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ABSTRACT

Hexavalent chromium [Cr(VI)] is a common environmental carcinogen causing lung cancer in humans. This study investigates the
mechanism of Cr(VI) carcinogenesis focusing on the role of the epitranscriptomic dysregulation. The epitranscriptomic effect of
Cr(VI) was determined in Cr(VI)-transformed human bronchial epithelial cells, chromate-exposed mouse and human lungs. The
epitranscriptomic effect and its role in Cr(VI)-induced cell transformation, cancer stem cell (CSC)-like property, and tumorigenesis
were determined by microarray analysis, soft agar colony formation, suspension spheroid formation, and mouse xenograft
tumorigenesis assays. It was found that chronic Cr(VI) exposure causes epitranscriptomic dysregulations as evidenced by the
increased levels of total RNA N6-methyladenosine (m6A) modification and the RNA m6A methyltransferase like-3 (METTL3) in
Cr(VI)-transformed cells and chromate exposure-caused mouse and human lung tumors. Knockdown of METTL3 expression in
Cr(VI)-transformed cells significantly reduces their m6A levels and transformed phenotypes and tumorigenicity in mice. Moreover,
knockdown of METTL3 expression in parental nontransformed cells significantly reduces the capability of chronic Cr(VI) exposure
to induce cell transformation and CSC-like property. Together, this study reveals that chronic Cr(VI) exposure is capable of altering
cellular epitranscriptome by increasing the m6A RNA modification via upregulating the RNA methyltransferase METTL3
expression, which plays an important role in Cr(VI)-induced cell transformation, CSC-like property, and tumorigenesis.
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Hexavalent chromium [Cr(VI)] is listed as one of the “Top 20
Hazardous Substances” by the U.S. Environmental Protection
Agency and the Agency for Toxic Substances and Disease
Registry (ATSDR, 2019). It is estimated that over a thousand haz-
ardous waste sites on U.S. National Priority List contain high
levels of Cr(VI) (ATSDR, 2012; ATSDR, 2019). Moreover, Cr(VI) is
classified as a Group I carcinogen for humans by the
International Agency for Research on Cancer (IARC, 1990).
Chronic Cr(VI) exposure causes lung cancer and other types of
cancer in humans (IARC, 1990). However, the mechanism of
Cr(VI) carcinogenesis remains elusive (Chen et al., 2019; Holmes
et al., 2008; Humphries et al., 2016; Wang and Yang, 2019; Wang
et al., 2019a,b, 2021; Zhu and Costa, 2020).

The recent advances in demonstrating the dynamic and re-
versible feature of RNA modifications and their roles in regulat-
ing gene expression and many biological processes represent a
breakthrough in our understanding of RNA biology and func-
tions (Frye et al., 2018; Meyer and Jaffrey, 2014; Roundtree et al.,
2017). The recognition of crucial biological functions of RNA
modifications led to the birth of terms of “epitranscriptome”
and “epitranscriptomics” (Saletore et al., 2012). RNA modifica-
tions refer to naturally occurring chemical modifications in
nucleotides and ribose of RNA molecules. More than 150 types
of chemical modifications in RNAs have been identified to date
(Boccaletto and Bagi�nski, 2021; Boccaletto et al., 2018). Similar to
DNA and histone protein modifications, RNA modifications are
also dynamically regulated by 3 groups of proteins known as: (1)
“Writers” that deposit various modifications to RNA molecules;
(2) “Erasers” that remove modifications from RNA molecules; (3)
“Readers” that recognize, bind to the modified RNA molecules
and mediate the functional outcomes of RNA modifications (Shi
et al., 2019; Zaccara et al., 2019). Although the roles of DNA and
protein modifications in environmental carcinogenesis have
been widely explored, the role of RNA modifications (the epi-
transcriptome) in environmental carcinogenesis especially
metal carcinogenesis has been rarely studied (Yang, 2020).

Among over 150 types of chemical modifications in various
RNA molecules, the N6-methyladenosine (m6A) modification is
now known as the most prevalent internal modification in eu-
karyotic messenger RNAs (mRNAs) (Uddin et al., 2020, 2021). The
installment of m6A in RNA molecules is accomplished by a mul-
ticomponent methyltransferase complex termed as the “m6A
writer,” which catalyzes the transfer of a methyl group from S-
adenosylmethionine to the N-6 position of adenosine (Uddin et
al., 2021; Yang et al., 2018; Yue et al., 2015). The m6A writer com-
plex includes several methyltransferases such as methyltrans-
ferase like-3 (METTL3) and METTL14, Wilms’ tumor 1-
associating protein (WTAP), and other components. Although
METTL3 is the major component that plays the catalytic func-
tion in the writer complex, the other components of the com-
plex are also essential for achieving the m6A installation in
RNAs (Yue et al., 2015). The erasers (demethylases) responsible
for removing the m6A from RNA molecules are fat mass and
obesity-associated protein (FTO) and AlkB homolog 5 (ALKBH5;
Jia et al., 2011; Zheng et al., 2013). The reader proteins that deter-
mine the functional outcomes of the m6A modification include
the YTH domain-containing family proteins 1–3 (YTHDF 1–3),
YTH domain-containing protein1-2, and some others (Uddin et
al., 2021; Yang et al., 2018; Yue et al., 2015). Although recent stud-
ies showed that dysregulations of m6A levels and its writers,
erasers, and readers play important roles in cancer (Barbieri and
Kouzarides, 2020; Huang et al., 2020; Liu et al., 2019; Uddin et al.,
2021), it remains largely unexplored whether the m6A modifica-
tion dysregulation plays a role in environmental carcinogenesis

(Yang, 2020). The objective of this study is to investigate the
mechanism of Cr(VI) carcinogenesis focusing on the effect of
chronic Cr(VI) exposure on the epitranscriptome.

