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MiR-133a-3p attenuates resistance of non-small cell lung
cancer cells to gefitinib by targeting SPAG5
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?School of Stomatology, Tianjin Medical Background: Gefitinib is an epidermal growth factor receptor tyrosine kinase inhibitor
University, Tianjin, Chi . . . ;
niversity, Tianiin, =hina (EGFR-TKI), clinically used to treat patients with non-small cell lung cancer driven by

Correspondence EGFR mutations. Unfortunately, EGFR-TKI resistance has become a clinical problem for
Qing Li, Clinical Laboratory of Tianjin
Chest Hospital, Tianjin, China

Email: Iqyt6688@163.com the effect and mechanism of miR-133a-3p on the gefitinib sensitivity of NSCLC cells.

Methods: The gefitinib-resistant PC9 (PC9/GR) cells were established through re-

peated long-term exposure to gefitinib for half a year. Then, PC9/GR cells were trans-

the effective treatment of NSCLC patients. The purpose of this study was to explore

fected with miR-133a-3p mimics and PC9 cells were transfected with miR-133a-3p
inhibitors to increase or decrease the expression of miR-133a-3p. CCK-8 assay, colony
formation assay, and caspase-3 activity assay were employed to detect cell resistance
to gefitinib. Quantitative real-time PCR and Western blotting were used to evaluate
the levels of miR-133a-3p, SPAG5, and other related genes. Starbase database was
used to predict the target gene of miR-133a-3p and the prognosis of NSCLC patients.
Target gene of miR-133a-3p was verified through dual-luciferase reporter gene assay.
Results: MiR-133a-3p was significantly downregulated in gefitinib-resistant cell line
PC9/GR vs. gefitinib-sensitive cell line PC9. Overexpression of miR-133a-3p increased
the sensitivity of NSCLC cells to gefitinib and vice versa. Furthermore, SPAG5 is an im-
portant target gene of miR-133a-3p, and SPAGS5 can reverse miR-133a-3p-mediated
gefitinib sensitivity of NSCLC cells.

Conclusions: These findings indicated that miR-133a-3p/SPAGS5 axis played a vital
role in acquired resistance to gefitinib in NSCLC cells, and miR-133a-3p may represent
a potential therapeutic strategy for the treatment of human NSCLC.
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1 | INTRODUCTION Clinically, compared with traditional therapies such as radiother-

apy and chemotherapy, epidermal growth factor receptor tyrosine
Non-small cell lung cancer (NSCLC), the most important subtype kinase inhibitors (EGFR-TKIs) are currently the first choice for
of lung cancer, is the leading cause of cancer deaths worldwide.! NSCLC driven by EGFR mutations. Gefitinib, the most common
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EGFR-TKIs, is often used as a first-line anti-tumor drug of ad-
vanced NSCLC with EGFR mutations.?® However, 6 months or
a year after gefitinib is used, the tumor will develop drug resis-
tance, which seriously reduces the therapeutic effect of NSCLC
patients.* Therefore, there is an urgent need to solve the difficult
problem of gefitinib resistance.

MicroRNAs (miRNAs) are many small non-coding RNAs
that downregulate target gene expression by binding to the
3’-untranslated region (3-UTR) of mRNAs.® Lots of studies have
indicated that microRNA plays a crucial role in diverse pathologi-
cal processes, including oncogenesis and drug resistance such as
gefitinib.4® It has been reported that miR-133a-3p plays a tumor
suppressor function in many cancers, including lung cancer, hepa-
tocellular carcinoma, breast cancer, and esophageal squamous cell
carcinoma.”*? Many studies have shown that miR-133a-3p is also a
key regulator of drug resistance. For example, miR-133a-3p could in-
crease the sensitivity to cisplatin via targeting ATP7B gene in Hep-2v
cells.®® MiR-133a-3p overexpression could enhance the sensitivity
to doxorubicin by inhibiting the expression of mitochondria uncou-
pling protein 2 (UCP-2) in doxorubicin-resistant breast cancer cells.**
However, the regulatory role of miR-133a-3p on gefitinib sensitivity
in cancer is still unclear.

