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Multiple studies have indicated that circular RNAs (circRNAs)
play a regulatory role in different stages of tumors by interact-
ing with various molecules. With continuous in-depth research
on the biological functions of circRNAs, increasing evidence
has shown that circRNAs play important roles in carcinogen-
esis caused by environmental pollutants. However, the function
and mechanism of circRNAs in arsenic exposure-induced lung
cancer occurrence have not been reported. In this study, RNA
sequencing and qPCR assays revealed that the expression of
circBRWD1 was decreased in BEAS-2B-As cells and multiple
lung cancer cell lines. Silencing circBRWD1 promoted cell
viability and proliferation, inhibited cell apoptosis, and acceler-
ated the G0/G1 phase transition in BEAS-2B-As cells; however,
these functions were abrogated by circBRWD1 overexpression.
Mechanistically, under arsenic exposure, expression of
decreased circBRWD1 led to enhanced stability of the mRNA
to which it directly binds (c-JUN, c-MYC, and CDK6
mRNA), increasing its expression. This mechanism promotes
the malignant transformation of lung cells and ultimately leads
to lung cancer. Our findings thus reveal the molecular mecha-
nism of arsenic carcinogenesis.
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INTRODUCTION
In 2020, the authoritative cancer report of the International Agency
for Research on Cancer (IARC) showed that the mortality and
morbidity of lung cancer in the world rank first and second, respec-
tively, among all malignant tumors, while death from lung cancer
and new lung cancer cases rank first among all malignant tumors
in China, seriously endangering human life and health.1 However,
to date, the pathogenesis of lung cancer is still unclear, with many fac-
tors playing specific roles in the pathogenesis of lung cancer. Hence,
lung cancer is the comprehensive result of many factors. In addition
to smoking, family cancer history, respiratory diseases, and other fac-
tors, environmental chemical carcinogen exposure is an important
factor in lung cancer occurrence.
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Arsenic is one of the most common environmental pollutants, occur-
ring naturally in rocks, soil, and water. Arsenic is also a known human
carcinogen that exists in nature and is toxic to humans, leading to
various adverse effects and diseases.2 In contaminated environments,
arsenic contributes to harmful effects on an increasing number of
people.3 Exposure to arsenic causes cardiovascular disease,4 diabetes
mellitus,5 andmalignancies, such as lung cancer6 and bladder cancer.7

Chronic exposure to arsenic might result in oxidative DNA damage8

and epigenetic changes such as DNA methylation.9 Arsenic induces
carcinogenesis by regulating hallmark signaling pathways, such as
cell proliferation, apoptosis, and cell-cycle pathways.10 Growing evi-
dence shows that arsenic not only changes genomic stability but
also promotes transcriptional dysregulation by affecting microRNAs
(miRNAs)11 and long noncoding RNAs.12 With a broader under-
standing of next-generation sequencing, recent studies have demon-
strated that circular RNAs (circRNAs) might function as mediators of
pathogenic arsenic-related signaling pathways in carcinogenesis.13

circRNAs, originating from protein-coding genes, constitute a class of
endogenous regulatory RNAs. The exonic sequences generated by back
splicing form a loop structure with joined 50 and 30 ends.14 circRNAs
are involved in diverse biological functions, such as the cell cycle, cell
differentiation, and apoptosis.15 circRNAs can function as a “sponge”
that binds to RNA-binding proteins and ribonucleoprotein complexes.
This sponging action is altered in a pathological environment and dur-
ing disease development, as well as during cancer cell migration and in-
vasion. circRNAs are involved in epithelial-mesenchymal transition
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Figure 1. circBRWD1 is significantly downregulated in the malignant transformed cell model and lung cancer cell lines

(A and B) The viability of BEAS-2B cells treated with different concentrations of arsenic poison; the exposure times were tested by CCK-8 assay. (C and D) The ability of BEAS-

2B cells exposed to arsenic and control BEAS-2B cells to grow on soft agar was observed under a microscope. (E) Volcano map showing the differential expression levels of

(legend continued on next page)
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(EMT) modulation via endogenous competition mechanisms.16

Recent studies have shown that chronic arsenic exposure might
contribute to the malignant transformation of normal cells by regu-
lating circRNA formation. For instance, the level of circRNA_100284
was increased and participated in the process of carcinogenesis in an
arsenic-accelerated cell-cycle experiment.13 Additionally, arsenic in-
creases circLRP6 levels, binding to miR-455 and increasing ZEB1
expression, thus promoting EMT during malignant transformation.17

Nevertheless, the mechanism through which arsenic regulates circR-
NAs and contributes to tumorigenesis remains enigmatic.

Three main molecular mechanisms of circRNA function have been
revealed through recent research. First, circRNA acts as an miRNA
sponge and regulates mRNA expression through miRNA sponging
adsorption.18 Second, circRNAs combine with proteins that form
complexes that participate in cell proliferation, differentiation, and
physiological activities such as apoptosis and oxidative stress.19,20

Third, circRNAs directly encode small-molecule peptides that partic-
ipate in the regulation of biological functions by influencing signaling
pathways.21,22 The clearest explanation for this action is circRNA
acting as a sponge of miRNA, indirectly regulatingmRNA expression;
this regulatory mechanism has been confirmed with studies on
arsenic carcinogenesis. circRNAs binding miRNAs mainly depends
on nucleic acid sequence complementary pairing, but whether circR-
NAs can directly bind to mRNAs through the same base complemen-
tary pairing is currently unknown. Therefore, this study explores
whether circRNAs can perform their function by directly binding
and targeting mRNAs to regulate their expression. The function of
circBRWD1 has not yet been revealed. The present study revealed
that circBRWD1 is expressed at low levels in arsenic-induced human
bronchial epithelial cells and multiple lung cancer cells that can
inhibit the proliferation of malignantly transformed cells. The down-
regulation of circBRWD1 may be related to the development of lung
cancer. In addition, the findings of this study explain the role of
circRNA in the occurrence of lung cancer induced by arsenic expo-
sure from the perspective of etiology. Our results provide new insights
into the molecular mechanism of circRNAs in arsenic carcinogenesis.

