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Abstract

Background: Anwuligan (ANW) isolated from nutmeg, also known as myri-
styl lignan, has attracted attention due to its therapeutic potential in diseases.
However, its effect on lung cancer is still unclear.

Methods: In this study, the cytotoxicity of ANW on non-small cell lung cancer
(NSCLC) cells was detected using a Cell Counting Kit-8 (CCK-8) assay. In vitro,
clone formation, wound healing, and Transwell assays were used to investigate
the migratory and invasive abilities of NSCLC cells after ANW treatment. The ex-
pression levels of the associated proteins were detected using Western blotting. A
luciferase assay was used to validate the binding of let-7c-3p to the 3’-untranslated
region (UTR) of PIK3CA. In vivo, an A549 cell xenograft mouse model was used
to verify the effect of ANW on tumor growth.

Results: The results showed that ANW treatment (20 or 50 pM) had obvious cy-
totoxicity against A549 and H460 cells, suppressing cell proliferation and migra-
tion in vitro. In vivo, the growth of the implanted tumor was inhibited by ANW in
a nude mouse model. The growth of NSCLC cells was also inhibited by let-7c-3p
overexpression in vitro and in vivo. The inhibitory effect of ANW on the prolif-
eration and metastasis of NSCLC cells was weakened by the downregulation of
let-7c-3p, whereas it was enhanced by the overexpression of let-7c-3p; PIK3CA
was the main target of let-7c-3p.

Conclusions: In summary, ANW inhibits the growth and metastasis of NSCLC
cells in vivo and in vitro by upregulating the expression of let-7c-3p, which can
regulate the PI3K/AKT/mTOR signaling pathway. PIK3CA is the main target of
let-7c-3p.
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1 | BACKGROUND

Lung cancer is one of the most common malignant tumors
worldwide, contributing to 11.4% of newly diagnosed
cancers and almost 18% of cancer-related deaths.! Non-
small cell lung cancer (NSCLC) is the main subtype of
lung cancer, with 80%-85% of lung cancers being NSCLC.
Although treatment strategies for this disease have ad-
vanced in recent years, the overall survival rate of patients
with NSCLC has only poorly improved. Therefore, the de-
velopment of new drugs with fewer side effects is neces-
sary to treat NSCLC.

MicroRNAs (miRNAs) are short RNAs consisting of
19-25 nucleotides.” They are known to regulate essential
biological processes in plants and animals.> MicroRNAs
can regulate gene expression after transcription” and in-
fluence many biological functions, such as cell survival,
proliferation, apoptosis, and the growth and metastasis
of tumors.* Anti-miRs targeting miRNAs have shown
good prospects in preclinical development. For exam-
ple, anti-miRs targeting miR-122 have been applied in
phase II clinical trials to treat hepatitis, and mimics of
miR-34, a tumor suppressor miRNA, have been applied
in phase I clinical trials for cancer treatment.’ Much re-
search data has shown that miRNAs can suppress tumor
growth, prevent cancer progression, and act as the bio-
markers for the diagnosis and prognosis of lung cancer.
Furthermore, miRNAs do not only regulate the metab-
olism of cancer cells but also mediate the resistance or
sensitivity of cancer cells to chemotherapy and radio-
therapy.® However, clinical trials involving miRNAs tar-
geting lung cancer have not shown promising results’;
therefore, further research is needed to prove whether
patients with lung cancer could benefit from miRNA-
targeted therapy.

Phosphatidylinositol 3-kinase (PI3K), and its down-
stream effector, serine/threonine protein kinase B (PKB,
also known as AKT), comprise the PI3K-AKT-mTOR sig-
naling pathway. Mammalian target of rapamycin (mTOR)
is a serine/threonine protein kinase belonging to the PI3K-
related kinase protein family. It acts as a regulator of cell
growth and proliferation and receives nutrition-related
signals.® PI3K/AKT/mTOR signal transduction is one of
the key pathways driving the malignant process and drug
resistance in patients with solid tumors. The PI3K/AKT/
mTOR signaling pathway is important in aspects of cell
survival and growth, resulting in various pathological
and physiological conditions.’ In NSCLC, the PI3K/AKT/
mTOR pathway is closely associated with tumorigene-
sis and disease progression. Several specific PI3K, AKT,
and mTOR inhibitors are currently under clinical devel-
opment, although no promising results have yet been
observed."
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Natural compounds have many complex chemical
structures, some of which have great potential for cancer
treatment. Many studies have indicated that phytochemi-
cals exert anti-cancer effects by influencing specific target
genes and signaling pathways related to tumorigenesis
and cancer progression.11 Nutmeg, a tropical evergreen
herb, is native to Indonesia but can also be found in Iran,
India, South America, and the West Indies. It also exhib-
its antifungal and antibacterial activities.'* Anwuligan
(ANW), a compound isolated from nutmeg, also known
as myristyl lignan, has warranted attention because of its
therapeutic potential in many diseases. It has been proven
to have antioxidant, antimicrobial, anti-inflammatory,
anti-caries, and hepatoprotective properties.13 ANW has
been shown to induce the apoptosis of human promy-
elocytic leukemia cells (HL-60) through the activation of
caspase-3, demonstrating its anti-cancer activity. In addi-
tion, ANW attenuated cisplatin-induced hepatotoxicity.**
Despite these evidence of the anti-cancer properties of
ANW, its therapeutic effect in lung cancer remains un-
clear. This study demonstrated inhibitory effect of ANW
treatment in lung cancer in vivo and in vitro and explored
the underlying mechanisms to clarify its importance in
NSCLC treatment.

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatment

Two human non-small-cell lung cancer cell lines (A549
and H460), a human bronchiolar epithelial cell line
(BEAS-2B), and a human embryonic lung fibroblast
line (MRC-5) were provided by the Chinese Academy of
Sciences. All cells were cultured in Dullbecco's Modified
Eagle Medium (DMEM, Gibco) containing 1% penicillin-
streptomycin (Hyclone) and 10% fetal bovine serum
(Gibco) in a cell incubator with 5% CO, and 37°C.