Sperm-associated antigen 5 (SPAGS5) has been shown to reg-
ulate the timing of spindle organization and sister chromatid sep-
aration through binding to microtubules.*>® Currently, growing
evidence has demonstrated that SPAGS5 is closely related to tum-
origenesis and had an oncogenic role.” Increased SPAG5 expres-
sion promoted the malignant progression and indicated a poor
prognosis in lung cancer, breast cancer, prostate cancer, and he-
patocellular carcinoma.'®2t And SPAG5 has also been shown to
be closely associated with chemoresistance in breast cancer and
cervical cancer.???® These studies clearly show that SPAGS5 is a
carcinogenic driver gene and may be a potential therapeutic target
for cancer treatment.

In this study, we first established the gefitinib-resistant cell lines
(PC9/GR) from PC9 cells by gradually increasing gefitinib exposure.
Then, the influence of miR-133a-3p on the sensitivity of PC9 and
PC9GR cells to gefitinib and its molecular mechanism is explored.
Our results may suggest a potential treatment strategy to overcome

gefitinib resistance by targeting miR-133a-3p.

2 | MATERIALS AND METHODS

2.1 | Bioinformatics analysis

RNA seq data of NSCLC patients obtained from The Cancer
Genome Atlas (TCGA) database and Gene Expression Omnibus
(GEO)/GSE48414 data set were used to explore the expression
of miR-133a-3p and SPAG5 in NSCLC tissues and normal adja-
cent tissues. In this study, Starbase database 24
dict the target gene of miR-133a-3p and the prognosis of NSCLC

patients.

was used to pre-

2.2 | Cellculture

The NSCLC cell line PC9 was obtained from the American Type
Culture Collection. Gefitinib-resistance PC9 (PC9/GR) cell line was
produced through repeated long-term exposure to gefitinib.2>2¢
Briefly, PC9 cells were cultured and exposed with 0.2 pmol/L of ge-
fitinib for 48h. Then, cells were cultured in the drug-free medium
until cell fusion of about 80%. Then, cells were re-exposed with a
higher concentration of gefitinib. When the cells could grow in ge-
fitinib (5 pmol/L), PC9/GR cells were identified. All cell lines were
cultured in RPMI-1640 containing 10% fetal bovine serum (FBS) at
37 C with 5% CO,,.

2.3 | CCK-8 assay

Cell Counting Kit-8 (CCK-8; Signal way Antibody LLC) assay was
used to evaluate cell proliferation according to the manufacture's
protocol. Cells were plated in 96-well plates at the density of 5 x 10°
cells for 24 h at 37°C. Then, we exposed the cells to different con-
centrations of gefitinib. After incubation for 48 h, we added 20 ul of
CCK-8 solution to each well and incubated at 37°C 5% CO,, for 2 h.
Then, we use a microplate reader to measure absorbance at an opti-
cal density of 450 nm.

2.4 | Colony formation assay

After transfection for 48 h, cells were added into 6-well plates (300
cells/well) and cultured in RPMI-1640 medium for 12 h. Then, cells
were incubated in the medium with or without gefitinib for 48 h.
After replaced medium with the gefitinib-free medium for 12 days
of culture, we fixed the cells with methanol for 10 min and stained
them with 1% crystal violet for 25 min. Finally, photography was per-
formed and cell colonies formed by more than 50 cells indicated 1
clone.

2.5 | Caspase-3 activity assay

Following transfection for 48 h, cells were incubated in the medium
with or without gefitinib for 48 h. Then, the activity of caspase-3
was detected in cells using the Caspase-3 Assay kit (Sigma-Aldrich,

Merck KGaA) according to the manufacturers’ instructions.

