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Abstract: Arsenic ranks at the top among all toxic metals and poses a serious threat to human health. Inorganic ar-
senite and arsenate compounds have been classified as human carcinogens in various types of cancers. Maternally
expressed gene 3 (MEG3), a tumor suppressor that is commonly lost in cancer, was investigated in this study for its
role in the migration and invasion of arsenic-transformed cells. Our results showed that MEG3 was downregulated
in both arsenic-transformed cells (As-T) and cells treated with low doses of arsenic for three months (As-treated).
The analysis using TCGA dataset revealed that MEG3 expression was significantly reduced in the tumor tissues from
human lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) compared to normal lung tissues.
The results from the methylation-specific PCR (MSP) assay demonstrated enhanced methylation in the MEG3 pro-
moters in both As-T and As-treated cells, indicating that increased methylation of the MEG3 promoter caused MEG3
downregulation in these cells. Moreover, As-T cells displayed increased migration and invasion and higher levels of
NAD(P)H quinone dehydrogenase 1 (NQO1) and fascin actin-bundling protein 1 (FSCN1). Consistently, the results
from immunohistochemistry staining showed that both NQO1 and FSCN1 are highly expressed in human lung squa-
mous cell carcinoma tissues compared to those in normal lungs. Knockdown of MEG3 in normal BEAS-2B cells also
led to increased migration and invasion, along with elevated levels of NQO1 and FSCN1. The negative regulation of
MEG3 on FSCN1 was restored by NQO1 overexpression in both As-T and BEAS-2B cells. The results from immuno-
precipitation assays confirmed the direct binding of NQO1 to FSCN1. Overexpression of NQO1 increased migration
and invasion abilities in BEAS-2B cells, while knockdown of NQO1 by its shRNA reduced these two hallmarks of
cancer. Interestingly, the reduced migration and invasion by NQO1 knockdown were restored by FSCN1. Collectively,
the loss of MEG3 upregulated NQO1, which in turn stabilized FSCN1 protein through its direct binding, resulting in
elevated migration and invasion in arsenic-transformed cells.
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Introduction

Inorganic arsenic compounds are highly carci-
nogenic and classified as Group | carcinogens
by the International Agency for Research on
Cancer (IARC). According to the Agency for Toxic
Substances and Disease Registry (ATSDR),
arsenic is the most toxic among all toxic metals.
Unfortunately, even today, high levels of natu-
rally occurring arsenic in groundwater are still
affecting the health of millions of people world-
wide [1]. Environmental arsenic exposure may
come from air, food, and drinking water. Long-
term exposure to arsenic can cause skin lesions
and numerous cancers [2, 3]. Depending on

the exposure route, arsenic exposure causes
cancers of the bladder, skin, lungs, digestive
tract, liver, and kidney. In recent decades,
arsenic exposure has also been associated
with cardiovascular disease and diabetes [4, 5].
Exposure to arsenic during in-utero and early
childhood stages has been shown to cause cog-
nitive development delays and increase the risk
of premature death in young adults [6, 7].

Maternally expressed gene 3 (MEG3) is an
imprinted gene located within the DLK1-MEG3
locus on human chromosome 14q32.3. The
MEG3 gene encodes a long noncoding RNA
(IncRNA) that is expressed in normal tissues
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but significantly downregulated or lost in tis-
sues from various human cancers [8]. Several
hypotheses have been proposed to illustrate
the reduced expression of MEG3, including pro-
moter hypermethylation [9, 10] and hypermeth-
ylation of intergenic differentially methylated
regions [11]. Studies have shown that ectopic
expression of MEG3 in transformed cells can
inhibit cell proliferation [12, 13], cellular inva-
sion/migration [14, 15], angiogenesis [16, 17],
and anchorage-independent growth [18] in var-
ious types of cancer models. MEG3 is not only
a tumor suppressor but also synergizes with
other tumor suppressors to augment the re-
pressive effect on tumor growth. For instance,
it has been reported that MEG3 can activate
p53 by reducing MDM2 levels, thereby sti-
mulating the transcription of specific p53-tar-
get genes [19, 20]. Additionally, programmed
death ligand-1 (PD-L1) was revealed to be an
unappreciated tumor suppressor in aggressive
endometrial cancer (EC) cells, and MEG3 was
an upstream regulator of PD-L1 [21]. The above
evidence indicated the tumor suppressor roles
of MEG3 are displayed at different levels of
cancer regulatory system, which makes it a
master anti-tumor regulator.

NAD(P)H quinone dehydrogenase 1 (NQO1) is
a cytoplasmic two-electron reductase that
plays a critical role in reducing quinone to
hydroquinone, which minimizes the production
of reactive oxygen species (ROS). Higher NQO1
expression has been associated with lower lev-
els of superoxide and singlet oxygen, indicating
its protective role against oxidative stress [22].
Studies have reported that NQOZ1 can scavenge
superoxide directly, although not as efficiently
as superoxide dismutase (SOD) [23]. However,
as an additional superoxide scavenger, NQO1
becomes more essential when SOD expression
is repressed such as in cardiovascular tissue,
where NQO1 would compensate for the rela-
tively low SOD and protect cardiovascular cells
from damages induced by superoxide [24].
Given the multiple functions of preventing cells
from oxidative stress, NQO1 is usually upregu-
lated in cancer cells as a self-motivated
response to enhance anti-tumor activity. The
anti-tumor function of NQOZ1 has recently been
emphasized again by NQO1's new role of being
a gatekeeper of 20s proteasome, which medi-
ates ubiquitin-independent proteasome degra-
dation of selected tumor suppressors, includ-
ing p53, p73a, and p33 [25, 26]. However, the
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protein-binding function of NQO1 does not
always make it a tumor suppressor but some-
times renders it a tumor promoter. It has been
shown that high NQO1 expression correlates
with increased HIF-1a protein levels and poor
colorectal cancer survival, whereas NQO1
knockdown in human colorectal and breast
cancer cells repressed HIF-1a signaling and
slowed tumor growth [27]. In addition to bind-
ing with proteins, NQO1 can directly bind to
MRNA and regulate its transcription. A recent
study of ribonucleoprotein immunoprecipita-
tion has demonstrated that NQO1 binds to a
subset of mMRNAs in HepG2 cells, such as
SERPINA1, which encodes serine protease
inhibitor a-1-antitrypsin (A1AT) associated with
hepatocellular carcinoma and some other dis-
eases [28].

Fascin actin-bundling protein 1 (FSCN1), is an
actin-binding protein that organizes actin fila-
ments into parallel bundles. FSCN1 is found to
be expressed in mammalian endothelial, neu-
ronal, and mesenchymal cells, which plays a
vital role in the formation of cell protrusions,
cell motility, and migration [29, 30]. FSCN1 was
reported to promote epithelial-mesenchymal
transition (EMT) via increasing Snaill in ovarian
cancer cells [31]. The mounting experimental
studies showed that FSCN1 mRNA translation
was regulated by many different microRNAs
and IncRNAs, such as miR-200b, miR-133b,
miR-145, and ZEB1-AS1 [32-35]. Besides,
FSCN1 expression was also regulated by cAMP
response element-binding protein (CREB) and
Wnt/beta-catenin signaling pathways [30, 36].
Due to its tight connection with cell motility,
excessive FSCN1 expression is believed to be a
hallmark of enhanced migration or invasion.
FSCN1 expression and its single nucleotide
polymorphisms (SNPs) are regarded as the bio-
markers for the progression and prognosis of
various types of cancer in the clinic [37, 38],
enabling FSCN1 as a prominent therapeutic
target [30, 39].