The effects of anwuligan (Herbpurify, China) on
NSCLC in vitro were explored by treating NSCLC cells
with a vehicle and different doses of ANW (5, 20, 50,
or 100 uM). To determine whether ANW could enhance
the effect of cisplatin on NSCLC cells, different con-
centrations of Anwuligan (0, 5, 20, 50 uM) and cisplatin
(10 pg/mL) were added to the NSCLC cells.

2.2 | Cell transfection and transduction

Approximately 1x 10> A549 and H460 cells were seeded
per well of six-well plates and cultured for 24 h before
transfection and transduction. The let-7c-3p mimic
and its scrambled control and mimic NC, as well as
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the let-7c-3p inhibitor (2’-O-methyl-modified) and
NC inhibitor, were provided by RiboBio Co., Ltd., and
the cells were divided into four groups (negative con-
trol group, ANW group, ANW +let-7c-3p inhibitor NC
group, and ANW +let-7c-3p inhibitor group). In addi-
tion, pCDH-PIK3CA lentiviral particles packaged with
the recombinant vector and pCDH lentiviral particles
packaged with the empty vector were transduced into
the cells. Lipofectamine® 2000 (Invitrogen) was used for
transfection.

2.3 | CCK-8 assay

Before the corresponding treatments, approximately
5%10° MRC-5, BEAS-2B, A549, and H460 cells were
seeded per well of 96-well plates and cultured at 37°C
for 24 h. After treatment, the cells were incubated for
0, 24, 48, or 72h, and cell proliferation was measured
using a CCK-8 kit (MCE, USA). Briefly, 10 pl CCK-8 so-
lution was added to each well, and the plates were incu-
bated for 2 h. The absorbance of each well was measured
at 450nm with a microplate reader (n = 3 per group;
results are presented as the mean of 3 independent
experiments).

2.4 | EdU assay

A549 and H460 cells were seeded in 96-well plates at a
density of 5 x 10° cells per well and cultured at 37°C with
5% CO, for 24 h before being subjected to the respective
treatments. After 24h, 100 pul of complete culture me-
dium containing 10 pM EdU was added to each well,
and the cells were incubated for another 2 h. After incu-
bation, the cells were fixed with 4% paraformaldehyde
for 30min and permeabilized via incubation with 0.5%
Triton X-100 for 20 min at room temperature. Hoechst
33342 was then used to counterstain the nuclei. An in-
verted fluorescence microscope (Olympus) was used to
obtain images.

2.5 | Clone formation assay

NSCLC cells were inoculated in six-well plates (200 cells
per well) and incubated at 37°C. After 24 h, the cells were
subjected to the corresponding treatments and incubated
for 2weeks. The cells were then fixed with 4% paraformal-
dehyde for 20min and stained with 0.1% crystal violet for
15min at room temperature. The number of colonies was
quantified using ImageJ software.

2.6 | Cell cycle detection

Before treatment, A549 and H460 cells were inoculated in
six-well plates and cultured for 24 h. After incubation, the
cells were digested with trypsin and collected in centri-
fuge tubes. Then, 75% ethanol was added to fix the cells
overnight. The next day, the cells were stained with pro-
pidium iodide (PI) for 30 min at 37°C and analyzed using
flow cytometry.

2.7 | Wound healing assay

A549 and H460 cells in the logarithmic phase were
seeded in six-well plates and incubated at 37°C until
the cell monolayer reached approximately 90% conflu-
ence. After treatment, the cell monolayers were sub-
ject to uniform, straight scratches using pipette tips,
and washed with phosphate-buffered saline (PBS) to
remove cell debris. Next, the cells were incubated with
2 ml complete culture medium for an additional 24 h.
Images were obtained using an inverted microscope at 0
and 24 h. ImageJ software was used to assess the rate of
wound healing.

2.8 | Transwell assay

Here, 24-well Transwell plates containing Matrigel were
used to assess the migration and invasion abilities of
NSCLC cells. After digestion and collection, A549 and
H460 cells were resuspended in serum-free medium and
adjusted to the desired cell density (2x 10> cell/mL). After
treatment, 100 pl of the cell suspension was added to the
upper chamber of each Transwell. The bottom chamber
was filled with a medium supplemented with 10% fetal
bovine serum, and the cells were incubated for 48 h. After
incubation, the cells in the upper chamber were wiped off
with a cotton swab, while the cells in the lower chamber
were fixed with 10% pre-chilled paraformaldehyde for
30min. The cells were then stained with 0.1% crystal vio-
let. Finally, images were obtained using an inverted mi-
croscope, and the number of stained cells in five random
fields was counted.

2.9 | Detection of cell apoptosis

A549 and H460 cells were seeded in six-well plates at
a density of 2x10°cell/mL and cultured at 37°C. After
24h, the cells were subjected to the prescribed treat-
ments and incubated for 24h. Images were obtained
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using an inverted microscope to assess cell morphol-
ogy. The medium containing the floating apoptotic and
anchorage-dependent cells was collected in centrifuge
tubes. After centrifugation, the desired cell precipitate
was obtained. Subsequently, the cells were resuspended
in pre-cooled PBS and centrifuged. An Annexin V-FITC
Apoptosis Kit (Invitrogen) was used to detect cell ap-
optosis. The cell pellet was resuspended in 1x binding
buffer, and the cell density was adjusted to a density of
3x10° cells/mL. Next, 100 pl of the cell suspension was
removed and added to clean Eppendorf tubes. In each
tube, 5pl of annexin V-FITC was used to stain the cells
for 15min, then 5pl of PI was used to stain these cells
for 5min. Subsequently, the samples were resuspended
with 200 pl of 1x binding buffer and cell apoptosis was
analyzed via flow cytometry.

