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1 | INTRODUCTION

Abstract

Hepatocyte growth factor (HGF) overexpression is an important mechanism in
acquired epidermal growth factor receptor (EGFR) kinase inhibitor gefitinib resis-
tance in lung cancers with EGFR activating mutations. MiR-1-3p and miR-206 act as
suppressors in lung cancer proliferation and metastasis. However, whether miR-1-3p
and miR-206 can overcome HGF-induced gefitinib resistance in EGFR mutant lung
cancer is not clear. In this study, we showed that miR-1-3p and miR-206 restored
the sensitivities of lung cancer cells PC-9 and HCC-827 to gefitinib in present of
HGF. For the mechanisms, we demonstrated that both miR-1-3p and miR-206
directly target HGF receptor c-Met in lung cancer. Knockdown of c-Met mimicked
the effects of miR-1-3p and miR-206 transfections Meanwhile, c-Met overexpres-
sion attenuated the effects of miR-1-3p and miR-206 in HGF-induced gefitinib
resistance of lung cancers. Furthermore, we showed that miR-1-3p and miR-206
inhibited c-Met downstream Akt and Erk pathway and blocked HGF-induced epithe-
lial-mesenchymal transition (EMT). Finally, we demonstrated that miR-1-3p and miR-
206 can increase gefitinib sensitivity in xenograft mouse models in vivo. Our study
for the first time indicated the new function of miR-1-3p and miR-206 in overcom-

ing HGF-induced gefitinib resistance in EGFR mutant lung cancer cell.
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resistance will eventually develop in the majority of the patients.
The secondary EGFR T790M mutation accounts for about half of

Lung cancer is one of the leading causes of cancer-related death
worldwide. Targeted therapy with tyrosine-kinase inhibitors (TKI)
including gefitinib has dramatically improved the rates of response
and survival in advanced epidermal growth factor receptor (EGFR)-
mutated non-small cell lung cancer (NSCLC). Unfortunately, drug
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acquired resistance mechanisms.! As a bypass pathway, c-Met acti-
vation caused by c-Met gene amplification, mutation and/or its
ligand hepatocyte growth factor (HGF) overexpression has been
reported as another important mechanism in this process.? In partic-
ular, HGF overexpression was observed in about 61% of patients
with acquired resistance.® Therefore, targeting HGF/c-Met pathway
is important for more effective targeted therapy in lung cancer.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors. Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

3526 | wileyonlinelibrary.com/journal/jcmmm

J Cell Mol Med. 2018;22:3526-3536.


http://orcid.org/0000-0002-8926-6395
http://orcid.org/0000-0002-8926-6395
http://orcid.org/0000-0002-8926-6395
http://creativecommons.org/licenses/by/4.0/
http://www.wileyonlinelibrary.com/journal/JCMM

JIAO ET AL

MicroRNAs (miRNAs) are endogenously expressed small non-
coding RNA (about 22-25 nucleotides in length) acting as post-tran-
scriptional regulators of gene expression. MiRNA can influence
many biological processes, such as cell proliferation, invasion,
metastasis, differentiation, metabolism and apoptosis. Multiple miR-
NAs have been reported down-regulated in lung cancer and acted
as suppressors in tumour development, including miR-145% let 7,°
miR-1,° miR-34b/c,” miR-449a,2 and so on. miRNA-1 (mainly refer
to miR-1-3p) and miR-206 are members of the muscle-specific
miR-1 family of so-called myomiRs,” which play an important role
in the myogenesis and development of cardiac and skeletal mus-
cles.?®1 A multitude of recent studies showed that deregulation of
myomiR expression is associated with a variety of cancers.'>*> In
lung cancer, miR-1 and miR-206 have been found exhibited antitu-
mour activities in multiple aspects, including repression of cell pro-
liferation, migration, invasion and angiogenesis. For example, Korde
et al'? found that miR-1 levels were lower in NSCLC than cancer-
free tissue and overexpression of miR-1 could reduce tumour
growth and angiogenesis by targeting Mpl gene. Chiu et al'®
showed that ADAM9 down-regulated miR-1 expression, which in
turn enhanced CDCP1 expression to promote lung cancer progres-

sion. Singh et al'”

reported that down-regulation of miR—1/-206
in NSCLC has major effects on carbon flux and the activity of
metabolic pathways associated with cell proliferation and growth.
Furthermore, we and other researchers have found that low expres-
sion of miR-206 is related to lung cancer invasion and metasta-
sis.®®17 However, the role of miR-1-3p and miR-206 in HGF-
induced gefitinib resistance of lung cancer is not clear.

This study was performed to investigate whether miR-1-3p and
miR-206 increased the sensitivity of HGF-induced gefitinib resis-
tance in EGFR mutant lung cancer cells. We assessed this issue using
human lung cancer cells, PC9 and HCC-827, both harbouring dele-
tions in exon19 of EGFR. The results showed that HGF-induced
gefitinib resistance and miR-1-3p and miR-206 could circumvent the
HGF-induced gefitinib resistance by targeting c-Met-Akt-Erk path-

way and suppressing epithelial-mesenchymal transition (EMT).

2 | MATERIALS AND METHODS

2.1 | Cell cultures

The EGFR mutant (exon 19 deletion) human lung adenocarcinoma
cell lines, PC-9, were provided by Affiliated Hangzhou Hospital of
Nanjing Medical University. HCC827 cell line was purchased from
the Cell Bank at the Chinese Academy of Sciences. Both the cell
lines were maintained in RPMI 1640 medium supplemented with
10% FBS and antibiotics.