RESULTS
circBRWD1 was significantly downregulated in a malignant

transformation cell model and lung cancer cell lines

To investigate the potential mechanism of lung cancer caused by
arsenic exposure, BEAS-2B cells were exposed to low-level arsenic
poisoning to construct a malignantly transformed cell model
(BEAS-2B-As) of lung cancer caused by arsenic exposure. To deter-
mine the optimal time of arsenic exposure, BEAS-2B cells were
circRNAs. (F) The Kyoto Encyclopedia of Genes and Genomes (KEGG) website was use

The 10 most differentially expressed circRNAs in the expression profiles were verified by

(H) circBRWD1 expression levels in BEAS-2B cells exposed to arsenic were detected by

that in BEAS-2B cells, the expression of circBRWD1 in lung cancer cell lines (A549, H1

expression of pre-BRWD1 and BRWD1 mRNA in BEAS-2B cells and BEAS-2B-As cells

PCR-agarose gel electrophoresis, the circular structure of circBRWD1was confirmed. (L

(p < 0.05).
exposed to 0, 0.25, 0.5, 0.75, 1, and 2 mM NaAsO2 and cultured for
24, 48, and 72 h. Then, a CCK-8 assay was performed to determine
cell viability. The optimal arsenic exposure time of the BEAS-2B cells
was determined to be 48 h (Figure 1A). To determine the no-
observed-adverse-effect level (NOAEL) of arsenic exposure, BEAS-
2B cells were exposed to 0, 0.25, 0.5, 0.75, 1, and 2 mM NaAsO2

and cultured for 48 h. Then, a CCK-8 assay was performed to deter-
mine cell viability. The NOAEL was determined to be 0.75 mM
NaAsO2 (Figure 1B). Then, BEAS-2B cells were exposed to
0.75 mM NaAsO2 continuously and cultured for 40 generations.
Next, through soft agar colony formation experiments, it was found
that the malignant proliferation of BEAS-2B-As cells after arsenic-
induced malignant transformation was 3-fold that of normal cells
(Figures 1C and 1D). The experimental results indicated that the
model of the malignant transformation of bronchial epithelial cells
induced by arsenic was successfully constructed.

With the in-depth study into the carcinogenic mechanism of arsenic
and the continuous exploration of the biological functions of circR-
NAs, a great deal of evidence has shown that circRNA played a crucial
role in the carcinogenesis induced by environmental pollutants, but
the function and mechanism of circRNAs in the development of
lung cancer caused by arsenic exposure have never been reported.
Therefore, in this study, BEAS-2B-As cells were used as the experi-
mental group, and BEAS-2B cells were used as the control group to
perform RNA sequencing (Figures S1A and S1B) to analyze the dif-
ferential expression of circRNAs. Compared with the control group
consisting of BEAS-2B cells, there were 2,248 upregulated circRNAs
and 2,354 downregulated circRNAs in BEAS-2B-As cells
(Figures 1E and S1C). Subsequently, pathway enrichment analysis
was performed on the differentially expressed genes. The analysis re-
sults indicated that the differentially expressed circRNAs were closely
related to multiple signaling pathways that regulate tumor occurrence
and development (Figures 1F and S1D). Considering the circRNA
sequencing results, we selected 10 circRNAs with the most signifi-
cantly different expression, of which 5 circRNAs were upregulated
and 5 circRNAs were downregulated. qPCR was performed to deter-
mine the expression levels of these circRNAs in both BEAS-2B and
BEAS-2B-As cells, and the results showed that circBRWD1 was the
most significantly downregulated circRNA in BEAS-2B-As cells (Fig-
ure 1G). In addition, the expression of circBRWD1 in 0- (P0), 10-
(P10), 20- (P20), 30- (P30), and 40-generation (P40) BEAS-2B cells
exposed to arsenic was determined by qPCR, and it was clear that
lung cancer was induced by arsenic exposure, with an increase in
arsenic exposure per cell generation and a simultaneous trend of
downward circBRWD1 expression becoming increasingly obvious
d to conduct a pathway enrichment analysis of differentially expressed circRNAs. (G)

qPCR according to their expression levels in BEAS-2B cells and BEAS-2B-As cells.

qPCR on the basis of cell generation P0, P10, P20, P30, and P40. (I) Compared with

299, H1975, H226, and H460 cell lines) was separately detected by qPCR. (J) The

was verified by qPCR. (K) After convergent and divergent primers were designed for