2.10 | Western blot

The total protein concentration derived from NSCLC
cells was tested using a bicinchoninic acid protein assay
kit (Tian Gen). In brief, 30 pg total protein was added to
the relevant sample wells, electrophoretically separated
using a 10% sodium dodecyl sulfate-polyacrylamide gel,
and transferred to a polyvinylidene fluoride membrane
(Bio-Rad, USA) through a semi-dry electrophoretic trans-
fer. The membrane was immersed in the 5% melted skim
milk powder, and then the membranes were probed with
the primary antibodies on a shaker at 4°C overnight. The
next day, the membranes were washed three times with
phosphate-buffered saline containing Tween-20 and incu-
bated with the corresponding secondary antibodies for 2h
at room temperature. Two minutes after covering the film
with a luminescent developer, a gel-imaging system was
used to visualize the protein bands.

211 |
let-7c-3p

Prediction of the target genes of

Target genes of let-7c-3p were predicted using PicTar
(https://pictar.mdc-berlin.de/), miRBase (http://www.
mirbase.org/), and TargetScanHuman (version 7.2;http://
www.targetscan.org/vert_72/).

212 | ¢RT-PCR analysis

Before qRT-PCR, NSCLC cells were treated with differ-
ent concentrations of anwuligan and then incubated
for 24h. Total RNA was extracted using TRIzol reagent
(Invitrogen), and reverse transcribed into cDNA using a

.. 5911
Cancer Medicine “WI LEYJ—

Open Access.

PrimeScript II 1st Strand cDNA Synthesis kit (Takara).
PowerUp SYBR Green Master Mix (Applied Biosystems)
was used for qRT-PCR. U6 and GAPDH were used as in-
ternal controls to measure the let-7c-3p and PIK3CA ex-
pression levels, respectively. The 27**“" method was used
to quantify relative expression levels.

2.13 | Deep sequencing

Deep sequencing was performed to investigate the ef-
fects of anwuligan on the miRNA expression spectrum of
NSCLC cells. The NSCLC cells were divided into experi-
mental and control groups. The cells were treated with an-
wauligan (50 pM) for 12h, the total RNA was isolated, and
the total RNA was sent for deep sequencing by the Capital
Bio Technology Company.

2.14 | Luciferase reporter assay

The 3’-UTR region of PIK3CA containing the wild-type
(WT) and mutant (MT) let-7c-3p binding sites was cloned
using PCR and inserted into the pmiR-RB-REPORT vec-
tor (Ambion). The resulting pmiR-RB-REPORT-PIK3CA-
mut/WT/si vectors were then co-transfected with the
let-7c-3p mimic, scrambled control, or pRL-TK into
HEK293T cells, which were then incubated for 24h. A
Dual Luciferase Assay Kit (Promega) was used to detect
luciferase activity.

2.15 | Establishment of a nude mouse
xenograft tumor model

BALB/c nude mice aged 4weeks (12 males, 12 females)
were provided by the Jilin University Animal Center and
raised in laboratory animal barrier system facilities. All an-
imal experiments were approved by the Animal Protection
and Utilisation Committee of the First Hospital of the Jilin
University. A549 cells at a concentration of 5x 10° cells/ml
diluted in PBS were subcutaneously injected into the
BALB/c nude mice (1x10°cells per mouse). Seven days
after injection, the mice were randomly divided into four
groups (n = 6 mice in each group). Either DMSO or an-
wuligan was injected into nude mice intraperitoneally at
a dose of 20mg/kg. In addition, normal saline, let-7c-3p
antagomir, and antagomir NC (5000nM) were injected
intratumorally into the implanted tumor at multiple
points every other day for a total of six times throughout
the experimental period. Three days later, the tumor vol-
umes were measured using a Vernier caliper and calcu-
lated according to the following formula: Tumor volume
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(mm?®) = maximal length (mm) X [perpendicular width
(mm)]?*/2. On the 28th day after injection, the tumors
were excised and photographed.

216 | H&E staining

After sacrifice, the hearts, livers, and kidneys of the nude
mice were collected and sectioned to three micron. The
sections were stained with hematoxylin and eosin (H&E),
and images were captured using a microscope.

2.17 | Statistical analysis

Data were analyzed using GraphPad Prism software (ver-
sion 6.02; GraphPad). The results are expressed as the
mean +standard deviation. Comparisons between two
groups were performed using the t-test, and analysis of
variance was performed when comparing between more
than two groups. p<0.05 (*) and p <0.01 (**) were consid-
ered statistically significant.

3 | RESULTS
3.1 | Anwuligan inhibits the growth and
metastasis of NSCLC cells in vitro

In this study, 48 h after treatment with 20 pM, 50 uM, and
100pM ANW, the viability of A549 and H460 cells de-
creased markedly (Figure 1B). However, 48h after treat-
ment, the viability of Beas 2 B and MRCS5 cells did not
change appreciably until the ANW concentration reached
100uM (Figure 1A). The EdU assay revealed that when
20pM and 50 pM ANW were used to treat A549 and H460
cells, the proportion of fluorescent cells decreased nota-
bly (Figure 1C). In the clone formation assay, when the
concentration of anwuligan reached 20 M, the number
of clones was remarkably lower than that in the control
group. When the concentration of anwuligan was 50 uM,
the reduction was more pronounced (Figure 1D).
Moreover, the cell cycle distribution was analyzed via
flow cytometry (PI single staining). The results showed
that the percentage of A549 and H460 cells treated with
20puM and 50pM ANW in the GO/G1 phase increased
compared with the control group, suggesting that an-
wuligan arrested NSCLC cell growth at the GO/G1 phase
(Figure 1E). The results of the wound healing assay re-
vealed that the cell migration rate of A549 and H460 cells
treated with 20 pM and 50 pM ANW were obviously lower

than that of the control group (Figure 1F). Transwell as-
says revealed that the number of A549 and H460 cells that
passed through the filter and Matrigel matrix was notably
less than that in the control group (Figure 1G) after treat-
ment with 20pM and 50 pM ANW.