2.2 | miRNA transfection

The miRNA mimics or negative control mimics were chemically syn-
thesized by GenePharma Co., Ltd. (shanghai, China), and the trans-
fection was conducted as we described previously.?° All miRNA
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sequences are listed in Table S1. Transfection efficiency was con-
firmed by SYBR green (Takara) real-time PCR detection of miR-1-3p

and miR-206 expression.

2.3 | c-Met knockdown and overexpression

For knockdown of c-Met, c-Met shRNA expression vector (PGPU6/
GFP/neo-shRNA-c-Met, designated as sh-Met) and the control vec-
tor PGPU6/GFP/neo-shControl (designated as sh-NC) were provided
by GenePharma Inc (Shanghai, China). c-Met shRNA sequences are
listed in Table S2. For overexpression of c-Met (Accession NO.:
NM_000245), c-Met overexpression vector (pEZ/M98/neo-c-Met,
designated as ex-Met) and the control vector (pEZ/M98/neo-control,
designated as ex-NC) were provided by GeneCopoeia Inc (Guangz-
hou, China). All the vectors were transfected by Lipofectamine 2000
(Invitrogen) reagent according to the manufacturer’s instructions.
Transfection efficiency was confirmed by Western blotting detection

of c-Met expression.

2.4 | HGF overexpression

Hepatocyte growth factor overexpression lentivirus (Leti-Ubi-MCS-
3FLAG-5V40-puromycin-HGF) was constructed by GeneCHEM inc
(Shanghai, China). PC-9 and HCC827 cells were infected in accor-
dance with the manufacturer's instructions. After puromycin selec-
tion, HGF-producing cell lines, PC-9/HGF and HCC827/HGF, were
established. HGF production in these cells was determined by ELISA
method.

2.5 | Cell viability assay

The cell viability was detected by MTT method. Tumour cells
(4 x 10° per well) were plated into 96-well plates and allowed to
adhere overnight. Then, the cells were transfected with miRNA mim-
ics or mimic NC. After 24 hours of incubation, different concentra-
tions of gefitinib (0.001-1 pmol/L) and/or HGF were added, and
incubation was continued for 48-72 hours. The cell survival rate was
determined with MTT solution (5 mg/mL; Sigma). Each sample was
plated in quintuplicate, and three independent experiments were

performed.

2.6 | Migration and invasion assay

Wound healing experiment and transwell assays were used to deter-
mine the migration and invasion abilities of the cells, respectively.
The experiments were conducted as we described previously.?*

2.7 | Quantitative RT-PCR

Total RNA was isolated from tumour cells by Trizol reagent (Invitro-
gen) following manufacture's protocol. cDNA was synthesized by
cDNA Synthesis Kit (Invitrogen), and RT-PCR was performed using
SYBR green methods (Takara). U6 RNA was used as a miRNA
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internal control. The primers for miR-1-3p and miR-206 were in
Table S3.

2.8 | Western blot analysis

Cells were harvested and lysed on ice for 30 minutes in RIPA buffer
(Beyotime) supplemented with protease inhibitor cocktail (Roche).
Lysates were subjected to Western blotting assay as described previ-
ously?! and detected with antibodies against p-Met, c-Met, p-EGFR,
EGFR, phospho-AKT, total AKT, phospho-ERK, total ERK, GAPDH,

E-cadherin, Vimentin and Snail (Cell signalling technology).

2.9 | Immunofluorescence staining

Cells cultured on glass bottom culture dish were transfected with
miRNA mimics or their mimic control for 24 hours and then fixed
with 4% formaldehyde for 10 minutes and permeabilized with 0.1%
Triton X-100. Fixed cells were incubated in blocking buffer (PBS,
pH 7.4, 0.1% Triton X-100 and 1% bovine serum albumin) and
stained with primary antibodies for vimentin (Cell signailling technol-
ogy), E-cadherin (Cell signailling technology) over night and then with
secondary antibodies labelled with TRITC (Invitrogen) for 1 hour at
room temperature. Nuclei were stained for 3 minutes with Hochest
33342 (1 mg/mL). Confocal analysis was performed on a NIKON C2
confocal microscope, and the images were taken under the same

parameter configuration.

2.10 | Luciferase reporter assay

Luciferase reporter constructs containing portions of the c-Met 3'-
UTR (pmirGLO-c-Met-wt), mutant sequence (pmirGLO-c-Met-mut)
were generated by GenePharma Inc (Shanghai, China). The inserted
sequence are shown in Table S4; Cells were co-transfected with
25 ng of c-Met 3'-UTR reporter constructs and 20 nmol/L miR-1-3p
or miR-206 mimics using Lipofectamine 2000 (Invitrogen) in 24-well
plates. Luciferase assays were performed 24 hours after transfection
using the Dual-Luciferase reporter assay system (Promega). Firefly

luciferase activity was normalized to Renilla luciferase activity.

2.11 | Animal studies

All experimental procedures involving animals in this study had been
approved by the ethics committee in the 117th Hospital of PLA.
Male nude mice (BALB/c, 4 weeks old) were purchased from Shang-
hai Laboratory Animal Center (Shanghai, China). For preparation of
subcutaneous xenograft model, PC-9/HGF cells (107 cells in 0.2 mL
physiological saline per mouse) were injected subcutaneously into
the rear flank of the nine nude mice. PC-9/NC cells were also
injected one mouse to as a positive control (gefitinib-sensitive
group). Ten days after tumour cell inoculation with confirmation of
successful maturation of tumours, 9 mice injected with PC-9/HGF
cells were divided randomly into three groups (GE+agomir NC group,
GE+miR-1-3p agomir group and GE+miR-206 agomir group).

