjects from the control group. We intentionally
frequency-matched the distribution of important general
characteristics, including sex, age (+5 years), nationality
(Han Chinese), smoking status, drinking status, between
these two groups to minimize their confounding effects on
miRNA expression profiles. We prepared a 2 mL pooled
plasma sample for each group that included 200 pL of
plasma from each subject. We then subjected two plasma
pools to miRNA microarray analysis and compared miRINA
expression profiles between these two groups. To focus on
the most likely related miRNAs in the validation stage, we
selected candidate miRNAs from the microarray analysis
based on the following criteria: demonstrating at least 1.0
fold higher or -1.0 fold lower expression between any two
out of three groups, expressing more than 500 copies in
any group, and giving priority to choosing molecules that
may be associated with a benzene response based on the
literature. These 20 subjects in the discovery stage were also
included in the validation stage.

RNA isolation

We isolated total RNA from the two EDTA-anticoagulated
plasma pools collected in the discovery stage for microarray
analysis; we also isolated total RNA from200 pL. EDTA-
anticoagulated plasma from each subject in the validation
stage, which was analyzed by qRT-PCR (Norgen’s Total
RNA Purification Kit, Norgen Biotech, Thorold, Canada).
For RNA isolation in the validation stage, we added
caenorhabditis elegans miRNA [cel-miR-238 (25 fmol),
Takara, Dalian, China] as an internal control prior to the
isolation procedure.

MicroRNA (miRNA) microarray analysis

miRNA expression profiles of two plasma pools were
examined using the microarray assay (version 19.0)
performed by service provider (subsidiary of LC Sciences,
Hangzhou, China) as described previously (12). Briefly,
about 0.5 pg total RNA samples from plasma were
3'-extended with a poly(A) tail, to which an oligonucleotide
tag was ligated for later fluorescent dye staining. On
the microfluidic chip, each detection probe consists
of a chemically modified nucleotide coding segment
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Table 1 The basic characteristics of all subjects
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Discovery stage

Validation stage

Variable

Controls (n=10) Exposed (n=10) P value Controls (n=91)  Exposed (n=118) P value
Sex (male/female) 7/3 7/3 1.000 64/27 79/39 0.654
Age (mean + SD) 39.0+4.0 39.1+4.7 0.959 37.6+£9.7 37.3+8.2 0.809
Smoking (n, %) 4 (40.0) 4 (40.0) 1.000 33 (39.7) 50 (42.4) 0.395
Drinking (n, %) 2 (20.0) 2 (20.0) 1.000 32 (35.2) 48 (40.7) 0.474
Exposure years - 11.1+4.5 - - 10.3x7.7 -
Exposure intensity (mg/m®) - 12.1+9.3 - - 11.7+9.0 -

complementary to target microRNA or other RNA (control
sequences) and a spacer segment of polyethylene glycol to
extend the coding segment away from the substrate. After
hybridization, tag-conjugating Cy3 dye was circulated
through the microfluidic chip for dye staining. Microarray
was then scanned with a laser scanner (GenePix 4000B,
Molecular Device), and raw data were imput into Array-Pro
image analysis software (Media Cybernetics). The data were
analyzed by firstly subtracting the background, and then
normalizing the signals using a LOWESS filter (Locally-
weighted Regression) (13). The signal values, higher than
the background value by three folds of standard deviation,
were considered valuable. The fold changed values of any
two out of three sets of detected signals (log, transformed
and balanced) were calculated.

Real-time quantitative PCR assay

RNAs were reverse transcribed (TagMan® miRNA Reverse
Transcription Kit) following the manufacturer’s protocol
and then subjected to real time PCR in triplicate using the
TagMan miRNA Assay Kit and an ABI PRISM® 7900HT
Real-Time PCR System (all from Applied Biosystems,
Foster City, CA). The expression level of each miRNA was

individually normalized to cel-miR-238.

Statistical analysis

The ratios of two sets (exposure and control) from array
analysis were calculated (as log, value). We evaluated the
differences of general characteristics between different
groups (control vs. exposed groups) by Student’s #-test (for
continuous variables) and chi-square test (for categorical
variables). In the validation stage, the relative expression
level of each miRNA in an individual sample was calculated
according to the equation 2-AC¢t, in which ACt = Ct
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miRNA - Ct cel-miR-238. Then the relative quantification
value underwent a Log,-transformation to compare the
expression levels of candidate miRNAs between groups.
Statistical analysis was performed with SPSS software and
two-sided P<0.05was considered statistically significant.

Results
Subject characteristics

A total of 209 participants were enrolled in our study,
including 91 non-exposure controls (64 men and 27 women,
mean age: 37.6£9.7), 118 healthy exposure subjects
(79 man and 39 women, mean age: 37.3+8.2), of which
10 participants from each group were selected for the
microarray analysis. The detailed information about
research subjects was listed in 7able 1. In this study,
distributions of sex, age, smoking and drinking status did
not significantly different (all P>0.05) between the exposure
and control.