MATERIALS AND METHODS

Cell culture and cell transformation by chronic Cr(VI) exposure.
Immortalized nontumorigenic human bronchial epithelial
BEAS-2B cells were purchased from American Type Culture
Collection (Manassas, Virginia). Immortalized nontumorigenic
human bronchial epithelial 16HBE cells were generously pro-
vided by Dr Dieter C. Gruenert (University of California San
Francisco, San Francisco, California). BEAS-2B cells were cul-
tured in Dulbecco’s Modified Eagle Medium supplemented with
5% fetal bovine serum (FBS) and 16HBE cells were cultured in
Minimum Essential Media supplemented with 10% FBS. BEAS-
2B and 16HBE cell transformation processes by chronic Cr(VI)
exposure were described in our recent publications (Wang et al.,
2018, 2019a). Briefly, BEAS-2B and 16HBE cells were continu-
ously exposed to a vehicle control or 0.25 lM of Cr(VI) (K2Cr2O7)
for 20 and 40 weeks, respectively. Chronic Cr(VI) exposure-
induced cell transformation was confirmed by soft agar colony
formation assay, suspension serum-free culture sphere forma-
tion assay, and mouse tumorigenesis analysis as described in
our recent publication (Wang et al., 2018).

Mouse lung tumorigenesis induced by chronic Cr(VI) exposure via oro-
pharyngeal aspiration. Mouse chronic Cr(VI) exposure via oropha-
ryngeal aspiration was performed in Dr Patti C Zeidler-Erdely’s
laboratory at National Institute for Occupational Safety and
Health (Morgantown, West Virginia). The detailed Cr(VI) expo-
sure protocol and Cr(VI)-induced lung tumorigenesis in mice
were reported in our recent publication (Zeidler-Erdely et al.,
2020). Briefly, lung tumor susceptible male A/J mice, age 5–
7 weeks, were purchased from Jackson Laboratories (Bar Harbor,
Maine) and housed in an AAALAC-accredited, specific
pathogen-free, environmentally controlled facility. Mice were
housed 2 per cage in ventilated cages and provided HEPA-
filtered air under a controlled light cycle (12-h light/12-h dark).
Animals were acclimated to the animal facility for 1 week and
allowed access to a conventional diet (6% Irradiated NIH-31
Diet, Harlan Teklad, Madison, Wisconsin) and filtered tap water
ad libitum. All animal studies were approved by the Centers for
Disease Control Morgantown Institutional Animal Care and Use
Committee. The applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were fol-
lowed. After 1 week acclimation, 6- to 8-week-old male A/J mice
were exposed to a vehicle control (PBS) or a suspension of cal-
cium chromate (CaCrO4; 100 lg per mouse) via oropharyngeal
aspiration once per week for 26 weeks. After 26 weeks vehicle
control or chromate exposure, mice were maintained for addi-
tional 44 weeks and then euthanized. Vehicle control- and
chromate-exposed mouse lungs were either freshly frozen for
total RNA extraction for m6A level analysis or fixed in 10% buff-
ered formalin, paraffin embedded and sectioned for pathologi-
cal evaluations, and METLL3 immunofluorescence (IF) staining.

Human lung tissue sections from chronic chromate-exposed workers.
The chromate-exposed workers’ lung tissue sections were proc-
essed and provided by Dr Kazuya Kondo from Tokushima
University (Tokushima City, Japan). The proposal and protocol
for using chromate-exposed workers’ lung tissue sections for
METTL3 IF staining were reviewed and approved by the
Institutional Review Board of University of Kentucky and
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Tokushima University. Chronic chromate exposure-induced
lung cancer in chromate workers was characterized and
reported in Dr Kazuya Kondo’s previous publications (Ali et al.,
2011; Kondo et al., 2006; Tsuboi et al., 2020).

Human m6A RNA modification microarray analysis. Total RNAs
from chronic Cr(VI) exposure-transformed BEAS-2B cells [BEAS-
2B-Cr(VI)] and the passage-matched control BEAS-2B cells
(BEAS-2B-Control) were submitted to Arraystar Inc. (Rockville,
Maryland) for human m6A RNA modification microarray analy-
sis. The microarray raw data were further analyzed by Arraystar
Inc. and the microarray raw data were deposited to the National
Center for Biotechnology Information’s data repository
(GSE186605).

