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MicroRNA-181a is elevated by 10-hydroxycamptothecin and
represses lung carcinoma progression by downregulating FOXP1
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Abstract: Tumor progression is usually characterized by proliferation, migration, and angiogenesis, which is essential for

supplying both nutrients and oxygen to the tumor cells. Therefore, targeting angiogenesis has been considered a

promising therapeutic strategy for cancer prevention and treatment. In the present study, we demonstrated that in

addition to suppressing lung cancer cell proliferation and migration in vitro, 10-hydroxycamptothecin (10-HCPT) is

also capable of inhibiting angiogenesis in vivo with a miR-181a-dependent manner. Mechanistically, by upregulating
miR-181a, which in turn downregulating FOXP1, 10-HCPT can inhibit the PI3K/Akt/ERK signaling pathway-
mediated angiogenesis. Furthermore, reduced levels of miR-181a have been found in both lung cancer cell lines and
xenograft with concurrently elevated levels of FOXP1, VEGF, bFGF, and HDGF. Consistent with the findings from

the in vitro experiments, miR-181a impairs neovascularization in our xenograft model. In summary, our findings have

not only established the anti-oncogenic role of miR-181a in lung cancer angiogenesis but also suggest that 10-HCPT

could be a potential therapeutic reagent for lung cancer treatment.

Abbreviations

10-HCPT: 10-hydroxycamptothecin

bFGEF: basic fibroblast growth factor

ERK: extracellular regulated protein kinases
FOXP1: Forkhead box protein P1

HDGE: hepatoma-derived growth factor
MMP: matrix metalloproteinase

PI3K: phosphatidylinositol 3-kinase

VEGE: vascular endothelial growth factor
Introduction

Lung cancer is one of the most common malignant human
cancers worldwide and shows characteristics features of
uncontrolled cell growth, high invasion, and rapid
metastasis (Cersosimo, 2002). The greatest indication for
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lung cancer cure is confirmed diagnosis at the early stage. In
2014, the UK Office for National Statistics reported that
patients diagnosed with distant metastatic disease (Stage IV)
had a 1-year survival rate of just 15%-19% compared with
81%-85% for Stage I (Blandin Knight et al., 2017).

The progression of solid tumors is critically dependent on
a functional vascular supply, in the absence of which tumors
remain dormant and unable to metastasize. Several anti-
cancer drugs such as 10-hydroxycamptothecin (10-HCPT)
have been tested in clinical and basic studies as angiogenesis
inhibitors, in addition to their demonstrated functions in
suppressing cell proliferation and metastasis. 10-HCPT is a
derivative of camptothecin, which was discovered as a plant
antitumor agent and showed to specifically inhibit the DNA
topoisomerase I to arrest the cell cycle and induce apoptosis
(Wani et al., 1980; Ling et al., 1990).

Although 10-HCPT has been revealed as a potential anti-
angiogenic agent, the detailed underlying mechanisms still
need to be elucidated (Xiao et al., 2001; Olgen, 2018).

Anti-angiogenic drugs function by suppressing pro-
angiogenic factors, such as vascular endothelial growth factor
(VEGF), bFGF (basic fibroblast growth factor), HDGF
(hepatoma-derived growth factor), HIF-1a (hypoxia-inducible
factor), MMP2, and MMP9 (matrix metalloproteinase), which
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are highly expressed in tumor cells. These angiogenic factors
trigger a series of pro-angiogenic reactions, resulting in the
proliferation and migration of endothelial cells. Although
clinical trials have shown that anti-angiogenic agents notably
improve the therapeutic index of anticancer drugs, a great
challenge is to identify more effective anti-angiogenic targets
(Vasudev and Reynolds, 2014; Gacche and Meshram, 2014;
Bergers and Benjamin, 2003; Eguchi and Wakabayashi, 2020).
Hence, elucidation of signaling pathways of anti-angiogenic
targets is one of the solutions to challenges.

MicroRNAs (miRNAs), small and highly conserved
noncoding RNAs, are involved in a wide array of cellular and
molecular processes. Numerous studies have demonstrated
that miRNAs play important roles in a range of processes,
including cell proliferation, metastasis, and angiogenesis,
which are key pathogenic events in the carcinoma
progression (Yang and Yin, 2014; Zhou et al, 2017). The
miR-181 family has been reported to possess highly
conserved sequences in almost all vertebrates and is involved
in virtually all major signaling pathways via binding the 3’
untranslated region (UTR) of multiple targeted mRNAs
(Rezaei et al, 2020). Furthermore, many studies have
demonstrated that the miR-181 family members are
dysregulated in various tumor tissues and play important
roles in carcinogenesis (Ji et al., 2009). Several reports have
also shown that members of the miR-181 family serve as
oncogenes or tumor suppressors, even in one type of cancer.
For example, miR-181a both promotes proliferation and
suppresses migration in colon cancer cells (Wei et al, 2014;
Li et al,, 2015).