After the cells were treated with different concentra-
tions of anwuligan and TGF-p (transforming growth fac-
tor-p; 5ng/mL), a Western blot assay was conducted to
detect the expression of epithelial-mesenchymal transi-
tion (EMT)-related marker proteins. The results revealed
that treatment with 20 pM and 50 pM of anwuligan visibly
inhibited TGF-p-mediated EMT, reducing the protein ex-
pression levels of N-cadherin, MMP3, MMP9, and vimen-
tin compared to untreated cells. Meanwhile, the levels of
E-cadherin in A549 and H460 cells treated with TGF-$ and
anwuligan at doses of 20puM and 50 pM were obviously
higher than in cells treated with TGF-f} alone (Figure 1H).
The results of above tests were dose-dependent. These
results revealed that ANW could inhibit the invasion
and metastasis of NSCLC cells in a dose-dependent man-
ner, proving that anwuligan plays a role in inhibiting the
growth and metastasis of NSCLC cells.

3.2 | Anwuligan enhances the anti-
tumor effect of cisplatin on NSCLC cells

The morphology of A549 and HA460 cells treated with
cisplatin and anwuligan was observed under a light mi-
croscope. The results showed that the combination of
20puM anwuligan and cisplatin (10 pg/mL) increased cell
atrophy and decreased cell adhesion to a greater extent
compared with treatment using cisplatin or anwuligan
alone (Figure 2A). Annexin V-FITC/PI staining and flow
cytometry were also used to analyze the apoptosis rate of
the NSCLC cells (A549 and H460) treated with cisplatin
(10pg/mL) and ANW. The results indicated that anwu-
ligan significantly increased the proportion of apoptotic
cells in a dose-dependent manner. In addition, the propor-
tion of apoptotic cells was the highest in the cells treated
with 20pM anwuligan along with cisplatin (10pug/mL)
(Figure 2B). The results of the CCK-8 assay also showed that
the combination of anwuligan and cisplatin (10 pg/mL)
had a stronger effect on reducing cell viability (Figure 2C).
The results of the Western blot assay also revealed that
ANW increased the expression of apoptosis-related
protein caspases 3/7/9 and decreased the levels of the
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2), espe-
cially when combined with cisplatin (Figure 2D). These
results suggest that anwuligan treatment enhanced the
cisplatin-induced apoptosis of NSCLC cells.
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FIGURE 1 Anwuligan inhibits the proliferation and viability of non-small cell lung cancer (NSCLC) cells in vitro. (A) After treatment
with different concentrations of ANW for 48 h, the survival rate of normal lung cell lines (Beas 2B and MRC-5) was detected using a CCK-8
assay (n = 3). (B) After treatment with different concentrations of ANW for 48 h, the survival rate of NSCLC cells (A549 and H460) was
detected at 450 nm using a CCK-8 assay (n = 3). (C) Detection of EAU fluorescence in NSCLC cells (A549 and H460) after treatment with
different concentrations of ANW (n = 3). (D) Detection of the clone formation rate of NSCLC cells (A549 and H460) after treatment with
different concentrations of ANW (n = 3). (E) Cell cycle distribution of NSCLC cells after treatment with different concentrations of ANW
was analyzed via flow cytometry (n = 3). (F) A wound healing assay was used to detect the effects of different concentrations of ANW on
the migration of NSCLC cells (A549 and H460) (n = 3). (G) The Transwell assay was used to detect the effects of different concentrations of
ANW on the migration and invasion ability of the NSCLC cells (A549 and H460) (n = 3). (H) The effects of different concentrations of ANW
on the EMT-related proteins induced by TGF-f were detected using a Western blot (n = 3).
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FIGURE 2 Anwuligan enhances the anti-tumor effect of cisplatin on NSCLC cells. (A) The morphological changes of NSCLC cells

treated with cisplatin and ANW for 24 hours were observed under a

light microscope (n = 3). (B) Annexin V-FITC/PI staining and flow

cytometry were used to detect the apoptosis rate of NSCLC cells treated with cisplatin and ANW (n = 3). (C) The CCK-8 assay was used to
detect the viability of NSCLC cells treated with cisplatin and ANW (n = 3). (D)The expression of the pro-apoptosis proteins caspase 3/7/9
and the anti-apoptotic protein Bcl-2 in NSCLC cells treated with ANW and cisplatin were detected using a Western blot assay (n = 3).

3.3 | Anwuligan upregulates let-7c-3p
expression in NSCLC cells

The expression of microRNAs in A549 cells with or with-
out treatment with anwuligan was compared using deep
sequencing. The results indicated that after 24h of treat-
ment with anwuligan, the levels of 683 miRNAs in A549
cells changed. Out of these, the expression of 22 miRNAs
changed more significantly than others (p <0.05): Eight
were upregulated and 14 were downregulated (Figure 3A).
The specific changes of these 22 miRNAs are listed in
Table 1. Among these miRNAs, the level of hsa-let-7c-3p
was one of the most noticeable. After verification via gPCR
and pre-experiment (proliferation and migration experi-
ments), only let-7c-3p was found to play a significant role
in NSCLC and was affected by pharmaceutical interven-
tion. Thus, let-7c-3p was selected as the primary target in
this study. Bioinformatics analysis showed that the change
in hsa-let-7c-3p levels was mainly associated with the bio-
synthesis of inositol 3-phosphate (Figure 3B). To further
confirm that ANW could play a role in increasing the

expression of let-7c-3p in NSCLC cells, the expression of
let-7c-3p was detected using qRT-PCR after treatment at
different ANW concentrations at different time points. The
results indicated that the expression of let-7c-3p began to
increase after 6h of stimulation with anwuligan and that
it peaked at 12h. Moreover, let-7c-3p expression was in-
creased by ANW treatment in a dose-dependent manner
(Figure 3C). These data indicate that anwuligan upregu-
lates let-7c-3p expression in NSCLC cells.

