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miR-519d-3p suppresses tumorigenicity
and metastasis by inhibiting Bcl-w
and HIF-1a in NSCLC
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Bcl-w, a member of the Bcl-2 family, is highly expressed in
various solid tumor, including lung cancer, suggesting that
it is involved in cancer cell survival and carcinogenesis. Solid
cancer-induced hypoxia has been reported to increase angio-
genesis, growth factor, gene instability, invasion, and metas-
tasis. Despite many studies on the treatment of non-small
cell lung cancer (NSCLC) with a high incidence rate, the sur-
vival rate of patients has not improved because the cancer
cells acquired resistance to treatment. This study investigated
the correlation between Bcl-w expression and hypoxia in tu-
mor malignancy of NSCLC. Meanwhile, microRNAs (miR-
NAs) are involved in a variety of key signaling mechanisms
associated with hypoxia. Therefore, we discovered miR-
519d-3p, which inhibits the expression of Bcl-w and hypox-
ia-inducing factor (HIF)-1a, and found that it reduces hypox-
ia-induced tumorigenesis. Spearman’s correlation analysis
showed that the expression levels of miR-519d-3p and Bcl-
w/HIF-1a were negatively correlated, respectively. This
showed that miR-519d-3p can be used as a diagnostic
biomarker and target therapy for NSCLC.
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INTRODUCTION
Lung cancer is one of the four most prevalent cancers in the world.
About 85% of patients with lung cancer have non-small cell lung can-
cer (NSCLC), which has a 5-year overall survival rate of <18%.1,2

Despite many studies on the treatment of patients with NSCLC, their
overall survival rate has not shown a noticeable increase in the past
few years because of metastasis of lung tumor cells.1,3–5 Therefore,
it is imperative to understand the malignant mechanism of NSCLC.

Hypoxia is a common phenomenon in human solid tumors, which
are generated by the abnormal proliferation of cancer cells.6–8 Hypox-
ia-inducing factor (HIF)-1a is a transcription factor that regulates
cellular responses to hypoxia9 and is overexpressed in breast, brain,
pharyngeal, cervical, and ovarian cancers.10,11 Increased HIF-1a plays
a critical role in cancer malignancy by inducing epithelial-mesen-
chymal transition (EMT), invasiveness and migration, and angiogen-
esis as well as metastasis,12,13 eventually leading to a poor prognosis.
Therefore, hypoxia in NSCLC is an important factor contributing to
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patient resistance to treatment and poor survival, suggesting that hyp-
oxia is attractive as a target in the treatment of lung cancer.14–16

The oncogene Bcl-w, a member of the anti-apoptotic Bcl-2 family,17 is
reported to be upregulated in several cancers, including glioblastoma
multiforme18–20 and breast,21 gastric,22 and colorectal23 cancers, leading
to tumorprogression. It is unclear, however,whetherhypoxia andBcl-w
are involved in the mechanism of solid tumor growth and metastasis.

MicroRNAs (miRNAs) are small non-coding RNAs composed of
~22 nucleotides that inhibit target gene expression by binding to
the 30 untranslated region (30 UTR) of the targeted mRNA.24,25

miRNAs are involved in various cellular processes, including cell
proliferation, differentiation, survival, metabolism, inflammation,
and angiogenesis.9,26 In particular, it has been reported that dysre-
gulated miRNAs promote tumor malignancy by regulating carcino-
genic pathways.26 This study investigated the roles of Bcl-w and
HIF-1a in the malignant action of NSCLC. As a result, we describe
that the positive feedback loop of Bcl-w and HIF-1a promoted
tumorigenicity and metastasis in lung cancer, in vitro and in vivo.
It was found that miR-519d-3p, which inhibits Bcl-w and HIF-1a,
showed clinical applicability by revealing the mechanism of sup-
pressing cancer malignancy. Recently, in the development of bio-
markers for cancer diagnosis and treatment, the focus is on the
use of circulating miRNA in the blood, one of the liquid biopsies.27

This study suggested the potential of miR-519d-3p as a target for
diagnosis and treatment of lung cancer patients.
RESULTS
High expression of Bcl-w in lung cancer is associated with

hypoxia

Hypoxia in solid tumor is a very important factor in cancer prognosis
and is known to contribute to malignancy by promoting tumor
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Figure 1. The level of Bcl-w and HIF-1a expression

increases in tissues and plasma of lung cancer

patients

(A) Expression of Bcl-w and HIF-1a was confirmed by

immunohistochemistry (IHC) staining in tissues of lung

cancer patients (scale bars, 200 mm). (B) Bcl-w mRNA

levels in the plasma of lung cancer patients were detected

by quantitative real-time PCR: normal (n = 8) versus lung

cancer (n = 8). (C) Levels of HIF-1amRNA in the plasma of

lung cancer patients were detected by quantitative real-

time PCR: normal (n = 12) versus lung cancer (n = 13). The

data are presented as mean ± SD. *p < 0.05. Student’s t

test.
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growth, EMT, migration, invasion, and metastasis by increasing HIF-
1a expression.12,28,29 We previously reported that Bcl-w, which is
highly expressed in solid tumors, including breast cancer21 and glio-
blastoma multiforme,18–20 is associated with tumor aggressiveness.
To investigate the relationship between Bcl-w and hypoxia in lung
cancer, the expression of Bcl-w and HIF-1a was measured in tissue
and plasma samples of lung cancer patients. Immunohistochemistry
(IHC) staining showed higher expression of Bcl-w and HIF-1a in tu-
mors than in adjacent normal lung tissue (Figure 1A). Bcl-w andHIF-
1a mRNA expression was higher in plasma samples from the lung
cancer patients than from normal individuals (Figures 1B and 1C).
Overall, these results suggested that Bcl-w is associated with hypoxia
in lung cancer.