2.6 |
qPCR)

Reverse transcription-quantitative PCR (RT-

Total RNA was extracted from the cultured cells using TRIzol®
reagent according to the manufacturer's protocol. MiR-133a-3p
was quantified using TagMan® MicroRNA Assays. RT-qPCR
was performed using SYBR Green (Takara) with primers:
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miR-133a-3p forward, 5-GCCTTTGGTCCCCTTCAAC-3', miR-
133a-3p 5'-TATGCTTGTTCTCGTCTCTGTGTC-3/,
SPAGS5 forward, 5'-CATCTCACAGTGGGATAACTAATAAAC-
3, SPAG5 reveres 5- CAGGGAT AGGTGAAGCAAGGATA-3,
U6 forward, 5-CTCGCTTCGGCAGCACACA-3', U6 re-
verse, 5-AACGCTTCACGAATTTGCGT-3/, p-actin  forward,
5'-TGGCACCCAGCACAATGAA-3', p-actin reverse 5-CTAAGTCA
TAGTCCGCCTAGAAGCA-3'. Relative gene expression levels were
calculated using the 2722t method with p-actin or U6 snRNA as in-

ternal controls.

reverse,

2.7 | Cell transfection

miR-133a-3p mimics  (5-UUUGGUCCCCUUCAACCAGCUG-3’),
negative mimics control (5- UUCUCCGAACGUGUCACGUTT-3’)
miR-133a-3p inhibitor (5'-CAGCUGGUUGAAGGGGACCAAA-3')
negative inhibitor control (5-CAGUACUUUUGUGUAGUACAA-3’),
siRNA-SPAG5 and siRNA negative control, pcDNA3.1-SPAG5 and
pcDNAS3.1-Vector plasmids were synthesized by Ribobio. PC9/
GR and PC9 cells were seeded in 6-well plates (1 x 10° cells/well).

)

)

Lipofectamine 2000 Reagent was used for the transfection. The me-
dium was replaced 6h after transfection. 100 nmol/L miR-133a-3p
mimics, miR-133a-3p inhibitor, and siRNA-SPAG5 or 1.6 pg of
pcDNA3.1-SPAGS5 / Vector plasmids were used for cell transfection,
and the expression levels of miR-133a-3p and SPAG5 were quanti-
fied after 48 h.

2.8 | Western blotting

Cells were lysis in RIPA lysis buffer for 30 min on ice. The lysate
was cleared by centrifugation at 1000 rpm for 10 min, and the total
protein concentration of the supernatant was measured by BCA
protein assay. 5% non-fat milk was used to block the membranes
for 1 h. Then the membranes were cultured overnight with primary
antibodies against SPAG5 (1:500, #HPA022008, Sigma-Aldrich),
PIBK (1:1500, #MA1-74183, Invitrogen), p-PI3K (1:1000, #PA5-
99367, Invitrogen), AKT (1:2000, #2920, Cell Signaling Technology),
p-AKT (1:1000, #44-621G, Invitrogen), GAPDH (1:5000, #5174, Cell
Signaling Technology). After washing with PBS supplemented with
Tween 20 for 3 times (8 min/time), the membranes were incubated
with a horseradish peroxidase-conjugated goat anti-rabbit second-
ary antibody (1:4000, #ab6721, Abcam) for 1 h. Protein bands visu-
alized using an Enhanced Chemiluminescence (ECL, Abcam) reagent.

Protein expression levels were analyzed using the ImageJ software.

2.9 | Dual-luciferase reporter assay
Cells were seeded into 24-well plates for 24 h, and then co-
transfected with 100 ng of luciferase reporter plasmid PGL3-

WT-SPAG5/PGL3-MUT-SPAG5  (Shanghai, GenePharma), and

100 nmol/L of miR-133a-3p mimics or mimics negative control and
miR-133a-3p inhibitors or inhibitor negative control. After 48 h, lu-
ciferase activities were measured with a Dual-Luciferase Reporter

Assay System (Promega).