3.4 | Anwuligan inhibits the PI3K/AKT/
mTOR signaling pathway in NSCLC cells

The western blot results revealed that the phosphorylation
levels of PI3K, AKT, mTOR, p70S6K, and 4 E-BP1 in A549
and H460 cells treated with ANW were significantly re-
duced compared with untreated cells in a dose-dependent
manner (Figure 4). This result indicates that ANW treat-
ment can play a role in inhibiting the PI3K/AKT/mTOR
signaling pathway in NSCLC cells.
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FIGURE 3 Anwuligan upregulates microRNA let-7c-3p expression in NSCLC cells. (A) Scatter plot of microRNA expression changes in
A549 cells treated with ANW for 24 h as detected via deep sequencing. (B) Bioinformatics analysis and prediction of the function of let-7c-3p.
(C) The expression of let-7c-3p in A549 cells stimulated with different concentrations of ANW (0, 20, or 50 pM) was assessed using qRT-PCR.

3.5 | let-7c-3p inhibits the PI3K/
AKT/mTOR pathway by directly
targeting PIK3CA

MicroRNA.org, TargetScan, and miRbase software were
used to predict the possible target genes of let-7c-3p. Our
analyses showed that 8-nt-long fragments (nt 815-821)
matching let-7c-3p were found at the 3’-UTR of PIK3CA
(Figure 5A). The luciferase gene reporter assay results
in HEK293T and A549 cells showed that let-7c-3p sig-
nificantly decreased the luminescence of the PIK3CA-
3’UTR-wt group compared with the PIK3CA-3'UTR-mut
and empty vector groups (Figure 5B). After the let-7c-3p
mimic and scrambled control were transfected into A549
and H460 cells, the expression level of PIK3CA in the cells
was assessed using qRT-PCR. The results revealed that,
compared with the control group, the level of PIK3CA

in the let-7c-3p group was significantly downregulated,
but there were not significantly different in the level of
PIK3CA between the control group and the scramble
group (Figure 5C). Western blot analysis revealed that
the expression of PIK3CA in the let-7c-3p group was
significantly lower in the control and scrambled con-
trol groups (Figure 5D). Next, a Western blot assay was
also conducted to determine whether let-7c-3p could
regulate the expression of proteins associated with the
PI3K/AKT/mTOR signaling pathway by regulating the
expression of PIK3CA. The results showed that in A549
and H460 cells, let-7c-3p reduced the phosphorylation
levels of PI3K, AKT, mTOR, P70S6K, and 4ebpl, which
could be suppressed by the overexpression of PIK3CA
(Figure 5E). In summary, let-7c-3p inhibits the PI3K/
AKT/mTOR pathway by directly targeting PIK3CA in
NSCLC cells.
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TABLE 1 List of microRNAs with

fold-changes >2 after drug treatment R log2FC p Value FC
UP
hsa-let-7c-3p 1.261174001 0.003058992 2.396907111
hsa-miR-181b-2-3p 1.187592906 0.022398949 2.277723945
hsa-miR-214-3p 1.427874176 0.02333952 2.690499756
hsa-miR-3138 2.246871788 0.02080711 4.746525349
hsa-miR-337-3p 1.27706704 0.034661081 2.423457934
hsa-miR-376a-2-5p 2.316003569 0.007473635 4.979509262
hsa-miR-627-5p 1.627167362 0.019118596 3.089058862
hsa-miR-6516-3p 2.007125304 0.032494875 4.019804402
DOWN
hsa-miR-155-3p —1.51268059 0.04327436 0.350459445
hsa-miR-185-3p —1.406888448 0.030487024 0.377124178
hsa-miR-205-5p —1.516377485 0.048623053 0.349562545
hsa-miR-20a-3p —1.618637064 0.014335344 0.325642959
hsa-miR-3184-3p —2.079221953 0.014688993 0.236641999
hsa-miR-320a-5p —1.946504317 0.010590038 0.259444109
hsa-miR-374c-5p —1.507981846 0.042149115 0.351602724
hsa-miR-4448 —1.853581327 0.014437963 0.276704627
hsa-miR-450b-5p —1.988843781 0.000897069 0.251940719
hsa-miR-548ad-5p —1.678686692 0.015928661 0.31236686
hsa-miR-548ae-5p —2.253683813 0.008748639 0.209687997
hsa-miR-548ay-5p —2.401589008 0.010963183 0.189256006
hsa-miR-548d-5p —2.401589008 0.010963183 0.189256006
hsa-miR-6894-5p —1.7077901 0.011492572 0.306128634
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FIGURE 4 Anwuligan inhibits the PI3K/AKT/mTOR signaling pathway in NSCLC cells. Western blot of proteins related to the PI3K/
AKT/mTOR signalling pathway in A549 and H460 cells treated with different concentrations of ANW (0, 20, and 50 pM) for 24h (n = 3).
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FIGURE 5 miRNA let-7c-3p inhibits the PI3K/AKT/mTOR pathway by directly targeting PIK3CA. (A) MicroRNA.org, Targetscan,
and miRbase were used to analyze and predict the possible target genes and binding sites of let-7c-3p, the PIK3CA 3’-UTR sequence, and

the corresponding let-7c-3p 5’-end, and the PIK3CA 3’-UTR mutation sequence. (B) A luciferase gene reporter assay was used to detect the
effect of let-7c-3p on the luciferase activity of the PIK3CA 3’-UTR sequence. (C) The effect of let-7c-3p on PIK3CA expression in A549 and
H460 cells was assessed using qRT-PCR. (D) Western blot was used to detect the effect of let-7c-3p overexpression on PIK3CA expression in

A549 and H460 cells (n = 3). (E) Western blot was used to assess the influence of let-7c-3p and PIK3CA overexpression on the expression of
proteins related to the PI3K/AKT/mTOR signaling pathway in A549 and H460 cells (n = 3).