In the present study, we demonstrated that miR-181a
expression was attenuated in both lung carcinoma cell lines and
lung carcinoma tissues. Functional studies revealed that miR-
181a played an anti-oncogenic role in suppressing proliferation
and migration of lung carcinoma cells. Additionally, miR-181a
transfection could reduce the expression of pro-angiogenic
factors in lung carcinoma cells. Consistently, neovascularization
in xenografts was also suppressed by miR-181a transfection. The
underlying mechanism may involve the downregulation of
Forkhead box protein P1 (FOXP1) expression by miR-181a and
the consequently decreased expression of pro-angiogenic factors
to modify the tumor environment. We also found that 10-
HCPT, which elevated miR-18la expression, repressed
proliferation, migration, and angiogenesis. Together, our findings
demonstrate that miR-18la plays a negative role in cancer
dissemination and may serve as a potential prognostic biomarker
and molecular target for anti-angiogenic drug development.

Materials and Methods

Cell culture and reagents

The cell lines (A549, NCI-H1975, H1299, and HBE) were
provided by the Institute of Shanghai Cell Biology. A549,
H1975, H1299, and HBE cells were kept in RPMI-1640
medium (Sigma-Aldrich; Merck KGaA) supplemented with
10% fetal bovine serum (Hyclone; GE Healthcare). The
following drugs and reagents were used in the present study:
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich; Merck KGaA), trypsin (Sigma-Aldrich;
Merck KGaA), DMSO (Sigma-Aldrich; Merck KGaA),
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5 x poly-A buffer, MgCl,, and dATP (Promega Corporation),
dNTP mixture and RNase inhibitor (Takara Bio, Inc., Shiga,
Japan), SYBR Green PCR master mix quantification PCR kit
(Qiagen, Inc., Hilden, Germany), Matrigel (E6909, Sigma-
Aldrich; Merck KGaA), VEGF (AmyJet Scientific; Wuhan;
China), 10-Hydroxycamptothecin (Solarbio, Inc., Metro
Manila, the Philippines).

Transfection

1 x 10° A549 cells were transfected with 1 pg siRNA (or
plasmids) in 2.5 uL of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. All transfections were carried out in triplicate.

MTT assay

A549 cells were seeded at 5000 cells/well in 96-well plates.
Transfection or chemical dosing was conducted in a well
after 24 h incubation. After incubation for 48 h, 10 uL of
5 mg/mL MTT were added into each well before the end of
the experiment and then incubated for 4 h at 37°C. The
culture medium was discarded, and 100 pL of DMSO was
added to each well; the plate was shaken for 10 min at room
temperature. Absorbance (OD) value was measured at
570 nm with a Microplate Reader (Multiskan FC; Thermo
Fisher Scientific, Inc., Waltham, USA). Each experiment was
repeated a minimum of three times.

Cell migration assay

The migration ability of A549 cells was assessed using trans-
well chambers in the present study. Firstly, A549 cells were
harvested and resuspended in a serum-free medium. Then
cells (1 x 10* cells/well) were directly added to the upper
chamber of the transwell culture plates. Medium containing
20% FBS was added to the lower chamber of the transwell
culture plates to serve as a chemoattractant. After
incubation for 24 h in an incubator at 37°C and 5% CO,
condition, non-migrating cells adhered on the upper surface
of the membrane were scrubbed gently with a cotton-tipped
swab. Then cells migrating to the lower surface of the
membrane were fixed with 4% paraformaldehyde for
30 min, stained with 10% crystal violet for 15 min, and
washed with PBS. Finally, cells in five randomly selected
fields of each chamber were photographed with an inverted
microscope and quantified by manual counting and used to
indirectly reflect the tumor cell migration ability.

Cell apoptosis assay

For apoptosis analysis by flow cytometry, A549 Cells (4 x 10°
cells/well) were seeded in 6-well plates and incubated
overnight, then treated with 10-hydroxycamptothecin or
miR-181a for 48 h. The cells were harvested with trypsin
and washed with PBS, stained with Annexin V-FITC/PI kit
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, China)
according to the manufacturer’s protocols. Finally, the
samples were analyzed by BD FACS Diva Software on a
flow cytometer (BD FACS Canto TMII, BD Bioscience).