2.10 | Statistical analysis

Statistical analysis was performed using GraphPad 5.0 software
(USA). The Student's t test was chosen to measure the difference
between two groups and one-way ANOVA followed by Bonferroni
post hoc test was used to measure differences among three groups.
p < 0.05 was considered a statistically significant difference. The

values are displayed in the form of mean + standard deviation (SD).

3 | RESULTS

3.1 | Establishment of gefitinib-resistant PC9 (PC9/
GR) cell lines

The gefitinib-resistant PC9/GR cell lines were established in increas-
ing concentrations of gefitinib by the above method for half a year.
The sensitivity of PC9 and PC9/GR cells to gefitinib was detected
via CCK-8 assay and colony formation assay. The results revealed
that PC9 cells were much more sensitive to gefitinib compared with
PC9/GR (Figure 1A-C). Further, we checked the expression level of
miR-133a-3p in PC9 and PC9/GR cells via RT-PCR and found that the
expression level of miR-133a-3p in PC9/GR cells was markedly lower
than PC9 cells (Figure 1D).

3.2 | Low expression of miR-133a-3p is
significantly correlated with a poor prognosis in
patients with lung cancer

We further explored the expression of miR-133a-3p in NSCLC. By
analyzing GEO/GSE48414 data and TCGA/LUAD (Lung adenocar-
cinoma) data, we found that miR-133a-3p expression was lower in
NSCLC tissues compared with normal lung tissues (Figure 2A-B).
Notably, the survival analysis of NSCLC patients in the Starbase
showed that low expression of miR-133a-3p was significantly cor-
related with a poor prognosis in NSCLC patients (Figure 2C).

3.3 | Upregulation of miR-133a-3p expression
reverses gefitinib resistance in PC9/GR cells

Since miR-133a-3p was downregulated in PC9/GR cells versus PC9
cells, we hypothesized that miR-133a-3p expression level was as-
sociated with gefitinib sensitivity. To confirm whether upregulation
of miR-133a-3p expression increased gefitinib sensitivity in NSCLC
cells, we first transfected miR-133a-3p mimic in PC9/GR cells and
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FIGURE 1 Gefitinib-resistant PC9
(PC9/GR) cell lines were established. (A)
Proliferation of PC9 and PC9/GR cells
treated with various concentrations of
gefitinib was determined by CCK8 assay.
(B-C) Colony-forming capability of PC9
and PC9/GR cells treated with gefitinib.
(D) The expression of miR-133a-3p in PC9
and PC9/GR cells.

FIGURE 2 Low expression of miR-
133a-3p is significantly correlated with

a poor prognosis in NSCLC patients.
Comparison of miR-133a-3p expression
between NSCLC samples and normal lung
tissues using data obtained from the (A)
GEO/GSE48414 dataset and (B) TCGA
database. (C) Kaplan-Meier OS analysis
of LUAD patients downloaded from
Startbase database.
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examined the response of PC9/GR cells to gefitinib. As shown in
Figure 3A, the expression of miR-133a-3p was significantly upreg-
ulated in the PC9/GR cells transfected with miR-133a-3p mimics
compared to the control group cells. Then, the CCK-8 assay detect-
ing the cell viability showed a significant reduction in viability of
miR-133a-3p mimic cells after treated with different concentrations
of gefitinib compared to mimic control cells (Figure 3B). We fur-
ther explored the colony-forming capability of PC9/GR cells trans-
fected with miR-133a-3p mimics upon to the gefitinib. The results
showed that the colony-forming capability of the overexpression
miR-133a-3p group was inhibited significantly when compared to
the negative control group (Figure 3C-D). Besides, to clarify whether
upregulation miR-133a-3p induced apoptosis of PC9/G cells, a cas-
pase-3 activity assay was performed to detect changes in caspase-3
activity after gefitinib treatment. As shown in Figure 3E, under ge-
fitinib exposure, the caspase-3 activity of PC9/GR cells transfected
with miR-133a-3p mimic was significantly increased compared to
PC9/GR cells transfected with the mimics control. Consistently, we
found the expression of the pro-apoptotic protein Bax was increased
and that of the anti-apoptotic Bcl-2 was decreased in PC9/GR cells
upregulating miR-133A-3p compared with control cells after gefi-
tinib treatment (Figure 2F). These findings suggested that upregula-
tion miR-133a-3p induced apoptosis of PC9/G cells upon gefitinib.
Taken together, the above results indicated that overexpression of
miR-133a-3p could markedly increase the sensitivity of the PC9/GR
cells to gefitinib.