MicroRNA (miRNA) microarray analysis

We carried out a miRNA microarray assay to evaluate the
expression levels of 2,019 known human miRNAs listed in
Sanger miRBase Release 19.0 (http://www.sanger.ac.uk/
Software/Rfam/mirna/). In the discovery stage, 287 and
272 miRNAs were found to be expressed in the plasma
pool of the controls and the healthy exposure subjects,
respectively, and 1,171 out of 2,019 miRNAs had not been
found. Further analysis revealed that 251 miRNAs were
commonly detected in both two groups with the remaining
36 and 21 molecules exclusively expressed in exposures
and controls, respectively (Figure 1). Notably, compared
with the expression levels in the control group, 5 miRNAs
demonstrated at least a 1-fold higher expression, and 12
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Exposed group Control group

1,171 251 36

Detected in both groups

Figure 1 Plasma miRNA expression profiles of the control group
and the exposed group in the discovery stage.

Table 2 miRNAs differently expressed in the exposures and the
controls detected by microarray (differentially expressed transcripts
with fold-change >1 or <-1)

Fold-change
miRNA Exposure  Control [log,(exposure/
control)]
hsa-miR-652-3p 399 81 2.30
hsa-miR-30c-1-3p 429 191 1.16
hsa-miR-4301 143 65 1.13
hsa-miR-106b-3p 58 27 1.11
hsa-miR-638 2,164 1,078 1.01
hsa-miR-4687-3p 53 107 -1.00
hsa-miR-221-3p 633 1,272 -1.01
hsa-miR-122-5p 1,124 2,278 -1.02
hsa-miR-6088 58 119 -1.03
hsa-miR-4632-5p 18 37 -1.08
hsa-miR-3162-5p 28 66 -1.26
hsa-miR-4513 14 35 -1.30
hsa-miR-4281 344 850 -1.31
hsa-miR-4433-3p 25 62 -1.33
hsa-miR-6073 236 632 -1.42
hsa-miR-4655-3p 14 42 -1.59
hsa-miR-505-5p 12 38 -1.72

miRNAs showed at least a -1-fold lower expression in the
exposure group (Zable 2). Based on the miRNA selection
criteria (see “Materials and Methods”), we selected
1 significantly differentially expressed miRNAs (hsa-
miR-638) from these 5 up-regulated miRNAs at the stage
of validation. We also selected 2 miRNA (hsa-miR-221-3p
and hsa-miR-122-5p) from these 12 down-regulated
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miRNAs. The expression levels and the related functions of
three candidate miRINAs are shown in Table 3 (11,14-18).

Identification of candidate microRNA (miRNA) by
real-time quantitative PCR

For further exploring the possible influence of benzene
exposure on miRNA expression, three miRNAs (miR-
638, miR-221-3p and miR-122-5p) were selected for the
expanded validation by qRT-PCR in 118 healthy exposure
subjects and 91 non-exposure controls. Among those, 10
healthy exposure subjects and 10 non-exposed controls were
repeated in microarray analysis stage.

The plasma levels of the three miRNAs are presented
in Figure 2. Compared with the controls, the plasma level
of miR-638 was significantly up-regulated (2.68+0.12 vs.
1.38+0.10, P<0.01) while the plasma levels of miR-221-
3p and miR-122-5p were significantly down-regulated
(=0.42+0.08 vs. 1.4420.12 formiR-221-3pand 1.91x0.10 vs.
2.86+0.13 for miR-122-5p, P<0.01) in the exposures. The
validation results of the three miRNAs were in concordance
with the microarray analysis (Figure 3).

Discussion

During the benzene related production, benzene was usually
inhaled by people as its steamy form. In the liver, benzene
is metabolized to phenol, which is further hydroxylated to
hydroquinone (HQ), catechol, and 1,2,4-benzenetriol (2,19).
HQ and catechol are oxidized by myeloperoxidase (MPO)
to 1,4-benzoquinone (BQ). It was previously reported that
benzene exposure was associated with mRNA expression
levels (20), mitochondrial DNA copy number (21), and
DNA methylation status (22) in benzene-exposed workers.
Deng et al. (23) identified that dysregulated miRNAs were
involved in responses to polycyclic aromatic hydrocarbons
(PAHs) in exposed workers and further studies (24) revealed
that miRNAs and their interactions with environmental
factors might affect the effects of PAHs exposure on
oxidative DNA damage and lipid peroxidation. In present
study, we explored the potential effects of occupational
benzene exposure on plasma miRNA expression in Chinese
occupational population.