Colony formation assay
The processed cell suspension was collected, and 1000 cells
were seeded in a 100 mm-culture dish and cultured in a cell
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culture incubator for 2 weeks. When visible clones were
observed, the cell colonies were washed three times with PBS.
Colonies were fixed with 4% paraformaldehyde for 30 min
and stained with 0.1% crystal violet for 20 min. Finally, the
number of clones was counted in each culture dish.

Western blotting

The cells were lysed in RIPA buffer (Beyotime Institute of
Biotechnology) containing protease inhibitor cocktail at 4°C on
ice for 30 min. After centrifugation at 12,000 rpm for 10 min at
4°C, equal amounts of protein samples (30 pg) were prepared for
electrophoresis running on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a polyvinylidene difluoride (PVDF) membrane. The
membranes were then blocked by incubating with blocking
buffer (5% fat-free milk/TBST, pH 74) for 1 h at room
temperature. The membranes were probed with primary
antibodies as follows: rabbit anti-GAPDH (AP0063, Bioworld
Technology, Inc., St Louis, USA), rabbit anti-AKT (BS4007,
Bioworld Technology, Inc., St Louis, USA), rabbit anti-phospho-
AKT (bs-0876R, Bioss Inc., Woburn, USA), rabbit anti-MMP9
(BS6893, Bioworld Technology, Inc., St Louis, USA), rabbit anti-
HIF1-a (BS3514, Bioworld Technology, Inc.,, St Louis, USA),
rabbit anti-Bax (BS2538, Bioworld Technology, Inc., St Louis,
USA), rabbit anti-Bcl-2 (BS70205, Bioworld Technology, Inc,
St Louis, USA), rabbit anti-ERK (bs-0022R, Bioss Inc., Woburn,
USA), rabbit anti-phospho-ERK (bsm-33353M, Bioss Inc,
Woburn, USA), Rabbit anti-PI3K (bs-0128R, Bioss Inc,
Woburn, USA), rabbit anti-phospho-PI3K (abs130868, Absin),
rabbit anti-FOXP1 (ab134055, Abcam) were incubated overnight
at 4°C. Membranes were washed with TBST three times, and
then horseradish peroxidase (HRP) conjugated secondary
antibodies (BS13278, Bioworld Technology, Inc., St Louis, USA)
were incubated for 1 h at room temperature. Finally, signals were
captured using enhanced chemiluminescence (ECL, Wuhan
Boster  Biological ~ Technology, ILtd, Wuhan, China).
Densitometry was performed using a Gel Image System 4.2
(Tanon Science & Technology Co, Ltd., Shanghai, China). All
the western blot results were repeated three times.

Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was isolated from the cells using the TRIzol
reagent (Thermo Fisher Scientific, Inc, Waltham, USA),
miRNAs were extracted from the cells using mirVana™
miRNA kit (Ambion; Thermo Fisher Scientific, Inc.,
Waltham, USA), and poly (A) was added using poly (A)
polymerase, following the instruction of the manufacturer.
Extracted RNA was reverse transcribed into cDNA with a
Reverse Transcription Kit (Takara). qRT-PCR was
performed to detect RNA levels using TB Green® Premix
Ex Taq™ kit (RR420A, Takara Bio Company. Shiga, Japan).
Data analysis was performed using the 2" method. The
primers sequences used for qRT-PCR were as follows:
miR-181a forward: 5 AGGTTGCTAGGACATCAA-
CGG 3.
miR-181a reverse: 5 AGAGTTAGTTTGGTAGCTGGC 3.
5S rRNA forward: 5> GCCATACCACCCTGAACG 3.
5S rRNA reverse: 5> AACATGTACAGTCCATGGATG 3.
GAPDH forward: 5 GTCTTCACCACCATGGAGA-
AGG 3.
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GAPDH reverse: 5 GCCTGCTTCACCACCTTCTTGA 3.
VEGF forward: 5> AGGGCAGAATCATGAGCAAGT 3’
VEGEF reverse: 5> AGGGTCTGCATTGGATGGCA 3.
bFGF forward: 5> AGTGTCTGCTAACCGTTAGCT 3’
bFGF reverse: 5 ACTGCCCAGTTCGTTTCAGTG 3.
HDGF forward: 5> ATCAACAGCCAACAAATACC 3
HDGF reverse: 5 TTCTTATCACCGTCACCCT 3
(Ke et al., 2013).