Materials and methods
Reagents

Arsenic trioxide (As,0,) was purchased from
Sigma (St Louis, MO, USA). Dulbecco’s Modified
Eagle Medium (DMEM) and SuperScript first-
strand synthesis kit were purchased from
Thermo Fisher Sci (Waltham, MA, USA). Trans-
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fection reagent Polylet was purchased from
SignaGen Laboratories (Rockville, MD, USA).
Primary antibodies against NQO1, FSCN1,
DNMT3a, and Protein A/G plus-agarose were
purchased from Santa Cruz Biotechnology Inc
(Dallas, TX, USA). Primary antibody against
SOD2 and secondary antibodies against mouse
and rabbit were purchased from Cell Signaling
Technology (Beverly, MA, USA). Antibodies
against DNMT1, DNMT3p3, and GAPDH were
purchased from GeneTex Corporation (Irvine,
CA, USA). PowerUP SYBR green master mix was
purchased from Applied Biosystems (Waltham,
MA). ECF substrate for Western blot was pur-
chased from GE Healthcare (Pittsburgh, PA,
USA). DNeasy Blood&Tissue kit, EpiTect
Bisulfite kit, and EpiTect MSP kit were pur-
chased from Qiagen (Germantown, MD, USA).

Plasmids

The full-length human MEG3 sequences
(NR_002766) were synthesized and subcloned
into the pEGFP-C1 vector (Clontech, Palo Alto,
CA, USA) as described previously [10]. MEG3
shRNA and its control vector were kindly pro-
vided by Dr. Shau-Ping Lin (Institute of Bio-
technology, National Taiwan University, Taipei,
Taiwan). NQO1 overexpression plasmid and its
control vector were purchased from Addgene
(Cambridge, MA, USA); shRNA targeting NQO1
and its control vector were purchased from
OriGene (Rockville, MD, USA). FSCN1 ORF cDNA
and its control vector were purchased from
GeneCopoeia (Rockville, MD, USA).

Cell culture and stable cell lines

Human bronchial epithelial cells (BEAS-2B)
were from ATCC and were cultured in DMEM
medium with 10% FBS. For the establishment
of stable expression cells, the cells were trans-
fected with 2 pug plasmid DNA in each well of a
six-well plate followed by antibiotics selection
for at least one month. The verification of gene
expression was carried out by immunoblotting
or real-time qPCR analysis.

As(lll)-transformed cells

BEAS-2B cells were continuously exposed to
low doses of As,0O,. The cells were split twice a
week and fresh culture media was added. After
three months of exposure, RNA/DNA/protein
lysates were isolated from these cells. After six
months, the soft agar assay was performed.
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Single colonies from soft agar were picked up
and expanded in tissue culture. These cells
were considered As(lll)-transformed cells.
Passage-matched BEAS-2B cells without As(lll)
exposure were used as control.

Immunoblotting analysis

The cells were cultured in 6-well plates. After
reaching 90% confluence, the cells were
washed with PBS and then lysed using a boiling
buffer. The whole-cell lysates were sonicated
after heating (99°C for 5 min). Protein concen-
trations were measured. Proteins were sepa-
rated by SDS-PAGE gels followed by incubation
with primary antibodies overnight. The blots
were then probed with secondary antibodies.
Proteins were visualized using ECF substrate.

Real-time qPCR

RNA was extracted and purified using Qiagen
RNeasy mini kit. cDNA for MEG3 and NQO1/
FSCN1 mRNA were synthesized using a
SuperScript first-strand synthesis kit. Primers
were designed using Primer-Blast with forward
(F) and reverse (R) sequences as followed:

Reverse Forward
MEG3 GAGCGAGTCAGGAAGCAGT GGCATGGACGAGCTGTACAAG
NQO1  ATAAGCCAGAACAGACTCG  GAAGAAAGGATGGGAGGTG
FSCN1 GTGTGGGTACGGAAGGCAC CCAGGGTATGGACCTGTCTG

Levels of MEG3 and mRNA of NQO1 and FSCN1
were measured using PowerUp SYBR Green
master mix and GAPDH as a control. The value
of the cycle threshold (CT) was examined. Data
were analyzed by calculation of AACT.

Migration and invasion assays

The invasion assay was conducted using the
Biocoat Matrigel Invasion Chambers (Corning,
NY, USA) according to the manufacturer’s
instructions. Migration assay was conducted
using chamber inserts (Corning, NY, USA). Cells
were seeded in the chamber inserts at a den-
sity of 1.0-2.0 x 10* per well of 24-well plate in
500 pyL medium (0.1% FBS). The inserts were
placed into the wells with 700 yL culture medi-
um (10% FBS). After 24 hours, the cells were
washed with PBS, fixed with 3.7% formalin and
methanol followed by Giemsa staining. The
images were captured using an Olympus micro-
scope. The number of invaded and migrated
cells were counted and recorded.

Am J Cancer Res 2023;13(6):2307-2322
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Immunoprecipitation

Cells were lysed in cell lysis buffer (1% Triton
X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM
EDTA, 1 mM EGTA, 0.2 mM Na,VO,, 0.5%
NP-40, and complete protein cocktail inhibitors
from Roche) on ice. Lysate (0.5 mg) was pre-
cleared by incubation with Protein A/G plus-
agarose and then incubated with the specific
antibody at 4°C for overnight. Protein A/G plus-
agarose (20 pL) was added to the mixture and
incubated with agitation for an additional 4
hours at 4°C. The immunoprecipitants were
washed three times with cell lysis buffer and
then subjected to Western blot analysis.

Methylation-specific PCR (MSP)

Genomic DNA from the cells was first extracted
using the DNeasy Blood & Tissue kit according
to the product instruction. Then the bisulfite
conversion of genomic DNA was performed
using EpiTect Bisulfite kit following the manu-
facturer’s protocol. The methylation statuses of
Meg3 promoter were evaluated by methylation-
specific polymerase chain reaction (MSP) using
EpiTect MSP kit. PCR amplification was per-
formed using the following cycling conditions:
95°C 15 min; 94°C30s, 70°C30s, 72°C30s,
5 cycles; 94°C 30 s, 65°C 30s, 72°C 30 s, 5
cycles; 94°C 30 s, 60°C 30 s, 72°C 30 s, 30
cycles; 72°C 7 min. The PCR products were
separated on a 3% agarose gel with ethidium
bromide and visualized under UV illumination.
The primers for the methylated (M) reaction
were as follows: 5-GTT AGT AAT CGG GTT TGT
CGG C (sense) and 5-AAT CAT AAC TCC GAA
CAC CCG CG (antisense), with a 160-bp amplifi-
cation product. The primers for the unmethyl-
ated (U) reaction were as follows: 5-GAG GAT
GGT TAG TTA TTG GGG T (sense) and 5-CCA
CCA TAA CCA ACA CCC TAT AAT CAC A (anti-
sense), with a 120-bp amplification product
[40].