Gefitinib (25 mg/kg/d) was used by oral gavage. MiR-1-3p and miR-
206 agomirs and their negative control (NC) (2 nmol; Genepharma,
Shanghai, China) were given locally by direct injection into the xeno-
grafts every 3 days. In addition, we set 3 days of stop gefitinib
(stop-GE) interval to confirm the effect of gefitinib and combined
treatment. Tumour volumes were determined (in cubic millimetre) by
measuring in two directions and were calculated as tumour vol-
ume = length x (width)?/2.

2.12 | Statistical analysis

All data were presented as the means + standard deviation. Differ-
ences between samples were analysed using two-tailed Student’s

t test. P < .05 was considered statistically significant.

3 | RESULTS

3.1 | HGF induced gefitinib resistance and
decreased expression of miR-1-3p and miR-206 in
EGFR mutant lung cancer cells

PC-9 and HCC827 cell lines (both harbouring EGFR exon 19 deletion)
are highly sensitive to gefitinib. Our MTT results showed that HGF
can induce gefitinib resistance in these two cells (Figure 1A,B), which
is consistent with previous report.?? In addition, we found that HGF
slightly promoted proliferation of PC-9 and HCC827 cells under our
experimental conditions (Figure S1A,B), but significantly enhanced the
migration and invasion activities of two cells (Figure S1C-F).

miR-1-3p and miR-206 have been identified as tumour suppres-
sors in various human cancers, including lung cancer.®1217:18.23.24
Exogenous expression of these two miRNAs could significantly
reduce cell motility and invasiveness.? In this study, we evaluated
miR-1-3p and miR-206 expression in HGF stimulation of PC-9 and
HCC827 cells. Real-time PCR results showed that the expression
levels of both miR-1-3p and miR-206 were dramatically decreased as
compared with control cells (Figure 1C,D). In addition, we found that
gefitinib increased the expression of miR-1-3p and miR-206,
whereas HGF attenuated this effect in both cells (Figure S2A,B).

3.2 | miR-1-3p/miR-206 restores gefitinib
sensitivity following treatment with HGF in EGFR
mutant NSCLC cell lines

In order to test the effect of high miR-1-3p/miR-206 expression on
modulation of gefitinib sensitivity, we constructed stable HGF over-
expressed PC-9 cells (PC-9/HGF) and HCC-827 cells (HCC-827/
HGF). ELISA showed that both PC-9/HGF and HCC-827/HGF cells
secreted high concentrations of HGF (>50 ng/10° cells/48 h). How-
ever, HGF secreted by control vector-transfected PC-9 and HCC827
cells (PC-9/NC and HCC-827/NC) were below the detected limit
(Figure 2A). MTT results showed that both PC-9/HGF and HCC827/
HGF cells became resistant to gefitinib than their parent controls
(PC-9 and HCC827 cells) (Figure 2B).
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FIGURE 1 HGF induced gefitinib resistance and down-regulated expression of miR-1-3p and miR-206 in lung adenocarcinoma PC-9 and
HCC827 cells. A-B, HGF induced gefitinib resistance in PC-9 (A) and HCC827 (B) cells. Tumour cells were incubated with increasing
concentrations of gefitinib in the presence/absence of HGF, and cell viability was determined after 72 h of treatment by MTT assay. Data are
means of three separated experiments + SD, **P < .01 compared with gefitinib group. C-D, HGF-induced down-regulated expression of miR-
1-3p and miR-206 in PC-9 (C) and HCCB827 cells (D). Tumour cells were incubated with HGF (50 ng/mL) for 72 h, the expression of miR-1-3p
and miR-206 were determined by QPCR assay. Data are means of three separated experiments 4+ SD, **P < .01 compared with control group

Then, we transfected miR-1-3p and miR-206 mimics to increase
the expression of miR-1-3p and miR-206 in PC-9/HGF and
HCCB827/HGF cells, MTT assay was used to detect gefitinib sensitiv-
ity of these cells. The results showed that either miR-1-3p or miR-
206 mimics could obviously reversed HGF-induced gefitinib resis-
tance compared with mimics negative control (NC) (Figure 2C).
These results suggested that miR-1-3p/miR-206 are potential sup-
pressors of HGF-induced gefitinib resistance in PC-9 and HCC827

cells.

3.3 | miR-1-3p/miR-206 target c-Met in EGFR
mutant NSCLC cell lines

Hepatocyte growth factor and its receptor c-Met are a ligand-recep-
tor pair with important functions in various biological processes. In
previous study, we have demonstrated that c-Met is a direct target
of miR-206 in lung cancer 95D and 95C cells.*® miR-1-3p and miR-
206 belong to the same cluster of miRNAs that are different from
each other by only 3 nucleotides. Therefore, they have many pre-
dicted and validated common targets, such as ARPC3, c-Met,
VEGFA.22% Figure 3A shows the regions of 3'UTR of the c-Met
gene that harbours 2 conserved miR-1-3p and miR-206 sites based
on the prediction of Targetscan software. Here, we further per-

formed luciferase reporter assay to verify that miR-1-3p and miR-

206 directly targets c-Met in PC-9 and HCC827 cells. The results
showed that both miR-1-3p and miR-206 mimics led to a significant
decrease in the luciferase activity in c-Met wild-type (wt) constructs
group, In contract, there is no decrease in mutant type (mut) group
(Figure 3B). Western blot analyses showed that the miR-1-3p/miR-
206 mimic treatments induced down-regulation of protein expres-
sion of c-Met in two lung cancer cells (Figure 3C). These data
showed that c-Met is a direct target of miR-1-3p/miR-206 in
HCC827 and PC-9 cells.

