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ABSTRACT

Non-small cell lung cancer (NSCLC) is the most common and lethal human malignant tumor worldwide.
Platinum-based chemotherapy is still the mainstay of treatment for NSCLC. However, long-term
chemotherapy usually induces serious drug resistance in NSCLC cells. Accordingly, treatment strategies that
reverse the resistance of NSCLC cells against platinum-based drugs may have considerable clinical value. In
the present study, we observed significant upregulation of CAV-1 expression and a significant decrease of
miR-204 expression in cisplatin-resistant A549 (CR-A549) and cisplatin-resistant PC9 (CR-PC9) cells compared
to their parental A549 and PC9 cells. Furthermore, we demonstrated that the downregulation of miR-204
expression was responsible for CAV-1 overexpression in these cisplatin-resistant NSCLC cells. We then found
that enforced expression of miR-204 can resensitize CR-A549 and CR-PC9 cells to cisplatin-induced
mitochondrial apoptosis through suppression of the caveolin-1/AKT/Bad pathway. We demonstrated that
dysregulation of miR-204/caveolin-1 axis is an important mechanism for NSCLC cells to develop the
chemoresistance.

INTRODUCTION remains poor, and the 5-year overall survival rate of

NSCLC is still lower than 15% [1, 2]. Platinum-based
Non-small cell lung cancer (NSCLC) is the leading chemotherapy remains a widely used first-line strategy
cause of cancer-related deaths worldwide. Despite great for the treatment of NSCLC. However, the clinical
advances in the diagnosis and treatment strategies used response to platinum-based chemotherapy is limited
for NSCLC in recent decades, the prognosis of NSCLC because NSCLC cells usually develop resistance after
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the repeated use of platinum-based drugs. Ultimately,
the drug resistance induces failure of chemotherapy and
poor prognoses [3, 4].

Cisplatin is the most commonly used platinum-based
chemotherapeutic drug, and it exhibits effective and
broad-spectrum anti-tumor activity against multiple
cancers, including NSCLC [5, 6]. As a platinum-based
drug, cisplatin can cross-link with DNA and
subsequently inhibit DNA replication and transcription
and trigger the apoptosis pathway in NSCLC cells [7].
However, under the long-term use of cisplatin, cancer
cells usually develop severe chemoresistance, which has
become a major obstacle for the clinical use of cisplatin
in patients with NSCLC [8-10]. Therefore, attenuation
of the acquired chemoresistance to cisplatin in NSCLC
treatment is an important clinical objective.

MicroRNAs (miRNAs) are endogenous and non-coding
RNAs 19-25 nucleotides in length. As miRNAs regulate
the expression of approximately 60% of human genes
through binding to 3’ untranslated region (3’ UTR) of
targeted mRNAs, they are involved in many physiological
processes, including cell proliferation, differentiation,
metastasis, metabolism, and apoptosis. Unfortunately,
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miRNAs are usually dysregulated in cancer cells [11-13].
It has been demonstrated that the aberrant expression of
miRNAs is closely associated with tumorigenesis and
cancer development. Moreover dysregulation of miRNAs
is responsible for the induction of drug resistance in many
cancers, including NSCLC. Therefore, correction of
miRNA dysregulation may represent a potential strategy
for reversing chemoresistance [14-16]. In this study, we
investigated the role of miR-204 in reducing cisplatin
resistance in NSCLC.

RESULTS
Cisplatin resistance of CR-A549 and CR-PC9

To study the chemoresistance of NSCLC cells,
cisplatin-resistant NSCLC models were established
using A549 and PC9 cell lines (CR-A549 and CR-PC9).
As shown in Figure 1A, MTT assays showed that CR-
A549 cells exhibited significant cisplatin resistance
compared to their parental A549 cells, and the IC50
value of cisplatin for CR-A549 increased 9.8-fold
compared with that for A549. Similarly, the cisplatin
IC50 value for CR-PC9 increased 12.4-fold compared
with that for PC9 (Figure 1B). Accordingly, our
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Figure 1. Cisplatin resistance of CR-A549 and CR-PC9 cells. (A) After treatment with different concentrations of cisplatin (0-60 uM),
viability of A549 and CR-A549 cells was detected by using MTT assays. *P<0.05 vs. A549 cells. (B) After treatment with different
concentrations of cisplatin (0-60 uM), viability of PC9 and CR-PC9 cells was detected by using MTT assays. *P<0.05 vs. PC9 cells.
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established CR-A549 and CR-PC9 cells were cisplatin-
resistant. In addition, because 8 puM cisplatin induced
slight cytotoxicity against CR-A549 and CR-PC9 cells,
we chose this concentration of cisplatin in the following
experiments to explore the potential mechanisms of
cisplatin-resistance formation in CR-A549 and CR-PC9.

