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in non-small cell lung cancer by inhibiting
ATGS5 expression and autophagy
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Abstract. - OBJECTIVE: To clarify the func-
tion of miRNA-153-3p in gefitinib-sensitive non-
small cell lung cancer (NSCLC) and the under-
lying mechanism.

PATIENTS AND METHODS: The expres-
sions of miRNA-153-3p, LC3B and ATGS5 in
gefitinib-resistant and gefitinib-sensitive NS-
CLC tissues were determined by quantitative
Real Time-Polymerase Chain Reaction (qRT-
PCR). The correlation between miRNA-153-3p
to LC3B or ATG5 was analyzed. We evaluated
autophagy level in gefitinib-resistant NSCLC
cells by calculating the percentage of PC-9/GR
and HCC827/GR cells with positive GFP-LC3,
as well as determining autophagy-related gene
levels. The potential binding between ATG5 and
miRNA-153-3p were verified by Dual-Luciferase
reporter gene assay. The regulatory effects
of miRNA-153-3p/ATG5 on gefitinib-sensitivity
and apoptosis were finally examined by cyto-
toxicity assay and Annexin V-fluorescein iso-
thiocyanate (FITC)/Propidium lodide (PI) stain-
ing, respectively.

RESULTS: MiRNA-153-3p was lowly expressed
in gefitinib-resistant NSCLC relative to the gefi-
tinib-sensitive ones. MiRNA-153-3p was nega-
tively correlated with autophagy activity mark-
er LC3B in gefitinib-resistant NSCLC patients.
Compared with parental cells, gefitinib-resistant
NSCLC cell lines PC-9/GR and HCC827/GR pre-
sented a lower level of miRNA-153-3p and a
higher level of autophagy. The overexpression
of miRNA-153-3p greatly inhibited autophagy
level. ATG5 could directly bind to miRNA-153-3p,
and ATG5 was highly expressed in gefitinib-re-
sistant NSCLC. The correlation analysis found
a negative correlation between ATG5 and miR-
NA-153-3p and a positive correlation between
ATG5 and LC3B in gefitinib-resistant NSCLC.
More importantly, ATG5 reversed the regulatory
effects of miRNA-153-3p on autophagy, gefi-
tinib-sensitivity and apoptosis of PC-9/GR and
HCC827/GR cells.
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CONCLUSIONS: MiRNA-153-3p is lowly ex-
pressed in gefitinib-resistant NSCLC patients.
The overexpression of miRNA-153-3p enhances
gefitinib-sensitivity in NSCLC by inhibiting auto-
phagy via downregulating ATG5.

Key Words
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Autophagy, ATGb.

Introduction

Lung cancer is one of the main causes of ma-
lignancy-related death worldwide, and non-small
cell lung cancer (NSCLC) accounts for about 80%
of all subtypes of lung cancer'. The vast majority
of NSCLC patients have already aggravated to ad-
vanced stage at the first diagnosis, showing a poor
prognosis with median survival of only about 10-12
months??. Epidermal growth factor receptor (EG-
FR) TKIs treatment is currently the preferred option
for NSCLC, including Gefitinib, Erlotinib, Afatinib,
etc. These drugs are high-targeting and low-toxicity,
and their effects on progression-free survival (PFS)
and objective remission rate (ORR) are superior
to platinum-based chemotherapy*>. However, PFS
in NSCLC patients undergoing the treatment with
first-generation EGFR TKIs is shorter than 1 year*®.
Eventually, they acquire drug-resistance with an av-
erage period of 9-11 months’. The currently known
drug-resistance mechanisms include Met amplifi-
cation, Mitogen-activated protein kinase (MAPK)
amplification, AXL activation, PIK3CA and BRAF
mutations®. There are still 10% of NSCLC patients
with an unclear reason of drug-resistance that re-
quires to be fully elucidated’.
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MicroRNA is a non-coding RNA consisting
of 21-25 nucleotides, mainly degrading mRNA or
inhibiting mRNA translation by binding to the
corresponding mRNA 3’-Untranslated Regions (3’-
UTR)". Functionally, microRNAs regulate multiple
cellular behaviors. It is reported that microRNA
exerts different roles in different types of tumors as
an oncogene or a tumor suppressor''2, The crucial
role of microRNAs in tumor development has been
well concerned®™. Several microRNAsS, such as
miR-21, miR-221 and miR-222, are able to influence
gefitinib-induced tumor cell apoptosis by suppress-
ing important oncogenes'”. Conversely, miR-138-5p
and miR-124 elevate gefitinib-sensitivity in drug-re-
sistant cell lines'*"”. Hence, microRNAs are of sig-
nificance in gefitinib-resistance.