) Schematic structure of circBRWD1. An asterisk (*) indicates a significant difference
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(Figure 1H). Then, we determined the expression of circBRWD1 in
lung cancer cell lines, namely, the A549, H1299, H1975, H226, and
H460 cell lines, and found that circBRWD1 was expressed at low
levels in these lung cancer cell lines (Figure 1I). To distinguish
circBRWD1 from linear pre-BRWD1 and BRWD1 mRNA, qPCR
was performed, and the results showed that pre-BRWD1 and
BRWD1 mRNA expression was not significantly different in BEAS-
2B and BEAS-2B-As cells (Figure 1J), indicating that circBRWD1,
as a closed circRNA, exhibited different biological functions than
linear pre-BRWD1 and BRWD1 mRNA. To identify the circular
structure of circBRWD1, we designed polymerized and dispersed
primers, conducted agarose gel electrophoresis, and found that the
divergent primers of circBRWD1 amplified only cDNA, not gDNA,
while the divergent primers of GAPDH did not amplify either
cDNA or gDNA (Figure 1K). The results verified the circular struc-
ture of circBRWD1. Analysis of the gene structure showed that the
circBRWD1 circle-forming, back-splicing site, an annotated exon in
circRNA, was located at the beginning of exon 15 and the terminating
position of exon 16 of the pre-BRWD1 gene, and they were formed by
back-splicing exons. (Figure 1L).

circBRWD1 significantly inhibited the proliferation of

malignantly transformed cells

To explore the biological functions of circBRWD1 in lung cancer
caused by arsenic, we performed pathway enrichment analysis on
the basis of circBRWD1 expression (Figure 2A) and found that
circBRWD1 participates in a variety of signaling pathways, especially
cancer-related pathways, potentially participating in the process of
lung cancer. Simultaneously, fluorescence in situ hybridization (FISH
as well as nuclear and cytoplasmic fractionation examination revealed
that circBRWD1 was distributed in both the cytoplasm and nucleus
but was mainly localized in the cytoplasm (Figures 2B and 2C). To
identify the in vitro function of circBRWD1, we transiently silenced
and overexpressed it in BEAS-2B-As cells with circBRWD1-specific
small interfering RNA (siRNA) and overexpression (OE) plasmids,
respectively (Figure 2D). After silencing and OE efficiency verification,
a CCK-8 assay was performed to determine the viability of BEAS-2B-
As cells. In addition, an EdU assay was performed to determine the cell
proliferation rate, and the cell apoptosis rate and cell-cycle progression
were determined based on flow cytometry. Compared with the effect in
the scramble group, silencing circBRWD1 promoted cell viability and
proliferation, inhibited cell apoptosis, and accelerated the G0/G1 phase
transition in BEAS-2B-As cells; however, its function was abrogated
upon circBRWD1OE (Figures 2E–2K). Furthermore, using a lentiviral
vector, we constructed a BEAS-2B-As cell line that stably silenced or
Figure 2. Transient silencing and overexpression of circBRWD1 significantly in

(A) The KEGGwebsite was used to conduct pathway enrichment analysis on circBRWD1

was stained with DAPI, and circBRWD1was labeled with a specific probe labeled with G

cells was determined; U6 served as a nuclear marker, while GAPDH was a cytoplasmic

after transient transfection with circBRWD1 siRNAs or the circBRWD1 overexpression v

viability of BEAS-2B-As cells wasmeasured by CCK-8 assay. (F and G) EdU experiments

DAPI indicated the cell proliferation ability. (H–K) Flow cytometry was used to detect

difference (p < 0.05).
stably overexpressed circBRWD1 (Figure S2). The in vitro biological
function of BEAS-2B-As cells, in which circBRWD1 was stably
silenced or overexpressed, aligned with the effects of the transient
silencing and OE of circBRWD1 (Figures 3A–3I). These experimental
results showed that circBRWD1 participates in the regulation of the
proliferation, cycle, and other functions of malignantly transformed
lung cells, but the specific mechanisms of action in these processes
need to be further explored.

circBRWD1 directly bound mRNA (c-JUN, c-MYC, and CDK6

mRNA) and affected its stability

According to recent molecular mechanism research, the best under-
stood regulatory mechanism of circRNA involves its miRNA sponging
action, through which circRNA indirectly changes the expression of
mRNA by binding to miRNA. However, whether circRNAs directly
bind to and regulate mRNAs remains unknown. By performing an
RNA sequencing analysis (Figures S3A and S3B), we found a difference
in the expression of genes between BEAS-2B and BEAS-2B-As cells and
used these findings for further analysis. Compared with their counter-
parts in BEAS-2B cells, there were 3,508 upregulated mRNAs and 207
downregulated mRNAs in the model cells (Figures 4A, S3C, and S3D).
The differentially expressed genes were assessed for pathway enrich-
ment through pathway analysis. The analysis results showed that differ-
entially expressed mRNAs were closely related to multiple pathways
that are involved in tumor initiation and progression (Figures 4B
and S3E). Through RIsearch1.1 analysis software coupled with the
Linux operating system and IntaRNA and RNAcofold analysis tools
used with the Windows operating system, the bioinformatics analysis
results showed that circBRWD1 has the potential to bind directly to
23mRNAs, including c-JUN, c-MYC, CDK6, and ACBD5mRNA. Ac-
cording to the sequencing data, among these mRNAs, eight mRNAs
exhibited differential expression (Figure 4C). Next, we validated the
relationship between circBRWD1 and the eight mRNAs by performing
qPCR experiments. After silencing circBRWD1, the mRNA expression
levels of c-JUN, c-MYC, and CDK6 were significantly increased when
compared with those in the scramble group. When circBRWD1 was
transiently overexpressed, a significant decline in c-JUN, c-MYC, and
CDK6 mRNA expression was evident. Our results showed that
circBRWD1 negatively regulated the expression of c-JUN, c-MYC,
and CDK6 (Figure 4D). Moreover, circBRWD1 showed the potential
to directly bind and regulate mRNA. However, the nature of the bind-
ing relationship remains to be further explored.