Upregulation of CAV-1 is essential for cisplatin
resistance in NSCLC

Upregulation of CAV-1 has been reported to
contribute to multiple drug resistance in cancer cells
[17-19]. We therefore investigated the potential role
of CAV-1 in CR-A549 and CR-PC9. We found that

the expression of CAV-1 in CR-A549 and CR-PC9
cells was higher than that in their parental A549 and
PC9 cells, respectively (Figure 2A). To investigate
whether the upregulation of CAV-1 was responsible
for cisplatin resistance in these CR-A549 and CR-
PC9 cells, we performed a loss-of-function assay
using specific siRNA targeting CAV-1, and the
transfection efficiency of CAV-1 siRNA is shown in
Figure 2B. Interestingly, we found that the knock-
down of CAV-1 significantly increased the cyto-
toxicity of cisplatin against CR-A549 and CR-PC9
(Figure 2C). On the other hand, enforced expression
of CAV-1 in A549 and PC9 cells reduced the
cytotoxicity of cisplatin against them (Figure 2D).
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Figure 2. Role of CAV-1 in regulating cisplatin sensitivity in NSCLC. (A) Expression of CAV-1 in A549, CR-A549, PC9, and CR-PC9 cells
was detected by western blot analysis. (B) Effect of the CAV-1 plasmid (2 ug/ml) and CAV-1 siRNA (50 pmol/ml) on the expression level of
CAV-1 in A549, CR-A549, PC9, and CR-PC9 cells. (C) Effect of CAV-1 siRNA (50 pmol/ml) on the sensitivity of CR-A549 and CR-PC9 cells to
cisplatin (8 uM) treatment. *P<0.05 vs. Cisplatin+NCO group. (D) Effect of the CAV-1 plasmid (2 pg/ml) on the sensitivity of A549 and PC9

cells to cisplatin (8 uM) treatment. *P<0.05 vs. Cisplatin+NCO group.
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Accordingly, the expression profile of CAV-1 was
associated with cisplatin sensitivity in NSCLC cells.
As the expression of CAV-1 was dysregulated in
cisplatin-resistant NSCLC cells, the inhibition of CAV-
1 attenuated the acquired cisplatin resistance in NSCLC.

Upregulation of CAV-1 is induced by the decrease in
miR-204 in NSCLC

We next investigated whether the overexpression of
CAV-1 was caused by the dysregulation of miRNAs in
CR-A549 and CR-PC9. Data from the public miRNA
prediction databases TargetScan, miRanda, and PicTar
showed that the CAV-I gene contains a seed region
paired with miR-204 in the 3’ UTR of its mRNA
(Figure 3A). miR-204 has been reported as a sensitizer
that enhances the anti-tumor effect of chemotherapeutic
drugs [20, 21]; thus, we focused on the relationship
between miR-204 and CAV-1 in CR-A549 and CR-PC9
cells. As shown in Figure 3B, expression of miR-204
was decreased when the NSCLC cell lines became
cisplatin-resistant. We therefore performed gain-of-
function assays by transfection with miR-204 mimics

A B
CAV-1 mRNA

position 376-402
of CAV-13'UTR 5'...GUUGGUCAUUUUAUGUUAAGGGAAG...3'

human miR-204 3'-GUAUCCUACUGUUUCCCUU-5'

Relative expression of miR-204

(Figure 3C). Interestingly, transfection with miR-204
decreased the expression of CAV-1 in CR-A549 and
CR-PC9 cells (Figure 3D). Furthermore, results of
luciferase reporter assays showed that co-transfection
with miR-204 was able to decrease the Iluciferase
activities of the pMIR-plasmid carrying the caveolin-1
3" UTR (Figure 3E). Thus, the upregulation of CAV-1
was induced by the decrease in miR-204 in cisplatin-
resistant NSCLC cells.

miR-204 resensitizes cisplatin-resistant NSCLC cells
to cisplatin through the inhibition of CAV-1

We next investigated the role of the miR-204/CAV-1
axis in changing the cisplatin sensitivity in CR-A549
and CR-PC9 cells. As shown in Figure 4A, transfection
with miR-204 decreased the cisplatin resistance in
NSCLC, and the IC50 value of cisplatin for CR-A549
was reduced by 79.5% after miR-204 transfection.
Similarly, the cisplatin IC50 value for CR-PC9 was
reduced by 83.6% after transfection with miR-204
(Figure 4B). However, we found that enforced
expression of CAV-1 “rescued” the CR-A549 and

Relative expression of miR-204

A549  CR-A549 PC9 CR-PC9
18-

< <
o
3 164 8 @ 4,. C3NCO o 15 CINCO
= x 41 == iR-: O 471 EEamiR-204
E 144 = -:<.) EZ2 miR-204 E &3
Op 1 k] 5 1_0-1 l 01,0-1 I
c g c - =
73" 3 5 s
g g £ 0.8- £ 0.8
o s =] =
x .S = ) ©
. ° ; 0.6 ; 0.6
= : S o
< o £ 0.4+ £ 0.44
E & g E