To confirmed the results, we also transfected miR-133a-3p inhib-
itors in PC9 cells (Figure 3G) and repeated the above experiments.
The downregulation of miR-133a-3p in PC9 cells promoted cell pro-
liferation (Figure 3H-J) and decreased cell apoptosis (Figure 3K-L)
upon gefitinib treatment. Taken together, these results indicated
that miR-133a-3p plays a critical role in the gefitinib sensitivity of
NSCLC cells.

3.4 | MiR-133a-3p suppresses PI3BK/AKT pathway
in PC9/GR cell line

PI3K/AKT signal pathway has been shown to play an important role
in the gefitinib resistance of NSCLC cells.®? To determine if PI3K /
AKT signal mediates the regulation of gefitinib sensitivity by miR-
133a-3p, we measured the protein expression of phosphorylated
PI3K, total PI3K, phosphorylated AKT, total AKT by western blot

analysis. We observed that the expression level of p-PI3K and p-AKT
were markedly decreased by transfected with miR-133a-3p mimics
in PC9/GR cells, while the total PI3K and AKT had no significant dif-
ference in expression (Figure 4A). Simultaneously, the expressions of
p-PI3K and p-AKT protein in PC9- miR-133a-3p inhibitor cells were
much higher than control cells (Figure 4B). These data suggested
that miR-133a-3p may suppress PI3BK/AKT signaling to increase the
sensitivity of NSCLC cells to gefitinib.

3.5 | SPAGS is a direct target of miR-133a-3p

In general, miRNAs perform their functions by suppressing the ex-
pression of downstream target genes. We predicted target genes of
miR-133a-3p using the Starbase database and selected SPAG5 as a
potential candidate target gene (Figure 5A). First, we analyzed the
expressions of SPAG5 in LUAD patients by analyzing the TCGA da-
tabase. The data showed a marked increase in SPAG5 expression
was observed in NSCLC patient tissues (Figure 5B). Furthermore, the
expression correlation between miR-133a-3p and SPAGS5 was evalu-
ated with Spearman's correlation analysis. The result showed that
SPAGS5 expression was negatively correlated with miR-133a-3p ex-
pression (Figure 5C). In addition, through Starbase database analysis,
we found that high expression of SPAG5 was significantly associated
with poor prognosis of NSCLC patients (Figure 5D). These results
suggested that SPAG5 may be a potential target of miR-133a-3p in
NSCLC.

To further validate whether miR-133a-3p can directly bind to the
SPAG5 3-UTR, we performed a dual-luciferase reporter assay. As
shownin Figure 5E, the luciferase activity was significantly decreased
in PC9/GR cells co-transfected with miR-133a-3p mimics and WT-
SPAG5 compared with the control group, whereas no change was
found in PC9/GR cells co-transfected with miR-133a-3p mimics and
MUT-BIRCS. Meanwhile, the luciferase activity was significantly in-
creased in PC9 cells co-transfected with miR-133a-3p inhibitors and
WT-SPAG5 compared with the control group (Figure 5F). We next
investigated whether miR-133a-3p regulated SPAG5 expression
via check the mRNA and protein expression of SPAG5. The results
revealed that overexpression of miR-133a-3p markedly repressed
the expression of SPAG5 in PC9/GR cells (Figure 5G-H). Similarly,
SPAG5 expression was significantly increased after transfected
miR-133a-3p inhibitors in PCY cells (Figure 5I-J). Overall, these data
demonstrated that SPAGS5 is a direct target of miR-133a-3p.