MMP2 forward: 5> GCTGATGTCCAGCGAGTG 3
MMP2 reverse: 5> TGCAGCCTAGCCAGTCG 3.

GFP report assays
Plasmid GFP-FOXP1-3’UTR was constructed based on
GV144 purchased from GENECHEM Co, Ltd. (Shanghai,
China). The cloning sequence was part of FOXP1-3'UTR
containing the possible binding sites of miR-181a. GFP-
FOXP1-3'UTR and siRNAs were co-transfected into A549
cells. After 24 h, the GFP positive cells were observed and
analyzed by FACS (Beckman) (Zhang et al., 2016).

The cloning sequence was as follows:

TTAAGTTCTGACCTCAGGCCTCCATTTGGGCCGA-
TGGCCTCTTGGAGGCTTAAAGTTTTCTGTACCTTGTG-
ATGAATGTTAATAGGTGTTTTTATTATACAAAGCTGA-
ATGTCATTTCTCGTTTGTAGCTTTCTGTCACTCATTC-
CATCTTCCTTCAGACATCACCACGTTTCTCT-AAAG.

Xenograft mouse model

Six-week-old BALB/c-nu male mice were purchased from
Nanjing GemPharmatech Co., Ltd., Nanjing, China. The mice
were kept under sterile conditions. Each mouse was
subcutaneously injected with A549 cell suspensions (5 x 10°
cells) into the upper back of the mice. The experimental group
was treated with 10-HCPT (2 mg/kg) by intraperitoneal
injection, while the control group was treated with an equal
volume of DMSO. Control cells and cells treated with miR-181a
were subcutaneously tumorized of the upper back of the mice,
respectively. Every three days, a vernier caliper was used to
measure the tumor width and height, and the following formula
was used to calculate the tumor volume: tumor volume =
(length x width?)/2. All mice were sacrificed after 4 weeks, and
tumors were collected and weighed (Zhang et al, 2016). All
animal experiments were approved by the Ethics Committee of
Animal Experiments of Binzhou Medical University.

Evaluation of xenograft angiogenesis

Xenografts were fixed with 4% paraformaldehyde and
embedded in paraffin. Immunohistochemistry was performed
on 3 um sections to visualize vascular endothelium by using
CD31 antibody (Cell signaling technology), which could only
react with mice antigen. Three field images were collected
from each slide by using an EVOS™ M7000 Imaging System
(Thermo Fisher Scientific, Inc., Waltham, USA). The discrete
cluster cells stained CD31 positive was counted down as one
vessel. Tumor vessel density was reported as the average
number of vessels number per field.

Statistical analysis

SPSS 22.0 software was used to analyze the data. All
experiments were repeated three times, and the data were
presented as the mean + SD. Statistical analysis between two
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groups was evaluated by unpaired or paired Student’s ¢-test.
ANOVA was used for the comparison of means of multiple
groups. P < 0.05 was considered to indicate a statistically
significant difference.

Results

10-HCPT suppressed proliferation and metastasis but
promoted apoptosis of lung cancer cells

We first treated A549 lung carcinoma cells with 10-HCPT at
various concentrations for 48 h and performed MTT assays to
evaluate cell proliferation. The results indicated that 10-HCPT
at concentrations from 0.5 to 2 uM significantly suppressed cell
proliferation  (Fig. 1A). The half-maximal inhibitory
concentration (IC50) value for 10-HCPT in A549 cells was 1
(M, which was applied to the following experiments. As a
result, 10-HCPT treatment remarkably impaired colony growth
in colony formation assays compared with the DMSO control
(Fig. 1B). We next evaluated the effects of 10-HCPT on cell
apoptosis using flow cytometry. The results showed that
apoptosis of A549 cells was significantly elevated by 10-HCPT
treatment. In addition, the 10-HCPT treatment decreased the
expression of Bcl2 and increased the expression of Bax
compared with the DMSO control (Fig. 1C). Moreover,
Transwell migration assays demonstrated that 10-HCPT
treatment notably attenuated A549 cell migration compared
with the DMSO control (Fig. 1D).

Previous studies reported that FOXP1 and the related
PI3K/Akt/ERK1/2 pathways play an important role in
tumor progression (He et al., 2018). We performed western
blot analysis to determine whether 10-HCPT had an impact
on FOXP1 expression and the PI3K/Akt/ERK1/2 pathways.
The results showed that 10-HCPT attenuated the expression
of FOXP1 and phosphorylation of PI3K, Akt, and ERK. In
contrast, 10-HCPT treatment almost had no impact on the
expression of total PI3K, Akt, and ERK (Fig. 1E).