NCO miR-204 NCO  miR-204 2 0.2 2 0.24
D 5 S

CR-A549 _ CR-PC9 2 0.0 2 0.0
CAV-| [— e em— 24KDa pMIR-control PMIR-CAV-1 pMIR-control PMIR-CAV-1
GAPDH [— — |37KDa
Ie) » ) >
(<) Q' (@) N}
S ‘s:‘b & \Q.ﬂ«
& &

Figure 3. miR-204 targets CAV-1 in NSCLC. (A) Seed region of the CAV-1 3@ UTR paired with miR-204. (B) Expression of miR-204 in A549,
CR-A549, PC9, and CR-PC9 cell lines. *P<0.05. (C) Transfection efficiency of miR-204 in CR-A549 and CR-PC9 cells. ¥*P<0.05 vs. NCO group. (D)
Effect of miR-204 (50 pmol/ml) on the expression level of CAV-1 in CR-A549 and CR-PC9 cells. (E) Luciferase activities in CR-A549 and CR-PC9
cells were measured using the Dual-Luciferase Reporter Assay System. *P<0.05 vs. NCO group.
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CR-PC9 cells that were co-treated with cisplatin and
miR-204 (Figure 4C). These results indicated that miR-
204 was able to resensitize the cisplatin-resistant NSCLC
cells to cisplatin-induced cytotoxicity through the
inhibition of CAV-1. Additionally, we also found that
knockdown of miR-204 directly by using its antisense
oligonucleotides (anti-miR-204) decreased the cyto-
toxicity of cisplatin to the parental A549 and PC9 cells
(Figure 4D). This data emphasized the sensitization of
miR-204 on cisplatin treatment in NSCLC.

The miR-204/CAV-1 axis regulates the AKT/Bad
pathway in cisplatin-resistant NSCLC cells

CAV-1 is an upstream regulator of the AKT pathway,
and the overexpression of caveolin-1 usually induces
overactivation of AKT in cancer cells [22]. As Bad is
one important substrate of AKT [23, 24], we next
explored the role of the miR-204/CAV-1 axis in
regulating the AKT/Bad pathway in CR-A549 and CR-
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PC9 cells. Western blot analysis showed that trans-
fection with miR-204 decreased the phosphorylation of
AKT and Bad in CR-A549 and CR-PC9 cells. However,
enforced expression of CAV-1 using the CAV-1
plasmid inhibited the effect of miR-204 on AKT and
Bad phosphorylation (Figure 5A). This indicated that
the AKT/Bad pathway was regulated by the miR-
204/CAV-1 axis in cisplatin-resistant NSCLC cells.
Subsequently, we observed that miR-204 treatment
increased the levels of the Bad-Bcl-2 and Bad-Bcl-xl
heterodimers in CR-A549 and CR-PC9 cells (Figure
5B). Thus, we found that miR-204 attenuated the
function of free Bcl-2 and Bcl-xl through the miR-
204/CAV-1/Bad pathway. Because both Bel-2 and Bel-
x] are anti-apoptotic proteins that inhibit mitochondrial
apoptosis [25, 26], we next investigated the effect of
cisplatin and miR-204 on AY,, for CR-A549 and CR-
PC9 cells. We found that cisplatin alone induced a
slight decrease in AY,, for CR-A549 and CR-PC9 cells.
However, in combination with miR-204, there was an

Relative cell viability of PC9

Figure 4. Role of the miR-204/CAV-1 axis in regulating cisplatin sensitivity in NSCLC. (A) Effect of miR-204 (50 pmol/ml) on the
sensitivity of CR-A549 cells to cisplatin treatment (0—60 uM). *P<0.05 vs. NCO group. (B) Effect of miR-204 (50 pmol/ml) on the sensitivity of
CR-PC9 cells to cisplatin treatment (0-60 uM). *P<0.05 vs. NCO group. (C) Effect of the CAV-1 plasmid (2 pug/ml) on protecting the CR-A549
and CR-PC9 cells that were co-treated with cisplatin (8 uM) and miR-204 (50 pmol/ml). *P<0.05 vs. Cisplatin+NCO group. #p<0.05 vs.
Cisplatin+miR-204 group. (D) Effect of the anti-miR-204 (50 pmol/ml) on protecting the A549 and PC9 cells that were co-treated with cisplatin

(8 uM). *P<0.05 vs. Cisplatin+NCO group.
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obvious promotion of the cisplatin-induced collapse of
AY,, (Figure 5C). These results suggested that the miR-
204/CAV-1 axis regulates the mitochondrial apoptosis
of cisplatin-resistant NSCLC cells through the
AKT/Bad/Bcl-2 (Bcl-x1) pathway.

miR-204 enhanced cisplatin-induced mitochondrial
apoptosis of cisplatin-resistant NSCLC cells

The preceding results have indicated that miR-204 was
able to increase the cisplatin-induced collapse of AY, in