FIGURE 3 Upregulation of miR-133a-3p expression reverses gefitinib resistance in PC9/GR cells. (A) The expression of miR-133a-3p

in the PC9/GR cells transfected with miR-133a-3p mimics or mimics control. (B) Proliferation of PC9/GR cells transfected with miR-133a-
3p mimics or mimics control after treated with various concentrations of gefitinib was determined by CCK8 assay. (C-D) Colony-forming
capability of PC9/GR cells transfected with miR-133a-3p mimics or mimics control after treated with gefitinib. (E) Caspase-3 activity was
detected in cells exposed to gefitinib. (F) Protein expression of Bax, Bcl-2, and GAPDH in PC9/GR cells was determined by western blotting.
(G) The expression of miR-133a-3p in the PC9 cells transfected with miR-133a-3p inhibitor or inhibitor control. (H) Proliferation of PC9 cells
transfected with miR-133a-3p inhibitor or inhibitor control after treated with various concentrations of gefitinib was determined by CCK8
assay. (I-J) Colony-forming capability of PC9 cells transfected with miR-133a-3p inhibitor or inhibitor control after treated with gefitinib. (K)
Caspase-3 activity was detected in cells exposed to gefitinib. (L) Protein expression of Bax, Bcl-2, and GAPDH in PC9 cells was determined

by western blotting.
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FIGURE 4 miR-133a-3p suppresses
PI3K/AKT pathway in PC9/GR cell line.
(A) Protein expression of phosphorylated
PI3K, total PI3K, phosphorylated AKT,
total AKT in PC9/GR cells transfected

A)

with miR-133a-3p mimics or mimics PI3K

control was determined by western

blotting. (B) Protein expression of P-AKT

phosphorylated PI3K, total PI3K,

phosphorylated AKT, total AKT in

PC9 cells transfected with miR-133a-

3p inhibitor or inhibitor control was GAPDH

determined by western blotting. o
mimics con

miR-133a-3p mimics
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p-PI3K
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P-AKT 3
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3.6 | miR-133a-3p regulates gefitinib sensitivity in
NSCLC cells through targeting SPAG5

To confirm whether SPAG5 plays an important role in the regula-
tion of miR-133a-3p-mediated gefitinib sensitivity in NSCLC cells,
a series of rescue experiments were performed. RT-PCR and west-
ern blot assays showed that SPAG5 in miR-133a-3p mimic PC9/GR
cells transfected with SPAG5 plasmid was overexpressed mark-
edly at both protein and mRNA levels compared with vector plas-
mid transfection (Figure 6A-B). The results from the CCK-8 assay
(Figure 6C), colony-forming assay (Figure 6D), and caspase-3 ac-
tivity assay (Figure 6E) indicated that overexpression of SPAG5 in
miR-133a-3p mimic PC9/GR cells increased the cell proliferation,
colony-forming capability, and attenuated cell apoptosis upon to the
gefitinib. We also transfected siRNA (si-SPAGS5) in miR-133a-3p in-
hibitor PC9 cells to decrease SPAG5 expression (Figure 6F-G). As
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expected, decreasing SPAG5 expression in miR-133a-3p inhibitor
PC9 cells alleviated gefitinib resistance caused by miR-133a-3p in-
hibition (Figure 6H-J). Furthermore, western blot demonstrated that
SPAGS5 overexpression markedly increased p-PI3K and p-AKT ex-
pression levels in miR-133a-3p mimic PC9/GR cells (Figure 7A), and
SPAGS5 low expression significantly decreased p-PI3K and p-AKT ex-
pression levels in miR-133a-3p inhibitor PC9 cells (Figure 7B). Taken
together, these results suggested that miR-133a-3p regulated gefi-
tinib sensitivity in NSCLC cells through targeting SPAG5.