3.4 | miR-1-3p/miR-206 target c-Met expression
plays an important role in HGF-induced gefitinib
resistance

To confirm the roles of c-Met in overcoming HGF-induced gefitinib
resistance by miR-1-3p and miR-206, we analysed whether c-Met
knockdown by shRNA can mimic the effect of miR-1-3p and miR-
206 transfection. The results are shown in Figure 4A, and the
expression levels of c-Met protein in c-Met-shRNA (sh-Met) groups
were significantly reduced compared with that in negative control
shRNA (sh-NC) groups. Furthermore, shRNA targeting c-Met signifi-
cantly sensitized HGF-treated PC-9 and HCC827 cells to gefitinib.
The effects were similar to those of ectopic miR-1-3p/miR-206

expression.
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FIGURE 2 miR-1-3p and miR-206 overcame HGF-induced gefitinib resistance in PC-9 and HCC827 cells. A, HGF overexpression lentivirus
increased the production of HGF in PC-9 and HCC827 cells. The cells were incubated in medium contained lentivirus for 48 h, and culture
supernatants were harvested. The level of HGF was determined by ELISA. B, HGF overexpressed PC-9 and HCC827cells increased gefitinib
resistance. The PC-9/NC, HCC827/NC, PC-9/HGF, HCC827/HGF cells were incubated with increasing concentrations of gefitinib for 72 h.
Cell viability was measured by MTT assay. Data are means of three separated experiments + SD, *P < .05, **P < .01 compared with control
group. C, miR-1-3p and miR-206 mimics transfection reversed HGF-induced gefitinib resistance. The PC-9/HGF, HCC827/HGF cells were
transfected with miR-1-3p or miR-206 mimics for 24 h and then treated with increasing concentrations of gefitinib. Cell viability was measured
by MTT assay. Data are means of three separated experiments & SD, *P < .05, **P < .01 compared with negative control (NC) group. PC-9/
NC and HCC827/NC cells: negative control lentivirus infected cells; PC-9/HGF and HCC827/HGF cells: HGF overexpressed lentivirus-infected

cells

Next, we sought to examine whether c-Met overexpression can
attenuate the effects of miR-1-3p/miR-206 on HGF-induced gefi-
tinib resistance. To this end, c-Met was ectopically expressed in PC-
9 and HCCB827 cells, respectively, which were confirmed by Western
blot analyses (Figure 4B). Our results revealed that when c-Met was
ectopically expressed, there was a significant decrease of gefitinib
sensitivity in PC-9/HGF and HCC827/HGF cells with miR-1-3p/
miR-206 mimic transfection, indicating that re-expression of c-Met
was capable of partially neutralizing the effect of miR-1-3p and
miR-206. Therefore, targeting c-Met is involved in miR-1-3p and
miR-206 overcoming HGF-induced gefitinib resistance.

3.5 | miR-1-3p/miR-206 suppresses c-Met/Akt and
Erk pathway in HGF-induced gefitinib-resistant cells

Some previous reports have showed that HGF induced gefitinib
resistance through PI3K/Akt and Erk signalling pathway.?’3! To
determine whether PI3K/Akt pathway is also an important mecha-
nism in overcoming HGF-induced gefitinib resistance by miR-1-3p/
miR-206, we examined the activities of c-Met, EGFR, Akt and Erk by
Western blotting. The results showed that miR-1-3p or miR-206

alone decreased the expression of c-Met in different degree (Fig-
ure 5A,B). Gefitinib alone can inhibit EGFR, Akt and Erk activities in
PC-9 and HCC-827cells, but inhibitory effect is attenuated in pres-
ence of HGF (Figure S3). However, the combination of miR-1-3p or
miR-206 mimics and gefitinib, significantly inhibited HGF-induced p-
c-Met expression. Moreover, the combination of miR-1-3p or miR-
206 mimics and gefitinib also obviously inhibited phosphorylation of
Akt and Erk1/2 in both cell lines. Interestingly, we also found that
miR-1-3p or miR-206 mimic transfection could suppress the EGFR
expression in PC-9 and HCC827 cells, which may increase the effect
of two miRNAs on overcoming gefitinib resistance. Therefore, our
results suggested that miR-1-3p/miR-206 is able to down-regulate
c-Met and EGFR expression and inhibit downstream Akt and Erk
pathways in HGF-induced gefitinib-resistant NSCLC cells.