CR-A549 and CR-PC9 cells. Accordingly, we next
evaluated the effect of miR-204 on the cisplatin-induced
mitochondrial apoptosis pathway. Western blot analysis
showed that miR-204 transfection obviously increased
the release of cytochrome ¢ from mitochondria into the
cytosol. However, enforced expression of CAV-1
decreased the level of cytochrome c in the cytosol of
CR-A549 and CR-PC9 cells that were co-treated with
cisplatin and miR-204 (Figure 6A). Moreover, we found
that the combination of cisplatin and miR-204 induced
obvious cleavage of caspase-9 and caspase-3, whereas
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Figure 5. miR-204/CAV-1 axis regulates the AKT/Bad pathway in cisplatin-resistant NSCLC cells. (A) Effect of miR-204 (50
pmol/ml), cisplatin (8 uM), and the CVA-1 plasmid (2 ug/ml) on the phosphorylation of AKT and Bad in CR-A549 and CR-PC9 cells. (B) A co-
immunoprecipitation assay was performed to evaluate interactions with Bad and Bcl-xI/Bcl-2 after treatment with miR-204 (50 pmol/ml),
cisplatin (8 uM), and the CVA-1 plasmid (2 pg/ml). (C) Effect of miR-204 (50 pmol/ml), cisplatin (8 uM), and the CVA-1 plasmid (2 pg/ml) on
the mitochondrial membrane potential (AW ,,,) of CR-A549 and CR-PC9 cells.
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transfection with the CAV-1 plasmid attenuated the
activation of these caspases (Figure 6B). Accompanied
by caspase cleavage, the combination of miR-204 and
cisplatin induced a significantly higher rate of apoptosis
compared to that in the cisplatin alone treatment group
(Figure 6C). Thus, miR-204 can enhance the cisplatin-
induced mitochondrial apoptosis of cisplatin-resistant
NSCLC cells.

Overexpression of miR-204 enhances the anti-tumor
effect of cisplatin against cisplatin-resistant NSCLC
in vivo

To investigate the role of miR-204 in changing the
cisplatin sensitivity of CR-A549 cells in vivo, we
established an in vivo NSCLC model using CR-

A549/control and CR-A549/miR-204 cells in mice. As
shown in Figure 7A, we found that miR-204 can enhance
the effect of cisplatin on inhibiting tumor growth of CR-
A549 cells in mice. This indicated that miR-204-
overexpressing CR-A549 cells were more sensitive to
cisplatin treatment compared to the control CR-A549
cells. After purification of tumor tissues, we observed an
overexpression of miR-204 in CR-A549/miR-204 tumors
(Figure 7B). In contrast, the expression of CAV-1 was
downregulated in these CR-A549/miR-204 tumors. In
addition, the CR-A549/miR-204 tumors exhibited lower
levels of AKT and Bad phosphorylation compared with
those in the CR-A549/control tumors (Figure 7C).
Together, these results suggested that the CAV-
1/AKT/Bad pathway has a role in reducing cisplatin
resistance in NSCLC in vivo.
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Figure 6. miR-204/CAV-1 axis regulates the mitochondrial apoptosis pathway in cisplatin-resistant NSCLC cells. (A) After
mitochondria removal, the protein level of cytochrome c in cytosol was measured using western blot analysis. (B) Cleavage of caspase-9 and
caspase-3 in CR-A549 and CR-PC9 cells was detected using western blot analysis. (C) Effect of miR-204 (50 pmol/ml), cisplatin (8 uM), and the
CVA-1 plasmid (2 pg/ml) on the apoptotic rate of CR-A549 and CR-PC9 cells. *P<0.05 vs. Cisplatin+NCO group. #p<0.05 vs. Cisplatin+miR-204

group.
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DISCUSSION

Although cisplatin-based chemotherapy is the first-line
treatment for NSCLC, development of acquired resistance
against cisplatin is still a substantial difficulty during the
course of chemotherapy [27]. Accordingly, mechanisms
that determine cisplatin sensitivity in NSCLC must be
identified to increase the effectiveness of cisplatin-based
treatment. A recent series of studies have shown that
CAV-1 is usually overexpressed and is responsible for
chemoresistance in cancer cells. Cav-1 is a major
structural component of the caveolae, which is located
along plasma membrane invaginations and is involved in
cell adhesion and signal transduction [28]. In cancer cells,
CAV-1 functions as an anti-apoptotic protein that
promotes cell survival [29, 30]. Moreover, studies have
shown that the overexpression of CAV-1 is usually found

in multidrug-resistant tumor cells and indicates poor
prognosis in cancer patients [18, 19, 31]. Thus, CAV-1 is
a potential target for improving chemotherapy.