Hypoxic condition in lung cancer induces Bcl-w and HIF-1a

expression

The expression of both of Bcl-w and HIF-1a in A549 and H460
cells was increased in the hypoxic condition induced by 1% O2

(Figure 2A). Bcl-w and HIF-1a expressions were time-depen-
dently increased after treatment with hypoxic condition (1%
O2) in H460 cells (Figure 2B). In addition, the expressions of
HIF-1a protein and mRNA were upregulated in Bcl-w-overex-
pressing A549 cells but downregulated in Bcl-w-knockdown
H460 cells (Figures 2C and 2D). Moreover, the expression of
Bcl-w protein was downregulated in HIF-1a�knockdown H460
cells (Figure S1A). To confirm the above data at the cellular
level in experimental animal tissues, H460 cells in which Bcl-w
or HIF-1a was knocked down were injected into the tail veins
of mice, and the mice were sacrificed 8 weeks later (Figure 2C;
Figures S1A and S1B). First, to identify hypoxic regions in the
pulmonary tissues of a mouse xenograft model, IHC staining
was performed with carbonic anhydrase 9 (CA9) and glucose
transporter 1 (GLUT1), known as hypoxia markers.30,31 As a
result, both hypoxia markers were highly expressed at the tumor
region in pulmonary tissues (Figure S2). In addition, it was
Molecular The
confirmed that both Bcl-w and HIF-1a
were highly expressed in the region of tumor
with high hypoxia marker expression (Fig-
ures 2E and 2F). From these two results, it
can be suggested that Bcl-w and HIF-1a,
which are highly expressed in the hypoxic region of pulmonary
tumor, are closely related to each other.

Bcl-w enhances epithelial-mesenchymal transition, migration,

invasion, stemness, and metastasis in lung cancer

Assessments of the basal levels of expression of Bcl-w in A549 and
H460 NSCLC cell lines showed that Bcl-w expression was higher
in H460 cells than in A549 cells (Figure S3). Thus, the role of
Bcl-w in lung cancer was investigated in Bcl-w-overexpressing
A549 cells and Bcl-w-knockdown H460 cells (Figure 2C). The
migratory and invasive abilities were increased in Bcl-w-overex-
pressing A549 cells but inhibited in Bcl-w-knockdown H460 cells
(Figures 3A and 3B). Because cancer stem-like cells are one of the
major causes of tumor formation,32,33 their presence was assessed
by sphere formation and anchorage-independent cell growth as-
says. In addition, the effect of Bcl-w on the maintenance of stem-
ness was assessed by western blot analysis of the expression of can-
cer stem-like cell markers. Overexpression of Bcl-w increased the
number of spheres, anchorage-independent cell growth, and the
level of cancer stem-like cell markers compared with the negative
control group. Conversely, knockdown of Bcl-w reduced sphere
formation ability, spheroid formation in three-dimensional cul-
ture, and expression of stemness-related factors such as Oct4,
Notch2, and Sox2 (Figures 3C–3E). Additionally, to investigate
the effect of Bcl-w on mesenchymal traits in lung cancer, the
expression of EMT-related markers was confirmed by western
blot analysis and immunofluorescence (IF) staining. Overexpres-
sion of Bcl-w increased mesenchymal makers, including Vimentin,
N-cadherin, and Twist, and decreased epithelial markers, such as
E-cadherin (Figure 3E; Figures S4A and S4B). Conversely, knock-
down of Bcl-w reduced the expression of mesenchymal markers
(Figure 3E). Angiogenesis, which creates new blood vessels in can-
cer tissue, is important for cancer progression.34 To assess the ef-
fect of Bcl-w on angiogenesis, tube formation analysis was per-
formed in human umbilical vein endothelial cells (HUVECs).
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Figure 2. The expression of Bcl-w and HIF-1a is increased in hypoxic condition

(A) After A549 and H460 cells were incubated for overnight in the hypoxic condition (1% O2), expression of Bcl-w and HIF-1a was determined by western blot analysis. (B)

After time-dependent treatment with hypoxic condition (1% O2) in H460 cells, indicated cells were subjected to western blot analysis. b-actin was used for normalization in

western blot analysis. (C) A549 and H460 cells were transfected with Bcl-w or shBcl-w, respectively. Bcl-w and HIF-1a expression levels were determined by western blot

analysis. (D) HIF-1amRNA level was quantified in Bcl-w-overexpressing or -knockdown cells by quantitative real-time PCR. (E and F) The pulmonary metastatic tissues were

collected 8 weeks after shBcl-w (E) or shHIF-1a (F) H460 cells were injected into the tail vein of mice. The expression of Bcl-w and HIF-1a was detected by immunohis-

tochemistry (IHC) staining (scale bars, 200 mm). The data are presented as mean ± SD. **p < 0.01; ***p < 0.001. Student‘s t test.
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Overexpression of Bcl-w increased the ability to form tubes,
whereas knockout of Bcl-w decreased this ability in HUVECs (Fig-
ure S5A). The levels of expression of the angiogenesis markers an-
giopoietin-2 (Ang2) and vascular endothelial growth factor
(VEGF)35 were upregulated in Bcl-w-overexpressing A549 cells
but decreased in Bcl-w-knockdown H460 cells (Figure S5B). These
results showed that Bcl-w enhanced lung cancer cell migration, in-
vasion, stemness, mesenchymal traits, and angiogenesis, consistent
with our previous results showing that Bcl-w, which is highly ex-
pressed in various cancers, is involved in tumorigenesis.18–22,36 To
verify the tumorigenic actions of Bcl-w, we used BEAS-2B cells,
which were overexpressed with Bcl-w. Bcl-w-overexpressed
BEAS-2B cells increased the properties of EMT, migration, inva-
sion, angiogenesis, and stemness by western blot analysis, migra-
tion, invasion, and sphere formation assays (Figures S6A–S6D).
These findings confirmed that Bcl-w promoted the cell migration,
invasion, EMT, and sphere formation ability in normal BEAS-2B
cells as well as in lung cancer cells.