In the present study, we first employed miRNA
microarray assay to examine the differential profiles of
plasma miRNA expression between benzene exposure
workers and non-exposed controls. In a detailed validation
study, we identified three miRNAs that could be associated

F Public Health Emerg 2017;1:11
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Table 3 Expression levels and related functions of the six selected human miRINAs
Discovery stage b
miRNA FC* Validation stage Relevant functions Sources
Exposure Control

hsa-miR-638 2,164 1,078 1.01 1.984 (1.020, 4.086)  CBP-related miRNAs; Benzo(a)pyrene (11,14,15)
response; regulation of differentiation and
proliferation in leukemic cells

hsa-miR-221-3p 633 1,272 -1.01 0.201 (0.145, 0.289)  CBP-related miRNAs; benzene exposure (11,16,17)
response; low-level hydroquinone response

hsa-miR-122-5p 1,124 2,278 -1.02 0.378 (0.194, 0.523) CBP-related miRNAs; Heme oxygenase-1 (11,18)

regulation

2 the fold change value underwent a Log,-transformation; °, values are median (25th percentile, 75th percentile) gRT-PCR expression

relative to cel-miR-238.

with the responses to benzene, including one (miR-638)
that was positively associated with benzene exposure
levels and two (miR-221-3p and miR-122-5p) that was
negatively associated with benzene exposure levels. Previous
studies have demonstrated that exposure to hazardous
environmental factors may significantly disrupt miRNA
expression patterns (8-10). These results again provided
novel information about associations of benzene exposures
with plasma miRNA expression in exposed workers.

Our microarray analysis and subsequent validation
identified three indicated miRNAs in plasma that may
affect the responses to benzene exposure. And the three
miRNAs have also been reported to regulate genes that
could influence the responses to benzene exposures. In the
present study, miR-638 was up-regulated in the plasma of
the benzene exposed subjects. The results were in line with
previous studies shown that miR-638 was upregulated in
immortalized human bronchial epithelial (HBE/HBER)
cells exposed to BaP and in peripheral lymphocytes of
PAHs-exposed (PE) workers (14). Actually miR-638 was
proposed as an important regulator of development,
tumorigenesis, hematopoiesis, and leukemogenesis. Indeed,
miR-638 was involved in BaP-induced carcinogenesis
by targeting BRCA1 (14), regulates proliferation and
myeloid differentiation by targeting CDK2 (15), and highly
expressed in human vascular smooth muscle cells, promoting
proliferation and migration by targeting NOR1 (25).
In our previous study (11), miR-638 was also up-regulated
in the plasma of the benzene exposed subjects and exhibited
a dual function in response to benzene depending upon the
state of pathological process.

In the present study, miR-221-3p and miR-122-5p
were both down-regulated in the plasma of the benzene
exposed subjects. Recently, miR-221, which has been
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suggested to be an oncogene, was frequently reported
to be significantly deregulated in blood cells of patients
with leukemia (26-28). An epidemiological investigation
indicated that benzene exposure may be related to elevated
miR-221 expression in peripheral blood lymphocytes of
petrol station attendants (17). Interestingly, other functional
experiments have indicated that low-level hydroquinone,
an important benzene metabolite, could inhibit miR-221
expression and cell apoptosis, while promote cell growth in
TK 6 lymphoblastoid cell model (16). It could be due to the
possibility that the expression of miRNA is highly specific
for cell, tissue or developmental stage. This could be an
example of tissue- or developmental stage-specific miRNA
activation. Furthermore, miR-122 was a liver-specific
miRNA and down-regulation of miR-122 was an early event
in hepatocarcinogenesis (29). Marrone et 4l. reported that
the expression levels of miR-122 was reduced in HepaRG
cells treated with AFB1, a human liver carcinogen, and the
AFBI1-induced down-regulation of miR-122 was associated
with an inhibition of the HNF4A/miR-122 regulatory
pathway (30).

There were several limitations in our study: (I) our study
is a cross-sectional study, which does not permit an ultimate
confirmation of the association between benzene exposure
and changes in three indicated miRNAs; (II) the sample
sizes of exposure and control groups were relatively small
and thus those subjects might been not representative. In
addition, we validated only a subset of the miRINAs found in
discovery stage, other miRNAs should be further validated.

Conclusions

In conclusion, our investigation suggested that benzene
exposure might be related to elevated expression of miR-638

F Public Health Emerg 2017;1:11
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Figure 2 The expression levels of miR-638, miR-221-3p, and miR-122-5p were determined by qRT-PCR individually in the healthy

exposures (n=118) and the non-exposed controls (n=91). The expression levels of the six miRNAs were normalized to cel-miR-238 (Log,

relative level). **P<0.01.
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Figure 3 Comparison of qRT-PCR findings to microarray results
by fold-change of three-selected miRNAs.

and decreased expression of miR-221-3p and miR-122-5p
in human plasma.
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