4 | DISCUSSION
As we all know, gefitinib has effective anti-tumor activity due to its
ability to target EGFR to cause the inactivation of downstream sign-

aling pathways and is widely used in the treatment of patients with

FIGURE 5 SPAGS5 is a direct target of miR-133a-3p. (A) WT and MUT binding sites for miR-133a-3p in the 3'-UTR of SPAGS5. (B)
Expression level of miR-133a-3p in LUAD tissues and normal lung tissues in datasets from TCGA database. (C) Expression level of SPAGS5 in
LUAD tissues and normal lung tissues in datasets from TCGA database. (D) Correlation analysis between miR-133a-3p and SPAG5 expression
levels in the tissues of patients with LUAD from TCGA. (E) PC9/GR cells were co-transfected with miR-133a-3p mimics or mimics control and
WT- SPAG5 or MUT- SPAGS5. Luciferase activity was assessed after 48 h. (F) PC9 cells were co-transfected with miR-133a-3p inhibitor or
inhibitor control and WT- SPAG5 or MUT- SPAGS5. Luciferase activity was assessed after 48 h. (G-H) SPAG5 mRNA and protein expression

in PC9/GR cells transfected with miR-133a-3p mimics or mimics control. (I-J)) SPAG5 mRNA and protein expression in PC9 cells transfected

with miR-133a-3p inhibitor or inhibitor control.
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FIGURE 6 miR-133a-3p regulates gefitinib sensitivity in NSCLC cells through targeting SPAG5. (A-B) SPAG5 mRNA and protein
expression in PC9/GR cells co-transfected with SPAG5 or vector plasmids and miR-101-3p mimics. (C) Proliferation of PC9/GR cells co-
transfected with SPAGS5 or vector plasmids and miR-101-3p mimics after treated with various concentrations of gefitinib was determined

by CCK8 assay. (D) Colony-forming capability of PC9/GR cells co-transfected with SPAG5 or vector plasmids and miR-101-3p mimics after
treated with gefitinib. (E) Caspase-3 activity was detected in cells exposed to gefitinib. (F-G) SPAG5 mRNA and protein expression in PC9
cells co-transfected with si-SPAGS5 or si-NC plasmids and miR-101-3p inhibitor. (C) Proliferation of PC9 cells co-transfected with si-SPAG5 or
si-NC plasmids and miR-101-3p inhibitor after treated with various concentrations of gefitinib was determined by CCK8 assay. (D) Colony-
forming capability of PC9 cells co-transfected with si-SPAG5 or si-NC plasmids and miR-101-3p inhibitor after treated with gefitinib. (E)

Caspase-3 activity was detected in cells exposed to gefitinib.

EGFR mutations in NSCLC.?” However, acquired drug resistance has
become an obstacle that hinders gefitinib from exerting its effective
anti-tumor activity. Although many studies have described several
potential mechanisms of gefitinib resistance, including secondary
mutation of EGFR (T790M mutation), overexpression of HGF, MET
amplification, and additional genetic alterations,* gefitinib resist-
ance still exists. Thus, effective strategies to overcome gefitinib re-
sistance in NSCLC are urgently demanded.

Recently, increasing evidence has shown that miRNAs play
an important regulatory role in cancer treatment response and
gefitinib resistance.?® Ge et al?’. established gefitinib-resistant
sub-clone A549 cells and found that transfected miR-7 reversed
gefitinib sensitivity in A549 cells. MiR-138-5p enhanced the sen-
sitivity to gefitinib by targeting G protein-coupled receptor124 in
PC9/GR cells and H1975 cells.*®* MiRNA-34a inhibited cell growth
and induce apoptosis by targeting MET in hepatocyte growth factor