3.6 | miR-1-3p/miR-206 inhibits EMT in HGF-
induced gefitinib-resistant cells

Epithelial-mesenchymal transition (EMT) is extensively correlated

32,33

with therapeutic resistance to EGFR-TKIs, and we next exam-

ined whether miR-1-3p and miR-206 could reverse EMT in HGF-
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FIGURE 3 c-Met is a direct target of miR-1-3p and miR-206 in PC-9 and HCC827 cells. A, Alignment between the predicted binding motifs

within the c-Met 3'UTRs and miR-1-3p/miR-206. Complementary sequences to the seed regions of miR-1-3p/miR-206 are also indicated. B,
Target verification for miR-1-3p/miR-206 in PC-9 and HCC827 cells. PC-9 and HCCB827 cells were co-transfected with miR-1-3p or miR-206,
pmirGLO-c-Met-wt (3'UTR-wt) or pmirGLO-c-Met-mut (3’ UTR-mut), along with a pRL-SV40 reporter plasmid. After 24 h, the luciferase activity
was measured. Values are presented as relative luciferase activity after normalization to Renilla luciferase activity. *P < .05, **P < .01. C, c-Met
expression after miR-1-3p or miR-206 mimics transfection was determined by Western blot analysis in PC-9 and HCC827 cells

induced gefitinib-resistant cells. Typical epithelial morphology and
expression of E-cadherin, an epithelial marker, was observed in PC-9
cells and HCC-827 cells (Figure 6A,B), whereas mesenchymal mor-
phology and high expression of Vimentin (a marker of mesenchymal
phenotype) and Snail (a key regulator of EMT) were observed in
HGF-treated cells (Figure 6A,B). MiR-1-3p and miR-206 treatment
induced a transition from spindle-like to epithelial-like morphology
(Figure 6C), as evidenced by the up-regulation of E-cadherin and
down-regulation of Vimentin and Snail in both HGF treated PC-9
and HCC827 cells (Figure 6D). Immunofluorescence stain of EMT
markers of E-cadherin and Vimentin in PC-9 cells and HCC-827 cells
confirmed that HGF-induced EMT can be reversed by miR-1-3p and
miR-206 transfection (Figure 6E,F). These findings suggested that
miR-1-3p and miR-206 reverses EMT in HGF stimulated lung cancer
cells might be another important mechanism correlated with over-

coming resistance to gefitinib.

3.7 | MiR-1-3p/miR-206 overcame HGF-induced
gefitinib resistance in tumour xenografts

To further determine whether miR-1-3p and miR-206 can overcome
HGF-induced gefitinib resistance in vivo, a gefitinib-resistant xeno-
graft tumour model (PC-9/HGF) was used in the nude mice. MiR-1-
3p and miR-206 agomirs (more stable in vivo than mimics) were

used to increase the expression of these two miRNAs. The results
showed that PC-9/NC tumours regressed rapidly in response to
gefitinib treatment. Surprisingly, when we stopped gefitinib for
3 days (day14-16), PC-9/NC tumour grew again. Finally, PC-9/NC
tumours disappeared after 12 days of gefitinib treatment, whereas
PC-9/HGF tumours were slightly suppressed following gefitinib
treatment (Figure 7A). Importantly, the combination of miR-1-3p (or
miR-206) and gefitinib reduced the size of PC-9/HGF tumours (Fig-
ure 7A,B). Furthermore, MiR-206+GE is more effective than MiR-1-
3p+GE in our mouse models, which is consistent with the results
in vitro. These results suggest that HGF can induce resistance to
gefitinib in vivo and that this resistance can be overcome by miR-1-
3p and miR-206.

4 | DISCUSSION

Many miRNAs have been reported down-regulated in lung cancer,
such as miR-34b/c,” miR-1,2> miR-206," miR-145* and let 7.°
Among them, miR-1-3p and miR-206, which belong to muscle-spe-
cific miRNAs and play key roles in skeletal muscle differentiation,
have found exhibited inhibitory function in lung cancer growth,
migration and invasion in recent years.*°*® However, other func-

tions of these two miRNAs are not known. In this study, we
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reported that miR-1-3p and miR-206 can overcome HGF-induced
gefitinib resistance in EGFR mutant lung cancer cells in vitro and
in vivo, and the mechanisms were related to inhibit Akt/Erk path-
ways and meanwhile suppress HGF-induced EMT (Figure 8). The
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HCC827

il 8

NC m
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NC+HGF+GE
miR-206+HGF+GE ||

FIGURE 5 miR-1-3p/miR-206
suppresses c-Met/Akt and Erk pathway in
HGF-mediated gefitinib-resistant cells.
miR-1-3p and miR-206 inhibited Akt and
Erk1/2 signalling, even in HGF treated
PC-9 (A) and HCC827 (B) cells. PC-9 and
HCC827 cells were transfected with miR-
1-3p or miR-206 mimics and then treated
with gefitinib (1 pmol/L) in the presence/
absence of HGF (50 ng/mL) for 1 h, and
cell extracts were prepared and
immunoblotted with the indicated
antibodies. GE: gefitinib

study showed the novel anti-tumour function of miR-1-3p and

miR-206 in lung cancer.