Nude mouse tumorigenesis assay. BEAS-2B-Cr(VI) with control
shRNA [BEAS-2B-Cr(VI)-Control shRNA] or METLL3 stable knock-
down shRNA [BEAS-2B-Cr(VI)-METTL3 shRNA] were used to test
the effect of knocking down METTL3 expression on the tumor
forming capability of Cr(VI)-transformed cells in nude mice. The
animal study protocol was reviewed and approved by the
University of Kentucky Animal Care and Use Committee.
Briefly, BEAS-2B-Cr(VI)-Control shRNA and BEAS-2B-Cr(VI)-
METTL3 shRNA cells (1.5� 106 cells in 0.1 ml of 1:1 growth
factor-reduced Matrigel and PBS) were injected subcutaneously
into the flank areas of 7-week-old female nude mice (Nu/Nu,
Charles River Laboratories). There were 7 mice in BEAS-2B-
Cr(VI)-Control shRNA cell injection group and 8 mice in BEAS-
2B-Cr(VI)-METTL3 shRNA cell injection group. Mice were main-
tained under specific pathogen-free conditions and monitored
once per week before tumor formation. Once the subcutaneous
xenograft tumor developed, mice were monitored twice per
week. All mice were euthanized 12 weeks after the cell injection
and the xenograft tumors were harvested and photographed.

Generation of vector control and METTL3 stable knockdown cells.
Parental BEAS-2B cells, BEAS-2B-Cr(VI) cells, and 16HBE cells
were used to generate vector control and METTL3 stable knock-
down cells following the protocol described in our previous pub-
lications (Humphries et al., 2014; Zhao et al., 2011). Briefly, cells
were transduced with nontargeting control shRNA lentiviral
particles (pZIP-hCMV-ZsGreen-Puro-Control shRNA) or
METTL3-specific targeting shRNA lentiviral particles (pZIP-
hCMV-ZsGreen-Puro-METTL3 shRNA) obtained from Transomic
Technologies (Huntsville, Alabama). Forty-eight hours after the
lentiviral particle transduction, cells were selected with puro-
mycin (1 lg/ml) following the procedures described in our previ-
ous studies (Humphries et al., 2014; Zhao et al., 2011). The
METTL3 stable knockdown in parental BEAS-2B, Cr(VI)-trans-
formed BEAS-2B [BEAS-2B-Cr(VI)] or Cr(VI)-transformed 16HBE
[16HBE-Cr(VI)] cells were confirmed by Western blot analysis.

The m6A RNA modification ELISA-like colorimetric assay. Cellular
and mouse lung tissue total RNA m6A levels were also mea-
sured using the EpiQuik m6A RNA Methylation Quantification
Kit (Catalog No.: P-9005-96) from EpiGenTEK (Farmingdale, New
York) following the manufacturer’s detailed instructions.

Western blot analysis. Cells were collected and washed with PBS
and lysed using cell lysis buffer following our published protocol
(Wang et al., 2012, 2013, 2014) and subjected to SDS–polyacryl-
amide gel electrophoresis (10–30 lg of protein/lane). Western
blots were performed 3 times using cell pellets collected at dif-
ferent times. The following primary antibodies were used: anti-

METTL3, anti-METTL14, anti-WTAP, FTO, anti-ALKBH5, and
anti-YTHDF1–3 (Abcam, Cambridge, Massachusetts); anti-Oct4,
anti-KLF4, anti-KLF5, and anti-NANOG (Cell Signaling
Technology, Beverly, Massachusetts); and anti-b-actin (Millipore
Sigma, St Louis, Missouri).

Soft agar colony formation assay. The soft agar colony formation
assay was performed following our previous protocol (Li et al.,
2019; Wang et al., 2020; Yang et al., 2005). Briefly, cells were har-
vested and suspended in their corresponding culture media
containing 10% FBS at a concentration of 0.5� 104 cells/ml.
Normal melting point agar (5 ml of 0.6% agar in culture media)
was placed into each 60-mm cell culture dish as the bottom
agar. After solidification of the bottom agar, 4 ml of cell mixture
consisting of 2 ml of cell suspension (0.5� 104 cells/ml) and 2 ml
of 0.8% lower melting point agar in culture media containing
10% FBS were poured over the bottom agar. After solidification
of the upper agar, 3 ml of culture media containing 10% FBS
were added, and dishes were incubated at 37�C in a humidified
5% CO2 atmosphere. For testing the effect of pharmacological
inhibitors treatment on soft agar colony formation of Cr(VI)
exposure-transformed cells, the inhibitors were added to upper
agar and culture media. Soft agar colonies were stained with
0.003% crystal violet, photographed, and counted (if >100 lm)
after 4-week incubation.

Serum-free suspension culture sphere formation assay. The serum-
free suspension culture sphere formation assay was carried out
to evaluate the cancer stem cell (CSC)-like property of Cr(VI)-
transformed cells following the published protocol with minor
modifications (Dontu et al., 2003; Wang et al., 2019b; Xiao et al.,
2018). Briefly, single cells (2.5� 103) were plated in ultralow at-
tachment 24-well culture plates (Corning, Corning, New York).
Cells were suspended in serum-free media supplemented with
human recombinant basic fibroblast growth factor (20 ng/ml),
human recombinant epidermal growth factor (20 ng/ml; R&D,
Minneapolis, Minnesota), B27 (50 times diluted from the original
50� stock solution, Invitrogen, Carlsbad, California), and hepa-
rin (4 lg/ml, Sigma-Aldrich). For testing the effect of pharmaco-
logical inhibitors treatment on suspension culture sphere
forming efficiency of Cr(VI)-transformed cells, inhibitors were
added into the suspension media when cells were plated. Plates
were incubated at 37�C in a humidified 5% CO2 atmosphere for
10 days. Spheres were viewed, photographed, and counted (if >
100 lm) under a phase-contrast microscope after 10-day
culture.