Immunohistochemistry staining (IHC)

The human lung tissue slides used in IHC
staining were all obtained from surgical resec-
tion provided by the Center for Biospecimen
Research & Development NYU Langone Health.
The control sample was from a 74-year-old
White female. The human lung squamous carci-
noma samples LUSC1, LUSC2, and LUSC3 were
from a 90-year-old White male, a 70-year-old
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male whose ethnicity is not listed, and a
78-year-old White female, respectively. More
detailed human sample information, such as
smoking status and medical history, is enclosed
in Supplementary Table 1. The lung tissues
were fixed and embedded in paraffin, and thin
sections (5 uM) were cut from the tissue blocks.
The sections were then mounted on a slide and
subjected to deparaffinization, rehydration, and
antigen retrieval. The primary antibody was
then applied to the section slides and allowed
to bind to the target protein. To visualize the
bound antibody, a secondary antibody conju-
gated to an enzyme was applied. The resulting
complex was then visualized under a Nikon
microscope, and the intensity of staining (brown
color) indicates the presence and distribution
of the target protein in the tissues.

Statistical analysis

The student’s t-test was used to evaluate the
difference between different groups. A value of
P < 0.05 was considered significant.

Results

Arsenic-transformed (As-T) cells exhibit en-
hanced abilities for both migration and inva-
sion

Cancer progression is characterized by the
migration and invasion of cancer cells, which
are critical factors in the development of metas-
tasis. To assess these processes, we employed
transwell and wound healing assays, which
demonstrated that both migration and invasion
were significantly increased in As-T cells com-
pared to passage-matched normal BEAS-2B
(As-M) cells (Figure 1A-C). The tumor suppres-
sor MEG3 is known to be repressed in human
lung cancer tissues [13], suggesting that its
downregulation may play a role in the malignan-
cy of arsenic-transformed cells. This coinci-
dence motivated our investigation into the
potential importance of MEG3 downregulation
in this context, given its critical role as an
upstream regulator of multiple cellular mole-
cules.

Increased methylation of MEG3 promoter
causes its downregulation in both arsenic-
transformed and arsenic-treated cells

In arsenic-transformed human lung epithelial
(BEAS-2B) cells (As-T), MEG3 expression was
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Figure 1. Arsenic-transformed cells exhibit enhanced abilities of both migration and invasion. Normal human bron-
chial epithelial (BEAS-2B) cells were chronically exposed to low-dose arsenic for over six months. The soft agar
assay was performed and single colonies from soft agar were isolated and expanded in the culture plates. These
cells were used as arsenic-transformed cells (As-T), and passage-matched normal BEAS-2B cells without arsenic
exposure were used as control (As-M). (A) Cell migration and invasion were examined by transwell assay. The images
represent one of three images captured in each group. (B) Quantifications of the migrated and invaded cell numbers
of the transwell assay above. (C) Cell migrating speeds were measured by wound healing assay, and the ratios of the
gap lengths at 0, 12, and 24 hours to the gap length at O hours were quantified and compared. * and ***, p<0.05
and p<0.001, respectively.

A 15 B 15 c MEG3 Expression
c c e B o &
.g .2 ok
» » — .
3 -|- 3 i
£ 1.0+ £ 1.0+ £
| i §
™ ™ e ®
o 0.5 i 0.5 3
9 9 - o .
= = 4
Ko ° d .
© ©
0.0 . I 0.0- e : :
As-M  As-T 0 0.1250.25 As (uM, 3 mo) LUAD Normal  LUSC Normal
Num(T)=48. 347 Num(T) (N)=338
__BEAS2B E —PC__NC  ASM  AsT

M U M U M U M U

0 0.1250.25 As (uM,3 mo) 200 bp-
-methylated

. DNMT3a 100 bp- -unmethylated
. . DNMT38
F BEAS-2B
DNMT1 0 0125  _025  As(uM, 3 mo)
M U M U M U
GAPDH 200 bp-

-methylated

100 bp- -unmethylated

Figure 2. Increased methylation of MEG3 promoter causes its downregulation in both arsenic-transformed and
arsenic-treated cells. Wild-type BEAS-2B cells were treated with 0.125 yM and 0.25 uM arsenic for three months.
RNA/DNA/protein lysates were collected. (A and B) RNAs from the As-M and As-T cells and the arsenic-treated cells
were harvested and MEG3 levels were measured using qRT-PCR. (C) MEG3 expression levels from human lung
adenocarcinoma (LUAD) and human lung squamous cell carcinoma (LUSC) tissues were analyzed and compared to
the normal tissues using the TCGA database. (D) The As-M and As-T cells, together with arsenic-treated cells were
harvested for immunoblotting analysis. (E and F) The methylation statuses of MEG3 promoters were analyzed by
methylation-specific PCR in As-M, As-T, normal BEAS-2B cells treated with 0.125 and 0.25 uM arsenic. The positive
control (PC) yielded a methylated band at 160 bp and the negative control (NC) yielded an unmethylated band at
120 bp. *, **, and ***, p<0.05, p<0.01, and p<0.001, respectively.

almost lost compared to that in passage- UM for three months in a dose-dependent man-
matched normal BEAS-2B cells (As-M) (Figure ner (Figure 2B). We have analyzed the MEG3
2A). The expression of MEG3 was also reduced expression levels using the TCGA database,
in cells exposed to arsenic at 0.125 and 0.25 and the results showed that MEG3 was mark-
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edly downregulated in human lung adenocarci-
nomas (LUAD) and lung squamous cell carcino-
mas (LUSC) compared to the normal human
lung tissues (Figure 2C).

It has been reported that the downregulation of
MEGS3 in nickel-exposed cells was due to the
increased methylation of the MEG3 promoter
by DNMT3p, thus preventing the transcription
initiation complexes from recognizing the MEG3
promoter and starting transcription [10]. It was
also observed that hypermethylation of the
MEG3 promoter correlates with the inactivation
of MEG3 in retinoblastoma patients [41].
Hereby, we examined the three most common
DNA methyltransferases in humans and found
that DNMT3a increased significantly in cells
exposed to arsenic for three months and As-T
cells (Figure 2D). To test whether promoter
methylation of MEG3 is the cause for its down-
regulation, methylation-specific PCR (MSP) was
carried out. The results showed that methyla-
tion was increased (the methylated band at
160 bp) in the As-T cells and in cells exposed to
arsenic at 0.125 yM and 0.25 yM for 3 months
(Figure 2E, 2F). Those data indicated that the
increased DNMT3a expression in As-T and
arsenic-exposed cells facilitated MEG3 methyl-
ation at its promoter region, resulting in the
repression of MEG3 expression.

MEG3 reduces migration and invasion of arse-
nic-transformed cells

The results from Figures 1 and 2 showed
enhanced migration and invasion and loss of
MEG3 expression in the As-T cells, respectively.
To study whether the downregulation of MEG3
contributed to the enhanced migration and
invasion in As-T cells, we established As-T cells
with stable expression of MEG3. The results
from qRT-PCR validated the ectopic expression
efficiency (Figure 3D). The results from migra-
tion and invasion assays showed that the over-
expression of MEG3 significantly reduced the
migration and invasion of As-T cells (Figure
3A-C), indicating that MEG3 negatively regu-
lates the migration and invasion of arsenic-
transformed cells.