To further investigate the anti-tumor function of 10-HCPT
in vivo, A549 cells were injected into nude mice. After 12 days,
10-HCPT or DMSO was intraperitoneally injected into nude
mice. Every three days, the tumor volumes were measured. One
month after A549 cell injection, the mice were sacrificed, and
the tumor volumes and weights were measured. The results
showed that 10-HCPT treatment suppressed tumor growth
both in terms of volume and weight compared with the DMSO
control (Fig. 1F). Angiogenesis in xenografts was evaluated by
CD31 immunohistochemical staining. The number and density
of novel blood vessels were decreased in xenografts treated with
10-HCPT compared with those treated with DMSO (Fig. 1G).
We also conducted CD31 fluorescent staining to assess
neovascularization in xenografts and obtained similar results
(Suppl. Fig. S1). In addition, tumors with 10-HCPT treatment
showed reduced expression of pro-angiogenic factors (VEGF,
bFGF, HDGF, and MMP2) (Fig. 1H). These data indicated that
10-HCPT repressed suppressing proliferation, metastasis, and
angiogenesis to restrain carcinoma progression.

Expression of miR-181a was elevated by 10-HCPT and
upregulated in lung carcinoma tissue

Our results showed that 10-HCPT remarkably restrained the
progression of lung carcinoma. We therefore next
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investigated the mechanism by which 10-HCPT exerts its
anti-tumor effects in lung carcinoma. Previous studies
reported that 10-HCPT is involved in the regulation of
several miRNAs (Zeng et al., 2019; Wu et al., 2011). miR-
18la has been uncovered involving into the anticancer
process of several chemotherapy drugs (Zhao et al, 2016;
Armstrong et al., 2017). In the present study, we found that
the expression of miR-18la was notably upregulated in
10-HCPT-treated A549 cells (Fig. 2A). Furthermore,
carcinoma tissue lysates prepared from 10 patients with lung
cancer and the corresponding para-carcinoma tissues were
analyzed for miR-181a expression. The expression of miR-181a
in lung carcinoma samples was significantly decreased
compared with levels in the corresponding para-carcinoma
tissues (Fig. 2B). We also analyzed miR-181a expression in
several cell lines and found that miR-181a levels were reduced
in lung carcinoma cell lines (A549, H1975, and H1299)
compared with levels in the human bronchial epithelial (HBE)
cell line (Fig. 2C). Moreover, we also detected the expression of
several proangiogenic factors (VEGF, bFGF, HDGF, and
MMP2), which were found elevated in lung carcinoma cell
lines (A549, H1975, and H1299) compared with HBE (Suppl.
Fig. S1B). These data indicated that miR-181a may play an
anti-oncogenic role in lung carcinoma.

miR-181a suppressed proliferation and migration of cancer
cells and promoted apoptosis in addition to downregulating
the expression of pro-angiogenic factors

To further investigate the anti-oncogenic function of miR-
181a in lung carcinoma, we prepared miR-181a (mimic) and
miR-181a inhibitor (antisense oligonucleotide) along with
their respective controls for transfection of A549 cells. We
confirmed that miR-181a mimic transfection of A549 cells
resulted in significantly elevated miR-181a levels, while
levels were reduced upon transfection with miR-181a
inhibitor (Fig. 3A). MTT assay was conducted to assess
A549 cell proliferation. The results indicated that miR-181a
transfection significantly suppressed the proliferation of
A549 cells (Fig. 3B), while miR-181a inhibitor transfection
resulted in promoting A549 cell proliferation (Fig. 3C).
Furthermore, colony formation assays indicated that miR-
181a suppressed cell survival of A549 seeded sparsely in a
clonogenic assay compared with the control (Fig. 3D).
Conversely, cells transfected with the miR-181a inhibitor
formed more colonies compared with the scrambled control
(Fig. 3E). Flow cytometry showed that miR-181a
transfection induced more A549 cell apoptosis compared
with the control (Fig. 3F). Consistent with these findings,
miR-181a transfection downregulated the expression of Bcl2
and upregulated Bax expression (Fig. 3F). Although
apoptosis was not significantly attenuated by miR-181a
inhibitor transfection, elevated expression of Bcl2 and
decreased expression of Bax were observed with miR-181a
inhibitor transfection (Fig. 3G).