Studies'™ have shown that miRNA-153-3p is
lowly expressed and serves as a tumor suppressor
in melanoma. Barciszewska et al” identified the
lower expression of miRNA-153-3p in glioblastoma
than normal brain tissues. Through screening miR-
NA profiles by GO analysis and pathway analysis,
miRNA-153-3p is associated with radiation-tolerant
genes in NSCLC?. The previous study has already
proved the ability of miRNA-153-3p to enhance
radiosensitivity in gliomas via targeting Bcl-2*'.
Whether miRNA-153-3p could regulate gefitinib-re-
sistance in NSCLC, however, remains unclear.

Patients and Methods

Sample Collection

Gefitinib-sensitive (n=30) and gefitinib-resis-
tant NSCLC tissues (n=30) were harvested from
those pathologically diagnosed NSCLC patients
in The Affiliated Yantai Yuhuangding Hospital
of Qingdao University from May 2013 to May
2016. Enrolled NSCLC patients were only treated
with gefitinib and developed drug-resistance or
not before biopsy examination. Samples were im-
mediately placed in the RNase-free cryotube and
preserved in liquid nitrogen within 15 minutes of
ex vivo. Signed informed consents were obtained
from all participants before the study. This study
was approved by the Ethics Committee of The
Affiliated Yantai Yuhuangding Hospital of Qin-
gdao University.

Cell Culture and Transfection

The cell lines used in this study were pro-
vided by Cell Bank, Chinese Academy of Sci-
ences (Shanghai, China). Cells were cultured in
Roswell Park Memorial Institute-1640 medium

(RPMI-1640, HyClone, South Logan, UT, USA)
containing 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA), 100 U/mL penicillin
and 100 pg/mL streptomycin. Gefitinib-resistant
cell lines PC-9/GR and HCCS827/GR were in-
duced by gefitinib in our laboratory, and cultured
in RPMI-1640 containing 0.736 uM or 0.825 uM
gefitinib, respectively.

Cells that were logarithmically grown and in
good condition were inoculated into 6-well plates
one day prior to transfection. Transfection was
performed at 60-80% of confluence for 48 h using
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA,
USA). Transfection plasmids (miRNA-153-3p mim-
ics, pcDNA-ATGS, pSelect-GFP-hLLC3 and negative
control) were provided by GenePharma (Shanghai,
China). Cells transfected with pSelect-GFP-hLC3
for 48 hours were observed for green dot-like ag-
gregation of autophagic vacuoles in the cytoplasm
under an inverted fluorescence microscope.

RNA Extraction and Quantitative
Real Time-Polymerase Chain Reaction
(GRT-PCR)

Total RNA was extracted from tissues or cells using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and
quantified using an UV spectrophotometer. Qualified
RNA (A260/A280=1.8-2.1) was reversely transcribed
into cDNA using Primescript RT Reagent (TaKaRa,
Otsu, Shiga, Japan) and amplified by Real Time-Quan-
titative Polymerase Chain Reaction using SYBR"Pre-
mix Ex Taq™ (TaKaRa, Otsu, Shiga, Japan). The
relative levels were quantitatively analyzed using the
2:48¢t method. U6 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were used as internal ref-
erences. Primer sequences were as follows: MiRNA-
153-3p: F: ACACTCCAGCTGGGTTGCATAGTCA-
CAAA, R: CAGTGCGTGTCGTGGAGT; ATGS: F:
GAAAGAGTGTGTCCTCCTCG, R: TTGCCTC-
CACTGAACTTGAC; LC3B: F: GTCGACATGC-
CGTCGGAGAAGACC, R: GGATCCCACTGA-
CAATTTCATCCCGA; U6: F: GCTTCGGCAGCA-
CATATACTAAAAT, R: CGCTTCAGAATTTGC-
GTGTCAT; GAPDH: F: CGCTCTCTGCTCCTCCT-
GTTC, R: ATCCGTTGACTCCGACCTTCAC.

