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ABSTRACT

To explore whether the alteration of IncRNA expression is correlated with polycyclic aromatic hydrocar-
bons (PAHs) exposure and DNA damage, we examined PAHs external and internal exposure, DNA damage
and IncRNAs (HOTAIR, MALAT1, TUG1 and GAS5) expression in peripheral blood lymphocytes (PBLCs) of
150 male coke oven workers and 60 non-PAHs exposure workers. We found the expression of HOTAIR,
MALATT1, and TUG1 were enhanced in PBLCs of coke oven workers and positively correlated with the lev-
els of external PAHs exposure (adjusted Pgeng <0.001 for HOTAIR and MALAT1, adjusted Pyeng = 0.006 for
TUG1). However, only HOTAIR and MALAT1 were significantly associated with the level of internal PAHs
exposure (urinary 1-hydroxypyrene) with adjusted 8=0.298, P=0.024 for HOTAIR and 8=0.090, P=0.034
for MALAT1. In addition, the degree of DNA damage was positively associated with MALAT1 and HOTAIR
expression in PBLCs of all subjects (adjusted S=0.024, P=0.002 for HOTAIR and 8=0.007, P=0.003 for
MALATT1). Moreover, we revealed that the global histone 3 lysine 27 trimethylation (H3K27me3) modifi-
cation was positively associated with the degree of genetic damage (8=0.061, P<0.001) and the increase
of HOTAIR expression (8 =0.385, P=0.018). Taken together, our findings suggest that altered HOTAIR and

MALAT1 expression might be involved in response to PAHs-induced DNA damage.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

that long-term exposure to PAHs links to high incidence of lung
cancer in coke oven workers [5]. As a complex disease, the molec-

PAHs are ubiquitous occupational and environmental contam-
inants, which have been classified as human genotoxicants and
carcinogens [15,51]. Epidemiological studies have demonstrated
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H2K27me3, histone 3 lysine 27 trimethylation.
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ular etiology of cancer includes both genetic modifications and
epigenetic aberrations. In genetics, DNA damage, oncogene acti-
vation and inactivation of tumor suppressor gene are believed
to play important roles in PAHs-induced carcinogenesis [16]. In
epigenetics, aberrant DNA methylation, histone modification and
miRNA expression patterns have currently emerged as important
mechanisms that contribute to PAHs-induced genotoxicity and car-
cinogenicity [6,7,24,32,46]. Long non-coding RNAs (IncRNA) is one
of the essential epigenetic regulators. The specificity of IncRNA
expression is now recognized as important epigenetic marks that
confers IncRNAs with great potential as biomarkers for health
risk assessment [29]. Accumulating evidence demonstrate that
IncRNAs play critical roles not only in physiological processes of
normal cells, but also in the development of many kinds of human
diseases [10,29,33,36,43,45,48]. Recent studies found that alter-
ation of IncRNA expression was involved in induction of several

2214-7500/© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


dx.doi.org/10.1016/j.toxrep.2015.12.011
http://www.sciencedirect.com/science/journal/22147500
http://www.elsevier.com/locate/toxrep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2015.12.011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangq27@mail.sysu.edu.cn
mailto:chenwen@mail.sysu.edu.cn
dx.doi.org/10.1016/j.toxrep.2015.12.011
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Gao et al. / Toxicology Reports 3 (2016) 160-166 161

chemicals-induced genotoxicity and cell malignant transfor-
mation, indicating the aberrant IncRNA changes might be
promising biomarkers for risk prediction of environmental expo-
sure [3,9,13,26,31,47]. However, how ambient PAHs exposure
affects IncRNA expression and whether it is involved in develop-
ment of adverse health effects have not been defined.

In this study, four candidate IncRNAs, HOTAIR, MALATI,
TUG1 and GAS5 that have been reported to be asso-
ciated with DNA damage and cancer development
[8,12,14,17,21,22,28,30,34,37-40,49,50| were selected to address
the biological significance of IncRNAs. Our findings reveal that the
altered HOTAIR and MALAT1 expression could be the sensitive
biomarkers that indicate the PAHs exposure and PAHs-induced
DNA damage.