We predicted a binding relationship between circBRWD1 and
mRNA (c-JUN, c-MYC, CDK6mRNA) based on website information
hibited the proliferation of malignant transformed cells

. (B) FISH confirmed the subcellular localization of circBRWD1 in the cell; the nucleus

FP. (C) The ratio of circBRWD1 expression in the nucleus and cytoplasm of BEAS-2B

marker. (D) The efficiency of silencing or overexpressing circBRWD1 was measured

ector into BEAS-2B-As cells. (E) After splicing and overexpressing circBRWD1, the

measured the proliferation of BEAS-2B-As; cell nuclei were stained with DAPI. EdU/

the apoptosis and cell cycle of BEAS-2B-As. An asterisk (*) indicates a significant
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(http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp). The spe-
cific binding area is shown in Figure 4E. According to the specific
binding area of circBRWD1 and mRNA, we constructed a related
luciferase reporter (Figure 4F) to verify the relationship between
circBRWD1 andmRNA (c-JUN, c-MYC, and CDK6mRNA). The in-
tensity of the three-mRNA wild-type dual-luciferase reporter was
significantly lower than that of the mutant reporter, which confirmed
that circBRWD1 directly binds to c-JUN, c-MYC, and CDK6
(Figures 4G–4I). Then, an RNA antisense purification (RAP) experi-
ment was used to further confirm the mRNAs that bound to
circBRWD1. A schematic diagram of the RAP experiment is shown
in Figure 4J. The results showed that the circBRWD1-specific probe
significantly enriched circBRWD1 and enriched c-JUN, c-MYC,
and CDK6 (Figure 4K). However, how does circBRWD1 affect the
expression of c-JUN, c-MYC, and CDK6? We first explored whether
circBRWD1 affects the mRNA stability of c-JUN, c-MYC, and CDK6
by using an mRNA stability test. The results showed that the stability
of c-JUN, c-MYC, and CDK6mRNA decreased after circBRWD1 was
stably overexpressed (Figures 4L–4N). This decrease affected the
expression of c-JUN, c-MYC, and CDK6 proteins (Figure 4O). These
experimental results showed that circBRWD1 affects the stability of c-
JUN, c-MYC, and CDK6 mRNA and regulates their expression levels
by directly binding to them.

circBRWD1 regulated the proliferation of BEAS-2B-As cells by

altering the expression of c-JUN, c-MYC, and CDK6

The aforementioned results indicate that circBRWD1 interacts directly
with mRNAs (c-JUN, c-MYC, and CDK6) and regulates the protein
expression of c-JUN, c-MYC, and CDK6 by affecting the stability of
the corresponding mRNA. However, the underlying principle leading
to this outcome, particularly themechanism affecting the cell cycle and
proliferation of BEAS-2B-As cells, remains largely unknown. We up-
regulated c-JUN, c-MYC, and CDK6 expression in BEAS-2B-As cells
stably transfected with a circBRWD1 OE vector (Figure 5A). EdU as-
says showed that c-JUN, c-MYC, and CDK6 OE partially released the
cells from the growth inhibition caused by the stableOEof circBRWD1
(Figures 5B and 5C). In addition, OE of c-JUN, c-MYC, and CDK6
decreased the proportion of cells in the G0/G1 phase that had been
increased by circBRWD1 OE (Figures 5D and 5E). In BEAS-2B-As
cells with stable circBRWD1 OE, c-JUN, and c-MYC, CDK6 OE
restored the cell proliferation rate by regulating cell-cycle progression.
Low expression of circBRWD1 mediated cell-cycle progression and
accelerated the proliferation of lung carcinoma cells by affecting the
mRNA stability and expression of c-JUN, c-MYC, and CDK6.

DISCUSSION
An increasing number of studies have shown that long-term exposure
to low-dose arsenic can lead to the malignant transformation of mul-
Figure 3. circBRWD1 significantly inhibits the proliferation of malignant transfo

As cells)

(A) A CCK-8 assay was performed to determine cell viability. (B and C) The change in ce

(D and E) An EdU assay was performed to determine cell proliferation ability; DAPI sta

cytometry was used to determine the cell cycle and apoptosis of cells. An asterisk (*) in
tiple cell lines, such as human bronchial epithelial cells,23 human em-
bryonic lung fibroblasts,24 and human keratinocytes.25 The process of
malignant cell transformation is closely related to the occurrence and
development of tumors; therefore, a malignant transformation cell
model is the best model for studying the mechanism of carcinogen-
induced tumorigenesis. Malignant transformed cell models con-
structed by long-term low-dose arsenic exposure have been widely
used to study the relevant mechanisms of arsenic-induced tumorigen-
esis.26,27 To explore the mechanism of arsenic exposure-induced lung
cancer, we constructed a malignant transformation model with hu-
man bronchial epithelial cells exposed to arsenic and performed a
soft agar colony formation assay to verify the successful construction
of the cell model.