NQO1 and FSCN1 are upregulated in both ar-
senic-transformed cells and lung tissues from
human lung squamous cell carcinoma

Our study found that NQO1 and FSCN1 were
upregulated in both arsenic-transformed cells
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and cells exposed to arsenic for three months
(Figure 4A). NQO1 has a multifunctional role in
regulating protein stability and responding to
oxidative stress, and it is frequently elevated in
various cancer types. FSCN1, on the other
hand, is a structural protein known to increase
cell motility. The simultaneous increase of
NQO1 and FSCN1 in arsenic-transformed cells
led us to hypothesize that their overexpression
may contribute to the enhanced migration and
invasion observed. Squamous cell carcinoma is
the most common type of lung cancer associ-
ated with arsenic exposure [42], we further
examined NQO1 and FSCN1 expression levels
in the lung tissues from three patients diag-
nosed as lung squamous cell carcinoma (LUSC)
and one normal human lung (control) using
immunohistochemistry (IHC) staining assay.
Our results showed that NQO1 and FSCN1 were
consistently overexpressed in LUSC patient
samples but mildly expressed in epithelial cells
around the trachea and bronchus of the normal
human lung sample (Figure 4C). To aggrandize
the reliability, we analyzed the NQO1 and
FSCN1 expressions of four different stages of
LUSC. In each stage of LUSC, both NQO1 and
FSCN1 expression levels were significantly ele-
vated compared to the control (Figure 4B).

MEG3 negatively regulates NQO1 and FSCN1
at post-transcriptional level

MEG3, as a universal tumor suppressor, is not
surprising to be found to play an inhibitory role
in the migration and invasion of As-T cells. To
further study the mechanism of how MEG3
inhibits migration and invasion, the expression
of several genes related to cell motility was
assessed. Results showed that NQO1 and
FSCN1 protein levels were increased in the As-T
cells compared to those in passage-matched
normal BEAS-2B (As-M) cells (Figure 4A), and
ectopicexpressionofMEG3couldreversetheenhan-
cements of NQO1 and FSCN1 (Figure 5A). To
test whether the observation in Figure 5A is
cell-type specific, the normal BEAS-2B cells
with stable overexpression or knockdown of
MEG3 were established and validated (Figure
5B). NQO1 and FSCN1 were downregulated
or upregulated in BEAS-2B cells with stable
MEG3 overexpression or knockdown, respec-
tively (Figure 5C). The results from RT-qPCR
showed that the mRNA levels of both NQO1 and
FSCN1 remained similar in As-T cells and in
As-M cells (Figure 5D) and in the BEAS-2B cells

Am J Cancer Res 2023;13(6):2307-2322
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Figure 3. MEG3 reduces migration and invasion of arsenic-transformed cells. MEG3 overexpression plasmid and its
control vector were delivered into the As-T cells followed by antibiotics selection to obtain MEG3 stably expressed
cells. (A) Migration and invasion in As-T with or without stable expression of MEG3 were examined using the tran-
swell assay. The images were captured using Olympus microscope and each image represents one of three images
captured in each group. (B) Quantification of the migrated and invaded cells presented in (A). (C) Migrating speeds
of As-T with or without stable expression of MEG3 were measured by wound healing. The ratios of the gap lengths
at 0, 12, and 24 hours to the gap length at O hours were quantified and compared. (D) MEG3 expression levels in
As-T with or without stable expression of MEG3 were validated using RT-qPCR. *, *** #*%*%*%* 1r<(.05, p<0.001,
p<0.0001, respectively.

with or without overexpression or knockdown of NQOL1 stabilizes FSCN1 through direct binding,
MEG3 (Figure 5E). Those data suggested that thus mediating cell migration and invasion
MEG3 regulates NQO1 and FSCN1 at post-tran-

scriptional levels. MEG3 is a master regulator So far, our results demonstrated that MEG3
that directly binds to RNA or protein. As report- negatively regulated NQO1 and FSCN1 and
ed, MEG3, acting as competing endogenous inhibited cell migration and invasion of As-T
RNA, binds with miR-27a to prevent the inva- cells. Nevertheless, it remains unknown wheth-
sion of bladder cancer cells [43]. MEG3 binds er NQO1 is a mediator of the MEG3-FSCN1
with proteins, such as p53a and p73, to main- pathway. We have established NQO1 stable
tain their stabilities [20, 25]. To find out how knockdown or overexpression BEAS-2B cells.
FSCN1 is negatively regulated by MEG3, BEAS- The results from Figure 6E showed that the
2B cells were treated with cycloheximide (CHX) knockdown of NQO1 in BEAS2-B cells reduced
and MG132, which are inhibitors of protein the FSCN1 protein level. Overexpression of
translation and proteasome-mediated protein NQO1 stabilized FSCN1 in BEAS-2B and res-
degradation, respectively. We found the protein cued the reduction of FSCN1 induced by elevat-
level of FSCN1 was increased when cells were ed MEG3 (Figure 6F). Not surprisingly, the over-
treated with MG132 or CHX (Figure 5F). The expression of NQO1 in normal BEAS-2B cells
above data suggested that the downregulation enhanced their migration and invasion abilities
of FSCN1 protein by MEG3 is through post- (Figure 6A, 6B). In contrast, the knockdown of
translational modification. NQO1 suppressed the migration and invasion
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Figure 4. NQO1 and FSCN1 are upregulated in arsenic-transformed cells and lung tissues from human lung squamous cell carcinoma. (A) Whole-cell lysates from
As-M, As-T cells, and BEAS-2B cells treated with 0.125 and 0.25 uM arsenic for three months were isolated for immunoblotting analysis. (B) Expressions of NQO1
and FSCN1 were analyzed on each stage of LUSC with patients’ information obtained from the TCGA database. (C) Representative H&E and IHC staining specific to
NQOZ1 and FSCN1 of normal human lung tissue (control) and three individual human lung squamous cell carcinoma tissues in 10X and 40X magnification. The scale
bars represent 1,000 um and 100 pym in 10X and 40X views respectively.
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Figure 5. MEG3 negatively regulates NQO1 and FSCN1 at post-transcriptional level. (A) Whole-cell lysates from As-T cells with or without MEG3 overexpression were
isolated for immunoblotting analysis. (B) RNAs from BEAS-2B cells with or without MEG3 overexpression of knockdown were harvested for RT-qPCR to measure
MEG3 levels. (C) Whole-cell lysates from BEAS-2B cells with or without MEG3 overexpression or knockdown were isolated for immunoblotting analysis. (D and E)
NQO21 and FSCN1 mRNA levels were evaluated in the As-M and As-T cells, BEAS-2B cells with or without MEG3 overexpression or knockdown cells using RT-qPCR.
(F) The cells with different expressions of MEG3 and NQO1 were treated with cycloheximide, or MG132, or their combination. Whole-cell lysates were harvested to
determine FSCN1 protein levels using immunoblotting analysis. ** and ***, p<0.01 and p<0.001, respectively.
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Figure 6. NQO1 stabilizes FSCN1 through direct binding, thus mediating cell migration and invasion. (A and C) Migration and invasion in BEAS-2B with or without
NQO1 expression (A) or NQO1 knockdown (C) were evaluated by the transwell assay, images represent one of three images captured in each group. (B) Quantifi-
cation of the results of (A). (D) Quantification of the migrated and invasive cells of (C). (E) Knockdown of NQO1 was achieved by two different hairpins in normal
BEAS-2B cells. The whole-cell lysates from them were collected for immunoblotting analysis. (F) The whole-cell lysates from BEAS-2B cells with the overexpression of
MEG3, NQO1, or a combination of both were collected forimmunoblotting analysis. (G and H) The immunoprecipitation assay was used to detect the protein-protein
interaction between FSCN1 and NQO1. The whole protein (input) and IP lysates were then subjected to immunoblotting analysis. *, **, and ***, p<0.05, p<0.01,
and p<0.001, respectively.
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Figure 7. FSCN1 is a downstream target of NQO1 in the regulation of cell migration and invasion. Stable expressing
FSCN1 in As-T and BEAS-2B cells with or without NQO1 knockdown were constructed. (A and C) The migration and
invasion were evaluated using transwell assay. The images were captured using Olympus microscope. The images
represent one of three images captured in each group. (B and D) Quantification of the migrated and invaded cells
presented in (A, C) respectively. (E and F) The validation of FSCN1 expression efficiencies by immunoblotting analy-
sis. *, ** and ***, p<0.05, p<0.01, and p<0.001, respectively.

of BEAS-2B cells (Figure 6C, 6D). We observed
that the arsenic-transformed cells with stable
knockdown of NQO1 are not in healthy condi-
tion, leading us to speculate that NQO1 is
extremely important for the survival of arsenic-
transformed cells. The results from transwell
assays indicated that the knockdown of NQO1
significantly impaired the migrative and inva-
sive abilities of As-T cells (Supplementary
Figure 1).