2. Materials and methods
2.1. Study population and sample collection

In this study, 150 PAHs-exposure workers in coking plant and
60 non-PAHs exposure workers in hot-rolling mill from Ben Xi
Iron and Steel Group Cooperation in Liaoning Province, China
were recruited. Those workers who had suffered from acute infec-
tious diseases, chronic diseases, long-term drug use, or exposed
to mutagenic agents (such as X-ray radiation) within 2 months
were excluded. Basic information of each subject was collected by
a structured epidemiologic questionnaire including demographic
information, educational level, smoking history, alcohol consump-
tion, occupational exposure history, personal medical history, and
grilled food intake. Additionally, 15 mL urine was collected for uri-
nary 1-hydroxypyrene (1-OHP) detection and 5 mL of venous blood
were drawn in an EDTA-Na, containing tube for comets assay and
PBLCs isolation. PBLCs were isolated by using a standardized Ficoll-
Hypaque gradient procedure in less than 3 h after the blood samples
were obtained. All samples were kept at —80 °C before analysis. The

protocol was approved by Research Ethic Committee of School of
Public Health, Sun Yat-sen University, and informed consent was
obtained from each participant.

2.2. Urine 1-OHP detection

5mL of 4-day shift-end urine were collected and the mea-
surement of 1-hydroxypyrene (1-OHP) were carried out according
to the method described previously [19]. The level of urinary 1-
OHP was detected by high-pressure liquid chromatography (HPLC)
equipped with a fluorescence spectrophotometer and normal-
ized by urinary creatinine (Cr) and presented as microgram per
gram creatinine. The detection limit was 0.14 pg/L urine (sig-
nal/noise = 3). Measurements below the limit of detection (LOD)
were replaced with LOD/~/2.

2.3. Alkaline comets assay

The comet assay was performed using method described by Li
etal.[24]and Singh etal.[35]. Comet assay was performed using the
fresh blood sample according to the protocol. In order to minimize
the variation, we placed the same numbers of samples collected
from different groups (control, bottom, side and top groups) in one
slide (CometSlide HT, Trevigen, USA). Analyses of the images were
performed using Comet Assay Software Project-1.2.2 (University
of Wroclaw, Poland). Olive tail moment (OTM) was selected as the
parameter to indicate the degree of DNA damage.

2.4. RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol Reagent (Invitrogen, Carls-
bad, USA) and quantitative reverse transcription was carried out
using TOYOBO RT-qPCR Kit (TOYOBO, Tokyo, Japan). The mRNA
expression was detected using the SYBR Green Real time PCR Mas-
ter Mix-Plus (TOYOBO, Tokyo, Japan) with the standard program

Table 1
General characteristics, PAHs exposure levels, IncRNA expression and biomarkers in PAH-exposed workers and controls.
Controls (n=60) PAHs-exposed workers (n=150) P-value
General characteristic
Age (years) 46.38 +8.97 42.20+7.38 0.002?
Coke history(years) - 16.29+7.75 -
Smokers [n (%)] 39 (65.00) 97 (64.67) 0.963°
Smoking age (years) 15.39+14.42 12.73+£11.42 0.208a
Drinkers [n (%)] 38 (63.00) 88 (58.67) 0.533"
Education (years) 0.662°
<9 30 (50.00) 70 (46.67)
>9 30 (50.00) 80(53.33)
BMI 2493 +3.88 24.68 +£2.95 0.657a
Ethic (Han/others) 58 (96.67) 120 (80.00) 0.002°
Grill food consumption [n (%)] 0(0.00) 50 (66.67) <0.001°
Internal exposure biomarker
Urinary 1-OHP (j.g/g creatinine) 7.09 (4.81,10.00) 43.70(12.99,136.18) <0.001¢
Lnc RNA expression (—ACT) ¢
HOTAIR —13.21(-11.80,-14.37) -11.79(-10.88,-12.81) <0.001°
TUG1 —-5.02 (-4.61,-5.32) —4.20 (—3.48,-5.00) <0.001°
MALAT1 -0.82(-0.37,-1.27) 0.15 (0.74,-0.46) <0.001°¢
GAS5 0.72(1.23,0.29) 1.02 (1.43,0.50) 0.495°
DNA damage
Olive tail moment 3.27(0.00,5.54) 40.76 (4.86,53.61) <0.001°¢
Histone modification
H3K27me3 (%) 9.63+3.82 12.50+7.15 0.030°