Lung cancer is the leading cause of cancer-associated death world-
wide.1 However, the mechanisms underlying lung cancer progression
have not yet been fully elucidated. Recent progress in RNA research
has suggested that noncoding RNAs are involved in the progression
of lung cancer.28,29 The expression and abundance of circRNAs are
tissue- and cell specific, which makes them more stable and specific
than other noncoding RNAs.30–32 A growing number of deregulated
circRNAs have been identified and found to be involved in the devel-
opment of tumors. Moreover, an increasing amount of evidence has
shown that circRNAs play important roles in the carcinogenesis
induced by environmental pollutants.33,34 It has been reported that
chronic arsenic exposure may participate in the malignant transfor-
mation of normal cells by regulating circRNA. For example,
circRNA_100284 is involved in the malignant transformation of hu-
man keratinocytes and hepatocytes,13,35 and both circLRP6 and
circ00891 are involved in the malignant transformation of human
keratinocytes. We provided the first evidence suggesting a molecular
mechanism whereby circBRWD1 may affect the development of
arsenic-induced lung cancer. In addition, during the malignant trans-
formation of BEAS-2B cells induced by arsenic exposure, with an
increase in arsenic exposure, the trend of circBRWD1 expression
downregulation became increasingly obvious, and circBRWD1 was
downregulated in five different lung cancer cell lines. By performing
a bioinformatic analysis, we found that circBRWD1 may exert effects
mediated by cancer-related pathways. Therefore, the biological func-
tions of circBRWD1 were further investigated, and it was found that
circBRWD1 regulated cell processes by regulating cell viability,
apoptosis, and cell-cycle progression. These results indicate that
circBRWD1may be involved in the arsenic-induced malignant trans-
formation of BEAS-2B cells.

Arsenic carcinogenesis is the result of an abnormal accumulation of
many factors. It involves multiple genes, stages, and steps with
changes in the structure and regulatory expression of a large number
rmed cells (stable silencing and overexpression of circBRWD1 in BEAS-2B-

ll growth ability on soft agar was assessed through observation with a microscope.

ins the cell nucleus; EdU/DAPI staining indicates cell proliferation ability. (F–I) Flow

dicates a significant difference (p < 0.05).
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of related genes. Previous studies have shown that arsenic can partic-
ipate in DNA-damage repair by regulating nucleotide excision repair
(NER) and mismatch repair genes.36 Oxidative damage caused by
arsenic exposure can inhibit the expression of DNA polymerase b37

and can cause DNA double-strand breaks.38 Arsenic exposure-
induced malignant transformation of HBE cells upregulated NRF2/
NQO1 expression, increased cyclin E-CDK2 expression, accelerated
the cell cycle, promoted cell proliferation, activated the NRF2/BCL-
2 signaling pathway, and inhibited CHOP expression.39 Arsenic
exposure may influence the ROS/miR-199a-5p/HIF-1a/COX-2,40

phosphoinositide 30-kinase (PI3K)/Akt,41 ROS/ERK/ELK1/MLCK,
and ROS/p38 MAPK42 pathways along with other pathways that
induce carcinogenesis. Chronic arsenic exposure may contribute to
malignant transformation through miRNA-mediated autophagy,
angiogenesis, and apoptosis pathway activation.11 Recent studies
have shown that arsenic can cause cancer by regulating the abnormal
expression of circRNA. Xue et al. found that arsenic exposure
increased the expression of circ100284, which sponged miR-217, up-
regulating the expression of the miR-217 target EZH2, which in turn
upregulated cyclin D1 and CDK4 expression, thereby accelerating the
cell cycle and leading to malignant cell transformation.35 In another
study, long-term exposure to low-concentration arsenic increased
the expression of circRNA_100284, which accelerated cell prolifera-
tion and shortened the cell cycle, ultimately leading to the malignant
transformation of L-02 cells.13 circ008913 was downregulated in
arsenic-exposed malignantly transformed immortalized human kera-
tinocytes, sponged miR-889, and regulated DAB2IP/ZEB1, contrib-
uting to the carcinogenic process induced by arsenic.33 However,
the mechanism by which circRNA contributes to arsenic-induced
lung cancer has not yet been reported.

A vast amount of research has shown that circRNAs can regulate the
occurrence and development of lung cancer.43,44 Among the molecu-
lar mechanisms by which circRNA functions have been clearly re-
vealed through recent research, circRNA sponging of miRNA, which
indirectly regulates mRNA expression by adsorbing the miRNA, pre-
dominates, with this regulatory mechanism confirmed to affect
arsenic-induced carcinogenesis.13,35 However, whether circRNAs
perform their functions by directly binding and targeting mRNAs
and regulating their expression remains largely unknown. In this
study, we performed RNA sequencing with malignantly transformed
BEAS-2B-As cells and control BEAS-2B cells to analyze changes in
their expression profiles. Pathway enrichment analysis revealed that
differential mRNAs are closely related to multiple signaling pathways
Figure 4. circBRWD1 directly binds to mRNA (c-JUN, c-MYC, and CDK6 mRNA

(A) Volcano plot showing differentially expressed mRNAs. (B) Pathway enrichment ana

analysis of mRNAs that can directly bind to circBRWD1. (D) The relationship between c

assembly area. (F) Schematic diagram of the experimental vector carrying the dual luci

CDK6 were mutated, and the dual-luciferase reporter gene was used for detection. (J) Sc

c-JUN, c-MYC, and CDK6 expression was measured by qPCR, and the qPCR produc

Actinomycin D (ActD) was added to BEAS-2B-As and control cells stably overexpressin

mRNA (c-JUN, c-MYC, andCDK6mRNA) was detected by qPCR. (O)Western blot analy

after transient overexpression of circBRWD1. An asterisk (*) indicates a significant diffe
that regulate tumor occurrence and development. In this study, we
found that circBRWD1 can negatively regulate the expression of
mRNA (c-JUN, c-MYC, and CDK6 mRNA), and further study
showed that circBRWD1 can interact with mRNA (c-JUN, c-MYC,
and CDK6 mRNA), affecting its stability and thus regulating the pro-
tein levels of c-JUN, c-MYC, and CDK6.