NQO1 is known to act as a gatekeeper for pro-
teasomes and can prevent protein degradation
by interacting with the protein. To determine if
there is a direct interaction between NQO1 and
FSCN1, we conducted an immunoprecipitation
assay. Our results demonstrated that NQO1
bound to FSCN1 in both As-M and As-T cells,
with a higher binding affinity in As-T cells
(Figure 6G). We further validated our findings
by performing the immunoprecipitation assay
in BEAS-2B cells with or without NQO1 overex-
pression. The results revealed that NQO1 over-
expression led to increased binding of FSCN1
(Figure 6H). These findings suggest that
NQO1 may maintain FSCN1 protein stability
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through direct binding, which may contribute
to the enhanced migration and invasion of
As-T cells and BEAS-2B cells with NQO1
overexpression.

FSCN1 is a downstream target of NQO1 in the
regulation of migration and invasion

As shown in Figure 6 and Supplementary
Figures 1, 2, 3, the knockdown of NQO1
reduced cell migration and invasion in both nor-
mal BEAS2-B and As-T cells, while simultane-
ously decreasing FSCN1 protein expression. To
confirm the role of FSCN1 in the enhanced
migration and invasion of As-T cells, the FSCN1
expressing vector was transfected into the cells
with stable knockdown of NQOZ1. Their expres-
sion levels were verified using immunoblotting
analysis (Figure 7E, 7F). The enforced expres-
sion of FSCN1 rescued the migration and inva-
sion in As-T and BEAS-2B cells with stable
knockdown of NQO1 (Figure 7A, 7C). In conclu-
sion, the downregulation of MEG3 led to the
upregulation of NQO1, which directly bound to
FSCN1 and promoted enhanced migration and
invasion in As-T cells.

Am J Cancer Res 2023;13(6):2307-2322
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Discussion

Arsenic exposure is a significant global public
health issue, and inorganic arsenic compounds
are categorized as human group | carcinogens.
While the mechanisms behind arsenic-induced
carcinogenesis have been gradually unveiled
over recent decades, a comprehensive under-
standing of the process remains elusive. An
understanding of the molecular mechanisms
underlying arsenic carcinogenesis is crucial for
both prevention and intervention. Arsenic is
widely accepted as a nongenotoxic carcinogen
that modifies gene expression without causing
direct gene damage. Thus, epigenetic modifica-
tions play a dominant role in the gene expres-
sion alterations triggered by arsenic exposure.
The present study demonstrates that the
decreased expression of MEG3 induced by
arsenic exposure is the result of increased
methylation in its promoter region. Furthermore,
our study provides evidence that the epigenetic
modification that causes the downregulation of
MEG3 is responsible for the enhanced migra-
tion and invasion of arsenic-transformed cells
through regulating the NQO1/FSCN1 pathway.

MEG3, a long non-coding RNA, has recently
gained recognition for its potent anti-tumor
activity. Downregulation of MEG3 has been
observed in various cancer cells [44] as well as
in lung cancer tissues [45]. Studies have sug-
gested that exposure to certain metals can
inhibit MEG3 expression, such as chronic low-
dose cadmium exposure in human bronchial
epithelial cells and in nickel- and chromium-
transformed cells [10, 18, 46]. In this study, we
demonstrated that the downregulation of MEG3
in the arsenic-transformed human lung epithe-
lial cells is caused by hypermethylation of its
promoter. A previous study has shown that
DNMT1 is involved in MEG3 downregulation in
cells exposed to nickel and in bone marrow
mesenchymal stem cells from the pediatric
aplastic anemia [47]. In this study, DNMT3c,
another member of the DNA methyltransferase
family, is implicated in MEG3 repression. While
DNMT3a/B are typically involved in de novo
methylation during embryogenesis and germ
cell development, their incorporation in promot-
er methylation during cancer sheds light on
their novel function in cancer.

Given that cancer cells and malignant cells fre-
quently displayed low MEG3 levels, we hypoth-
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esized that the downregulation of MEG3 may
contribute to the acquired characteristics dur-
ing malignant transformation induced by arse-
nic. To test the hypothesis, MEG3 was ectopi-
cally expressed in the As-T cells. We observed
that cell migration and invasion potencies were
decreased when the MEG3 expression levels
were elevated, indicating that MEG3 is a nega-
tive regulator of cell migration and invasion in
arsenic-transformed cells. Cancer develop-
ment consists of three crucial steps: initiation,
promotion, and progression. Cell migration and
invasion represent the ability to migrate to a
secondary site from the original site and to
invade into vessels to spread through the body
by the blood circulatory system. The last two
processes of cancer development are largely
dependent on migratory and invasive poten-
cies. Previous studies revealed several path-
ways involved in the enhanced migration and
invasion that were induced by arsenic ex-
posure, including the activation of Akt and
NRF2-mediated upregulation of SOX9 [48, 49].
Although NRF2 is an established regulator of
NQO1 and is also involved in metastasis, the
present study demonstrated that the negative
regulation of MEG3 on NQO1 is independent of
NRF2 (Supplementary Figure 3). The present
study showed that MEG3 was lost in the As-T
cells, followed by the upregulation of NQOZ1. It
has been reported that NRF2/NQO1 promotes
proliferation, cell migration, and colony forma-
tion in arsenic-transformed T-HaCaT cells
through CDK2/Cyclin E [50]. The previous stud-
ies indicated that arsenic exposure downregu-
lated NQO1 either through NRF2 or DNA meth-
ylation of the NQO1 promoter [50, 51]. Here, we
have shown the presence of a novel intermedi-
ator MEG3 between arsenic exposure and
NQO1 to regulate cell migration and invasion.
Superoxide dismutase 2 (SOD2), known as
manganese-dependent superoxide dismutase
(MnSOD), mainly exists in mitochondria. This
protein binds to the superoxide byproducts of
oxidative phosphorylation and converts them
to hydrogen peroxide and diatomic oxygen,
playing the same role by different mechanisms
as NQO1 in clearing mitochondrial reactive oxy-
gen species (ROS). SOD2 was observed to be
increased after MEG3 was knocked down and
to be decreased after MEG3 was overexpressed
in BEAS-2B cells (Figure 3C). SOD2 is not the
focus of this study, however, the results demon-
strated that loss of MEG3 did enhance the level
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Malignant cell transformation

l

Loss of MEG3
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Increased NQO1

l

Increased FSCN1

l

Enhanced migration and invasion of
arsenic-transformed cells

Figure 8. Mechanisms of increased migration and
invasion in arsenic-induced carcinogenesis. Chronic
exposure to arsenic induces cell malignant transfor-
mation, accompanied by the loss of MEG3. The down-
regulation of MEG3 upregulates the NQO1, which
subsequently stabilized FSCN1 by the direct binding
between NQO1 and FSCN1, leading to increased mi-
gration and invasion in arsenic-transformed cells.

of oxidants, to respond to which cells needed to
upregulate NQO1 and SOD2. Further study is
needed to investigate the mechanism by which
loss of MEG3 increases oxidative stress and
how cells respond to this change.