Statistical significant indexes are in bold.
2 Two-sides Student ¢ test.
b Two-sides chi-square test.

¢ Multivariate covariance analysis with adjustment for BMI, age, smoke status, drinking status, grill food consumption, education, and ethics.

4 The ACT=CTuarger — CTcapoH — ACThatchbatance-
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Table 2
The adjusted correlation between urinary 1-OHP and IncRNA expression in PBLCs
of subjects.

Urinary 1-OHP?

Unadjusted Adjusted®
B P-value B P-value
LncRNA expression (—ACT)
HOTAIR 0.343 0.008 0.298 0.024
TUG1 0.109 0.054 0.110 0.060
MALAT1 0.113 0.008 0.090 0.034
GAS5 <0.001 0.409 0.065 0.265
DNA damage
Olive tail moment 4.991 <0.001 4.657 <0.001

Statistical significant indexes are in bold.

@ Urinary 1-OHP was normalized by urinary creatinine (Cr) and the values were
logarithmic transformation before regression analysis.

b Multiple linear regression analysis was performed for Pvalue. Analysis adjusted
by BMI, age, smoke status, drinking status, grill food consumption, education, and
ethics. The details are presented in Supplementary Table 3.

in a Viia 7 Real-time PCR system (Applied Biosystems, Bran-
ford, USA). The amplification of GAPDH was used as an internal
control to normalize IncRNA expression. The sequences of qRT-
PCR primers were listed in Supplementary Table 1. RNA sample
isolated from 16HBE cells was used for internal quality control
among different experiments. In particular, specific gene expres-
sion in RNA samples of 16HBE cells from each run of qPCR were
adjusted by both ACtpatchbalance (Ctbatchtargetgene — Ctpatcncappn) and
Ctcappu. The expression of IncRNA was calculated using an equa-
tion of ACt=Ctrarge gene — CtgappH — ACtpatchbalance- All results were
expressed as mean 4 SD from three independent experiments.

2.5. Histone extraction and detection of H3K27me3 modification

The histone extraction was performed following a protocol
described previously [2,4]. During the process of isolation, the
protease inhibitor mixture (Roche Applied Sciences, Indianapolis,
USA) and 1 mM phenylmethylsulfonyl fluoride were used for pro-
tein stabilization. The histone precipitation was dried by the air
and dissolved in sterile deionized water before detection. Subse-
quently, sandwich enzyme-linked immunosorbent (ELISA) assay
methods were used for determining the levels of histone mod-
ification. ELISA was conducted in a 96-well plate coated with
1:20000 histone H3 antibody (Abcam, Cambridge, USA) overnight
at 4°C. Samples and H3K27me3 recombinant proteins (Active
Motif, Carlsbad, USA) were added to the plates and incubated
for 1.5h. Then the primary antibodies including histone H3 at
1:10000 (Sigma-Aldrich, USA) or H3K27me3 at 1:3000 (Abcam,
Cambridge, USA) were added to each well separately and incubated
for 2 h, following by an addition of secondary antibody at 1:1000
dilution (Santa Cruz Biotechnology, Santa Cruz, USA). After 2 hincu-
bation, 3,3',5,5”-tetramethylbenzidine (Beyotime, Suzhou, China)
solution was added and incubated for additional 30 min in the dark.
The reaction was stopped by addition of 30 wL of 2M H,SO4 and
the optical density was read at 450 nm using a microplate spec-
trophotometer (BIO-TEC, Vermont, USA). Data was presented as
mean + SD from triplicate wells of two independent experiments.