We also assessed the role of miR-181a in cell migration
using Transwell migration assays, which showed that A549 cells
transfected with miR-181a had decreased migration capacity
compared with cells transfected with the control (Fig. 3H). In
contrast, miR-181a inhibitor transfection elevated cell migration
compared with the scrambled control (Fig. 3I).
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FIGURE 1. 10-Hydroxycamptothecin suppressed proliferation, metastasis, and angiogenesis but promoted apoptosis of lung cancer cells.

(A) The proliferation curve of A549 cells treated with 10-HCPT in different concentrations for 48 h. Data are expressed as mean * SD for
triplicate experiments. (B) Colony formation assays of A549 cells treated with 10-HCPT or DMSO for 48 h. Data are expressed as mean +
SD for triplicate experiments. ***P < 0.001; unpaired t-test. (C) FACS and western blot analysis of A549 cell apoptosis at 48 h post-
treatment of 10-HCPT and DMSO. upper panel: FACS analysis of A549 cells; lower panel: western blot analysis of Bcl2 and Bax
expression. (D) Transwell migration assay of A549 at 48 h post-treatment of 10-HCPT or DMSO. Data are expressed as mean + SD for
triplicate experiments. **P < 0.01; unpaired f-test. (E) Western blot detection of FOXP1 expression and activation of PI3K/Akt/ERK
pathway in lung carcinoma cells treated with 10-HCPT or DMSO. (F) Analysis of xenograft formed by A549 cells treated with 10-HCPT
or DMSO (N = 6). Quantitative analysis of tumor volume (lower panel) and tumor weight (right panel) of xenografts. Data are expressed
as mean * SD. *P < 0.05; Mann-Whitney U-test. (G) Representative images of CD31 immunohistochemical staining of xenograft treated
with 10-HCPT or DMSO. The red arrows indicated novel blood vessels formed by endothelial cells in xenografts. The neovascularization
part was magnified. Blood vessels were quantified on one field from each xenograft. Data are expressed as mean + SD for triplicated fields.
**P < 0.01; unpaired t-test. (H) gqRT-PCR analysis of VEGF, bFGF, HDGF, and MMP2 expression in A549 cells treated with 10-HCPT or

DMSO. Data are expressed as mean + SD for triplicate experiments. **P < 0.01; unpaired t-test.

To elucidate the role of miR-18la in regulating the
expression of pro-angiogenic factors, we performed the qRT-
PCR to analyze the expressions of VEGF, bFGF, HDGF, and
MMP2, which were all suppressed as a result of miR-181a
transfection in A549 cells (Fig. 3]). Western blot revealed that
cells transfected with miR-181a had decreased MMP9 and
HIF-1a expression compared with control cells (Fig. 3K). In
contrast, the expression of pro-angiogenic factors, VEGEF,
bFGF, HDGF, MMP2, MMP9, and HIF-1a, were all elevated
in A549 cells transfected with miR-181a inhibitor compared
with cells transfected with the control (Figs. 3L and 3M).
These data indicated that miR-181a played an anti-oncogenic
role in suppressing proliferation, migration, expression of
angiogenic factors, and promotion of apoptosis.

miR-181a targeted the 3’UTR of FOXP1, which was elevated in
lung carcinoma tissue

To examine the mechanism underlying the anti-angiogenic role
of miR-18la, we used miRNA TargetScan (http://www.
targetscan.org/vert_72/) to predict the mRNAs that may bind
to miR-181a. The results revealed that FOXPI, which
functions in the regulation of vascular function, might be a
target of miR-181a (Fig. 4A). We constructed a GFP reporter
plasmid containing the FOXP1-3UTR, which was used to

co-transfect A549 cells together with miR-18la. miR-181a
transfection attenuated both the percentage of GFP-positive
cells (Fig. 4B) and GFP intensity (Fig. 4C). In addition,
western  blot revealed that FOXP1 expression was
downregulated by miR-181a transfection and upregulated by
miR-181a inhibitor transfection (Fig. 4D). We then examined
the activation of PI3K/Akt pathways, which are enhanced by
FOXP1 and play an important role in tumor angiogenesis.
miR-181a transfection decreased the phosphorylation of PI3K,
Akt, and ERK, while miR-181a inhibitor transfection resulted
in increased PI3K, Akt, and ERK phosphorylation (Fig. 4D).
To examine the expression of FOXP1 in lung cancer
cases, we collected carcinoma tissues and the corresponding
para-carcinoma tissues from 12 patients diagnosed with
lung cancer. Consistent with the miR-181a attenuation in
lung carcinoma tissues, the expression of FOXP1 was
significantly elevated in lung carcinoma tissues (Fig. 4E).
These data suggested that the anti-angiogenic function of
miR-181a may be through FOXP1/PI3K/Akt pathways.