Previous studies have shown that NQO1 and
FSCN1 are upregulated in human nasopharyn-
geal carcinoma based on a comprehensive
analysis of the gene expression [52]. However,
there have been no investigations into the rela-
tionship between these two genes. The present
study revealed that NQO1 and FSCN1 proteins
are downstream targets of MEG3, and FSCN1
is a direct downstream target of NQO1 as evi-
denced by (a) knockdown of NQO1 by its shRNA
in arsenic-transformed cells decreased FSCN1
protein levels, but not mRNA level; (b) overex-
pression of NQO1 in normal BEAS-2B cells
increased FSCN1 protein levels; (c) direct bind-
ing between these two proteins were detected.
For the first time, we reported that NQO1 upreg-
ulates FSCN1 via their direct binding. Whereas
NQO1 is also reported to stabilize HIF-1a as a
protein chaperone, the expression level of HIF-
1o is likely to be modulated by the level of
NQO1 possibly through the interaction between
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NQO1 and HIF-1a oxygen-dependent degrada-
tion (ODD) domain. This interaction prevents
HIF-1a from ubiquitination and then facilitates
the nuclear translocation and the transcription-
al factor role of HIF-1a [53]. As it has been
reported, HIF-1la is a dominant transcription
factor of FSCN1 by specifically targeting the
hypoxia response element (HRE) of the FSCN1
promoter [54]. Hence, the regulation of NQO1
on FSCN1 could be partially due to stabilization
through direct binding between NQO1 and
FSCN1, or enhanced transcription of the FSC-
N1 gene induced by elevated HIF-1a. FSCN1 is
one of the skeleton proteins which is involved in
the actin protein package. The effect of FSCN1
on cell motility has been widely studied and
accepted. In the present study, we observed a
positive correlation between cell migration and
invasion and the elevated FSCN1 protein level.
Many studies have indicated that FSCN1 is reg-
ulated by microRNAs (miRs), such as miR-145,
miR-133a/b, and miR-200b [32, 33, 55].
Recently, our laboratory has revealed the loss
of MEG3 and upregulation of miR-145 play an
important role in the invasion and migration of
chromium (VI)-transformed cells [18]. The study
conducted has revealed a previously undiscov-
ered mechanism by which NQO1 regulates
FSCN1 through direct binding. Analysis of
expression using the TCGA database indicated
a high expression of NQO1 and FSCN1 in all
stages of human lung squamous cell carcino-
ma when compared to normal lung tissue. Our
findings suggest that NQO1 and FSCN1 are two
essential oncogenes that drive the progression
of lung squamous cell carcinoma. We antici-
pate that this study serves as a foundation for
future research and encourages the develop-
ment of small-molecule drugs that target NQO1
or FSCN1.

In summary, this study revealed that the loss of
MEG3 and increased expression of NQO1 and
FSCN1 were associated with enhanced migra-
tion and invasion in arsenic-transformed cells.
Overexpression of MEG3 decreased NQO1,
causing suppression of the migration and inva-
sion of arsenic-transformed cells. Furthermore,
the re-expression of FSCN1 in BEAS-2B cells
with stable NQO1 knockdown was found to
reverse the inhibitory effect on migration and
invasion. Collectively, our findings suggest that
DNMT3a-mediated promoter hypermethylation
of MEG3 results in the downregulation of MEG3,
which in turn upregulates NQO1. NQO1 directly
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binds to FSCN1, ultimately leading to enhanced
migration and invasion of arsenic-transformed
cells. The schematic representation of the pro-
posed mechanisms of MEG3 on migration and
invasion in arsenic-transformed cells is depict-
ed in Figure 8.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Max Costa, Division
of Environmental Medicine, Department of Medicine,
New York University School of Medicine, 341 E 25th
Street, New York, NY 10010, USA. E-mail: max.
costa@nyulangone.org

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Uppal JS, Zheng Q and Le XC. Arsenic in drink-
ing water-recent examples and updates from
Southeast Asia. Current Opinion in Environ-
mental Science & Health 2019; 7: 126-135.
Rahman M, Vahter M, Wahed MA, Sohel N, Yu-
nus M, Streatfield PK, El Arifeen S, Bhuiya A,
Zaman K, Chowdhury AM, Ekstrém EC and
Persson LA. Prevalence of arsenic exposure
and skin lesions. A population based survey in
Matlab, Bangladesh. J Epidemiol Community
Health 2006; 60: 242-248.

Khan KM, Chakraborty R, Bundschuh J, Bhat-
tacharya P and Parvez F. Health effects of ar-
senic exposure in Latin America: an overview
of the past eight years of research. Sci Total
Environ 2020; 710: 136071.

Navas-Acien A, Silbergeld EK, Pastor-Barriuso
R and Guallar E. Arsenic exposure and preva-
lence of type 2 diabetes in US adults. JAMA
2008; 300: 814-822.

Moon K, Guallar E and Navas-Acien A. Arsenic
exposure and cardiovascular disease: an up-
dated systematic review. Curr Atheroscler Rep
2012; 14: 542-555.

Farzan SF, Karagas MR and Chen Y. In utero
and early life arsenic exposure in relation to
long-term health and disease. Toxicol Appl
Pharmacol 2013; 272: 384-390.

Vahter M. Health effects of early life exposure
to arsenic. Basic Clin Pharmacol Toxicol 2008;
102: 204-211.

Zhou Y, Zhang X and Klibanski A. MEG3 non-
coding RNA: a tumor suppressor. J Mol Endo-
crinol 2012; 48: R45-53.

He Y, DanY, Gao X, Huang L, Lv H and Chen J.
DNMT1-mediated IncRNA MEG3 methylation
accelerates endothelial-mesenchymal transi-
tion in diabetic retinopathy through the PI3K/
Akt/mTOR signaling pathway. Am J Physiol En-
docrinol Metab 2021; 320: E598-E608.

2320

(10]

(11]

[12]

(15]

(16]

(17]

(18]

[19]

[20]

Zhou C, Huang C, Wang J, Huang H, Li J, Xie Q,
LiuY, Zhu J, LiY, Zhang D, Zhu Q and Huang C.
LncRNA MEG3 downregulation mediated by
DNMT3b contributes to nickel malignant trans-
formation of human bronchial epithelial cells
via modulating PHLPP1 transcription and HIF-
lalpha translation. Oncogene 2017; 36: 3878-
3889.

Gejman R, Batista DL, Zhong Y, Zhou Y, Zhang
X, Swearingen B, Stratakis CA, Hedley-Whyte
ET and Klibanski A. Selective loss of MEG3 ex-
pression and intergenic differentially methyl-
ated region hypermethylation in the MEG3/
DLK1 locus in human clinically nonfunctioning
pituitary adenomas. J Clin Endocrinol Metab
2008; 93: 4119-4125.