Next, to confirm the effects of Bcl-w on the metastatic mechanism of
lung cancer, Bcl-w-knockdown cells were injected into the tail veins of
nude mice and the number of nodules was counted. It was confirmed
that Bcl-w short hairpin RNA (shRNA) significantly reduced lung
metastatic nodule formation compared with the control (Figure 3F),
indicating that Bcl-w is a potent factor involved in the mechanism of
lung metastasis.
370 Molecular Therapy: Oncolytics Vol. 22 September 2021
A positive-feedback loop between Bcl-w and HIF-1a induces

lung cancer malignancy

To investigate the relationship between Bcl-w and HIF-1a in
NSCLC, Bcl-w-overexpressing A549 and H460 cells were trans-
fected with HIF-1a or negative control small interfering RNA
(siRNA). Wound healing, invasion, sphere formation, and west-
ern blot analyses were performed to investigate the signaling
mechanisms by which both Bcl-w and HIF-1a induced the
tumorigenic phenotype. Knockdown of HIF-1a reduced Bcl-w-
induced cancer cell motility, invasiveness, stemness, the expres-
sion of oncogenic factors such as Vimentin, N-cadherin, Notch2,
Sox2, and Oct4 (Figures 4A–4F; Figure S7A), and HIF-1a
expression (Figure 4G). On the other hand, knockdown of
Bcl-w suppressed HIF-1a-induced migratory and invasive abili-
ties, stemness maintenance, and the expression of these pheno-
type-related factors and Bcl-w (Figures 4H–4N; Figure S7B) in
A549 and H460 cells. These findings suggested that Bcl-w and
HIF-1a promoted pulmonary malignancy by positively
increasing the expression of each other.

Meanwhile, HIF-1a is known to regulate the expression of several
genes as a transcription factor. Therefore, it was investigated
whether HIF-1a as a transcription factor affects the transcriptional
regulation of Bcl-w. Since CoCl2 induces artificial hypoxia in cells,
prevents HIF-1a degradation, and induces its stabilization,37,38

chromatin immunoprecipitation (ChIP) assay was performed after
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Figure 3. Bcl-w promotes EMT, migration, invasion, stemness maintenance, and metastasis in vitro and in vivo

(A and B) Indicated cells were analyzed for wound healing assay (A) (scale bars, 200 mm) and invasion assay with Matrigel-coated Transwells (B) (scale bars, 100 mm). (C) The

stemness in indicated cells was shown through sphere forming assay (scale bars, 100 mm). (D) The stemness of Bcl-w was detected by anchorage-independent cell growth

assay in A549 cells. (E) The level of indicated proteins was detected by western blot analysis in indicated cells. b-actin was used for normalization in western blot analysis. (F)

Bcl-w-knockdown H460 cells were injected into the tail vein in BALB/c nude mice (n = 4, 1 � 106 cells/mouse). After 8 weeks, lung was harvested and subjected to H&E

staining and metastatic nodule counting in lung tissue. The data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. Student‘s t test.
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treatment of H460 cells with CoCl2. The chromatin fraction was
pulled down with HIF-1a antibody, and a PCR fragment corre-
sponding to the predicted HRE site was detected in the Bcl-w pro-
moter (Figure S8). These results suggested that HIF-1a increased
the expression of Bcl-w by acting as a transcription factor of
Bcl-w.

A miR-519d-3p that directly inhibits Bcl-w and HIF-1a

expression was identified

miRNAs inhibit the expression of target proteins by suppressing
the translation of mRNAs.39 Therefore, we used miRNAs as a
tool to suppress the malignancy of NSCLC, and for more effec-
tive control, we tried to discover miRNAs that simultaneously
downregulate the expression of both Bcl-w and HIF-1a. Two in-
dependent target prediction sites, TargetScan40 and miRDB,41,42

were used to identify miRNAs that inhibit the expression of
Bcl-w and HIF-1a (Figure 5A). Five candidate miRNAs were
selected with two databases. miR-519d-3p suppressed the
expression of the target mRNAs, Bcl-w and HIF-1a, more effec-
tively than other candidate miRNAs (Figure 5B). In addition, as
a result of searching The Cancer Genome Atlas (TCGA) dataset
and comparing the expression levels of five candidate miRNAs
in lung cancer patients, only miR-519d-3p was less expressed
in lung cancer patient samples than in the normal group (Fig-
ures S9A–S9E). As a result of verifying of public database re-
sults using patient samples, the expression of miR-519d-3p
was found to be lower in plasma of lung cancer patients than
in that of the normal control group (Figure 5C). As a result
of testing the correlation with hypoxia induced in NSCLC, the
expression of miR-519d-3p decreased in hypoxia condition
(Figure 5D).