MiR-1-3p and miR-206 belong to the same miRNA cluster,
which are frequently down-regulated in various types of cancers.
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FIGURE 7 miR-1-3p/miR-206 inhibits HGF-mediated gefitinib resistance in vivo. A-B, PC-9/NC, and PC-9/HGF cells (107) were inoculated
subcutaneously into nude mice on day 0. Mice received oral gefitinib (25 mg/kg/d) and/or locally injected miR-1-3p/miR-206 agomirs, starting
on day 10. The tumour size was measured every 3 days, and tumour volumes were calculated as described in Materials and Methods. We set
three days of stop gefitinib (stop-GE) interval to confirm the effect of gefitinib and combined treatment. Error bars indicate standard errors of

3 mice. B, macroscopic appearances of tumours harvested on day 25 are shown. GE:gefitinib

DNA methylation and acetylation of histones are two major epige- PC-9 and HCC-827 cells. In previous study, it has been reported
netic regulation mechanisms in miR-1-3p and miR-206 expression; that HGF stimulation enhanced Nrf2 activity in myotubes,®® and
meanwhile, many nuclear transcription factors, such as NRF2,Y7 meanwhile another study revealed Nrf2 attenuate miR-1 and miR-

nuclear receptor subfamily O, group B member 2, oestrogen-related 206 expression by histone deacetylase 4 (HDAC4).Y” Whether
receptor vy, yin-yang 1, and activator protein 1, were reported decreased miR-1-3p/miR-206 expression by HGF depends on
involved in miR-206 regulation.>*3> In this study, we showed that transcription factors Nrf2 and epigenetic regulation need further

HGF induced a decrease in miR-1-3p/miR-206 expression in both studies.
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c-Met play a key role in HGF-induced gefitinib resistance. HGF
overexpression-induced TKIs resistance is associated with c-Met
phosphorylation and reactivation of phosphatidylinositol 3-kinase
(PI3K)/Akt signalling pathway in EGFR mutant NSCLC.?2%° Targeting
HGF-c-Met pathway by HGF antibody or c-Met inhibitors restore the
HGF-induced resistance in lung cancer cells.>”%8 In addition, some
miRNAs were also reported overcoming gefitinib resistance by target-
ing c-Met in different types of lung cancer cells,such as in lung cancer
stem cells (miR-128),% in primary or acquired gefitinib-resistant lung
cancer cells (mir-19a, miR-200a and miR-130a),***? and in HGF-
induced lung cancer cells (miR-34a).*® Consistent with these studies,
we found that enforced expression of miR-1-3p/miR-206 attenuated
gefitinib resistance induced by HGF in EGFR mutant lung cancer cells,
and the mechanisms were also involved in targeting c-Met and its
downstream pathways. To confirm the relationship of miR-1-3p/miR-
206 targeting c-Met and HGF-induced gefitinib resistance, we per-
formed loss or gain of function assays. The results showed that c-Met
knockdown reduced the HGF-induced gefitinib resistance. Instead,
c-Met overexpression increased HGF-induced gefitinib resistance and
attenuated the effect of miR-1-3p and miR-206. From our results and
others, we can find that c-Met targeting is the common character in
these studies, although the experiments were conducted under
different gefitinib-resistant conditions. Previous studies showed that
miR-206 target c-Met directly in lung cancer cells.** In our study, we
further demonstrated that both miR-1-3p and miR-206 have common
target c-Met in EGFR mutant PC-9 and HCC-827 cells. Furthermore,
HGF-c-Met signalling induced gefitinib resistance with a decreased
expression of miR-1-3p and miR-206. Therefore, we suppose that
combination of c-Met inhibitors and c-Met targeting miRNA, such as
miR-1-3p/miR-206, might be a better anti-resistant strategy in over-
coming HGF-induced gefitinib resistance.

Epithelial-mesenchymal transition is another mechanism of

acquired EGFR-TKI resistance in lung cancers. In vitro studies

showed that the mesenchymal phenotype is more resistant to EGF-
TKI than the epithelial phenotype.*® Activated HGF/c-Met pathway
drives a mesenchymal phenotype in liver cancer has been
reported.*® In our study, both morphologic observation and molec-
ular marker detection by Western blot and immunofluorescence
stain showed that HGF stimulation induced EMT in PC-9 and
HCC-827 cells. We observed an elongated cell morphology, loss of
E-cadherin and increase in vimentin and snail expression. Whereas
transfection of miR-1-3p and miR-206 caused HGF-expressed PC-
9 and HCC-827 cells to undergo mesenchymal-epithelial transition,
the reverse of EMT. Together these findings indicate that sup-
pressing EMT is another critical factor that miR-1-3p and miR-206
overcoming HGF-induced gefitinib resistance. Previous study
reported that miR-1 regulated EMT by directly target Slug gene
in prostate cancer” However, whether EMT-related genes are
target directly by miR-1-3p and miR-206 need further experimen-
tal verification.

In summary, we demonstrated in vitro and in vivo that miR-1-3p
and miR-206 can restore HGF-induced gefitinib resistance in EGFR
activating lung cancer cells. The effects are mediated by inhibition of

Akt/Erk pathways and EMT.

ACKNOWLEDGEMENTS

This work has been supported by Natural Science Foundation of
Zhejiang Province of China (LY17H160001); Science and Technology
Plan Project of Hangzhou City (20140633B40 and 20160533B74);
Public Welfare Project of Science and Technology Department of
Zhejiang Province (2017C33062) and Science and Technology Plan
Project of Traditional Chinese Medicine (2015ZB080).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

ORCID

Qingyong Chen http://orcid.org/0000-0002-8926-6395

REFERENCES

1. Engelman JA, Zejnullahu K, Mitsudomi T, et al. MET amplification
leads to gefitinib resistance in lung cancer by activating ERBB3 sig-
naling. Science. 2007;316:1039-1043.

2. Bean J, Brennan C, Shih JY, et al. MET amplification occurs with or
without T790M mutations in EGFR mutant lung tumors with
acquired resistance to gefitinib or erlotinib. Proc Natl Acad Sci USA.
2007;104:20932-20937.