miR-181a suppressed tumorigenesis and angiogenesis in a
xenograft model

To investigate the effects of miR-181a on tumor growth in
vivo, we constructed a xenograft model by injecting A549
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cells transfected with miRNAs into nude mice. After injection,
xenograft tumors were measured every 3 days. At the
endpoint of one month, mice were sacrificed, and tumor
tissues were harvested, photographed, and examined. The
tumors formed from cells transfected with miR-181a
showed decreased tumor volume and weight compared with
the controls (Fig. 5A). In contrast, miR-181a inhibitor
transfection resulted in enhanced tumor volume and weight
compared with the scrambled control (Fig. 5B).

We further assessed angiogenesis in the xenografts and
found that the novel vessel number was decreased in
xenografts formed by A549 cells with miR-181a transfection
compared with the controls (Fig. 5C). In contrast, miR-181a
inhibitor transfection resulted in increased novel vessel
formation in xenografts compared with the scrambled
control (Fig. 5D). We obtained similar results with CD31
fluorescent staining (Suppl. Fig. SIC-S1D). We analyzed the
expression of pro-angiogenic factors (VEGF, bFGF, HDGEF,
and MMP2) in xenografts by qRT-PCR and found that all
factors were decreased in xenografts formed by A549 cells
with miR-181a transfection compared with the control
(Fig. 5E). In contrast, miR-181a inhibitor transfection
resulted in increased VEGF, bFGF, HDGF, and MMP2
expression in xenografts (Fig. 5F).

The xenograft formed by A549 cells transfected with
miR-181a showed decreased FOXP1 expression compared
with the control. In contrast, FOXP1 expression was
elevated in xenografts derived from cells transfected with
the miR-181a inhibitor compared with controls (Fig. 5G).
These data revealed that miR-181a suppressed the growth of
xenograft in which neovascularization was also decreased.

Discussion

Tumor progression results from a series of complex and
multifaceted interactions between tumor cells and their
microenvironment. During tumor progression, a number of
angiogenic  factors are secreted in the tumor
microenvironment and recruit vascular endothelial cells to

form the intratumoral capillaries (Viallard and Larrivee, 2017;
Carmeliet and Jain, 2011). Anti-angiogenic therapies have
been developed and applied in the clinic. However,
approaches aimed at targeting tumor neoangiogenesis have
been proven successful only if the higher order of complexity
of the tumor microenvironment is considered (Rahma and
Hodi, 2019). Many reports revealed that miRNAs are
involved in the regulation of angiogenic factors to modify the
tumor microenvironment (Rupaimoole ef al, 2016). In the
present study, we found that miR-18la significantly
suppressed cell proliferation and migration but promoted
apoptosis of lung carcinoma cells. Moreover, miR-181a
transfection not only attenuated the growth of xenografts but
also decreased novel vessel formation in the xenografts.
Several studies have demonstrated that the function of
miR-181a is tumor-specific. In ovarian, liver, and breast
cancers, miR-181a enhanced cancer progression by different
mechanisms. However, miR-18la plays tumor-suppressive
roles in leukemia, glioma, and oral squamous cell carcinoma.
In the present study, we found that the level of miR-181a was
significantly decreased in lung carcinoma tissues and cell
lines. Moreover, miR-181a was elevated in lung carcinoma
cells treated by 10-HCPT, which is a chemotherapy drug, and
suppressed the angiogenesis of endothelium cells by attenuating
the expression of angiogenic factors in lung carcinoma cells.
Many chemotherapy drugs are not only toxic to carcinoma
cells but also modify the tumor microenvironment (Gao et al,
2014). miR-181a may play such a role in regulating the lung
carcinoma microenvironment. Our results indicated that miR-
181a attenuated the expressions of VEGF, bFGF, HDGEF,
MMP2, MMP9, and HIF-1a in A549 cells. In non-small cell
lung cancer, HDGF enhances VEGF-dependent angiogenesis,
in which bFGF-2 is a VEGF-independent angiogenic factor
(Eguchi and Wakabayashi, 2020). VEGF and bFGF are
regulated by HIF-la and not only stimulate the increase of
vascular permeability but also trigger the migration of
endothelial cells (Bradshaw et al, 2013; Chen et al, 2018).
MMP2 and MMP9 are associated with degradation of the
extracellular matrix and the advancement of tumor metastasis
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and angiogenesis (John and Tuszynski, 2001; Merchant et al,
2017). In light of the anti-angiogenic role of miR-181a in lung
carcinoma cells, we also assessed neovascularization in
xenografts using CD31 antibody, which only interacts with
mouse endothelial cells. The results showed that miR-181a
transfection in xenografts attenuated endothelial cell
recruitment and the formation of novel vessels. Hence, miR-
181a not only plays an anti-tumor role in suppressing the
proliferation and migration of lung carcinoma but also may
regulate the expression of pro-angiogenic factors in tumor cells
to modify the lung carcinoma microenvironment.