Bcl-w and HIF-1a were confirmed to be direct targets of miR-
519d-3p by measuring protein expression levels and luciferase
activity. Protein levels of Bcl-w and HIF-1a were significantly
reduced in A549 or H460 cells transfected with miR-519d-3p
compared with the negative control. (Figure 5E). Luciferase ac-
tivity was decreased in H460 cells transfected with miR-519d-
3p and wild-type Bcl-w or HIF-1a, whereas activity in cells
transfected with miR-519d-3p and mutant Bcl-w or HIF-1a
was unchanged (Figures 5F and 5G). These results confirmed
that Bcl-w and HIF-1a are direct targets of miR-519d-3p.
Molecular Therapy: Oncolytics Vol. 22 September 2021 371
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Figure 4. The positive-feedback loop between Bcl-w and HIF-1a leads to lung cancer malignancy

(A–G) After A549 and H460 cells were transfected with Bcl-w-overexpressing vector or siRNA against HIF-1a (siHIF-1a), indicated cells were analyzed by wound healing

assay (A and B) (scale bars, 200 mm), invasion assay using Matrigel-coated Transwells (C and D) (scale bars, 100 mm), sphere forming assay (E and F) (scale bars, 100 mm),

and western blot analysis (G). (H–N) After A549 and H460 cells were transfected with HIF-1a-overexpressing vector or shRNA against Bcl-w (shBcl-w), indicated cells were

analyzed by wound healing assay (H and I) (scale bars, 200 mm), invasion assay using Matrigel-coated Transwells (J and K) (scale bars, 100 mm), sphere forming assay (L and

M) (scale bars, 100 mm), andwestern blot analysis (N). b-actin was used for normalization in western blot analysis. The data are presented asmean ±SD. *p < 0.05; **p < 0.01;

***p < 0.001. Student‘s t test.
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MiR-519d-3p reduces mesenchymal traits, mobility,

invasiveness, and maintenance of stemness by decreasing Bcl-

w and HIF-1a expression

To investigate the role of miR-519d-3p in the mechanism of ma-
lignancy in lung cancer cells, a miR-519d-3p mimic was overex-
pressed in A549 and H460 cells. Overexpression of miR-519d-3p
inhibited migratory, invasive, and sphere formation activities and
the expression of mesenchymal and cancer stem-like cell marker
proteins (Figures 6A–6D). In particular, the expression of inva-
sion-related matrix metalloproteinases MMP-2 and MMP-9 was
analyzed by using western blotting to identify the enzymes
involved in miR-519d-3p reducing invasiveness (Figure 6B). Since
MMP-2 and MMP-9 are enzymes secreted to the outside of the
cell, their expressions were observed in the conditioning medium
(CM) of A549 and H460 cells overexpressing miR-519d-3p,
respectively. As a result, miR-519d-3p decreased the expression
372 Molecular Therapy: Oncolytics Vol. 22 September 2021
of MMP-2 and MMP-9 (Figure S10). Taken together, it was
confirmed that miR-519d-3p was found to reduce invasiveness
by reducing the expression of MMP-2 and MMP-9.

The relationship between miR-519d-3p and targeted Bcl-w or
HIF-1a on the malignant phenotype of lung cancer cells was
investigated using miR-519d-3p mimic and Bcl-w- or HIF-
1a-overexpressing vector. Cancer cell motility, invasiveness,
and sphere-forming ability reduced by miR-519d-3p were
increased by overexpression of Bcl-w or HIF-1a (Figure 6E).
In contrast, cell motility, invasiveness, and sphere-forming abil-
ity increased by miR-519d-3p inhibitor were suppressed by Bcl-
w or HIF-1a siRNA (Figures S11A–S11D). Overall, it was shown
that miR-519d-3p is involved in the mechanism of tumor sup-
pression by directly inhibiting the expression of its target pro-
teins, Bcl-w and HIF-1a.
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Figure 5. MiR-519d-3p directly targets Bcl-w and HIF-1a

(A) Using target prediction sites TargetScan and miRDB, candidate miRNAs that simultaneously regulate the expression of Bcl-w and HIF-1a are shown in a Venn diagram.

(B) To select 1 of 5 candidate miRNAs, the mRNA expression levels of Bcl-w and HIF-1awere compared after each miRNA overexpression by quantitative real-time PCR. (C)
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were incubated overnight in hypoxia (1%O2), the expression ofmiR-519d-3pwasmeasured by quantitative real-time PCR. (E) The protein expression levels of Bcl-w andHIF-

1a predicted as targets of miR-519d-3p were confirmed by western blot analysis. b-actin was used for normalization in western blot analysis. (F) After co-transfection with

either wild-type (WT) or mutant type (MT) vector of Bcl-w 30 UTR in the presence or absence of miR-519d-3pmimic, luciferase activities were examined in H460 cells. (G) After

co-transfection with either WT or MT vector of HIF-1a 30 UTR in the presence or absence of miR-519d-3pmimic, luciferase activities were measured. The data are presented

as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. Student‘s t test.
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miR-519d-3p inhibited cancer malignancy in vivo and verified

clinical applicability

To confirm the efficacy of miR-519d-3p on the metastasis mecha-
nism by the in vivo study, H460 cells overexpressing this miRNA
were injected into the tail veins of NOD/SCID mice and the mice
were sacrificed 7 weeks later. The number of pulmonary nodules
was lower in mice injected with cells overexpressing miR-519d-
3p than in mice injected with the control group (Figure 7A,
top). Hematoxylin and eosin (H&E) staining of lung tissue
confirmed that the sizes of the lung metastatic nodules were
reduced in the miR-519d-3p overexpression group compared
with the control group (Figure 7A, bottom). IHC staining found
that the levels of expression of Bcl-w and HIF-1a were decreased
in lung tissue of the miR-519d-3p overexpression group compared
with the control group (Figure 7B). These results suggested that
metastatic activity was enhanced in tumors with increased Bcl-w
expression due to hypoxia. To verify the clinical applicability of
these findings, Spearman’s correlation between Bcl-w/HIF-1a
and miR-519d-3p in plasma of lung cancer patients was investi-
gated. Negative correlations were observed between Bcl-w and
miR-519d-3p and between HIF-1a and miR-519d-3p in plasma
of lung cancer patients (Figures 7C and 7D). Because miRNAs
circulate in blood vessels,27 miR-519d-3p, whose expression was
suppressed in plasma of lung cancer patients, has shown potential
as a diagnostic marker for lung cancer.