c-JUN is encoded by the c-JUN proto-oncogene and plays a central
role in cell signal transduction. It positively regulates cell proliferation
by inhibiting the expression of tumor suppressor genes.45,46 Activa-
tion of the JNK/c-JUN signaling pathway is associated with cancer
progression.47,48 The circ_100984-miR-432-3p axis regulates the
c-Jun/YBX-1/b-catenin feedback loop to promote the progression
of bladder cancer and provides a potential therapeutic axis for bladder
cancer.49 c-MYC is one of the most frequently activated oncogenes,
and the dysregulation of this oncogene is associated with a variety
of human cancers.50,51 Furthermore, circRNAs activate the energy
metabolism of osteosarcoma by regulating the c-MYC signaling
pathway,52 promote the development of breast cancer,20,53 and inhibit
the growth and migration of bladder cancer cells.54 CDK6 is a classic
protein involved in cell-cycle regulation, specifically promoting cell
proliferation by accelerating the cell cycle. Upregulation of
hsa_circ_0136666 promotes breast cancer development because it is
an miR-1299 sponge and targets CDK6.55 Chi-Wen Luo et al. found
that the CDK6-c-Jun-Sp1-MMP-2 axis can be used as a biomarker
and therapeutic target for triple-negative breast cancer.56 Increasing
evidence shows that circRNAs regulate the occurrence and develop-
ment of cancer through signaling pathways involving c-JUN,
c-MYC, and CDK6. Our research revealed that circBRWD1 directly
binds to mRNA (c-JUN, c-MYC, and CDK6 mRNA) and affects its
stability. Subsequently, circBRWD1 combined with c-JUN, c-MYC,
and CDK6 was stably overexpressed in the arsenic-inducedmalignant
transformation model of BEAS-2B cells. The cell cycle was restored,
reestablishing the proliferation ability of these cells and confirming
that a low level of circBRWD1 expression affects the cell cycle by
modulating the stability of c-JUN, c-MYC, and CDK6 mRNA,
thereby accelerating the proliferation of lung cancer cells.

Lung cancer is the main cause of cancer-related death worldwide and
has thus been a focus of cancer research. Exposure to environmental
chemical carcinogens is an important factor in tumorigenesis. Under-
standing carcinogenic molecular mechanisms is of great importance to
find an increasing number of effective early diagnostic markers and
therapeutic targets. To date, few studies have reported the function
) and affects its stability

lysis of differentially expressed mRNAs with the KEGG website. (C) Bioinformatics

ircBRWD1 and the expression of eight mRNAs was assessed by qPCR. (E) Specific

ferase reporter gene. (G–I) The binding sites in circBRWD1 for c-JUN, c-MYC, and

hematic diagram of the RAP experiment. (K) After the RAP experiment, circBRWD1,

ts were subjected to nucleic acid gel electrophoresis using a 1% agarose gel. (L–N)

g circBRWD1. Cell RNA was extracted at different time points (0, 1, 2, and 3 h), and

sis was performed to determine the protein expression of c-JUN, c-MYC, andCDK6

rence (p < 0.05).
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Figure 5. circBRWD1 regulates the proliferation of malignantly transformed cells by downregulating c-JUN, c-MYC, and CDK6

(A) Western blot analysis of the expression of c-JUN, c-MYC, and CDK6 in the BEAS-2B-As cell line stably overexpressing circBRWD1. (B and C) An EdU assay

was performed to determine the cell proliferation ability of BEAS-2B-As cells stably overexpressing circBRWD1 and c-JUN, c-MYC, and CDK6; DAPI stains the nucleus;

(legend continued on next page)
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of circRNAs in the development of lung cancer caused by arsenic expo-
sure. This study explained the function of circRNAs in the develop-
ment of lung cancer caused by arsenic exposure from an etiological
point of view. circBRWD1 is downregulated under arsenic exposure,
which leads to increased stability of its targeted mRNA (c-JUN,
c-MYC, or CDK6 mRNA), upregulating its expression, promoting
the malignant transformation of human bronchial epithelial cells,
and eventually leading to the occurrence of lung cancer (Figure 5F).
circBRWD1 can directly bind and target the regulatory factors critical
to mRNA stability, thereby regulating the expression of multiple genes,
a principle that is essential for clarifying the molecular mechanism of
arsenic-induced lung cancer. Clarifying the molecular mechanism of
key regulatory factors involved in arsenic-induced lung cancer provides
new insights into the prevention and treatment of lung cancer.
MATERIALS AND METHODS
Cell culture and establishment of an arsenic-exposedmalignant

transformation cell model

Human bronchial epithelial cells (BEAS-2B), lung cancer cell lines
(A549, H460, H1299, H226, and H1975 cell lines), and embryonic
kidney cells (293T cells) were purchased from American Type Cul-
ture Collection (ATCC, Manassas, VA, USA), Guangzhou Saiku
Biotechnology (Guangzhou, China), and Cell Bank of Shanghai
Academy of Chinese Sciences, respectively. BEME (Clonetics, CC-
3171) was used with a BEGMkit to establish the BEAS-2B cell culture.
RPMI-1640 medium (Gibco, C11875500BT) containing 10% fetal
bovine serum (Gibco, 10099141C) and 1% streptomycin/penicillin
(Gibco, 15140122) was used for culturing H460, H1975, H226, and
H1299 cells, and Ham’s F12 medium (Gibco, 21127022) containing
10% fetal bovine serum and 1% streptomycin/penicillin was used
for culturing A549 cells. All cell lines were incubated at 37�C in a hu-
midified incubator containing 5% CO2. For chronic arsenic exposure,
BEAS-2B cells were continuously exposed to arsenic (0.75 mM
NaAsO2). After reaching approximately 80%–90% confluence after
48 h of arsenic exposure, the cells were subcultured. The degree of
cell transformation ability and the level of tumorigenicity were
confirmed by a soft agar formation assay.
RNA sequencing