Wang P, Ren Z and Sun P. Overexpression of
the long non-coding RNA MEG3 impairs in vitro
glioma cell proliferation. J Cell Biochem 2012;
113: 1868-1874.

Lu KH, Li W, Liu XH, Sun M, Zhang ML, Wu WQ,
Xie WP and Hou YY. Long non-coding RNA
MEG3 inhibits NSCLC cells proliferation and
induces apoptosis by affecting p53 expres-
sion. BMC Cancer 2013; 13: 461.

Wang C, Yan G, Zhang Y, Jia X and Bu P. Long
non-coding RNA MEG3 suppresses migration
and invasion of thyroid carcinoma by targeting
of Racl. Neoplasma 2015; 62: 541-549.

Qin N, Tong GF, Sun LW and Xu XL. Long non-
coding RNA MEG3 suppresses glioma cell pro-
liferation, migration, and invasion by acting as
a competing endogenous RNA of miR-19a. On-
col Res 2017; 25: 1471-1478.

He C, Yang W, Yang J, Ding J, Li S, Wu H, Zhou
F, Jiang Y, Teng L and Yang J. Long noncoding
RNA MEG3 negatively regulates proliferation
and angiogenesis in vascular endothelial cells.
DNA Cell Biol 2017; 36: 475-481.

Zhang CY, Yu MS, Li X, Zhang Z, Han CR
and Yan B. Overexpression of long non-coding
RNA MEG3 suppresses breast cancer cell
proliferation, invasion, and angiogenesis th-
rough AKT pathway. Tumour Biol 2017; 39:
1010428317701311.

Zhang Z, Li J, Yan B, Tu H, Huang C and Costa
M. Loss of MEG3 and upregulation of miR-145
play an important role in the invasion and mi-
gration of Cr(Vl)-transformed cells. Heliyon
2022; 8: €10086.

Zhou Y, Zhong Y, Wang Y, Zhang X, Batista DL,
Gejman R, Ansell PJ, Zhao J, Weng C and
Klibanski A. Activation of p53 by MEG3 non-
coding RNA. J Biol Chem 2007; 282: 24731-
24742,

Zhu J, LiuS, Ye F, ShenY, Tie Y, Zhu J, Wei L, Jin
Y, Fu H and Wu Y. Long noncoding RNA MEG3
interacts with p53 protein and regulates par-
tial p53 target genes in hepatoma cells. PLoS
One 2015; 10: e0139790.

Am J Cancer Res 2023;13(6):2307-2322


mailto:max.costa@nyulangone.org
mailto:max.costa@nyulangone.org

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

MEG3’s tumor suppressive role in arsenic carcinogenesis

Xu D, Dong P, Xiong Y, Chen R, Konno Y, lhira K,
Yue J and Watari H. PD-L1 is a tumor suppres-
sor in aggressive endometrial cancer cells and
its expression is regulated by miR-216a and
IncRNA MEG3. Front Cell Dev Biol 2020; 8:
598205.

Dinkova-Kostova AT and Talalay P. NAD(P)H:
quinone acceptor oxidoreductase 1 (NQO1), a
multifunctional antioxidant enzyme and excep-
tionally versatile cytoprotector. Arch Biochem
Biophys 2010; 501: 116-123.

Samuel S, Kathirvel R, Jayavelu T and Chinna-
kkannu P. Protein oxidative damage in arsenic
induced rat brain: influence of DL-alpha-lipoic
acid. Toxicol Lett 2005; 155: 27-34.

Zhu H, Jia Z, Mahaney JE, Ross D, Misra HP,
Trush MA and Li Y. The highly expressed and
inducible endogenous NAD(P)H: quinone oxi-
doreductase 1 in cardiovascular cells acts as
a potential superoxide scavenger. Cardiovasc
Toxicol 2007; 7: 202-211.

Asher G, Tsvetkov P, Kahana C and Shaul Y. A
mechanism of ubiquitin-independent protea-
somal degradation of the tumor suppressors
p53 and p73. Genes Dev 2005; 19: 316-321.
Garate M, Wong RP, Campos El, Wang Y and Li
G. NAD(P)H quinone oxidoreductase 1 inhibits
the proteasomal degradation of the tumour
suppressor p33(ING1b). EMBO Rep 2008; 9:
576-581.

Oh ET, Kim JW, Kim JM, Kim SJ, Lee JS, Hong
SS, Goodwin J, Ruthenborg RJ, Jung MG, Lee
HJ, Lee CH, Park ES, Kim C and Park HJ. NQO1
inhibits proteasome-mediated degradation of
HIF-1a. Nat Commun 2016; 7: 13593.

Di Francesco A, Di Germanio C, Panda AC,
Huynh P, Peaden R, Navas-Enamorado |, Bas-
tian P, Lehrmann E, Diaz-Ruiz A, Ross D, Siegel
D, Martindale JL, Bernier M, Gorospe M, Abdel-
mohsen K and de Cabo R. Novel RNA-binding
activity of NQO1 promotes SERPINAL mRNA
translation. Free Radic Biol Med 2016; 99:
225-233.

Adams JC. Roles of fascin in cell adhesion and
motility. Curr Opin Cell Biol 2004; 16: 590-
596.

Li Z, Shi J, Zhang N, Zheng X, Jin Y, Wen S, Hu
W, Wu Y and Gao W. FSCN1 acts as a promis-
ing therapeutic target in the blockade of tumor
cell motility: a review of its function, mecha-
nism, and clinical significance. J Cancer 2022;
13: 2528-2539.

Li J, Zhang S, Pei M, Wu L, Liu Y, Li H, Lu J and
Li X. FSCN1 promotes epithelial-mesenchymal
transition through increasing snaill in ovarian
cancer cells. Cell Physiol Biochem 2018; 49:
1766-1777.

Xiao P, Liu W and Zhou H. miR-200b inhibits
migration and invasion in non-small cell lung

2321

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

cancer cells via targeting FSCN1. Mol Med Rep
2016; 14: 1835-1840.

Yang X, Lei P, Huang Y, Zhang Z and Zhang Y.
MicroRNA-133b inhibits the migration and in-
vasion of non small cell lung cancer cells via
targeting FSCN1. Oncol Lett 2016; 12: 3619-
3625.

Fuse M, Nohata N, Kojima S, Sakamoto S, Chi-
yomaru T, Kawakami K, Enokida H, Nakagawa
M, Naya Y, Ichikawa T and Seki N. Restoration
of miR-145 expression suppresses cell prolif-
eration, migration and invasion in prostate
cancer by targeting FSCN1. Int J Oncol 2011;
38:1093-1101.

Gao R, Zhang N, Yang J, Zhu Y, Zhang Z, Wang
J, Xu X, Li Z, Liu X, Li Z, Li J, Kong C and Bi J.
Long non-coding RNA ZEB1-AS1 regulates
miR-200b/FSCN1 signaling and enhances mi-
gration and invasion induced by TGF-B1 in
bladder cancer cells. J Exp Clin Cancer Res
2019; 38: 111.

Hashimoto Y, Loftis DW and Adams JC. Fas-
cin-1 promoter activity is regulated by CREB
and the aryl hydrocarbon receptor in human
carcinoma cells. PLoS One 2009; 4: €5130.
Wang CQ, Tang CH, Wang Y, Jin L, Wang Q, Li X,
Hu GN, Huang BF, Zhao YM and Su CM. FSCN1
gene polymorphisms: biomarkers for the de-
velopment and progression of breast cancer.
Sci Rep 2017; 7: 15887.