Finally, our study found that a positive feedback loop between Bcl-w
and HIF-1a induced by hypoxia promoted EMT, mobility, invasion,
stemness, and metastasis. In addition, miR-519d-3p, which sup-
presses the expression of these two factors, was discovered as a way
to overcome this phenomenon, and it was proposed as a factor to sup-
press the mechanism of cancer malignancy andmetastasis induced by
hypoxia in lung cancer.

DISCUSSION
Bcl-w is an oncogene highly expressed in various solid tumors, such as
glioblastoma multiforme18–20 and breast,21 gastric,22 and colorectal23

cancers. Solid tumor-derived hypoxia allows cancer cells to adapt to
the tumor microenvironment, thereby inducing angiogenesis, growth
factor signal transduction, gene instability, tissue invasion, and
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Figure 6. MiR-519d-3p represses EMT, mobility, invasiveness, and stemness maintenance by suppressing Bcl-w or HIF-1a

A549 and H460 cells were transfected with either negative control or miR-519d-3p mimic. (A–C) Transfected cells were analyzed by wound healing assay (A) (scale bars,

100 mm), invasion assay with Matrigel-coated Transwells (B) (scale bars, 100 mm), and sphere forming assay (C) (scale bars, 100 mm). (D) Mesenchymal and cancer stem-like

cell marker proteins were identified by western blot analysis. b-actin was used for normalization in western blot analysis. (E) H460 cells were co-transfected with miR-519d-3p

or negative control along with Bcl-w or HIF-1a vector. Transfected cells were determined by wound healing assay (scale bars, 100 mm), invasion assay with Matrigel-coated

Transwells (scale bars, 100 mm), and sphere forming assay (scale bars, 100 mm). The data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. Student‘s t test.
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metastasis, as well as the expression of various genes related to HIF-
1a, leading to acquiring tumor malignancy.43–45

This study investigated the correlation between hypoxia and Bcl-w
expression in NSCLC tissues and the effects of these two factors on
the mechanism of tumorigenesis. To show that Bcl-w is associated
with hypoxia, the expressions of Bcl-w and HIF-1a were measured
in tissues and plasma of lung cancer patients, with the results showing
that the expression of both factors increased (Figure 1). The associa-
tion between Bcl-w expression and hypoxia in lung cancer was further
verified at the cellular level and in an animal model. First, it was
described that the expression of Bcl-w and HIF-1a increased in
lung cancer cells, A549 and H460, that were exposed to hypoxia con-
taining 1% oxygen (Figures 2A–2D). The expression of Bcl-w and
HIF-1a was suppressed in lung cancer tissues obtained after injection
of H460 cells that suppressed Bcl-w or HIF-1a expression into mouse
veins (Figures 2E and 2F). These results confirmed the hypothesis of
the link between hypoxia and Bcl-w.

HIF-1a has been reported to be involved in the progression of
various cancers, including lung cancer,46,47 and increased expres-
sion of HIF-1a is associated with poor prognosis.47 Bcl-w is also
increased in various cancers, including breast,21 gastric,22 and colo-
374 Molecular Therapy: Oncolytics Vol. 22 September 2021
rectal23 cancers and glioblastoma multiforme,18–20 suggesting that
Bcl-w contributes to tumorigenicity. Investigation of the relation-
ship between Bcl-w and HIF-1a in malignancy showed that both
induced tumorigenic properties and metastasis by increasing the
expression of each other via a positive feedback loop (Figures 2, 3,
and 4; Figures S2–S8).

The relationship between the expression of the Bcl-2 family and HIF-
1a has been revealed in several studies. It has been reported that the
expression of HIF-1a is increased and stabilized by the BH4 domain
of Bcl-2 to induce the expression of the target gene VEGF,48 thereby
increasing angiogenesis in melanoma cells.49 In addition, HIF-1a
directly binds to the promoter of Bcl-xL to regulate its expression,
and these two factors are positively expressed in various cancers.50,51

Bcl-xL is known to act as a resistance factor in hypoxia-induced
apoptosis.50,51 In this study, it was confirmed that HIF-1a functions
as a factor that regulates the transcription of Bcl-w (Figure S8).
Both HIF-1a and Bcl-w increased each other’s expression by forming
a positive feedback loop, contributing to malignancy of NSCLC.

Recent studies have shown that miRNAs are involved in various
key signaling mechanisms associated with hypoxia.52 Hypoxia-
induced miR-210 has shown involvement in angiogenesis, cell
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(scale bars, 200 mm). (C and D) The expression patterns of Bcl-w (C) and HIF-1a (D) and miR-519d-3p in plasma of lung cancer patients were analyzed by Spearman’s

correlation analysis. The data are presented as mean ± SD. *p < 0.05. Student‘s t test.
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cycle regulation, mitochondrial metabolism, DNA damage repair,
and tumor growth, suggesting that this miRNA has excellent
therapeutic potential.52–54 The present study found that miR-
519d-3p decreased hypoxia-induced tumorigenesis by inhibiting
the expression of Bcl-w and HIF-1a (Figures 5, 6, and 7).
miR-519d-3p has been reported to be a tumor suppressor
miRNA targeting MMP2, Twist, and X-linked inhibitor of
apoptosis protein (XIAP), inhibiting cell proliferation, invasion,
and migration of trophoblast cells, ovarian cancer, and gastric
cancer,55–57 supporting our results.