Cytotoxicity Assay

Cells were seeded in the 96-well plate with
2.0x10% cells per well. PC9 and HCCS827 cells
were incubated with 0, 0.005, 0.01, 0.02, 0.03,
and 0.04 uM gefitinib, respectively. PC-9/GR and
HCCR827/GR cells were incubated with 0, 0.2,
0.5, 1.0, 2.0 and 4.0 puM gefitinib, respectively.
Each concentration set 6 replicates. Absorbance
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(A) at 450 nm was recorded using Cell Counting
Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,
Japan) for calculating IC,.

Apoptosis Assay

Transfected cells for 48 h were adjusted to
5x10%mL and resuspended in 500 pL of bind-
ing buffer. Subsequently, cells were subjected to
incubation with 5 pL. of Annexin V-FITC (fluo-
rescein isothiocyanate) and 10 pL of Propidium
Iodide (PI) in the dark for 15 min. Apoptosis was
determined using flow cytometry.

Dual-Luciferase Reporter Gene Assay
HEK?293 cells were seeded in a 12-well plate
and co-transfected with miRNA-153-3p mimics/
negative control and wild-type/mutant-type ATGS.
The complete medium was replaced at 6 h. After
transfection for 60 h, cells were lysed and subject-
ed to Luciferase activity determination using the
relative kit (Promega, Madison, WI, USA).

Western Blot

Total protein from cells was extracted using ra-
dioimmunoprecipitation assay (RIPA; Beyotime,
Shanghai, China), quantified by bicinchoninic acid
(BCA) method (Pierce, Waltham, MA, USA) and
loaded for electrophoresis. After transferring on
a polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA, USA), it was blocked in
5% skim milk for 2 hours, incubated with primary
antibodies at 4°C overnight and secondary anti-

bodies for 2 h. Bands were exposed by enhanced
chemiluminescence (ECL) and analyzed by Image
J Software (NIH, Bethesda, MD, USA).

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 19.0 software (SPSS Inc., Chicago, IL,
USA) was used for data analyses. Data were
expressed as mean =+ standard deviation. The
intergroup difference was analyzed by the #-test.
The correlation between gene expressions was
analyzed by the Pearson correlation test. p<0.05
was considered statistically significant.

Results

MiRNA-153-3p was Lowly Expressed
in Gefitinib-Resistant NSCLC

We first examined the expressions of miR-
NA-153-3p and LC3B in gefitinib-sensitive and
gefitinib-resistant NSCLC patients by qRT-PCR.
The data showed a lower level of miRNA-153-3p
in gefitinib-resistant NSCLC patients relative to
the gefitinib-sensitive ones (Figure 1A). MiRNA-
153-3p was negatively correlated with autophagy
activity marker LC3B in gefitinib-resistant NS-
CLC patients (Figure 1B). It is suggested that
miRNA-153-3p may be involved in the develop-
ment of gefitinib-resistance in NSCLC patients,
and could be associated with autophagy.
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Figure 1. MiR-153-3p was lowly expressed in gefitinib-resistant NSCLC. A, MiR-153-3p was lowly expressed in gefitinib-re-
sistant NSCLC patients relative to the gefitinib-sensitive ones (n=30). B, MiR-153-3p was negatively correlated with autophagy

activity marker LC3B in gefitinib-resistant NSCLC patients.
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MiRNA-153-3p Overexpression
Inhibited Autophagy in Gefitinib-
Resistant Cells