Chen Y, Tian T, Li ZY, Wang CY, Deng R, Deng
WY, Yang AK, Chen YF and Li H. FSCN1 is an
effective marker of poor prognosis and a po-
tential therapeutic target in human tongue
squamous cell carcinoma. Cell Death Dis
2019; 10: 356.

Wang CQ, Li Y, Huang BF, Zhao YM, Yuan H,
Guo D, Su CM, Hu GN, Wang Q, Long T, Wang Y,
Tang CH and Li X. EGFR conjunct FSCN1 as a
novel therapeutic strategy in triple-negative
breast cancer. Sci Rep 2017; 7: 15654.
Zhang J, Yao T, Lin Zand Gao Y. Aberrant meth-
ylation of MEG3 functions as a potential plas-
ma-based biomarker for cervical cancer. Sci
Rep 2017; 7: 6271.

Gao Y, Huang P and Zhang J. Hypermethylation
of MEG3 promoter correlates with inactivation
of MEG3 and poor prognosis in patients with
retinoblastoma. J Transl Med 2017; 15: 268.
Wei S, Zhang H and Tao S. A review of arsenic
exposure and lung cancer. Toxicol Res (Camb)
2019; 8: 319-327.

Huang C, Liao X, Jin H, Xie F, Zheng F, Li J, Zhou
C, Jiang G, Wu XR and Huang C. MEG3, as a
competing endogenous RNA, binds with miR-
27a to promote PHLPP2 protein translation
and impairs bladder cancer invasion. Mol Ther
Nucleic Acids 2019; 16: 51-62.

Am J Cancer Res 2023;13(6):2307-2322



[44]

[45]

[46]

[47]

(48]

[49]

[50]

MEG3’s tumor suppressive role in arsenic carcinogenesis

Al-Rugeebah A, Alanazi M and Parine NR.
MEG3: an oncogenic long non-coding RNA in
different cancers. Pathol Oncol Res 2019; 25:
859-874.

Wu J, Meng F and Li H. High expression of In-
cRNA MEG3 participates in non-small cell lung
cancer by regulating microRNA-7-5p. Eur Rev
Med Pharmacol Sci 2018; 22: 5938-5945.
Lin HP, Rea M, Wang Z and Yang C. Down-regu-
lation of INcRNA MEG3 promotes chronic low
dose cadmium exposure-induced cell transfor-
mation and cancer stem cell-like property.
Toxicol Appl Pharmacol 2021; 430: 115724.
Li H, Xu X, Wang D, Zhang Y, Chen J, Li B, Su S,
Wei L, You H, Fang Y, Wang Y and Liu Y. Hyper-
methylation-mediated downregulation of long
non-coding RNA MEG3 inhibits osteogenic dif-
ferentiation of bone marrow mesenchymal
stem cells and promotes pediatric aplastic
anemia. Int Immunopharmacol 2021; 93:
107292.

Wang Z, Yang J, Fisher T, Xiao H, Jiang Y and
Yang C. Akt activation is responsible for en-
hanced migratory and invasive behavior of ar-
senic-transformed human bronchial epithelial
cells. Environ Health Perspect 2012; 120: 92-
97.

Schmidlin CJ, Zeng T, Liu P, Wei Y, Dodson M,
Chapman E and Zhang DD. Chronic arsenic ex-
posure enhances metastatic potential via
NRF2-mediated upregulation of SOX9. Toxicol
Appl Pharmacol 2020; 402: 115138.

Yang Q, Yan R, Mo Y, Xia H, Deng H, Wang X, Li
C, Kato K, Zhang H, Jin T, Zhang Jand An Y. The
potential key role of the NRF2/NQO1 pathway
in the health effects of arsenic pollution on
SCC. Int J Environ Res Public Health 2022; 19:
8118.

2322

(51]

(52]

(53]

(54]

[55]

Huang N, Pei X, Lin W, Chiu JF, Tao T and Li G.
DNA methylation of a non-CpG island promoter
represses NQO1 expression in rat arsenic-
transformed lung epithelial cells. Acta Biochim
Biophys Sin (Shanghai) 2018; 50: 733-739.

Li H, Wang FL, Shan LP, An J, Liu ML, Li W,
Zhang JE and Wu PP. Comprehensive analysis
of gene expression and DNA methylation for
human nasopharyngeal carcinoma. Eur Arch
Otorhinolaryngol 2019; 276: 2565-2576.
Salido E, Timson DJ, Betancor-Fernandez |,
Palomino-Morales R, Anoz-Carbonell E, Pache-
co-Garcia JL, Medina M and Pey AL. Targeting
HIF-1a function in cancer through the chaper-
one action of NQO1: implications of genetic
diversity of NQO1. J Pers Med 2022; 12: 747.
Zhao X, Gao S, Ren H, Sun W, Zhang H, Sun J,
Yang S and Hao J. Hypoxia-inducible factor-1
promotes pancreatic ductal adenocarcinoma
invasion and metastasis by activating tran-
scription of the actin-bundling protein fascin.
Cancer Res 2014; 74: 2455-2464.

Kano M, Seki N, Kikkawa N, Fujimura L, Hoshi-
no |, Akutsu Y, Chiyomaru T, Enokida H, Nak-
agawa M and Matsubara H. miR-145, miR-
133a and miR-133b: tumor-suppressive
miRNAs target FSCN1 in esophageal squa-
mous cell carcinoma. Int J Cancer 2010; 127:
2804-2814.

Am J Cancer Res 2023;13(6):2307-2322



MEG3’s tumor suppressive role in arsenic carcinogenesis

Supplementary Table 1. Lung Tissue Resource Involved in the Study
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Cancer Lymph Node
Code Source Age Gender Ethnicity Smoking Status Stage/Clinical Metastasis/
Staging Pathologic Staging
SCC1 Surgical resection 90 Male  White Former; 30 years; quit in 1980s Stage 1 pT1cNO
SCC2 Surgical resection 70 Male  Not listed Never smoked Stage 2 pT3NO
SCC3 Surgical resection 78 Female White; Not of Spanish/ Former; 60 pack year smoker, Stage 3 pT2aN2
Hispanic Origin quitin 2006
Control Surgical resection 74  Female White; Not of Spanish/ Former; 20 pack-years, quit Normal Normal
Hispanic Origin in 1989
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Supplementary Figure 1. Knockdown of NQO1 abolished migration and invasion of As-T cells. Migration and inva-
sion in As-T cells with or without NQO1 knockdown were evaluated by the transwell assays, images represent one
of three images captured in each group. Migrated and invaded cells were quantified. ** and ***, p<0.01 and

p<0.001, respectively.
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Supplementary Figure 2. NQO1 and FSCN1 expression levels in human lung adenocarcinoma (LUAD) and human
lung squamous cell carcinoma (LUSC) patients and normal people. NQO1 and FSCN1 expression levels from hu-
man lung adenocarcinoma (LUAD) and human lung squamous cell carcinoma (LUSC) tissues were analyzed and
compared to the normal tissues using the TCGA database. *, p<0.05.
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Supplementary Figure 3. MEG3 does not regulate NRF2 in BEAS-2B cells. Whole-cell lysates from BEAS-2B cells
with or without MEG3 overexpression or knockdown were isolated for immunoblotting analysis.