3.6 | let-7c-3p inhibits the
proliferation and metastasis of NSCLC cells

As mentioned earlier, let-7c-3p inhibited the PI3K/AKT/
mTOR pathway by targeting PIK3CA in A549 and H460
cells. To verify whether let-7c-3p affects the growth of
NSCLC cells, let-7c-3p and a scrambled control were
transfected into A549 and H460 cells. The results of the
clone formation assay showed that the number of A549
and H460 cell clones in the scrambled control and control
groups was significantly higher than that in the let-7c-3p
group, and there was no obvious difference between the
scrambled control and control groups (Figure 6A). The re-
sults of the EdU assay showed that the proportion of fluo-
rescent cells in the let-7c-3p group was lower than that
in the control and scrambled control groups (Figure 6B).
The results of the wound healing assay showed that let-
7c-3p significantly decreased the wound healing rate of
NSCLC cells compared with the control and scrambled
control groups (Figure 6C). In addition, the results of the

Transwell assay indicated that the number of migrating
and invading cells in the let-7c-3p group was less than that
in the control and scrambled control groups (Figure 6D).
These data suggest that let-7c-3p overexpression inhibits
the proliferation and metastasis of NSCLC cells.

3.7 | Inhibiting let-7c-3p counteracts the
anti-NSCLC cell effect of anwuligan

To investigate whether let-7c-3p is necessary for the anti-
tumor effect of anwuligan, 100 nM of a let-7c-3p inhibitor
(2’-O-methyl-modified), and 100nM of an inhibitor NC
were transfected into A549 and H460 cells before ANW
treatment (50 uM); cells in the ANW group were treated
with 50pM ANW in parallel. The cells were divided
into four groups (negative control group, ANW group,
ANW +let-7c-3p inhibitor NC group, and ANW +let-
7¢-3p inhibitor group). The CCK-8 assay showed that
the survival of cells in ANW +let-7c-3p inhibitor and
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FIGURE 6 miRNA let-7c-3p inhibits the proliferation and metastasis of NSCLC cells. Here, let-7c-3p and a scrambled control were
transfected into A549 and H460 cells, and a blank control group was added for the experiment. (A) To detect the effect of let-7c-3p
overexpression on the cell clone formation ability of NSCLC cells (n = 3). (B) EdU staining was used to detect if the overexpression of let-7c-
3p affects the proliferation of NSCLC cells (n = 3). (C) The wound healing assay was used to detect the effect of let-7c-3p overexpression on
the migration ability of NSCLC cells (n = 3). (D) The Transwell assay was used to detect whether the overexpression of let-7c-3p affects the

migration and invasion ability of NSCLC cells (n = 3).

negative control groups was obviously higher than
that of the cells in ANW and ANW + let-7¢-3p inhibi-
tor NC groups (Figure 7A). The results of the clone for-
mation assay showed that the number of clones in the
ANW +let-7c-3p inhibitor and negative control groups
was significantly higher than those in the ANW and
ANW + let-7c-3p inhibitor NC groups (Figure 7B). The
results of the EAU assay likewise showed that the propor-
tion of fluorescent cells in the ANW + let-7c-3p inhibitor
and negative control groups was obviously higher than
that of the cells in ANW and ANW + let-7c-3p inhibitor
NC groups (Figure 7C). The results of the cell cycle dis-
tribution analysis showed that the percentages of NSCLC
cells in the GO/G1 phase in the ANW + let-7c-3p inhibitor
and negative control groups were obviously lower than
those in the ANW and ANW +let-7c-3p inhibitor NC
groups (Figure 7D). We previously found that let-7c-3p
could regulate the PI3K/AKT/mTOR pathway. Here, the
western blot results showed that the ANW +let-7¢-3p in-
hibitor and negative control groups had notably higher
phosphorylation levels of PI3K/AKT/mTOR signaling
pathway-related proteins than the ANW and ANW + let-
7¢-3p inhibitor NC groups (Figure 7E). Thus, inhibiting
the expression of let-7c-3p could counteract the effect of
anwuligan on the survival and proliferation of NSCLC
cells and reverse the effect of anwuligan treatment on
the phosphorylation of proteins associated with the
PI3K/AKT/mTOR signaling pathway.

The results of the wound healing assay indicated that
the migration rate of NSCLC cells in the ANW +let-7¢-3p
inhibitor and the negative control groups was obviously
higher than that in the ANW + let-7c-3p inhibitor NC and
ANW groups (Figure 7F). The results of the Transwell
assays also revealed that the number of NSCLC cells in
the ANW +let-7c-3p inhibitor and negative control groups
that passed through the filter and Matrigel matrix was no-
tably more than in the ANW+ let-7c-3p inhibitor NC and
ANW groups (Figure 7G).

TGF-p (5ng/mL) was used to treat A549 and H460
cells, and Western blotting was performed to detect the
expression levels of EMT-related marker proteins. The
results indicated that the levels of N-cadherin, MMP3,
MMP9, and vimentin in the cells of the ANW + let-7c-3p
inhibitor and negative control groups were obviously
higher than that of the cells in the ANW +let-7c-3p
inhibitor NC and ANW groups; however, the level of
E-cadherin showed the reverse trend (Figure 7H). In
summary, inhibiting the expression of let-7c-3p blocked
the inhibitory effect of anwuligan on the metastasis and
invasion of NSCLC cells.

Annexin V-FITC/PI staining and flow cytometry were
also used to detect the cell apoptosis rates in the four
groups. Flow cytometry results showed that the apopto-
sis rates of A549 and H460 cells in the ANW + let-7c-3p
inhibitor and negative control groups were remarkably
lower than those in the ANW +let-7c-3p inhibitor NC
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and ANW groups (Figure 71). The morphologies of A549
and H460 cells subjected to the different treatments were
observed under a light microscope. The data showed
that inhibiting let-7c-3p expression blocked the effect

of anwuligan treatment on cell atrophy and adhesion
(Figure 77). The four groups of cells were also subjected
to western blot analysis to determine the expression
of apoptosis-related proteins. The expression levels of
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FIGURE 7 Inhibition of let-7c-3p counteracts the anti-NSCLC cell effect of anwuligan. (A) The CCK-8 assay was used to detect the

effect of let-7c-3p on the viability of NSCLC cells treated with anwuligan (n = 3). (B) Detection of the clone formation rate of NSCLC cells
(A549 and H460) in the control, ANW, ANW + let-7c-3p inhibitor, and ANW +let-7c-3p inhibitor NC groups (n = 3). (C) Detection of EAU
fluorescence in NSCLC cells of the ANW, ANW +let-7c-3p inhibitor, and ANW + let-7c-3p inhibitor NC groups. (D) Flow cytometry was
performed to detect the effect of let-7c-3p inhibition on the cell cycle distribution of NSCLC cells treated with anwuligan (n = 3). (E) A
Western blot assay was used to detect the expression levels of PI3K/AKT/mTOR signalling pathway-related proteins in the four groups