In this study, we established cisplatin-resistant NSCLC
models in A549 and PC9 NSCLC cell lines. We found
that CAV-1 expression was increased when NSCLC
became cisplatin-resistant. We therefore focused on the
role of CAV-1 in regulating the sensitivity of NSCLC
cells to cisplatin. Interestingly, we found that cisplatin
resistance of CR-A549 and CR-PC9 cells was obviously
reduced after CAV-1 knockdown. On the other hand,
increased expression of CAV-1 decreased the chemo-
sensitivity of cisplatin to that of the standard A549 and
PC9 NSCLC cells. These data indicated the effect of
CAV-1 on the development of acquired resistance
against cisplatin in NSCLC.
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Figure 7. miR-204 enhances the anti-tumor effect of cisplatin on cisplatin-resistant NSCLC in vivo. (A) Nude mice were inoculated
with CR-A549/control or CR-A549/miR-204 cells before treatment with cisplatin (5 mg/kg) twice a week. Tumor volumes were detected every
three days until the experimental end-point (28 days post-injection). (B) Expression of miR-204 in tumor tissues was measured by qRT-PCR
analysis. *P<0.05 vs. CR-A549/control group. #p<0.05 vs. CR-A549/control+cisplatin group. (C) Expression of CAV-1 and phosphorylation of

AKT and Bad were evaluated by western blot analysis.
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Recent studies have indicated that the dysregulation of
miRNAs is responsible for the development of chemo-
resistance [32]. Among these dysregulated miRNAs,
miR-204 is usually downregulated in multiple cancers,
including NSCLC. Moreover, miR-204 usually func-
tions as a tumor suppressor in cancers. For example,
miR-204 targets RAB22A to inhibit the proliferation
and invasion of colorectal cancer cells. Decreased
expression of miR-204 is associated with poor
prognosis in patients with breast cancer In NSCLC,
miR-204 has been found to inhibit metastasis of
NSCLC through the suppression of NUAKI [21, 33,
34]. Therefore, the overexpression of miR-204 may
represent a potential strategy for treatment of NSCLC.

In this study, we observed a significant decrease of miR-
204 expression in cisplatin-resistant NSCLC cells
compared to the cisplatin-sensitive cells. Furthermore, we
demonstrated that the overexpression of CAV-1 was
induced by the absence of miR-204 in the cisplatin-
resistant NSCLC cells. We found that recovery of miR-
204 expression was able to reduce the cisplatin-resistance
of NSCLC cells through the suppression of CAV-1, both
in vitro and in vivo. Thus, the combination of cisplatin
and miR-204 is a potential approach to attenuate the
chemoresistance of NSCLC cells against cisplatin.

Bad is a pro-apoptotic protein belonging to the Bcl-2
family. Non-phosphorylated Bad can inactivate the anti-
apoptotic proteins Bcl-2 and Bel-x1 through conjugation
with them. However, phosphorylated Bad loses its
ability to interact with Bcl-2 and Bcl-x1 [35, 36]. In our
mechanistic study, we found that the miR-204/CAV-1
axis inhibited the phosphorylation of AKT and thus
decreased the cellular level of phosphorylated Bad. We
then found that the overexpression of miR-204 in
cisplatin-resistant NSCLC cells increased the cellular
level of both Bad-Bcl-heterodimers and Bad-Bcl-xI
heterodimers through the suppression of CAV-1. We
then demonstrated that recovery of miR-204 re-
sensitized the cisplatin-resistant NSCLC cells to
cisplatin-induced mitochondrial apoptosis via the
caveolin-1/AKT/Bad pathway.

MATERIALS AND METHODS

Cell culture

Human NSCLC cell lines A549 and PC9 were obtained
from the American Type Culture Collection (Manassas,
VA) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Gaithersburg, MD) sup-
plemented with 10% fetal bovine serum (Gibco). For the
establishment of cisplatin-resistant NSCLC models, A549
and PC9 cells were exposed to increasing concentrations
of cisplatin (Sigma-Aldrich; Merck KGaA, Darmstadt,

Germany). Briefly, the A549 and PC9 cells were initially
treated with 0.2 pM cisplatin for 1 month. Subsequently,
cisplatin concentrations in the culture medium were
increased every 2 weeks by 0.1 uM up to a final
concentration of 2 pM. The established cisplatin-resistant
A549 and PC9 cells were labeled CR-A549 and CR-PC9,
respectively. To eliminate the influence of residual
cisplatin in the culture medium, the CR-A549 and CR-
PC9 cells were cultured in cisplatin-free DMEM for 2
weeks prior to the experiments. Cells were maintained in
an incubator under 5% CO, at 37°C.

Quantitative reverse transcription real-time PCR

Relative expression of miR-204 was measured by using
quantitative reverse transcription real-time PCR (qRT-
PCR) analysis. Briefly, total RNA was extracted from
A549, PC9, CR-A549, and CR-PC9 cells using TRIzol”
reagent (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA). Subsequently, reverse transcription of
total RNA was performed using a stem-loop RT primer
(5'-CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

TTGAGCATAGGAT-3’, RiboBio, Guangzhou, China)
and the PrimeScript RT reagent kit according to the
manufacturer’s protocol (Takara Bio, Inc., Otsu, Japan)
followed by PCR amplification of miR-204 using
SYBR® Premix Ex Taq Il reagent (Takara Bio, Inc.). The
relative expression of miR-204 was normalized to U6
snRNA expression levels and determined according to
2744 analysis [37]. The sequences of miR-204 and U6
amplification primers are as follows: miR-204 forward
primer, 5-ACACTCCAGCTGGGTTCCCTTTGTCAT-
3’; miR-204 reverse primer, 5-TGGTGTCGTGGAGT
CG-3"; U6 forward primer, 5-CTCGCTTCGGCAGC
ACA-3"; U6 reverse primer, 5'-AACGCTTCACGAAT
TTGCGT-3'.