Circulating tumor DNA (ctDNA), non-coding RNA (ncRNAs), miR-
NAs, proteins, and exosomes are present in body fluids, including
blood. Because miRNAs are secreted into the blood and circulate
throughout the body, they can be detected in the blood.58 It is known
that miRNAs circulate in the blood and act as messengers that
communicate between tumor and the surrounding microenviron-
ment.59 Therefore, recently, the potential of miRNA as a biomarker
for cancer diagnosis and treatment using liquid biopsy has
emerged.27,59

In NSCLC, miRNA is also being developed as a biomarker. As
an example, the let-7 family functions as a tumor suppressor
that suppresses the expression of RAS and MYC, and low
expression in NSCLC patients has a poor prognosis.60 In addi-
tion, miR-141 and miR-200c are strongly upregulated in patients
with NSCLC and are associated with low overall survival.61 The
increased levels of MiR-486 and miR-150 in plasma of NSCLC
patients suggest a potential as biomarkers for early diagnosis
and prognosis.62

The correlations between plasma expression of Bcl-w/HIF-1a and
miR-519d-3p were therefore analyzed in lung cancer patients. Spear-
man’s correlation analysis disclosed that Bcl-w and HIF-1a each
showed a negative correlation with miR-519d-3p (Figures 7C and
7D). Overall, miR-519d-3p in lung cancer has shown potential as a
biomarker for cancer diagnosis and targeted treatment.
MATERIALS AND METHODS
Cell culture

H460 and A549 were obtained from the Korea Cell Line Bank
(KCLB). HUVECs and BEAS-2B were purchased from CEFO Bio
(Seoul, Korea) and American Type Culture Collection (ATCC, Man-
assas, VA, USA), respectively. H460 and BEAS-2B cells were cultured
in RPMI 1640 (Corning, Corning, NY, USA). A549 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning,
Corning, NY, USA). Both were supplemented with 10% fetal bovine
serum (Genken, Los Alamitos, CA, USA) and penicillin-streptomycin
(Corning, Corning, NY, USA). HUVECs were cultured in Endothelial
Cell Growth Medium (PromoCell, Heidelberg, Germany). Cells were
incubated in 5% CO2 at 37�C. For maintaining the hypoxic condition,
cells were incubated in a hypoxia chamber, which was maintained
with 1% O2, 5% CO2 and balanced with N2.
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Plasmid, miRNA mimic, and transfection

pGL3-UC vector was provided by V. Narry Kim.63 pGL3-UC vector
was used for luciferase reporter assay. The wild-type or mutant type
fragment of the target gene was introduced into the pGL3-UC vector
with xbaI (NEB, Ipswich, MA, USA) and EcoRI (NEB, Ipswich, MA,
USA).

Synthetic miRNA mimics or inhibitors were synthesized by Genolu-
tion (Seoul, Korea). RNA duplexes were designed from the sequences
of miR-519d-3p (50-CAAAGUGCCUCCCUUUAGAGUG-30), miR-
17-5p (50-CAAAGUGCUUACAGUGCAGGUAG-30), miR-20a-5p
(50-UAAAGUGCUUAUAGUGCAGGUAG-30), miR-93-5p (50-CA
AAGUGCUGUUCGUGCAGGUAG-30), and miR-106b-5p (50-UA
AAGUGCUGACAGUGCAGAU-30). All siRNAs and shRNA against
Bcl-w were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). shRNA against HIF-1a was obtained from Sigma-Aldrich
(St. Louis, MO, USA). pcDNA-3.1 vector containing Bcl-w or HIF-
1a was used for production of overexpressing cells. Plasmid, miRNA,
siRNA, and shRNA were transfected into cells with Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA), following the manu-
facturer’s instructions. After transfection for 24 or 48 h, the expres-
sion of Bcl-w, HIF-1a, and miR-519d-3p was confirmed by quantita-
tive real-time PCR and western blot analysis, respectively.
Total RNA isolation and quantitative real-time PCR

Total RNA was isolated in cell lysate with TRIzol reagent (Favorgen
Biotech, Taiwan). cDNA synthesis was performed with the Sensi-
FAST cDNA Synthesis Kit (Bioline, London, UK) and the Mir-X
miRNA first-strand synthesis kit (Clontech Laboratories, Palo Alto,
CA, USA) and amplified with the SimpliAmp thermal cycler (Applied
Biosystems, Foster City, CA, USA). Quantitative real-time PCR was
performed in a LightCycler 96 (Roche, Basel, Switzerland) with Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA). The use of the kit in this experiment followed the manufac-
turer’s instructions.

Primer sequences were as follows: 50-TGCTCATCAGTTGCC
ACTTC-30 (forward) and 50-TCCTCACACGCAAATAGCTG-30

(reverse) for HIF-1a; 50-GGACAAGTGCAGGAGTGGAT-30 (for-
ward) and 50-GTCCTCACTGATGCCCAGTT-30 (reverse) for Bcl-
w;64 50-CATCTCTGCCCCCTCTGCTGA-30 (forward) and 50-GGA
TGACCTTGCCCACAGCCT-30 (reverse) for GAPDH.
Luciferase reporter assay

H460 cells were seeded in 24-well plates (2.5 � 104 cells/well) and
were co-transfected with reporter plasmid (200 ng), pRL-CMV-Re-
nilla plasmid (2 ng), and miR-519d-3p with Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA, USA). After 48 h, luciferase activity was
determined with a dual-luciferase reporter assay system kit (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
Firefly luciferase was normalized with Renilla. All experiments were
performed in triplicate.
376 Molecular Therapy: Oncolytics Vol. 22 September 2021
Western blot analysis