Mouse and human lung tissue IF staining. The mouse and human
lung tissue section IF staining was carried out following our pre-
vious procedures (Wang et al., 2018; Zhao et al., 2010). The pre-
sented IF staining pictures are the overlaid images of METTL3
staining in red fluorescence with nuclear 406-diamidino-2-phe-
nylindole staining in blue fluorescence. The IF staining images
were taken and overlaid using Nikon NIS-Elements software.

Statistical analysis. The statistical analyses for the significance of
differences between different groups (mean 6 standard devia-
tion [SD]) were carried out by testing different treatment effects
using 2-tailed t tests for a comparison of 2 data sets. A p <.05
was considered statistically significant. The significance of dif-
ference in nude mouse xenograft tumor incidence rate was
tested using Fisher’s exact test. A p < .05 was considered statis-
tically significant.
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RESULTS
Chronic Cr(VI) Exposure Dysregulates the
Epitranscriptome

To explore whether chronic Cr(VI) exposure dysregulates cells’ epi-
transcriptome, we first performed the m6A epitranscriptomic mi-
croarray analysis of total RNAs extracted from chronic low-dose
Cr(VI) exposure-transformed human bronchial epithelial BEAS-2B
cells [BEAS-2B-Cr(VI)] and the passage-matched control BEAS-2B
cells (BEAS-2B-Control). The microarray results presented as the
heatmap show that the total RNA m6A modification levels in
Cr(VI)-transformed BEAS-2B cells are greatly increased compared
with that in the passage-matched control BEAS-2B cells (Figure 1A).
These microarray results are further confirmed by using an EpiQuik
m6A RNA Methylation Quantification Assay directly measuring to-
tal RNA m6A levels. When compared with the passage-matched
control BEAS-2B cells, the total RNA m6A levels in chronic BEAS-2B-
Cr(VI) cells is about 3.5-fold higher (Figure 1B). In addition, a signifi-
cantly higher level of total RNA m6A modification is also detected
in chronic Cr(VI) exposure-transformed human bronchial epithelial
cell line 16HBE cells, compared with their corresponding passage-
matched control 16HBE cells (Supplementary Figure 1).

We next sought to determine whether chronic Cr(VI) expo-
sure also increases total RNA m6A modification levels in mouse
lung tissues. Male A/J mice were exposed to a vehicle control
(PBS) or CaCrO4 (100 lg per mouse) via oropharyngeal aspiration
once per week for 26 weeks and euthanized 44 weeks after the
last chromate exposure (Zeidler-Erdely et al., 2020). By using the
EpiQuik m6A RNA Methylation Quantification Assay, it was de-
termined that the total RNA m6A levels in chronical chromate-
exposed mouse lung tissues are significantly higher than that
in vehicle PBS-exposed mouse lung tissues (Figure 1C).
Collectively, these results indicate that chronic Cr(VI) exposure
alters functional RNA modifications as evidenced by the signifi-
cantly higher levels of total RNA m6A modification in chronic
Cr(VI) exposure-transformed human bronchial epithelial cells
and in chronic chromate-exposed mouse lung tissues.

Chronic Cr(VI) Exposure Upregulates the RNA
Methyltransferase METTL3 Expression

We next explored the mechanism of how chronic Cr(VI) expo-
sure increases total RNA m6A levels. The RNA m6A modification
level is dynamically regulated by the m6A writers, erasers, and
its interaction with reader proteins (Uddin et al., 2021). Our
Western blot analysis revealed that the protein levels of methyl-
transferase METTL3 and METTL14 in the m6A writer complex
are significantly higher in Cr(VI)-transformed BEAS-2B cells
than in the passage-matched control BEAS-2B cells (Figs. 2A and
B). Moreover, a significant increase of METTL3 protein levels is
also detected in Cr(VI)-transformed 16HBE cells (Supplementary
Figure 2A). However, the protein levels of WTAP, another impor-
tant component in the m6A writer complex, the m6A erasers
FTO and ALKBH5, and the m6A readers YTHDF1-3 are not dra-
matically changed in Cr(VI)-transformed BEAS-2B cells
(Figs. 2A–D). Similar results are also observed in Cr(VI)-
transformed 16HBE cells (Supplementary Figs. 2A–C).

We further determined whether chronic Cr(VI) exposure upregu-
lates METTL3 expression levels in mice and humans. As mentioned
above, male A/J mice were exposed to a vehicle control (PBS) or
CaCrO4 (100lg per mouse) via oropharyngeal aspiration once per
week for 26weeks and euthanized 44 weeks after the last chromate
exposure (Zeidler-Erdely et al., 2020). Due to the long period
(77weeks) of this experiment, the mice in the vehicle control

treatment group also developed spontaneous lung tumors.
However, no increase of METLL3 protein levels is detected in mouse
spontaneous lung tumors, compared with the adjacent normal

lung tissues (Figure 3A). In sharp contrast, the METTL3 protein lev-
els are drastically increased in chronic chromate exposure-caused
mouse lung tumors (Figure 3B). Moreover, a great increase in
METTL3 protein levels is also detected in a 40-year old nonsmoker
male chromate worker exposed to chromate for 22 years (Figure 3C).
These results along with the results presented in Figure 1C suggest
that chronic Cr(VI) exposure may also upregulate the methyltrans-
ferase METTL3 expression levels in mouse and human lungs and
increases total RNA m6A modification levels in lung tissues.