(n = 3). (F) The wound healing assay was used to detect the effect of let-7c-3p inhibition on the migration of ANW-treated NSCLC cells

(n = 3).(G) A Transwell assay was used to detect the effect of let-7c-3p inhibition on the migration and invasion ability of ANW-treated

NSCLC cells (n = 3). (H) Twenty-four hours after seeding, a let-7c-3p inhibitor and the inhibitor NC were transfected into the cells. After

24 h, anwuligan and TGF-f were added to the medium, and the cells were incubated at 37°C for another 48 h. The cells were then collected,
and a Western blot assay was performed to detect the expression of EMT-related proteins (n = 3). (I) The apoptosis rate of the four groups of
cells was detected via annexin V-FITC/PI staining and flow cytometry (n = 3). (J) The morphological changes in the NSCLC cells in the four
groups were observed under a light microscope (n = 3). (K) A Western blot assay was performed to detect the expression of pro-apoptosis

proteins caspase 3/7/9 and the anti-apoptotic protein Bcl-2 in the NSCLC cells of the four groups (n = 3).

caspase 3/7/9 in the A549 and H460 cells of the control
and ANW + let-7c-3p inhibitor groups were significantly
lower than those in the inhibitor NC and ANW groups.
However, the expression levels of Bcl-2 showed the op-
posite trend (Figure 7K). In summary, inhibiting let-
7c-3p expression counteracted the apoptosis-promoting
effect of anwuligan on NSCLC cells.

3.8 | Nude mouse xenograft tumor
model confirmed that anwuligan exerts an
anti-tumor effect by upregulating let-7c-3p
in vivo

Previous in vitro experiments have confirmed that ANW
exerts an anti-NSCLC effect by upregulating let-7c-3p.
Finally, A549 cells were subcutaneously inoculated into
BALB/c nude mice to establish a nude mouse xenograft
tumor model to test the anti-tumor effect of ANW in vivo.
The mice were divided into four groups (control, ANW,
ANW +inhibitor NC, and ANW +let-7c-3p inhibitor

groups) and each group contained 6 mice. The results
showed that the growth rate and weight of the tumors
implanted in the ANW and ANW +inhibitor NC groups
were significantly lower than those in the control and
ANW +inhibitor groups (Figure 8A, B). In addition, H&E
staining of the heart, kidney, and liver tissues showed that
ANW had no obvious toxicity to the vital organs of nude
mice subcutaneously injected with A549 cells (Figure 8C).

4 | DISCUSSION

In the past decade, multiple studies have shown that natu-
ral compounds with biological activity could be promising
treatments for human cancers, including lung cancer."
Anwuligan is considered a new P-glycoprotein drug ef-
flux pump inhibitor, which could improve the bioavail-
ability of paclitaxel. Trace element analysis provided a
new understanding of the anti-tumor effect of the com-
pound.’ Therefore, as an active therapeutic drug pos-
sessing anti-cancer potential, further research can clarify
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FIGURE 8 Nude mouse xenograft tumor model confirmed that anwuligan exerts an anti-tumor effect by upregulating let-7c-3p

expression in vivo. (A) After intraperitoneal administration of NSCLC cells, the xenograft tumor volume in nude mice was measured every
3days. (B) After the nude mice were euthanized, the tumors were collected, weighed, and photographed (n = 6). (C) The liver, kidney, and
heart tissues of the nude mice were sectioned, stained with H&E, and observed under a microscope (n = 3).

the importance of using ANW in complex diseases, such
as cancer. Although patients with NSCLC are highly re-
sponsive to chemotherapy combined with radiotherapy to
improve their long-term survival, their tumors could po-
tentially be highly resistant to treatment. A few months
after diagnosis, the migration and invasiveness of NSCLC
cells could lead to metastases in various organs, includ-
ing the bone, contralateral lung, liver, and brain. NSCLC-
related mortality is usually caused by multiple rapid
metastases rather than the primary lung tumor itself.'®

Toxicity is a well-known obstacle hindering the po-
tential clinical applications of many natural products.
Therefore, this study first verified what concentrations of
anwuligan did not induce cytotoxic effects. We found that
treatment with less than 100 pM anwuligan had no toxic
effect on normal bronchial epithelial cells. However, the
viability of A549 and H460 cells treated with anwuligan at
this concentration decreased significantly. Treatment with
ANW could cause lung cancer cells to stagnate in the G0/
G1 phase, inhibiting their proliferation.

The migration and invasiveness of NSCLC cells are
the main causes of mortality in patients with NSCLC.
Epithelial-mesenchymal transition (EMT) is the process
by which epithelial cells acquire mesenchymal charac-
teristics. EMT is related to tumor occurrence, metas-
tasis, invasion, and resistance to treatment in cancer.'’
Increased TGF-p expression in tumor cells can stimulate

angiogenesis and promote EMT, thereby increasing the
migration and invasion of cancer cells. In addition, TGF-f
can maintain cancer stem cells, and which are associated
with tumor progression and poor prognosis."® During
EMT, the adhesion and connection proteins in epithelial
cells are replaced by N-cadherin. This protein can pro-
vide greater connection flexibility, resulting in cell sepa-
ration and enhanced cell movement. Studies have shown
that cancer cells exhibit “cadherin switch,” indicating the
downregulation of E-cadherin expression and the upregu-
lation of N-cadherin expression in epithelial cells.'’