Cell transfection

Recombinant pcDNA3.1 plasmids carrying the caveolin-
1 (CAV-1) open reading frame (2 pg/ml), hsa-miR-204
mimic (miR-204, GenePharma Co. Ltd, Shanghai, China;
50 pmol/ml), hsa-miR-204 antisense oligonucleotides
(anti-miR-204, GenePharma Co. Ltd; 50 pmol/ml),
negative control oligonucleotide (GenePharma Co. Ltd;
50 pmol/ml), and CAV-1 small interfering RNA (CAV-1
siRNA, GenePharma Co. Ltd; 50 pmol/ml) were trans-
fected into cells by wusing Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Twenty-four hours after transfection, cells were collected
for the following experiments.

Luciferase reporter assay

The CAV-1 3" UTR fragment containing the predicted
miR-204 binding site was amplified and inserted

WWWw.aging-us.com 2146

AGING



downstream of the firefly luciferase gene in the pMIR-
REPORT™ miRNA Expression Reporter Vector
System (Thermo Fisher Scientific, Inc.). The
recombinant plasmid was named pMIR-CAV-1. To
perform the luciferase reporter assay, pMIR-CAV-1 (or
the empty pMIR vector, pMIR-control; 2 pg/ml),
Renilla luciferase pRL-TK plasmid (Promega, Madison,
WI; 100 ng/ml), and miR-204 (50 pmol/ml) were co-
transfected into cells using Lipofectamine 2000.
Luciferase activities were measured 48 h after
incubation by using the Dual-Luciferase Reporter assay
system (Promega) according to the manufacturer’s
instructions.

Cell viability assay

MTT assays were performed to detect cell viability.
Transfected cells were seeded in 96-well plates at a
density of 5 x 10° cells per well overnight at 37°C.
After treatment with different concentrations of
cisplatin for 48 h, 20 pl of 5 mg/ml MTT reagent
(Sigma-Aldrich, St. Louis, MO) was added to each well
for another 4 h of incubation. Cells were then suspended
in 150 pl of dimethyl sulfoxide before detection of their
absorbance at 570 nm by using an enzyme-linked
immunosorbent assay microplate reader (Sunrise
Microplate Reader, TECAN, Ménnedorf, Switzerland).
The half maximal inhibitory concentration (IC50) of
cisplatin was inferred from the cell viability curve.

Mitochondria removal

To detect the release of cytochrome ¢ from mitochondria
into cytosol, cellular mitochondria were removed using
the Mitochondria/Cytosol Fraction Kit (BioVision,
Milpitas, CA) according to the manufacturer’s directions.
The protein level of cytochrome ¢ in cytosol was
measured by western blot analysis.

Co-immunoprecipitation

To detect interactions with Bad and Bcl-xl, a co-
immunoprecipitation assay was performed. Briefly,
cells were collected and lysed with cold RIPA lysis
buffer (Cell Signaling Technology, Danvers, MA) for
15 min at 4°C. The supernatant was collected, to which
primary Bad antibody was added (Cell Signaling
Technology). After overnight incubation, protein A/G
plus-Agarose beads (Santa Cruz Biotechnology, Santa
Cruz, CA) were added and shaken on a horizontal
shaker for 1 h at 4°C. Immunoprecipitated pellets were
then collected and washed with cold RIPA lysis buffer.
Finally, the immunoprecipitated pellets were mixed
with the sodium dodecyl sulfate polyacrylamide loading
buffer and boiled to remove the beads.

Western blot analysis

Cells were collected and lysed with cold RIPA lysis
buffer. Subsequently, the extracted proteins (50 pg) were
separated by 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to a polyvinylidene
fluoride membrane (EMD Millipore, Billerica, MA). The
membrane was then probed with primary antibodies
against caveolin-1 (Cat No. #3267), AKT (Cat No.
#4685), phosphorylated (p)-AKT (Cat No. #4060), Bad
(Cat No. #9292), p-Bad (Cat No. #9291), Bcl-xI (Cat No.
#2764), Bcl-2 (Cat No. #4223), cytochrome ¢ (Cat No.
#4280), caspase-9 (Cat No. #9502), caspase-3 (Cat No.
#9662), and GAPDH (Cat No. #5174) (Cell Signaling
Technology) at 4°C overnight. Subsequently, the
membrane was washed and probed with horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin
G (Cell Signaling Technology). Protein bands were
detected using an enhanced chemiluminescent substrate
(Thermo Fisher Scientific, Inc.).