2.6. Statistical analyses

In the current analysis we examined the data for normal-
ity (Shapiro-Wilks W-test) and homogeneity (Bartlett’s test for
unequal variances). Continuous variables are provided as the
mean # SD, while categorical variables are displayed as the per-
centage within each subgroup. Potential associations between
categorical variables were assessed by contingency tables and

Table 3
The correlation between DNA damage and IncRNA expression in PBLCs.

Lnc RNA expression (—ACT) Olive tail moment

Unadjusted Adjusted?

B P-value B P-value
HOTAIR 0.028 <0.001 0.024 0.002
TUG1 0.004 0.216 0.002 0.641
MALAT1 0.009 <0.001 0.007 0.003
GAS5 0 0.919 0 0.904

Statistical significant indexes are in bold.
3 Multiple linear regression analysis was performed. Analysis adjusted by BMI,
age, smoke status, drinking status, grill food consumption, education, and ethics.

the x2-test. Comparisons between continuous variables between
groups were performed by analysis of t-test. The Pearson corre-
lation coefficient was used to quantify the correlation between
two factors. Multiple linear regression analysis was used to correct
the confounders by a stepwise regression method. The adjusted 8
value and P value was obtained from AIC (Akaike Information Cri-
terion) lowest models. The non-normal distribution values were
logarithmic transformed before regression analysis. All P values
were two sided, with only P<0.05 considered statistically signif-
icant. All statistical analyses were using the base packages in R
version (R-projecting.org. (C) 1998-2012).

3. Results
3.1. Population characteristics and PAHs exposure levels

In this study, we recruited 150 PAHs-exposure workers in cok-
ing plant and 60 non-PAHs exposure workers in hot-rolling mill
from an Iron and Steel Group Cooperation (Table 1). There were no
significant differences between PAHs-exposed group and control
group in terms of smoking status, drinking status, education, and
BMLI. Factors such as age, ethic and grill food consumption differed
significantly between two group subjects. Remarkably, the internal
exposure biomarker urinary 1-OHP in exposure groups was 6-fold
higher than that in control group (P<0.001).

3.2. The alteration of IncRNA expression in response to PAHs
exposure

The expression patterns of four selected IncRNAs (HOTAIR,
MALAT1, TUG1 and GAS5) were examined in PBLCs of all sub-
jects. As shown in Table 1, the expression of HOTAIR, MALAT1 and
TUG1was 2.68-, 1.96-, and 1.77-fold, respectively higher in PAHs-
exposed group compared to control group (P<0.001). In addition,
when we divided PAHs-exposed group into three subgroups as bot-
tom, side, and top oven, respectively based on the working distance
to the coke oven where the level of PAHs exposure went up from
bottom to top as previously described [24]. As shown in Fig. 1,
we found that the expression of HOTAIR (adjusted Pyepg <0.001),
TUG1 (adjusted Pyreng = 0.006) and MALAT1 (adjusted Pyeng <0.001)
in PBLCs were upregulated with the increase of PAHs exposure
analyzed by trend analysis after adjustment for confounder factors
such as BMI, age, smoke status, drinking status, grill food consump-
tion, education, and ethics (Supplemental Table 2).