(A) PC9/GR

(HGF)-induced gefitinib-resistant HCC827 and PC9 cells.®! In this
study, we successfully established a gefitinib-resistant cell line (PC9/
GR) and found that miR-133a-3p was significantly downregulated
in the gefitinib-resistant cell line PC9/GR compared with gefitinib-
sensitive cell line PC9. Previously, miR-133a-3p has been reported
to be downregulated in many cancers, and low expression of miR-
133a-3p was associated with tumor recurrence, metastasis, drug
resistance, and poor prognosis of cancer patients.32'34 Our results
also indicate that low expression of miR-133a-3p in lung cancer tis-
sues is associated with poor prognosis in patients with lung cancer.
Thus, we hypothesized that the downregulation of miR-133a-3p
expression may support the gefitinib resistance in PC9/GR cells. As
expected, the results from the CCK8 assay, colony formation assay,
caspase-3 activity assay indicated that upregulation of miR-133a-3p
expression decreased gefitinib resistance of PC9/GR cells. In turn,
downregulation of miR-133a-3p expression increased the gefitinib
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resistance of PC9 cells. These results indicated that miR-133a-3p
may play an important role in regulating the gefitinib sensitivity of
NSCLC patients.

Activation of the PI3BK/AKT pathway is frequently implicated in
resistance to anticancer therapies including targeted therapy with
gefitinib.3> And inhibitors of PIBK/AKT pathway, such as PI3K in-
hibitor, could restore therapeutic sensitivity of tumors that have
acquired resistance to standard therapy.® Thus, inhibitors of PI3K/
AKT pathway in combination with gefitinib have great potential
in the treatment of NSCLC patients with acquired gefitinib resis-
tance. In this study, we found that upregulation of miR-133a-3p
expression decreased p-PI3K and p-AKT expression levels in PC9/
GR cells, and in turn, downregulation of miR-133a-3p expression
increased p-PI3K and p-AKT expression level in PC9 cells. This
suggested that miR-133a-3p may be a potential inhibitor of PI3K/
AKT pathway, and activation of the PIBK/AKT pathway due to the
low expression of miR-133a-3p was an important cause of gefitinib
resistance.

Further, we predicted the target of miR-133a-3p to better un-
derstand the mechanism of gefitinib resistance. SPAG5 was selected
as a potential candidate target gene of miR-133a-3p. SPAG5 has
been reported to be overexpressed in a variety of cancers including
NSCLC and is closely linked to tumor progression, drug resistance,
and poor prognosis of cancer patients.'®? Recently, Yang et al. con-
firmed that the highly expressed SPAGS5 can activate the PI3BK/AKT
signaling pathway in hepatocellular carcinoma.?’ Thus, we hypothe-
sized SPAG5 was a direct target of miR-133a-3p in the regulation of
the PI3K/AKT signaling pathway. To prove our hypothesis, we first
observed a significant negative expression correlation between miR-
133a-3p and SPAGS5 in NSCLC patient tissues. The dual-luciferase
reporter assay indicated that miR-133a-3p can indeed directly bind
to 3-UTR of SPAGS5. The inhibitory effect of miR-133a-3p on SPAG5
expression was further verified in PC9/GR and PC9 cells.

To further clarify that miR-133a-3p regulates gefitinib sensitivity
and PI3K/AKT signaling pathway in NSCLC cells through targeting
SPAGS5, we performed a series of rescue experiments and found that
upregulation of SPAG5 did reverse miR-133a-3p-increased gefitinib
sensitivity and inactivated PI3K/AKT signaling pathway in PC/GR
cells, and downregulation of SPAG5 also reverse gefitinib resistance
caused by the inhibition of miR-133a-3p in PC9 cells. Those results
indicated that SPAG5 had a key role in miR-133a-3p-mediated gefi-
tinib sensitivity and PISK/AKT signaling inactivation.

However, there are some limitations in this study. We found
that the expression of miR-133a-3p was significantly reduced in the
constructed drug-resistant PC9 cell lines, but further verification of
clinical samples and other data is still needed. In our study, NSCLC
patients with low expression of miR-133a-3p have a poor prognosis,
but clinical data are still needed to confirm whether miR-133a-3p
affects the prognosis of patients following treatment with gefitinib.

In summary, our findings suggested that miR-133a-3p could
reverse gefitinib resistance in NSCLC cells by targeting SPAGS5.
Therefore, miR-133a-3p/SPAGES axis might become a novel strat-
egy in treating gefitinib-resistance NSCLC.
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