Inhibiting Methyltransferase Activities Reduces the
Transformed Phenotypes of Cr(VI)-Transformed Cells

We next explored the potential role of METTL3 upregulation in
Cr(VI)-induced cell transformation and tumorigenesis. We first

Figure 1. Total RNA N6-methyladenosine (m6A) modification levels are signifi-

cantly increased in chronic hexavalent chromium [Cr(VI)] exposure-transformed

human bronchial epithelial cells and chronic chromate-exposed mouse lung tis-

sues. A, The heatmap from m6A microarray analysis showing the extent of total

messenger RNA m6A methylation in passage-matched control cells (BEAS-2B-

Control) and chronic Cr(VI) exposure-transformed cells [BEAS-2B-Cr(VI)]. B and

C, Relative total RNA m6A levels measured by using the EpiQuik m6A RNA

Methylation Quantification Kit. The total RNA m6A levels in Cr(VI)-transformed

cells (B) or chromate-exposed mouse lung tissues (C) are expressed relative to

the passage-matched control cells (means 6 SD, n¼3) (B) or vehicle control-ex-

posed mouse lungs (means 6 SD, n¼6) (C), respectively. *p< .05.
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used 2 broad methyltransferase inhibitors (neplanocin A [NPC] and
sinefungin [SiF]) to inhibit METTL3 and other methyltransferase
activities and determined their effects on the transformed pheno-
types of Cr(VI)-transformed cells. It was found that treatment with
100 nM of NPC that have no significant effects on Cr(VI)-
transformed cell monolayer growth greatly reduce the number of
suspension spheres formed by Cr(VI)-transformed BEAS-2B cells
(Figure 4A). Similar results were achieved with another methyl-
transferase inhibitor SiF (25mM) treatment. In addition, NPC or SiF
treatment also significantly decreased the number of suspension
spheres formed by Cr(VI)-transformed 16HBE cells (Supplementary
Figure 3). These results suggest that the activities of METTL3 and/
or other methyltransferases are important for maintaining chronic
Cr(VI) exposure-induced CSC-like property. In addition, treatment
with 100 nM of NPC or 25mM of SiF also significantly reduced the
number of soft agar colonies formed by Cr(VI)-transformed BEAS-
2B cells (Figure 4B). Together, these results suggest an important
role of METTL3 and/or other methyltransferases in maintaining
the transformed phenotypes of Cr(VI)-transformed cells.

METTL3 Knockdown in Cr(VI)-Transformed Cells
Reduces their m6A Levels, Transformed Phenotypes,
and Tumorigenicity

To more specifically determine the role of METTL3 upregulation
in chronic Cr(VI) exposure-induced cell transformation, CSC-
like property, and tumorigenesis, we next took a genetic ap-
proach to specifically knockdown METTL3 expression by using
METTL3-specific targeting shRNAs. We first knocked down
METTL3 expression in Cr(VI)-transformed BEAS-2B and 16HBE
cells. The METTL3 knockdown efficiencies were confirmed by
Western blot analysis (Figure 5A and Supplementary Figure 4A).
It was found that METTL3 knockdown significantly decreased
total RNA m6A levels in Cr(VI)-transformed cells (Figure 5B and

Supplementary Figure 4B), confirming that METTL3 upregula-
tion plays a critical role in increasing total RNA m6A modifica-
tion levels by chronic Cr(VI) exposure. Knockdown of METTL3
also significantly reduced the number of suspension spheres
and soft agar colonies formed by Cr(VI)-transformed cells
(Figs. 5C and D; Supplementary Figure 5). Moreover, METTL3
knockdown significantly decreased the tumorigenicity of Cr(VI)-
transformed BEAS-2B cells (Figs. 5E and F): the tumor incidence
rate was reduced from 85.7% in mice injected with BEAS-2B-
Cr(VI)-Control shRNA cells to 25% (p< .05) in mice injected with
BEAS-2B-Cr(VI)-METTL3 shRNA cells.

Our recent studies showed that the expression levels of sev-
eral CSC markers are increased in Cr(VI) and other carcinogen-
transformed cells (Lin et al., 2021; Wang et al., 2019a) Western
blot was performed to determine the effect of METTL3 knock-
down on the expression levels of several CSC markers. As
shown in Figure 6, the expression levels of CSC markers Oct4
and Klf4 are significantly increased in Cr(VI)-transformed cells.
Stably expressing a control shRNA in Cr(VI)-transformed cells
did not significantly affect the levels of these markers. In con-
trast, stably expressing a METTL3 targeting shRNA significantly
reduced the levels of Oct4 and Klf4 (Figure 6). Collectively, these
results indicate that chronic Cr(VI) exposure upregulates
METTL3 expression to increase total RNA m6A modification lev-
els, which plays an important role in maintaining chronic Cr(VI)
exposure-induced CSC-like property, and tumorigenesis.