Next, we clarified the correlation between the internal
biomarker (1-OHP) and IncRNAs expression in PBLCs of the subjects
through stepwise multiple regression analysis after adjustment
for factors described above. As shown in Fig. 2, the expression
of HOTAIR and MALAT1 (both P=0.008) was positively associated
with urinary 1-OHP, while TUG1 (P=0.054) and GAS5 (P=0.409)
were not statistically correlated with urinary 1-OHP. Moreover, we
found that the concentration of urinary 1-OHPwas positive corre-
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Fig. 1. Association between PAHs exposure and IncRNA expression in PBLCs of the subjects. The PAHs-exposed workers were divided into three subgroups as bottom, side,
and top oven, where the level of PAHs exposure went up from bottom to top. LncRNA expression was tested by qRT-PCR method. The horizontal line in the box represents
the median of each subgroup. (A) HOTAIR, Pyeng <0.001; (B) TUG1, Pyreng = 0.002; (C) MALAT1, Pyreng < 0.001; (D) GASS5, Pyreng =0.809.

lated with the levels of HOTAIR (8=0.298, P=0.024) and MALAT1
(B=0.090, P=0.034; Table 2 and Supplemental Table 3). These find-
ings reveal that altered HOTAIR and MALAT1 expression in PBLCs
of coke oven workers could be an indicator of PAHs exposure.

3.3. Altered IncRNAs expression correlated with the degree of
DNA damage

Next, we analyze the DNA damage of PBLCs in all subjects
using Comet assay and selected OTM as the parameter indicat-
ing the degree of DNA damage. Similar to our previous findings,
the degree of DNA damage in PAHs-exposed group was increased

by12.5-fold compared to the control group (Table 1). In addi-
tion, results from linear and multiple regression analysis (Table 2)
showed that the degree of DNA damage was significantly asso-
ciated with the levels of 1-OHP (adjusted 8=4.657, P<0.001). In
addition, we found that the levels of HOTAIR and MALAT1 were
positively correlated with the degree of DNA damage (HOTAIR:
B=2.156, P<0.001; MALAT1: $=6.621, P<0.001). In contrast, no
association was observed between the expression of TUG1, GAS5
and the extent of DNA damage (Table 3). These results indicate
that HOTAIR and MALAT1 might be involved in regulation of DNA
damage in response to PAHs exposure.
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Fig. 2. The correlation between urinary 1-OHP and IncRNA expression in PBLCs of all subjects. LncRNA expression levels (Y-axis) were presented as
—ACt=—(Ctargetgene — Ctcappn — ACtpacchbalance)- Urinary 1-OHP (X-axis) was presented as log-transformed value. (A) HOTAIR, y=0.3431x — 13.7423, R=0.1824, P=0.008;
(B) TUG1, y=0.1086x — 4.7992, R=0.1330, P=0.054; (C) MALAT1, y =0.1134x — 0.5052, R=0.1840, P=0.008; (D) GAS5, y =0.0001x — 0.8388,R=0.0572,P=0. 409.
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Fig. 3. Enhanced H3K27me3 modification was correlated to the degree of DNA
damage and upregulation of HOTAIR expression. The modification of H3K27me3
was examined by ELISA. The degree of DNA damage was indicated by Olive tail
moment (OTM) from Comet assay. LncRNA expression was tested by qRT-PCR.
(A) Association of H3K27me3 modification with OTM in PBLCs of all subjects.
y=0.0606x +9.9009, R=0.2540,P<0.001. (B) Association of H3K27me3 modification
with HOTAIR expression in PBLCs of all subjects. y=0.0182x+16.5407, R=0.1629,
P=0.018.

3.4. The association of HOTAIR expression and H3K27me3
modification in PBLCs of the subjects

H3K27me3 had been considered as a biomarker in response
to DNA damage [18,25] and could be upregulated by HOTAIR and
polycomb group (PcG) protein complexes in in vitro studies [11,41].
Therefore, we analyzed the correlation of H3K27me3 modifica-
tion with DNA damage and the HOTAIR expression in PBLCs of
all subjects. As a result, H3K27me3 modification were elevated by
29.80% in PBLCs of coke oven workers compared to that of con-
trol workers (P<0.030, Table 1). Consistently, we found that the
extent of DNA damage (8=0.061, P<0.001) and the expression of
HOTAIR (8=0.385, P=0.018) were both positively associated with
H3K27me3 modifications analyzed by a linear regression model
(Fig. 3). Taken together, these findings indicate that IncRNA may
regulate cellular response to DNA damage through interplay with
histone modification.