Mitochondrial membrane potential and apoptosis
detection

For detection of the mitochondrial membrane potential
(AWy,), cells were collected and stained with JC-1
(Molecular Probes; Thermo Fisher Scientific, Inc.) as an
indicator [38] according to the manufacturer’s
instructions. To measure the apoptotic rate, cells were
collected and stained with annexin V/propidium iodide
(Sigma-Aldrich) for 15 min in the dark at room
temperature. AY,, and cell apoptosis were analyzed by
flow cytometry.

Tumor growth in nude mice

To evaluate the role of miR-204 in regulating the
cisplatin sensitivity of CR-A549 in vivo, a stable CR-
A549 cell line overexpressing miR-204 was generated.
Briefly, a recombinant lentivirus that contains the miR-
204 precursor sequence was obtained from Shanghai
Genechem Co., Ltd. (Shanghai, China). Then, 1 x 10*
CR-A549 cells were transfected with 5 x 10
transducing units of lentivirus, and the cells (CR-
A549/miR-204) were selected with 1 pg/ml éaurornycin
for 2 weeks. An equal number (5 x 10°) of CR-
A549/miR-204 or lentivirus-control transfected CR-
A549 (CR-A549/control) cells was harvested and
washed. For the tumorigenesis assay, two groups of
mice were subcutaneously injected with the CR-
A549/control  (for the CR-A549/control and CR-
A549/control + cisplatin groups, respectively), and the
two groups of mice were subcutaneously injected with
CR-A549/miR-204 cells (for CR-A549/miR-204 and
CR-A549/miR-204 + cisplatin groups, respectively).
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The tumor volume (V) was calculated according to the
following formula: length x (width®)/2. In the CR-
A549/control + cisplatin and CR-A549/miR-204 +
cisplatin groups, the mice received the cisplatin
treatment i.p. twice a week (5 mg/kg) until the mice
were sacrificed 28 days post-injection. All animal
procedures and experimental protocols were approved
by the Animal Care Committee of The Sixth Affiliated
Hospital of Wenzhou Medical University/Lishui
People’s Hospital.

Statistical analysis

Data are presented as the mean + standard deviation
obtained from three independent experiments. For the
comparative analysis, two-tailed Student’s #-tests were
used to estimate the statistical differences between two
groups. One-way analysis of variance and Bonferroni’s
post-hoc tests were used to determine the differences
among the groups. Statistical analyses were performed
using SPSS 15.0 software (SPSS Inc., Chicago, IL).
P<0.05 was considered to indicate a statistically
significant difference.

CONCLUSIONS

We demonstrated that the mechanism by which miR-
204 reduced the cisplatin resistance in NSCLC was
dependent on the caveolin-1/AKT/Bad pathway. It
indicated that dysregulation of miR-204/caveolin-1 axis
is an important mechanism for NSCLC cells to develop
the chemoresistance.

CONFLICTS OF INTEREST
The authors have no conflict of interests to declare.
FUNDING

This work was supported by the Project of Medical and
Health Science and Technology of Zhejiang Province
(Grant no. 201793780), Subject Fund of Zhejiang
Province Science and Technology Hall (Grant no.
2016C33SAB0009), Lishui Science and Technology
Bureau Project (Grant no. 2016GYX29), and the
National Natural Science Foundation of China (Grant
nos. 31100801 and 81200858).

REFERENCES

1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014.
CA CancerJ Clin. 2014; 64:9-29.
https://doi.org/10.3322/caac.21208

2. Verdecchia A, Francisci S, Brenner H, Gatta G, Micheli
A, Mangone L, Kunkler I, and EUROCARE-4 Working

10.

11.

12.

Group. Recent cancer survival in Europe: a 2000-02
period analysis of EUROCARE-4 data. Lancet Oncol.
2007; 8:784-96.
https://doi.org/10.1016/51470-2045(07)70246-2
Eaton KD, Martins RG. Maintenance chemotherapy in
non-small cell lung cancer. J Natl Compr Canc Netw.
2010; 8:815-21.
https://doi.org/10.6004/jnccn.2010.0058

Chang A. Chemotherapy, chemoresistance and the
changing treatment landscape for NSCLC. Lung
Cancer. 2011; 71:3-10.
https://doi.org/10.1016/j.lungcan.2010.08.022

Wang W, Sheng W, Yu C, Cao J, Zhou J, Wu J, Zhang H,
Zhang S. REV3L modulates cisplatin sensitivity of non-
small cell lung cancer H1299 cells. Oncol Rep. 2015;
34:1460-68.

https://doi.org/10.3892/0r.2015.4121

Xie Q, Wang S, Zhao Y, Zhang Z, Qin C, Yang X. MiR-
519d impedes cisplatin-resistance in breast cancer
stem cells by down-regulating the expression of MCL-
1. Oncotarget. 2017; 8:22003-13.
https://doi.org/10.18632/oncotarget.15781

O’Grady S, Finn SP, Cuffe S, Richard DJ, O’Byrne KJ,
Barr MP. The role of DNA repair pathways in cisplatin
resistant lung cancer. Cancer Treat Rev. 2014;
40:1161-70.
https://doi.org/10.1016/j.ctrv.2014.10.003