The cellular levels of miRNA-153-3p and au-
tophagy were determined here. Compared with
human bronchial epithelioid cell line HBE, miR-
NA-153-3p was lowly expressed in NSCLC cell
lines PC-9 and HCCS827 (Figure 2A). Compared
with parental cells, miRNA-153-3p was lowly
expressed in gefitinib-resistant NSCLC cell lines
PC-9/GR and HCCS827/GR, which were consis-
tent with miRNA-153-3p expression in tissues
(Figure 2B). Western blot analyses demonstrat-
ed higher protein levels of LC3B and p62 in
parental cells relative to gefitinib-resistant cells
(Figure 2C). To further elucidate the biological
function of miRNA-153-3p in drug-resistant NS-
CLC, we constructed miRNA-153-3p mimics and
tested its transfection efficacy in PC-9/GR and
HCCS827/GR cells (Figure 2D). The transfection
of miRNA-153-3p mimics markedly enhanced
the percentage of GFP-LC3 positive PC-9/GR and
HCCB827/GR cells (Figure 2E). Besides, miRNA-

153-3p overexpression downregulated the protein
level of LC3 II, but upregulated p62 level in ge-
fitinib-resistant cells (Figure 2F). These results
suggested that miRNA-153-3p was downregu-
lated in gefitinib-resistant NSCLC cells and the
overexpression of miRNA-153-3p could inhibit
the autophagy level in drug-resistant cells to
some extent.

ATG5 Was the Target Gene
of MiRNA-153-3p

The presence of binding sites between auto-
phagy-associated gene ATGS and miRNA-153-3p
was predicted by TargetScan (Figure 3A). As a
result, we hypothesized that ATGS5 might be the
target gene for miRNA-153-3p. The Dual-Lu-
ciferase reporter gene assay showed that the
Luciferase intensity in cells co-transfected with
miRNA-153-3p mimics and ATGS5-WT greatly
decreased, suggesting that ATGS5 could efficient-
ly bind to miRNA-153-3p (Figure 3B). ATGS ex-
pression was examined in both gefitinib-resistant
NSCLC patients and cell lines, which was highly
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Figure 2. MiR-153-3p overexpression inhibited autophagy in gefitinib-resistant cells. A, MiR-153-3p was lowly expressed
in NSCLC cell lines PC-9 and HCC827 compared with human bronchial epithelioid cell line HBE. B, MiR-153-3p was lowly
expressed in gefitinib-resistant NSCLC cell lines PC-9/GR and HCC827/GR compared with parental cells. C, Western blot
analyses demonstrated higher protein levels of LC3 and p62 in parental cells relative to gefitinib-resistant cells. D, Transfection
efficacy of miR-153-3p mimics in PC-9/GR and HCC827/GR cells. E, Transfection of miR-153-3p mimics markedly enhanced
the percentage of GFP-LC3 positive PC-9/GR and HCC827/GR cells. F, MiR-153-3p overexpression downregulated the protein
level of LC3 11, but upregulated p62 level in gefitinib-resistant cells.
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Figure 3. ATGS5 was the target gene of miR-153-3p. A, The presence of binding sites between autophagy-associated gene
ATGS and miR-153-3p predicted by Targetscan. B, Dual-Luciferase reporter gene assay showed that the Luciferase intensity in
cells co-transfected with miR-153-3p mimics and ATG5-WT greatly decreased. C, ATGS was highly expressed in gefitinib-re-
sistant NSCLC patients relative to the gefitinib-sensitive ones. D, ATG5 was highly expressed in gefitinib-resistant NSCLC
cells relative to parental cell lines. E, A negative correlation between ATGS and miR-153-3p in gefitinib-resistant NSCLC. F,
A positive correlation between ATG5 and LC3B in gefitinib-resistant NSCLC.

expressed relative to the gefitinib-sensitive ones
(Figure 3C, D). The correlation analysis found a
negative correlation between ATG5 and miRNA-
153-3p (Figure 3E), and a positive correlation
between ATGS and LC3B in gefitinib-resistant
NSCLC (Figure 3F). We believed that ATGS was
associated with gefitinib-resistant NSCLC.