METTL3 Knockdown in Parental BEAS-2B Cells Reduces
the Capability of Cr(VI) to Induce Cell Transformation
and CSC-Like Property

After demonstrating that METTL3 upregulation plays important
roles in maintaining the m6A modification levels and the malig-
nant phenotypes of cells already transformed by Cr(VI). We next

Figure 2. The RNA methyltransferase methyltransferase like-3 expression levels are significantly upregulated in chronic hexavalent chromium [Cr(VI)] exposure-trans-

formed human bronchial epithelial cells. A, Representative Western blot analysis images for the selected N6-methyladenosine (m6A) writers, erasers, and reader pro-

teins in passage-matched control cells and Cr(VI)-transformed cells. B–D, The quantitative results of Western blot analysis of m6A writers, erasers, and reader proteins

in passage-matched control cells and Cr(VI)-transformed cells. The corresponding Western blot protein band intensities were quantified using the ImageJ software and

normalized by the intensity of the b-actin protein band (means 6 SD, n¼3). *p< .05.
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sought to determine whether METTL3 plays a role in the process
of cell transformation by chronic Cr(VI) exposure. We stably
knocked down METTL3 expression in parental BEAS-2B cells
and a drastic METTL3 knockdown was confirmed by Western
blot analysis (Figure 7A). BEAS-2B-Control shRNA cells and
BEAS-2B-METTL3 shRNA knockdown cells were continuously
exposed to 0.25 mM of Cr(VI) (K2Cr2O7) for 20 weeks for cell trans-
formation. It was found that a 20-week of Cr(VI) exposure
causes transformation of BEAS-2B-Control shRNA cells
(Figs. 7B–E) to an extent similar to the transformation of BEAS-
2B cells by Cr(VI) reported in our recent publications (Wang et
al., 2018, 2019a). However, METTL3 knockdown significantly re-
duced the capability of chronic Cr(VI) exposure to induce cell
transformation and CSC-like property as evidenced by the
much fewer suspension spheres and soft agar colonies formed

by Cr(VI)-exposed METLL3 knockdown cells (Figs. 7B–E).
Western blot analysis revealed that METTL3 expression levels
are greatly lower in BEAS-2B-METTL3 shRNA-Cr(VI) cells than in
BEAS-2B-Control shRNA-Cr(VI) cells (Supplementary Figure 6).

These results suggest that METTL3 upregulation contributes
causally to chronic Cr(VI) exposure-induced cell malignant
transformation and CSC-like property.

DISCUSSION

The importance of epitranscriptomic dysregulations in cancer
has been evidenced by recent studies, showing that dysregula-
tions in RNA modifications, particularly the m6A modification,
are critically involved in cancer progression and resistance to

Figure 3. The RNA methyltransferase methyltransferase like-3 (METTL3) expression levels are significantly upregulated in chronic hexavalent chromium [Cr(VI)] expo-

sure-caused mouse and human lung tumor tissues. A–C, The representative overlaid immunofluorescence images of METTL3-positive nuclear staining in red fluores-

cence with nuclear DNA 406-diamidino-2-phenylindole staining in blue fluorescence. Six-week-old male A/J mice were exposed to a vehicle control (50ml, PBS) (A) or

100 mg of calcium chromate (50 ml, suspended in PBS) (B) via oropharyngeal aspiration once a week for 26 weeks and sacrificed 44 weeks after last chromate exposure.

Human lung tissues (C) were from a 40-year-old nonsmoker male chromate worker exposed to chromate for 22 years. Similar staining results were obtained from an-

other 2 control group mice, 2 chromate exposure group mice, and 2 chromate workers. Scale bar: 50mm.
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cancer therapies (Barbieri and Kouzarides, 2020; Huang et al.,
2020; Liu et al., 2019; Uddin et al., 2021). However, very few stud-
ies have been done to determine the effect of environmental ex-
posure on the epitranscriptome or the role of RNA modification
dysregulations in environmental carcinogenesis especially in
metal carcinogenesis (Yang, 2020). Environmental carcinogens
such as metal carcinogens are common and important cancer
etiology factors. A better understanding on the mechanism of
environmental carcinogenesis will significantly improve our ca-
pabilities to more efficiently prevent and treat cancer. The find-
ings from this study strongly suggest that environmental

exposure could change cellular epitranscriptome, and that dys-
regulations of RNA modifications especially the m6A modifica-
tion could play important roles in environmental
carcinogenesis.