Primary antibodies were Bcl-w (Abcam, 1:1,000 dilution), HIF-1a
(Novus, 1:500 dilution), Vimentin (Cell Signaling, 1:1,000 dilution),
N-cadherin (Abcam, 1:500 dilution), Twist (Abcam, 1:500 dilution),
E-cadherin (BD Biosciences, 1:1,000 dilution), Oct4 (Abcam,
1:1,000 dilution), Notch2 (Cell Signaling, 1:1,000 dilution), Sox2
(Santa Cruz Biotechnology, 1:1,000 dilution), Ang2 (Santa Cruz
Biotechnology, 1:500 dilution), VEGF (Abcam, 1:500 dilution), and
b-actin (Santa Cruz Biotechnology, 1:2,000 dilution). Protein was ex-
tracted with lysis buffer (10mMTris-HCl with pH 7.4, 150mMNaCl,
1% NP-40, 1 mM EDTA, 0.1% SDS) containing protease and phos-
phatase inhibitors (Roche, Basel, Switzerland) and quantified by
Bradford assay (Bio-Rad, Hercules, CA, USA). Quantified protein
was separated by SDS-PAGE and transfer to polyvinylidene fluoride
(PVDF) membrane (Millipore, Burlington, MA, USA). The mem-
brane was blocked with 5% skim milk for 30 min. Primary antibodies
were incubated for overnight at 4�C, and secondary antibodies were
incubated for 1 h at room temperature. All procedures were washed
with 0.1% TBS-T (Tris Buffered Saline with Tween 20). Samples
were normalized with b-actin.
Transwell invasion and wound healing assay

Invasion assays used Transwell chambers with an 8 mm pore (Corn-
ing, Corning, NY, USA). The Transwell chamber was coated withMa-
trigel (BD Biosciences, San Jose, CA, USA). Cells (2.5 � 104 cells/
well), which were suspended in a medium containing 0.1% BSA,
were placed in the upper Transwell chamber. Complete medium
was added to the lower chamber. After incubation for 16 h, the cells
that migrated to the lower surface of the filter were fixed with meth-
anol and stained with crystal violet. The stained cells were counted
under a microscope (Olympus, Tokyo, Japan). For the wound healing
analysis, the cells were seeded in a 6-well plate so as to be 95%–100%
confluent. After incubation of the scratched cells for 16–24 h, cells
that have moved to the scratched space are counted under a micro-
scope (Olympus, Tokyo, Japan).
Sphere forming assay

The indicated cells were resuspended in DMEM-F12 (Gibco, Wal-
tham, MA, USA) containing B27 (Gibco, Waltham, MA, USA) and
grown for 7–10 days. Spheres with a diameter > 20 mm were counted
under an inverted microscope (Olympus, Tokyo, Japan).
Immunofluorescence staining

A549 cells, which were seeded on glass coverslips, were fixed with 4%
paraformaldehyde solution, permeabilized with 0.1% Triton X-100,
and blocked with 1% BSA. All procedures were washed with PBS.
The cells were incubated with antibody against E-cadherin (BD Bio-
sciences, 1:500 dilution), Bcl-w (Santa Cruz, 1:250 dilution), and Vi-
mentin (Thermo Scientific, 1:500) at 4�C overnight. The nuclei were
stained with DAPI in mounting solution (Vector Laboratories, Bur-
lingame, CA, USA). The images were determined with laser-scanning
confocal microscope LSM710 (Zeiss, Oberkochen, Germany).
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Chromatin immunoprecipitation assay

CoCl2-treated cells were subjected to a cross-linking reaction by addi-
tion of formaldehyde/glycine. After washing with PBS and lysing of
the harvested cells, they were subjected to sonication. The superna-
tant was added with HIF-1a antibody (Bethyl Laboratories, Mont-
gomery, TX, USA) or normal immunoglobulin G (IgG)
(Santa Cruz Biotechnology, Dallas, TX, USA) and Protein A/G
PLUS-Agarose (Santa Cruz Biotechnology, Dallas, TX, USA). The re-
action product is washed with low NaCl, high NaCl, and LiCl buffer,
and then NaHCO3 and SDS are added to elute the complex. To obtain
free DNA, reverse cross-linking of the protein-DNA complex is per-
formed by adding NaCl, RNase, and proteinase K to the complex.
DNA fragment is used as a PCR template. Primer for Bcl-w detection:
(forward) 50-GCCCCGAGATGTCCCGAAGTCC-30, (reverse) 50-
GGCCTGCAAAGGGCCACTACTCAG-30.

Animal experiments

Six-week-old female BALB/c nude mice were used for the mouse
xenograft experiments. Human lung cancer cells, H460 cells, with
shBcl-w or shHIF-1a (1 � 106 cells/mouse) were subjected to intra-
venous injection. After 8 weeks, mice were sacrificed and pulmonary
nodules were counted. Lung tissues were formalin fixed and paraffin
embedded for H&E and IHC.

Another experiment used 6-week-old female NOD/SCID mice. H460
cells with negative control or miR-519d-3p mimic (1 � 106 cells/
mouse) were injected into the tail vein. After 7 weeks, mice were sacri-
ficed and pulmonary nodules were counted. Lung tissues were
formalin fixed and paraffin embedded for H&E and IHC. These
studies were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of the Korea Institute of Radio-
logical and Medical Sciences (KIRAMS).

Hematoxylin and eosin and immunohistochemistry staining

Lung tissues were fixed in 4% formaldehyde and embedded in
paraffin. The paraffin section was deparaffinized with xylene and re-
hydrated with ethanol. For H&E, the slides were stained with H&E
(Thermo Scientific, Waltham, MA, USA). In IHC staining, after an-
tigen retrieval, the sections were blocked for endogenous peroxidase
activity with 3% H2O2. Bcl-w (Abcam, 1:500 dilution) and HIF-1a
(Novus, 1:250 dilution) were incubated overnight at 4�C. After
washing with TBS-T (TBS with Tween 20), Vectastain ABC kit and
DAB (3,30-diaminobenzidine; Vector Laboratories, Burlingame, CA,
USA) were used according to manufacturer`s protocols. The signal
was detected with cellSens (Olympus, Tokyo, Japan).