ATG5 Overexpression Reversed
the Inhibitory Effect of MiRNA-153-3p
on Autophagy

A series of rescue experiments were designed to
demonstrate the role of miRNA-153-3p/ATGS axis
in regulating autophagy of gefitinib-resistant NS-
CLC. First of all, PC-9/GR and HCC827/GR cells
were transfected with miRNA-153-3p NC, miR-
NA-153-3p mimics, miRNA-153-3p mimics+p-
cDNA or miRNA-153-3p mimicstpcDNA-ATGS,
respectively. ATGS level was downregulated by
miRNA-153-3p overexpression, which was further
reversed after ATG5 overexpression (Figure 4A).
The percentage of PC-9/GR and HCC827/GR cells
with positive GFP-LC3 greatly decreased after
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transfection of miRNA-153-3p mimics, but was
partially reversed by co-overexpression of miR-
NA-153-3p and ATGS (Figure 4B). Identically,
downregulated LC3 II and upregulated p62 due
to miRNA-153-3p overexpression were reversed
after co-transfection of miRNA-153-3p mimics+p-
cDNA-ATGS (Figure 4C).

MiRNA-153-3p Enhanced Gefitinib-
Sensitivity in NSCLC Cells

We next explored whether miRNA-153-3p/
ATGS5 axis was capable of enhancing gefi-
tinib-sensitivity in NSCLC cells. IC, for gefitinib
was higher in PC-9/GR and HCCS827/GR cells
relative to their parental cell lines (Figure S5A).
The overexpression of miRNA-153-3p decreased
IC,, for gefitinib in drug-resistant cells, but was
elevated to some extent after co-overexpression
of miRNA-153-3p and ATGS5 (Figure 5B). It is
indicated that ATGS5 reversed the gefitinib-sensi-
tivity in drug-resistant cells due to miRNA-153-
3p overexpression. Meanwhile, miRNA-153-3p
overexpression markedly induced apoptosis in
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Figure 4. ATGS overexpression reversed the inhibitory effect of miR-153-3p on autophagy. PC-9/GR and HCC827/GR
cells were transfected with miR-153-3p NC, miR-153-3p mimics, miR-153-3p mimics+pcDNA or miR-153-3p mimics+pcD-
NA-ATGS, respectively. A, ATGS level in each group detected by qRT-PCR. B, The percentage of GFP-LC3 positive cells in

each group. C, Western blot analyses of LC3 and p62.

PC-9/GR and HCC827/GR cells, and was further
inhibited by co-overexpression of miRNA-153-3p
and ATGS (Figure 5C). Therefore, ATGS was ca-
pable of reversing apoptosis of gefitinib-resistant
cells due to miRNA-153-3p overexpression.

Discussion

MicroRNAs are closely associated with
drug-resistance in NSCLC patients. MiR-128b
enhances the drug-resistance of NSCLC cells to
EGFR-TKIs by directly regulating EGFR expres-
sion”. A relative study demonstrated that miR-
147 induces EMT and AKT activation to reverse
the drug-resistance of EGFR-TKIs*. Based on
these results, microRNAs exert both induction
and inhibition effects on drug-resistance with a
different mechanism. In this paper, miRNA-153-
3p was proved to participate in the occurrence
and progression of gefitinib-resistance in NS-
CLC. Our results suggested that the biological

function of miRNA-153-3p in gefitinib-sensitive
NSCLC relied on cell autophagy.