Cr(VI) is a common environmental carcinogen that humans
are constantly exposed to; however, the mechanism of Cr(VI)
carcinogenesis has not been well understood. Previous studies
on the mechanism of Cr(VI) carcinogenesis mostly focus on its
genotoxic effects. This is due to the fact that Cr(VI) undergoes a
series of metabolic reductions inside cells to generate reactive
Cr metabolites and reactive oxygen species, which produce

Figure 4. Pharmacological inhibitions of the methyltransferase activities significantly reduce the transformed phenotypes of hexavalent chromium [Cr(VI)]-trans-

formed cells. A, Representative suspension culture sphere images and the quantitative results (means 6 SD, n¼3) of the methyltransferase inhibitor treatment in

Cr(VI)-transformed cells. Cells were treated once with a vehicle control, NPC (neplanocin A, 100 nM), or SiF (sinefungin, 25mM) when cells were seeded into the 24 well-

plate. The suspension spheres were photographed and counted (if >100 mm) 10 days after the cell seeding. B, Representative soft agar colony plate images and the

quantitative results (means 6 SD, n¼3) of the methyltransferase inhibitor treatment in Cr(VI)-transformed cells. Cells were treated once with a vehicle control, NPC

(100 nM), or SiF (25mM) when cells were seeded into the 6-cm dish. The soft agar colony plates were photographed and the colonies were counted (if > 100 mm) 4 weeks

after the cell seeding. *p< .05, compared with the vehicle control-treated cells.
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various genotoxic effects that may play important roles in Cr(VI)
carcinogenesis (Holmes et al., 2008; Nickens et al., 2010;
Salnikow and Zhitkovich, 2008; Zhitkovich, 2011). In addition,
previous studies showed that Cr(VI) exposure also causes non-
genotoxic effects such as epigenetic changes, as evidenced by

the increased DNA methylation and dysregulated histone pro-
tein posttranslational modifications in Cr(VI)-exposed cells and
Cr(VI) exposure-caused human lung cancer tissues (Brocato and
Costa, 2013; Chervona et al., 2012). Together, previous studies in-
dicate that Cr(VI) exposure is capable of altering DNA and

Figure 5. Stable knockdown of methyltransferase like-3 (METTL3) in hexavalent chromium [Cr(VI)]-transformed cells significantly reduces their total RNA N6-methyla-

denosine (m6A) levels, transformed phenotypes, and tumorigenicity. A, Representative Western blot image showing the METTL3 knockdown efficiency in Cr(VI)-trans-

formed cells. B, Effect of METTL3 knockdown in Cr(VI)-transformed cells on their total RNA m6A levels measured by using the EpiQuik m6A RNA Methylation

Quantification Kit. The results are expressed relative to the control shRNA cells (means 6 SD, n¼ 3). (C and D) Effect of METTL3 knockdown in Cr(VI)-transformed cells

on their suspension culture sphere formation (C) or soft agar colony formation (D) (means 6 SD, n¼3). E and F, Effect of METTL3 knockdown in Cr(VI)-transformed cells

on their tumor forming capability in nude mice. *p< .05.

Figure 6. Stable knockdown of methyltransferase like-3 (METTL3) in hexavalent chromium [Cr(VI)]-transformed cells reduces their protein levels of several cancer

stem cell marks. A, Representative images of Western blot analysis of selected cancer stem cell marks in passage-matched control cells, Cr(VI)-transformed cells and

Cr(VI)-transformed cells expressing control nontargeting shRNA or METTL3 targeting shRNA. B, The quantitative results of Western blot analysis of selected cancer

stem cell marks in passage-matched control cells, Cr(VI)-transformed cells, and Cr(VI)-transformed cells expressing control nontargeting shRNA or METTL3 targeting

shRNA. The corresponding Western blot protein band intensities were quantified using the ImageJ software and normalized by the intensity of the b-actin protein

band (means 6 SD, n¼ 3). * p< .05, compared with BEAS-2B-Control. $p< .05, compared with BEAS-2B-Cr(VI) or BEAS-2B-Cr(VI)-Control shRNA cells.
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histone protein modifications, which may play important roles
in Cr(VI) carcinogenesis. However, it is currently unknown
whether Cr(VI) exposure changes RNA modifications and
whether RNA modification dysregulations play critical roles in
Cr(VI) carcinogenesis. This study provides novel evidence dem-
onstrating that, in addition to its previously reported genotoxic
and epigenetic effects, chronic Cr(VI) exposure also causes sig-
nificant changes in the epitranscriptome, opening new avenues
for studying the mechanism of Cr(VI) carcinogenesis.

The evidence presented in this study showing the epitran-
scriptomic effect of chronic Cr(VI) exposure is multifaceted: (1)
It was first found that the levels of total RNA m6A modification,
the most prevalent modification in eukaryotic mRNAs, are sig-
nificantly upregulated in 2 Cr(VI)-transformed human bronchial
epithelial cell lines (BEAS-2B and 16HBE). The increase of m6A
modification levels in Cr(VI)-transformed cells was initially
revealed by the m6A microarray analysis, which was further
confirmed by using a m6A RNA Methylation Quantification
Assay to directly measure total RNA m6A levels. (2) It was next
determined that chronic Cr(VI) exposure also greatly increases
the m6A levels in mouse lung tissues. This was achieved by di-
rectly measuring the m6A levels from total RNAs extracted from
vehicle control- and Cr(VI)-exposed mouse lung tissues. (3) The
strong positive IF staining of the m6A writer METTL3 protein in
chronic Cr(VI) exposure-caused mouse and human lung tumor
tissues provided additional evidence supporting that chronic
Cr(VI) exposure also changes the epitranscriptome in lung tis-
sues. Interestingly, the positive IF staining of METTL3 in vehicle

control group mouse spontaneous lung tumors is not increased
compared with the adjacent normal lung tissues, emphasizing
the importance of METTL3 upregulation in Cr(VI)-induced lung
tumorigenesis. Given the recent exciting findings showing that
increased m6A modification plays curial roles in cancer (Barbieri
and Kouzarides, 2020; Huang et al., 2020; Liu et al., 2019; Uddin et
al., 2021), our findings suggest that increased m6A modification
may represent a novel and important mechanism by which
chronic Cr(VI) exposure causes lung cancer.