4. Discussion

Studies of IncRNAs in human populations could identify
biomarkers of exposure and/or early effect and elucidate mech-
anisms of action underlying environmental exposure associated
diseases. Occupational exposure to PAHs has been shown in in vitro
studies to alter the expression of non-coding RNA. In this study,
we attempt to address how IncRNA responses to environmental

stress in the context of population exposure. Here, we reveal that
two IncRNAs, HOTAIR and MALAT1 whose aberrant expression was
positively associated with the PAHs exposure and DNA damage.

LncRNAs have been reported to be involved in multiple bio-
logical processes and human diseases through transcriptional,
posttranscriptional and epigenetic regulation [20]. Recent studies
showed that a number of IncRNAs mediated the malignant trans-
formation of human bronchial epithelial cells induced by benzo(a)
pyrene (Bap) and its ultimate carcinogen, anti-benzopyrene-trans-
7,8-dihydrodiol-9,10-epoxide (anti-BPDE) through regulating cell
apoptosis and proliferation [9,13,47]. In this study, we found that
the expression of HOTAIR, MALAT1 and TUG1 were significantly
up-regulated in PAHs-exposed workers. Of these three IncRNAs,
HOTAIR and MALAT1 were positively associated with exposure
marker, implying a role of IncRNA in mediating environmental
stress-induced adverse health effects. Similar results were found
in an in vitro study showing that HOTAIR and MALAT1 were upreg-
ulated in HBE cells treated by cigarette smoke extract (CSE) for 20
weeks. In addition, they found that HOTAIR might play an impor-
tant role in epithelial-mesenchymal transition and the formation
of stem cell-like properties [26]. Taken together, these observa-
tions suggested that HOTAIR and MALAT1 might be applicable in
the surveillance of epigenetic damage for environmental exposure.

Although previous studies revealed that IncRNAs might be
involved in chemical-induced genotoxicity [27,31], the association
between IncRNA changes and DNA damage had not been clarified,
particularly in population-based studies. In this study, we demon-
strate that altered MALAT1 and HOTAIR expression in PBLCs of
PAHs exposed workers are correlated with the degree of DNA dam-
age, indicating their roles in predicting PAHs-induced genotoxicity.
MALAT1is a highly abundant and ubiquitously expressed long non-
coding RNA (IncRNA), which may predict prognosis in several types
of cancers [42]. Previous study revealed that MALAT1 is a key reg-
ulator that promotes the cell cycle by inhibiting p53 activation
and regulating the expression of B-Myb [39]. Similarly, another
research group also found that MALAT1 was upregulated in both
TK6 and WTK1 cells after the ionizing radiation-induced DNA dam-
age [1]. Taken together, these findings suggest that MALAT1 may be
involved in mediating the response to PAHs-induced DNA damage.

Previous studies uncover an oncogenic role of HOTAIR in
promoting proliferation, migration and invasion of cancer cells
[8,37,44]. Moreover, HOTAIR-mediated cancer development is
tightly associated with a specific histone modification, H3 lysine27
trimethylation (H3K27), resulting in a chromatin state that pre-
vents the transcription of several tumor suppressor genes [11].
Recent study found that the global H3K27me3 level was increased
in human cells after chemicals treatment or UV radiation [18,25],
indicating that HOTAIR and H3K27me3 might interplay in response
to DNA damage. Consist to these findings, the positive correlation of
DNA damage with H3K27me3 modification and HOTAIR expression
in PBLCs of coke oven workers was revealed in our study.

5. Conclusion

In summary, we found that specific IncRNA HOTAIR and MALAT1
upregulated in PBLCs of the coke oven workers. In addition, the
changes of HOTAIR and MALAT1 expression were correlated with
both external and internal exposure levels of PAHs and the extent of
DNA damage. Our findings reveal that altered HOTAIR and MALAT1
could potentially be used for prediction of PAHs-induced genotox-
icity.
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