Accumulating evidence has shown the reg-
ulatory role of autophagy in chemotherapy-re-
sistant tumor cells. Melanoma cells develop
drug-resistance to the BRAF inhibitor Vemu-
rafenib through endoplasmic reticulum stress*.
After blocking the process of autophagy, Vemu-
rafenib-resistance in melanoma cells is reversed.
A similar conclusion was observed in a clinical
trial as well. Vemurafenib-resistance in patients
with BRAF-mutant brain tumor markedly at-
tenuates after treatment of lysosomal inhibitor
chloroquine®. It is suggested that blocking au-
tophagy could elevate chemotherapy-sensitivity
in tumor cells. Combination therapy of both ki-
nase inhibitors and autophagy inhibitor restricts
tumor growth in a long-term period. Therefore,
the pronounced clinical efficacy of brain tumor
patients in the trial is a result of drug-resistance
overcome, rather than the novel sensitivity pro-
duced to autophagy inhibitors. The inhibition of
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Figure 5. MiR-153-3p enhanced gefitinib-sensitivity in NSCLC cells. A, IC50 for gefitinib was higher in PC-9/GR and
HCCS827/GR cells relative to their parental cell lines. B, PC-9/GR and HCC827/GR cells were transfected with miR-153-3p
NC, miR-153-3p mimics, miR-153-3p mimics+pcDNA or miR-153-3p mimics+pcDNA-ATGS, respectively. IC50 for gefitinib

in each group. C, Apoptosis in each group.

autophagy resists multiple molecular mechanisms
of tumor cell resistance to BRAF mutation. At
present, clinical trials of drug-resistant autopha-
gy have shown that autophagy inhibitors greatly
overcome tumor cell resistance to kinase inhib-
itors®®. Additionally, autophagy inhibition effec-
tively resists tyrosine kinase resistance in various
tumors, such as bladder cancer?’, thyroid can-
cer’®, NSCLC?¥, and ALK-positive lung cancer®.

LC3 is a homolog of the yeast autophagy-as-
sociated protein ATGS, which is an indispens-
able gene in the formation of autophagosome
membrane. LC3B level is positively correlated
with the degree of autophagy, which is usually
used in the measurement of autophagy activity?'.
LC3 is generally present in the form of soluble
LC3 1. The activation of autophagy stimulates
the binding of LC3 to phosphatidylethanolamine
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on the surface of the autophagic membrane and
transformation into a fat-soluble LC3 II. LC3 II
expression is positive to autophagy activity and is
recognized as an autophagic activity marker®2. As
an autophagic substrate protein, p62 participates
in the process of autophagy. At the initial stage
of autophagy, invalid and mismatched proteins
cannot export to cells. Accumulated p62 directly
recognizes by regulatory proteins or receptors
that bind to ATGS. After autophagy finishes, it
degrades in autophagic lysosomes. Therefore, the
p62 level is negatively correlated to autophagy
activity”. Autophagy is precisely regulated by
autophagy-associated genes (ATGs), exerting a
key role in autophagosome formation**. During
the formation of autophagosomes, ATG5-ATG12
ubiquitin-like junction system binds to cell enve-
lopes and finally forms autophagosomes®.
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In this work, we examined the expression
levels of miRNA-153-3p and autophagy mark-
er LC3B in gefitinib-resistant NSCLC patients.
MiRNA-153-3p was lowly expressed in these
patients, and negatively correlated with LC3B
level. It is speculated that miRNA-153-3p may
participate in gefitinib-resistant NSCLC by neg-
atively regulating autophagy. Moreover, the cellu-
lar levels of miRNA-153-3p and autophagy were
consistent with those of tissues. Subsequently,
ATGS was predicted to be the target of miR-153-
5p through bioinformatics method, and further
verified in Dual-Luciferase reporter gene assay.
ATGS5 was highly expressed in gefitinib-resis-
tant NSCLC, which was negatively correlated to
miRNA-153-3p level but positively correlated to
LC3B. Through a series of rescue experiments,
ATGS reversed the regulatory effect of miRNA-
153-3p on autophagy, drug-resistance and apopto-
sis in gefitinib-resistant NSCLC cell lines.

Conclusions

We found that miRNA-153-3p is lowly ex-
pressed in gefitinib-resistant NSCLC patients.
The overexpression of miRNA-153-3p enhances
gefitinib-sensitivity in NSCLC by inhibiting au-
tophagy via downregulating ATGS.
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