3. Suda K, Mizuuchi H, Maehara Y, et al. Acquired resistance mecha-
nisms to tyrosine kinase inhibitors in lung cancer with activating epi-
dermal growth factor receptor mutation-diversity, ductility, and
destiny. Cancer Metastasis Rev. 2012;31:807-814.

4. Campayo M, Navarro A, Vinolas N, et al. Low miR-145 and high
miR-367 are associated with unfavourable prognosis in resected
nonsmall cell lung cancer. Eur Respir J. 2013;41:1172-1178.


http://orcid.org/0000-0002-8926-6395
http://orcid.org/0000-0002-8926-6395
http://orcid.org/0000-0002-8926-6395

JIAO ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

. Osada H, Takahashi T. let-7 and miR-17-92: small-sized major play-

ers in lung cancer development. Cancer Sci. 2011;102:9-17.

. Nasser MW, Datta J, Nuovo G, et al. Down-regulation of micro-

RNA-1 (miR-1) in lung cancer. Suppression of tumorigenic property
of lung cancer cells and their sensitization to doxorubicin-induced
apoptosis by miR-1. J Biol Chem. 2008;283:33394-33405.

. Nadal E, Chen G, Gallegos M, et al. Epigenetic inactivation of micro-

RNA-34b/c predicts poor disease-free survival in early-stage lung
adenocarcinoma. Clin Cancer Res. 2013;19:6842-6852.

. Luo W, Huang B, Li Z, et al. MicroRNA-449a is downregulated in

non-small cell lung cancer and inhibits migration and invasion by tar-
geting c-Met. PLoS ONE. 2013;8:e64759.

. McCarthy JJ. MicroRNA-206: the skeletal muscle-specific myomiR.

Biochim Biophys Acta. 2008;1779:682-691.

Chen JF, Mandel EM, Thomson JM, et al. The role of microRNA-1
and microRNA-133 in skeletal muscle proliferation and differentia-
tion. Nat Genet. 2006;38:228-233.

Kim HK, Lee YS, Sivaprasad U, et al. Muscle-specific microRNA miR-
206 promotes muscle differentiation. J Cell Biol. 2006;174:677-687.
Korde A, Jin L, Zhang JG, et al. Lung endothelial MicroRNA-1 regu-
lates tumor growth and angiogenesis. Am J Respir Crit Care Med.
2017;196:1443-1455.

Xu Y, Zheng M, Merritt RE, et al. miR-1 induces growth arrest and
apoptosis in malignant mesothelioma. Chest. 2013;144:1632-1643.
Hamaguchi Y, Mori A, Fujimoto Y, et al. Longer warm ischemia can
accelerate tumor growth through the induction of HIF-1alpha and
the IL-6-JAK-STAT3 signaling pathway in a rat hepatocellular carci-
noma model. J Hepatobiliary Pancreat Sci. 2016;23:771-779.

Wang CQ, Huang YW, Wang SW, et al. Amphiregulin enhances
VEGF-A production in human chondrosarcoma cells and promotes
angiogenesis by inhibiting miR-206 via FAK/c-Src/PKCdelta path-
way. Cancer Lett. 2017;385:261-270.

Chiu KL, Lin YS, Kuo TT, et al. ADAM9 enhances CDCP1 by inhibit-
ing miR-1 through EGFR signaling activation in lung cancer metasta-
sis. Oncotarget. 2017;8:47365-47378.

Singh A, Happel C, Manna SK, et al. Transcription factor NRF2 regu-
lates miR-1 and miR-206 to drive tumorigenesis. J Clin Invest.
2013;123:2921-2934.

Chen QY, Jiao DM, Yan L, et al. Comprehensive gene and microRNA
expression profiling reveals miR-206 inhibits MET in lung cancer
metastasis. Mol BioSyst. 2015;11:2290-2302.

Wang X, Ling C, Bai Y, Zhao J. MicroRNA-206 is associated with
invasion and metastasis of lung cancer. Anat Rec (Hoboken).
2011;294:88-92.

Zhou G, Zhang F, Guo Y, et al. miR-200c enhances sensitivity of
drug-resistant non-small cell lung cancer to gefitinib by suppression
of PIBK/Akt signaling pathway and inhibits cell migration via target-
ing ZEB1. Biomed Pharmacother. 2017;85:113-119.

Jiao D, Wang J, Lu W, et al. Curcumin inhibited HGF-induced EMT
and angiogenesis through regulating c-Met dependent PI3K/Akt/
mTOR signaling pathways in lung cancer. Mol Ther Oncolytics.
2016;3:16018.

Yano S, Wang W, Li Q, et al. Hepatocyte growth factor induces gefi-
tinib resistance of lung adenocarcinoma with epidermal growth fac-
tor receptor-activating mutations. Cancer Res. 2008;68:9479-9487.
Zhang YJ, Xu F, Zhang YJ, Li HB, Han JC, Li L. miR-206 inhibits non
small cell lung cancer cell proliferation and invasion by targeting
SOX9. Int J Clin Exp Med. 2015;8:9107-9113.

Chiu KL, Kuo TT, Kuok QY, et al. ADAM9 enhances CDCP1 protein
expression by suppressing miR-218 for lung tumor metastasis. Sci
Rep. 2015;5:16426.