Total RNA was isolated from BEAS-2B and BEAS-2B-As cells and
used for sequencing library construction. To summarize, the RNAs
were fragmented into short sections in the fragmentation buffer
and then converted into 1st-strand cDNA via reverse transcription
with random hexamer primers. Second-strand cDNA was synthe-
sized by deoxynucleoside triphosphate (dNTP), RNase H, DNA poly-
merase I, and the buffer. QiaQuick PCR was used to purify the cDNA
fragments, the ends were repaired, and base A was introduced and
ligated into Illumina sequencing adapters. The ligation products
were selected through agarose gel electrophoresis based on size,
EdU/DAPI indicates cell proliferation ability. (D and E) With the overexpression of c-JUN

PI staining and flow cytometry were used to identify cell-cycle changes. (F) The mechan

An asterisk (*) indicates a significant difference (p < 0.05).
amplified by PCR, and sequenced using the Illumina HiSeqTM
2500 Gene Denovo Biotechnology (Guangzhou, China).

Total RNA extraction, reverse transcription, and qPCR

Total RNA was isolated using TRIzol Reagent (Invitrogen, 15596018)
according to manufacturer protocols. The quality and concentration
of the purified total RNAs were detected using a Nanodrop One
detection system (Thermo Fisher Scientific) and then reverse tran-
scribed using a GoScript Reverse Transcription System (Promega,
A5002). qPCR was carried out using GoTaq qPCR Master Mix
(Promega, A6001) according to manufacturer instructions on an
Applied Biosystems QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific). GAPDH was used as the internal refer-
ence. The primers were synthesized by Sangon Biotech. The

2-
OOCt method was used to calculate the relative expression. All

primer sequences are shown in Table S1.

Plasmid construction

A plasmid used for overexpressing circBRWD1 and an empty control
plasmid (pcDNA3.1) were purchased from Hunan Fenghui Biotech-
nology, China, and plasmid sequences were verified via sequencing.
Transformed Escherichia coli was added to Luria-Bertani medium
(LB) medium (5 g/L yeast powder [Solarbio, Y8020], 10 g/L sodium
chloride [Aladdin, C111533], and 5 g/L tryptone [Solarbio, T8490])
and incubated on a shaker for 14 h. Plasmid extraction was performed
using a Plasmid Midi Kit (QIAGEN, 12145) according to manufac-
turer instructions.

Transfection experiment

TheOEplasmid andpcDNA3.1 (negative control) were transfected us-
ing Lipofectamine 3000 Transfection Reagent (Invitrogen, L3000015)
according to manufacturer protocols. siRNAs targeting circBRWD1
and scramble controls were synthesized by GenePharma, China.
siRNA was transfected into cells using a riboFECT CP Transfection
Kit (RiboBio, C10511-05) according to manufacturer instructions.
The transfection efficiency was determined by qPCR. All siRNA se-
quences are shown in Table S1.

Establishment of stably transfected circBRWD1-expressing cell

lines

Stable lentivirus short hairpin (shRNA)-circBRWD1 and lentivirus
OE-circBRWD1 vectors were constructed and packaged into lentivi-
ruses. Lentiviral vectors, including shRNA-NC (the control for the
knockdown group), shRNA-circBRWD1 (with circBRWD1 knock-
down), empty (the control for the OE group), and OE-circBRWD1
(circBRWD1 overexpressing) vectors, were used to infect cells. Cells
were incubated for more than 48 h, and fluorescence signals were
observed using a fluorescence microscope (AMG EVOS, Mill Creek,
WA, USA). Monoclonal was used to select stable strains.
, c-MYC, and CDK6 in the BEAS-2B-As cell line stably overexpressing circBRWD1,

ism of action of circBRWD1 in the development of lung cancer induced by arsenic.
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Cell viability test

The cell viability test was conducted with a Cell Counting Kit-8
(CCK8, Dojindo, CK04). Briefly, CCK-8 reagent was added and
mixed with the culture medium at a ratio of 1:10. This mixture was
added to the cells in the blank group, control group, and experimental
group. After the cells were incubated in this CCK-8-containing me-
dium for 2 h at 37�C, the absorbency was measured at 450 nm. For
the viability test, cells were exposed to different concentrations of
0.25, 0.5, 0.75, 1, and 2 mM NaAsO2 for 24, 48, and 72 h.

Verification of the circRNA structure

The circRNA structure was confirmed by a linear RNA digestion
enzyme (RNase R) assay and convergent and divergent primer veri-
fication. In summary, the linear RNA digestion enzyme RNase R
(Epicenter, RNR07250) was incubated at 37�C for 15 min at a
dose of 3 U RNase R/mg RNA to degrade linear RNA and verify
the resistance of circRNA to RNase R treatment. Finally, PCR (Ai-
dlab, PC5001) and gel electrophoresis were performed with conver-
gent and divergent primers to verify the circular structure of
circBRWD1.

FISH

The subcellular localization of circBRWD1 was analyzed with a FISH
kit (RiboBio, C10910). A specific circBRWD1 FISH probe labeled
with a 50-FAM-modified specific probe was synthesized by Sangon
Biotech. The specific circBRWD1 FISH probe sequences are shown
in Table S1. Cells were attached to slides, fixed with 4% paraformal-
dehyde, washed with PBS, and then permeabilized with a precooled
permeabilizing agent (0.5% Triton X-100 in PBS) at 4�C for 5 min.
The prehybridization solution was used to block cells for 30 min at
37�C, and then the hybridization solution containing 20 nM
circBRWD1-specific FISH probe was incubated at 42�C overnight
in the dark. DAPI staining solution was performed for 10 min at
room temperature after the coverslips were washed. Images were ob-
tained using an LSM800 confocal microscope (ZEISS) to analyze the
subcellular localization of circBRWD1.