Clinical specimens

Human specimens were provided from the Radiation Tissue Re-
sources Bank of Korea Cancer Center Hospital and the KIRAMS Ra-
diation Biobank (KRB). Lung cancer tissues and adjacent lung tissues
were obtained from 30 patients, respectively. Plasma was provided in
20 samples from normal and lung cancer patients, respectively. All
samples used in this experiment have Institutional Review Board
(IRB) approval (K-1608-002-048) in KIRAMS.
Statistical analysis

GraphPad software was used for all data analysis. All data are ex-
pressed as mean ± SD. Statistical calculations were performed with
Student’s t test. The Spearman correlation coefficient was used to
verify the relationships between Bcl-w or HIF-1a and miR-519d-3p
in plasma of lung cancer patients.
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Supplemental Figure S1

B sh con sh HIF-1α

H&E

Figure S1. Expression of Bcl-w or HIF-1α is confirmed in cells used in animal experiments. (A) After transfection of H460 cells with sh HIF-1α, Bcl-w and

HIF-1α expression levels were determined using Western blot analysis. β-actin was used as a loading control. (B) shHIF-1α cells were injected to tail vein in

BALB/c nude mice (n=5, 1x106 cells/mice). After 8 weeks, lung was harvested and subjected to H&E staining (scale bar 200μm). The data are presented as the

mean ± S.D. ***P<0.001. Student`s t-test.
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Supplemental Figure S2

Figure S2. The expression of hypoxia markers decreases in pulmonary tumor tissues of Bcl-w or HIF-1α-knockdown mice. The expression of hypoxia markers

CA9 and GLUT1 was detected by immunohistochemistry (IHC) staining. (A) The hypoxic regions in the pulmonary tumor formed after sh control or sh Bcl-w-

transfected cells were injected into the tail vein of mice were indicated by staining with CA9 and GLUT1. (B) IHC images for hypoxic area within pulmonary

tumor formed after sh con and sh HIF-1α Bcl-w-transfected cells were injected in mice were showed. scale bar 200μm.
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Figure S3. Basal level of Bcl-w expression is higher in H460 than in A549 cells. The expression of Bcl-w in A549 and H460 cells was determined by Western

blot analysis.
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Supplemental Figure S4

Figure S4. Overexpression of Bcl-w enhances mesenchymal properties. Immunofluorescence (IF) staining of E-cadherin (green) (A) or Vimentin (green) (B), Bcl-

w (red), and DAPI (blue) in A549 cells: scale bar 50μm.
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Supplemental Figure S5
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Figure S5. Bcl-w promotes tube formation ability in HUVECs. (A) After HUVEC cells were transfected with Bcl-w vector or Bcl-w shRNA, the effect of Bcl-w on

angiogenesis was tube formation assay in matrigel. Scale bar 100um. (B) The expression level of angiogenesis-related factors, Ang2 and VEGF, were confirmed by

Western blot analysis in H460 and A549 cells. The data are presented as the mean ± S.D. **P<0.01. Student`s t-test.
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Supplemental Figure S6
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Figure S6. Bcl-w increases migratory and invasive abilities and stemness maintenance in normal lung cells, BEAS2B. After BEAS2B cells were transfected

with Bcl-w overexpressing vector, indicated cells were subjected for (A) Western blot analysis with EMT and cancer stem-like cell markers, (B) wound healing

assay, (C) invasion assay with matrigel-coated transwell, and (D) sphere forming assay. Scale bar 100um. The data are presented as the mean ± S.D. *P<0.05;

**P<0.01; ***P<0.001. Student`s t-test.
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Figure S7. Bcl-w and HIF-1α positively correlate the expression of tumorigenic factors in lung cancer. (A, B) Western blot analysis was used to detect

Vimentin, N-cadherin, Notch2, Sox2 and Oct4 expression in the indicated H460 cells. β-actin was used as a loading control.
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Supplemental Figure S8

Figure S8. HIF-1α regulates the transcription of Bcl-w by directly binding to the promoter of Bcl-w. For chromatin immunoprecipitation (ChIP) analysis, H460

cells were treated with 100uM CoCl2 to induce hypoxia, and then the Bcl-w promoter fragment was pulled with HIF-1α or a control antibody.
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Supplemental Figure S9

Figure S9. Expression analysis of 5 miRNA candidates in lung cancer patients using TCGA database. Expression of miRNA candidates (miR-17-5p (A), miR-

20a-5p (B), miR-93-5p (C), miR-106b-5p (D) and miR-519d-3p (E)) was analyzed in lung cancer patients compared to the normal group. The indicated

miRNA expression levels were plotted according to normal versus lung cancer tissues.The data are presented as the mean ± S.D. **P<0.01; ***P<0.001.

Student`s t-test.
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Supplemental Figure S10

Figure S10. Overexpression of miR-519d-3p inhibits the secretion of MMP-2 and MMP-9. A549 (A) and H460 (B) cells were transfected with either negative

control (NC) or miR-519d-3p mimic. Protein expression of MMP-2 and MMP-9 was confirmed in conditioned media (CM) collected from NC and miR-519d-

3p-trasnsfected cells. The data are presented as the mean ± S.D.
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Supplemental Figure S11
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Figure S11. miR-519d-3p inhibitor increases cancer cell mobility, invasiveness and maintenance of stemness. (A) H460 cells were co-transfected with Bcl-w

or HIF-1α siRNA and miR-519d-3p inhibitors and then assessed by wound healing assays (B), invasion assay with matrigel-coated transwell (C) , and sphere

formation assay (D). Scale bar 100um. The data are presented as the mean ± S.D. **P<0.01; ***P<0.001. Student`s t-test.
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