Yu QQ, Wu H, Huang X, et al. MiR-1 targets PIKSCA and inhibits
tumorigenic properties of A549 cells. Biomed Pharmacother.
2014;68:155-161.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

WILEY-2%

Qu W, Chen X, Wang J, et al. MicroRNA-1 inhibits ovarian cancer
cell proliferation and migration through c-Met pathway. Clin Chim
Acta 2017;473:237-244.

Wu H, Tao J, Li X, et al. MicroRNA-206 prevents the pathogenesis
of hepatocellular carcinoma via modulating expression of cMet and
Cdké. Hepatology. 2017;66:1952-1967.

Stahlhut C, Suarez Y, Lu J, et al. miR-1 and miR-206 regulate angio-
genesis by modulating VegfA expression in zebrafish. Development.
2012;139:4356-4364.

Holland WS, Chinn DC, Lara PN Jr, et al. Effects of AKT inhibition
on HGF-mediated erlotinib resistance in non-small cell lung cancer
cell lines. J Cancer Res Clin Oncol. 2015;141:615-626.

Donev IS, Wang W, Yamada T, et al. Transient PI3K inhibition
induces apoptosis and overcomes HGF-mediated resistance to
EGFR-TKIs in EGFR mutant lung cancer. Clin Cancer Res.
2011;17:2260-2269.

Li H, Schmid-Bindert G, Wang D, et al. Blocking the PIBK/AKT and
MEK/ERK signaling pathways can overcome gefitinib-resistance in
non-small cell lung cancer cell lines. Adv Med Sci. 2011;56:275-284.
Chung JH, Rho JK, Xu X, et al. Clinical and molecular evidences of
epithelial to mesenchymal transition in acquired resistance to EGFR-
TKis. Lung Cancer. 2011;73:176-182.

Sesumi Y, Suda K, Mizuuchi H, et al. Effect of dasatinib on EMT-
mediated-mechanism of resistance against EGFR inhibitors in lung
cancer cells. Lung Cancer. 2017;104:85-90.

Datta J, Kutay H, Nasser MW, et al. Methylation mediated silencing
of MicroRNA-1 gene and its role in hepatocellular carcinogenesis.
Cancer Res. 2008;68:5049-5058.

Song G, Wang L. Nuclear receptor SHP activates miR-206 expression
via a cascade dual inhibitory mechanism. PLoS ONE. 2009;4:e6880.
Al-Sawaf O, Fragoulis A, Rosen C, et al. Nrf2 augments skeletal mus-
cle regeneration after ischaemia-reperfusion injury. J Pathol.
2014;234:538-547.

Takeuchi S, Wang W, Li Q, et al. Dual inhibition of Met kinase and
angiogenesis to overcome HGF-induced EGFR-TKI resistance in
EGFR mutant lung cancer. Am J Pathol. 2012;181:1034-1043.

Wang W, Li Q, Takeuchi S, et al. Met kinase inhibitor E7050
reverses three different mechanisms of hepatocyte growth factor-
induced tyrosine kinase inhibitor resistance in EGFR mutant lung
cancer. Clin Cancer Res. 2012;18:1663-1671.

Jiang J, Feng X, Zhou W, Wu Y, Yang Y. MiR-128 reverses the gefi-
tinib resistance of the lung cancer stem cells by inhibiting the c-
met/PIBK/AKT pathway. Oncotarget. 2016;7:73188-73199.

Cao X, Lai S, Hu F, et al. miR-19a contributes to gefitinib resistance
and epithelial mesenchymal transition in non-small cell lung cancer
cells by targeting c-Met. Sci Rep. 2017;7:2939.

Zhen Q, Liu J, Gao L, et al. MicroRNA-200a Targets EGFR and c-
Met to inhibit migration, invasion, and gefitinib resistance in non-
small cell lung cancer. Cytogenet Genome Res. 2015;146:1-8.

Zhou YM, Liu J, Sun W. MiR-130a overcomes gefitinib resistance by
targeting met in non-small cell lung cancer cell lines. Asian Pac J Can-
cer Prev. 2014;15:1391-1396.

Zhou JY, Chen X, Zhao J, et al. MicroRNA-34a overcomes HGF-
mediated gefitinib resistance in EGFR mutant lung cancer cells partly
by targeting MET. Cancer Lett. 2014;351:265-271.

Chen X, Tong ZK, Zhou JY, et al. MicroRNA-206 inhibits the viability
and migration of human lung adenocarcinoma cells partly by target-
ing MET. Oncol Lett. 2016;12:1171-1177.

Uramoto H, Iwata T, Onitsuka T, et al. Epithelial-mesenchymal tran-
sition in EGFR-TKI acquired resistant lung adenocarcinoma. Anti-
cancer Res. 2010;30:2513-2517.

You H, Ding W, Dang H, et al. c-Met represents a potential thera-
peutic target for personalized treatment in hepatocellular carcinoma.
Hepatology. 2011;54:879-889.



3% | WILEY

JIAO ET AL

47. Liu YN, Yin JJ, Abou-Kheir W, et al. MiR-1 and miR-200 inhibit EMT
via Slug-dependent and tumorigenesis via Slug-independent mecha-
nisms. Oncogene. 2013;32:296-306.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Jiao D, Chen J, Li Y, et al. miR-1-3p
and miR-206 sensitizes HGF-induced gefitinib-resistant
human lung cancer cells through inhibition of c-Met signalling
and EMT. J Cell Mol Med. 2018;22:3526-3536.
https://doi.org/10.1111/jcmm.13629



https://doi.org/10.1111/jcmm.13629