miRNAs decrease gene expression by binding to the
3’'UTR of the target mRNAs, which leads to degradation or
prevents translation. Our data indicated that miR-181la
negatively regulates FOXP1 expression through binding to
the 3’UTR of FOXP1 mRNA. FOXP1 is a member of the
winged-helix transcription factors that are involved in a
broad range of functions, such as cell cycle progression,
proliferation, migration, and angiogenesis. FOXP1 functions
as a cancer driver in some tumors but as a tumor suppressor
in others (Katoh et al, 2013). Xu et al. (2020) reported that
knockdown of FOXP1 promoted the development of lung
adenocarcinoma (Sheng et al., 2019). In contrast, our results

revealed that FOXP1 expression was elevated in lung
carcinoma tissues, which was consistent with the results of a
study by Feng et al. (2012). Although the precise role of
FOXP1 in lung carcinoma remains to be elucidated, our
results show that FOXP1 functions as an angiogenesis
stimulator and promotes migration and proliferation of
endothelial cells. Moreover, several studies found that FOXP1
activates the PI3K/Akt signaling pathways, which play pivotal
roles in angiogenesis (He et al, 2018). Activation of the
PI3K/Akt signaling pathway in carcinoma cells promoted the
expression of HIF-a, which upregulated the expression of
VEGF and other angiogenic factors such as bFGF and MMPs
(Tsubaki et al., 2019; Xu et al., 2020). In the present study,
we found that miR-181a suppressed the expression of FOXP1
and deactivated PI3K/Akt signaling pathways. miR-181a
transfection also attenuated FOXP1 expression in xenografts
and subsequently decreased VEGF, bFGF, and MMP2
expressions. Our results also revealed that 10-HCPT may be
a potential anti-angiogenic agent due to its capability of
repressing  neovascularization and  angiogenic  factor
expression. More importantly, miR-18la expression was
upregulated by 10-HCPT so that miR-181a may partly
mediate the process of FOXP1 upregulation and PI3K/Akt
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pathways activation by 10-HCPT treatment. Notably, miR-
181a has been reported to potentially target over 500 different
mRNAs, which may exert differential or even opposing
effects on tumor angiogenesis. Future studies should
systemically study the targets of miR-181a to fully elucidate
the mechanism and role of miR-181a in lung carcinoma.

Conclusion

We demonstrated that miR-181a was decreased in both lung
carcinoma tissues and lung carcinoma cell lines and that miR-
181a had anti-oncogenic functions in lung carcinoma by
suppressing proliferation and metastasis but promoting
apoptosis. In addition, miR-181a attenuated tumor angiogenesis
in xenograft. We also discovered that the angiogenic functions
of miR-181a were likely through modification of the carcinoma
microenvironment. FOXP1 is one target through which miR-
181a downregulated the expression of angiogenic factors in lung
carcinoma cells. Moreover, 10-HCPT, a chemotherapy drug,
elevated the expression of miR-181a but suppressed FOXP1 and
its related PI3K/Akt signaling pathways. Thus, the miR-181a-
FOXP1-PI3K/Akt axis may have great potential as targets of
anti-angiogenic drug development.
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SUPPLEMENTARY FIGURE S1. (A) Representative images of CD31 fluorescent staining of xenograft formed by A549 cells treated with 10-
HCPT or DMSO. (B) qRT-PCR analysis of VEGF, bFGF, HDGF, and MMP2 expression in A549, H1975, H1299, and HBE cells. Data are
expressed as mean * SD for triplicate experiments. ***P < 0.01; ANOVA test. (C-D) Representative images of CD31 fluorescent staining

of xenograft formed by A549 cells transfected with siRNAs
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