How does chronic Cr(VI) exposure increase m6A modifica-
tion levels? Like DNA and protein modifications, the levels of
m6A modification are also dynamically regulated by the corre-
sponding writers (the m6A writer complex), erasers (m6A deme-
thylases), and readers (the m6A interacting proteins) (Uddin et

al., 2021; Yang et al., 2018; Yue et al., 2015). We found that the
protein levels of METTL3, the major catalytic methyltransferase
in the m6A writer complex, are significantly increased in
chronic Cr(VI) exposure-transformed human bronchial epithe-
lial cells, Cr(VI) exposure-induced mouse and human lung tu-
mor tissues. These are nicely correlated with the increased
levels of m6A in Cr(VI)-transformed cells and Cr(VI)-exposed
mouse lungs. However, the protein levels of the m6A erasers
(FTO and ALKBH5) and major reader proteins (YTHDF1-3) are
not significantly changed in Cr(VI)-transformed cells, suggest-
ing that chronic Cr(VI) exposure increases m6A levels likely
mainly by upregulating the METTL3 expression. Indeed, this is
supported by the findings showing that stably knocking down

Figure 7. Stable knockdown of methyltransferase like-3 (METTL3) in parental BEAS-2B cells significantly reduces the capability of chronic hexavalent chromium

[Cr(VI)] exposure to induce cell transformation and cancer stem cell-like property. A, Representative Western blot image showing the METTL3 knockdown efficiency in

parental BEAS-2B cells. (B and C) Representative images of (B) and quantitative results (means 6 SD, n¼3) of (C) suspension spheres formed by chronic Cr(VI)-exposed

(20 weeks) BEAS-2B cells with nontargeting control shRNA or METTL3 targeting shRNA. D and E, Representative images of (B) and quantitative results (means 6 SD,

n¼3) of (C) soft agar colonies formed by chronic Cr(VI)-exposed (20 weeks) BEAS-2B cells with nontargeting control shRNA or METTL3 targeting shRNA. *p< .05. BEAS-

2B cells with nontargeting control shRNA or METTL3 targeting shRNA were continuously exposed to 0. 25mM of Cr(VI) (K2Cr2O7) for 20 weeks for cell transformation as

described in Materials and Methods section. At the end of cell transformation, cells were collected for suspension sphere formation (B and C) and soft agar colony for-

mation (D and E) assays.
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METTL3 expression in Cr(VI)-transformed cells significantly
reduces their m6A levels.

Do upregulation of METTL3 expression and increases of m6A
modification play a critical role in chronic Cr(VI) exposure-
induced cell transformation, CSC-like property and tumorigene-
sis? We addressed this important question by using 3
approaches. First, we used pharmacological inhibitors of meth-
yltransferases and showed that inhibition of methyltransferase
activities significantly reduces the transformed phenotypes of

Cr(VI)-transformed cells, which suggest that methyltransferase
activities are critically involved in maintaining the transformed
phenotypes of Cr(VI)-transformed cells. Second, we used a ge-
netic approach to specifically knockdown METTL3 expression in
Cr(VI)-transformed cells. Knockdown of METTL3 significantly
reduced Cr(VI)-induced CSC-like property and tumorigenesis.
The findings from both the pharmacological inhibitor treatment
and METTL3 shRNA knockdown approaches demonstrated an
important role of METLL3 upregulation in maintaining the ma-
lignant phenotypes of Cr(VI)-transformed cells. Third, we fur-
ther determined the role of METTL3 in the process of Cr(VI)
inducing cell transformation and CSC-like property by stably
knocking down METTL3 expression in parental nontransformed
BEAS-2B cells. Excitingly, it was found that METTL3 knockdown
significantly reduces the capability of chronic Cr(VI) exposure to
induce cell transformation and generate CSC-like cells.
Collectively, these findings indicate that METTL3 upregulation
and increases of m6A modification are not only critically in-
volved in maintaining the malignant phenotypes of Cr(VI)-
transformed cells, but are also needed for Cr(VI) exposure to
promote cell transformation and produce CSC-like property.

In summary, we found that chronic Cr(VI) exposure causes
cellular epitranscriptomic dysregulation as evidenced by signifi-
cantly increasing total RNA m6A modification levels in Cr(VI)-
exposed human bronchial epithelial cells and mouse lung tis-
sues. It was further determined that Cr(VI) exposure increases
RNA m6A modification levels by upregulating the expression of
a key RNA methyltransferase METTL3, which plays important

role in chronic Cr(VI) exposure-induced cell transformation,
CSC-like property and tumorigenesis. Given the increasingly
recognized crucial roles of RNA m6A modification and METTL3
in cancer, these findings suggest a critical role for epitranscrip-
tomic dysregulation in Cr(VI) carcinogenesis.
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