The expression and activity of matrix metallopro-
teinases (MMPs) were also found to increase in NSCLC
tissues compared to normal tissues; as MMPs could reg-
ulate the tumor microenvironment. Moreover, MMPs
are also associated with tumor metastasis and progres-
sion.” MMP9 is one of the most complex MMPs in the
gelatinase family. During tissue remodeling, MMP9 can
cause the degradation of gelatin and collagen types IV, V,
X1, and XVI, which are essential for tumor invasion and
metastasis.” The increased expression of MMP3 may
also activate other MMPs, such as MMP1 and MMP9,
which can promote tumor cell passage through the base-
ment membrane and lead to invasion and metastasis.?
Vimentin is an EMT biomarker and intermediate fila-
ment protein. Studies have found that vimentin is essen-
tial for the early metastasis of lung adenocarcinoma.*
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In this study, Western blot analysis revealed that anwuli-
gan could reverse EMT and the TGF-p-induced changes
in the expression of related proteins in A549 and H460
cells, indicating that ANW can inhibit the migration and
invasive ability of NSCLC cells.

As one of the best and earliest metal-based chemo-
therapeutics, cisplatin can be used to treat multiple solid
cancers, including lung cancer.”® Cisplatin-based dual
therapy remains the foundation of treatment for most
patients with advanced NSCLC.* The incidence of both
adverse events and drug resistance has limited the appli-
cation and effectiveness of cisplatin. Combination thera-
pies have been used to minimize the side effects and drug
resistance against cisplatin and have been proven to be
more effective against defective cancers.” Our results con-
firmed that anwuligan treatment could enhance the anti-
tumor effect of cisplatin by increasing cisplatin-induced
apoptosis.

The epigenetic basis of lung cancer is mainly related
to changes in miRNA expression. miRNAs are small,
single-stranded, non-coding RNAs that are important
for different cellular processes such as cell develop-
ment, proliferation, differentiation, growth control, and
apoptosis.25 Its primary function is to regulate protein
translation by binding to a complementary sequence in
the 3’-UTR of its target mRNA, thereby negatively reg-
ulating mRNA translation.”® miRNAs can efficiently
regulate the expression of non-coding sequences and
the expression of other genes involved in the signaling
cascade that controls tumorigenesis.27 Therefore, miR-
NAs can be used as potential therapeutic targets. The
miRNA let-7c-3p is part of the let-7c family, which has
been suggested to have two main biological functions:
as essential regulators of terminal differentiation and as
tumor suppressors.”® Compared with benign breast le-
sions, let-7¢ levels are reduced in breast cancer tissues.?
A hospital-based case-control study involving 120 pa-
tients with NSCLC and 360 healthy controls found that
the expression of let-7c in the plasma of patients with
NSCLC was downregulated.*® Therefore, let-7c can be
used as a tumor biomarker. In this study, after ANW
treatment, the expression of several miRNAs changed in
NSCLC cells, of which let-7c-3p was one of those with
the most obvious differences. Both qPCR and prelimi-
nary tests revealed that only let-7c-3p has a significant
role in NSCLC and was affected by drug treatment;
hence, we investigated this miRNA further.

The PI3K/AKT/mTOR pathway is an important sig-
naling pathway associated with cell growth, adhesion,
and invasion. This pathway is dysregulated in various
malignancies, including NSCLC; so, the regulation of
this pathway might provide a clue for the treatment of
NSCLC.! In this study, bioinformatics analysis revealed
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that let-7c-3p is related to 3-phosphoinositide biosynthe-
sis. PIK3CA is the catalytic subunit of PI3K, which plays
a vital role in maintaining the structure and function
of PI3K.** This study confirmed that anwuligan could
significantly inhibit the phosphorylation of proteins
related to the PI3K/AKT/mTOR signaling pathway, a
common pathway targeted by miRNAs. For example,
miR-520a-3p inhibits the migration, invasion, and pro-
liferation of NSCLC cells through this pathway.*®> The
dual-luciferase gene reporter system used in this study
found that let-7c-3p can bind to the 3’-UTR of PIK3CA;
therefore, PIK3CA is a target gene of let-7c-3p. We found
that let-7c-3p regulates the PI3K/AKT/mTOR signaling
pathway by inhibiting the expression of PIK3CA, exert-
ing an anti-tumor effect.

Since we have verified that ANW played an anti-NSCLC
role by upregulating let-7c-3p expression, we also explored
the specific mechanism by which downregulating let-
7¢-3p could counteract this effect. The results indicated
that inhibiting the expression of let-7c-3p could reverse
the ANW-induced phosphorylation PI3K/AKT/mTOR
signaling pathway-related proteins, reduce the level of
apoptosis-related protein caspase3/7/9, and promote the
expression of EMT-related proteins. Therefore, the down-
regulation of let-7c-3p can offset the anti-NSCLC effect of
ANW by regulating the protein expression of downstream
signaling pathways. These data further demonstrate that
ANW exerts anti-tumor effects by upregulating let-7c-3p
expression. Finally, we confirmed the anti-NSCLC effect
of ANW through in vivo experiments. The results further
confirmed that let-7c-3p is a target of ANW in NSCLC,
and that ANW treatment did not cause obvious side ef-
fects in nude mice. Further animal studies will provide a
preliminary basis for the safety of ANW treatment.

In conclusion, through in vivo and in vitro experi-
ments, this study confirmed the important role of ANW in
inhibiting NSCLC through let-7c-3p. It also provided pos-
sible targets and new treatment ideas for the treatment of
NSCLC, which are worthy of further study.

5 | CONCLUSION

Anwuligan inhibited the growth and metastasis of NSCLC
cells in vivo and in vitro by upregulating let-7c-3p expres-
sion through the PI3K/AKT/mTOR signaling pathway.
Moreover, PIK3CA is the main target gene of let-7c-3p.
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