Nuclear and cytoplasmic separation

Nuclear and cytoplasmic separation was performed using a PARIS kit
(Invitrogen, AM1921) according to manufacturer instructions.
circBRWD1 expression was measured to further determine its subcel-
lular localization. U6 served as a nuclear marker, while GAPDH
served as a cytoplasmic marker.

EdU assay

An EdU assay was performed to measure cell proliferation with a
Cell-Light EdU Apollo567 In Vitro Kit (RiboBio, C10310-1). Im-
ages were captured using an EVOS FL Auto Imaging System.
Cell proliferation was determined by the proportion of EdU-posi-
tive cells in the DAPI-positive cell population. Finally, the relative
cell proliferation calculation formula was used on the basis of the
cell proliferation parameter that was measured in the control
group. The calculations were then standardized and compared be-
tween the groups.
410 Molecular Therapy: Oncolytics Vol. 26 September 2022
Flow cytometry analysis

Apoptosis was detected using an Annexin V-FITC/PI double-staining
apoptosis detection kit (KeyGen Biotech, KGA107) according to
manufacturer instructions. Cells were collected after treatment with
trypsin without EDTA (Solarbio, T1350) and washed once with
PBS. The cell pellet was resuspended in binding buffer, and 5 mL An-
nexin V-FITC and PI staining agents were added and incubated for 15
and 5 min in the dark, respectively. Then, the apoptosis rate of each
group was determined with data obtained with a CytoFLEX Flow Cy-
tometer (Beckman Coulter).

For cell-cycle analysis, cellswerefixed in 70% ice-cold ethanolovernight.
Next, 30 mL RNase A (Epicenter, RNR07250) was incubated with the
cells at 37�C for 30 min. The cells were then stained at 4�C for
30minwith 120 mL PI (KeyGenBiotech, KGA512) in the dark. Fluores-
cence intensitywasmeasured using aCytoFLEXFlowCytometer (Beck-
man Coulter). The proportion of cells in the G0/G1, S, and G2/M cell-
cycle phases was determined, and the proportions were then compared.

Dual-luciferase reporter assay

Wild-type and mutant luciferase reporter gene vectors of mRNA
(c-JUN, c-MYC, and CDK6 mRNA) were constructed by Hunan Fen-
ghui Biotechnology, China. HEK-293T cells were seeded in 12-well
plates and cultured for 24 h, then circBRWD1 was cotransfected with
wild-type vector and mutant vector into 293T cells. After 24 h of incu-
bation, the luciferase activity of each treatment groupwas detected with
a Dual-Luciferase Reporter Assay System (Promega, E1910). Fluores-
cein fluorescence was used to normalize Renilla fluorescence.

RAP

The RAP assay was performed using a RAP kit (BersinBio, Bes5103)
according to manufacturer instructions. Three circBRWD1-specific
RAP probes were designed and synthesized by Sangon Biotech. The
specific probe sequences are shown in Table S1. Briefly, 4 � 107 cells
were harvested, 40 mL 1% formaldehyde in PBS was used for cross-
linking at room temperature for 10 min, and 0.4 g glycine was added
to neutralize the crosslinking reaction for 5 min. Then, cell pellets
were collected and lysed with lysis buffer, protease inhibitor, and
RNase inhibitor. After removing DNA and hybridizing with probes,
biotin-labeled magnetic beads were added to capture circBRWD1
and its conjugate. Then, candidate mRNA expression in the
circBRWD1 conjugate was analyzed.

mRNA stability test

A specific number of experimental cells was plated in a 6-well plate.
Actinomycin (ActD; 10 mg/mL) was added when the cell density
was approximately 90%. Cell RNA was collected 0, 1, 2, and 3 h after
treatment, and then 1 mL TRIzol reagent was added to lyse the cells.
Cellular RNA was extracted and reverse transcribed, and the mRNA
degradation rate was determined by qPCR.

Western blot analysis

Cell lysis buffer (10 mM Tris-HCl [pH 7.4], 1% SDS, and 1 mM
Na3VO4) was used to lyse cells and extract protein. Total proteins
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were evaluated with a Pierce BCA protein assay kit (Thermo Fisher
Scientific, 23227). Dodecyl sulfate-polyacrylamide gels were used
for electrophoresis to separate proteins. Then, each protein was elec-
troblotted onto polyvinylidene fluoride (PVDF) membranes. Primary
antibody was incubated overnight with the membranes at 4�C after
skim milk was used to block the PVDF membrane. The PVDF mem-
brane was then incubated with goat anti-mouse IgG (1:5,000, Protein-
tech, SA00001-1) or goat anti-rabbit IgG (1:5,000, Cell Signaling
Technology, 7074S). Finally, chemiluminescence imaging was per-
formed with a Clinx S6 system; the gray value analysis of the protein
bands was performed with ImageJ software.

Statistical analysis

The data are presented as the means ± standard deviations (SDs) in
our study. The statistical analysis was performed with SPSS (19.0),
and the statistical graphs were generated with GraphPad Prism 7 soft-
ware. Comparison of quantitative data between two groups was per-
formed by t test or rank-sum test. All statistical analyses were two-
sided tests, and a p value <0.05 was set as the statistically significant
difference.

Data availability

All data used during the current study available from the correspond-
ing author upon reasonable request.
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