Sui C, Meng F, Li Y, Jiang Y. miR-148b reverses
cisplatin-resistance in non-small cell cancer cells via
negatively regulating DNA (cytosine-5)-
methyltransferase 1(DNMT1) expression. J Transl
Med. 2015; 13:132.
https://doi.org/10.1186/s12967-015-0488-y

Ma Y, Li X, Cheng S, Wei W, Li Y. MicroRNA-106a
confers cisplatin resistance in non-small cell lung
cancer A549 cells by targeting adenosine
triphosphatase-binding cassette Al. Mol Med Rep.
2015; 11:625-32.
https://doi.org/10.3892/mmr.2014.2688

Cetintas VB, Kucukaslan AS, Kosova B, Tetik A, Selvi N,
Cok G, Gunduz C, Eroglu Z. Cisplatin resistance induced
by decreased apoptotic activity in non-small-cell lung
cancer cell lines. Cell Biol Int. 2012; 36:261-65.
https://doi.org/10.1042/CBI20110329

lorio MV, Croce CM. microRNA involvement in human
cancer. Carcinogenesis. 2012; 33:1126-33.
https://doi.org/10.1093/carcin/bgs140

Di Leva G, Garofalo M, Croce CM. MicroRNAs in
cancer. Annu Rev Pathol. 2014, 9:287-314.
https://doi.org/10.1146/annurev-pathol-012513-
104715

WWWw.aging-us.com 2148

AGING



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell. 2004; 116:281-97.
https://doi.org/10.1016/50092-8674(04)00045-5

He H, Tian W, Chen H, Jiang K. MiR-944 functions as a
novel oncogene and regulates the chemoresistance in
breast cancer. Tumour Biol. 2016; 37:1599-607.
https://doi.org/10.1007/s13277-015-3844-x

Han Z, Zhou X, Li S, Qin Y, Chen Y, Liu H. Inhibition of
miR-23a increases the sensitivity of lung cancer stem
cells to erlotinib through PTEN/PI3K/Akt pathway.
Oncol Rep. 2017; 38:3064-70.
https://doi.org/10.3892/0r.2017.5938

Ye Z, Yin S, Su Z, Bai M, Zhang H, Hei Z, Cai S.
Downregulation of miR-101 contributes to epithelial-
mesenchymal transition in cisplatin resistance of
NSCLC cells by targeting ROCK2. Oncotarget. 2016;
7:37524-35.
https://doi.org/10.18632/oncotarget.6852

Hehlgans S, Eke I, Storch K, Haase M, Baretton GB,
Cordes N. Caveolin-1 mediated radioresistance of 3D
grown pancreatic cancer cells. Radiother Oncol. 2009;
92:362-70.
https://doi.org/10.1016/j.radonc.2009.07.004

Bélanger MM, Roussel E, Couet J. Up-regulation of
caveolin expression by cytotoxic agents in drug-
sensitive cancer cells. Anticancer Drugs. 2003;
14:281-87.

https://doi.org/10.1097/00001813-200304000-00005

Lavie Y, Fiucci G, Liscovitch M. Up-regulation of
caveolae and caveolar constituents in multidrug-
resistant cancer cells. J Biol Chem. 1998; 273:32380-
83. https://doi.org/10.1074/jbc.273.49.32380

Ryan J, Tivnan A, Fay J, Bryan K, Meehan M, Creevey
L, Lynch J, Bray IM, O’Meara A, Tracey L, Davidoff AM,
Stallings RL. MicroRNA-204 increases sensitivity of
neuroblastoma cells to cisplatin and is associated
with a favourable clinical outcome. Br J Cancer. 2012;
107:967-76.

https://doi.org/10.1038/bjc.2012.356

Yin Y, Zhang B, Wang W, Fei B, Quan C, Zhang J, Song
M, Bian Z, Wang Q, Ni S, Hu Y, Mao Y, Zhou L, et al.
miR-204-5p inhibits proliferation and invasion and
enhances chemotherapeutic sensitivity of colorectal
cancer cells by downregulating RAB22A. Clin Cancer
Res. 2014; 20:6187-99.
https://doi.org/10.1158/1078-0432.CCR-14-1030

Guo Z, Hu X, Xing Z, Xing R, Lv R, Cheng X, Su J, Zhou
Z, Xu Z, Nilsson S, Liu Z. Baicalein inhibits prostate
cancer cell growth and metastasis via the caveolin-
1/AKT/mTOR pathway. Mol Cell Biochem. 2015;
406:111-19.
https://doi.org/10.1007/s11010-015-2429-8

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Brazil DP, Hemmings BA. Ten years of protein kinase
B signalling: a hard Akt to follow. Trends Biochem Sci.
2001; 26:657-64.
https://doi.org/10.1016/50968-0004(01)01958-2

Feng X, lJiang J, Shi S, Xie H, Zhou L, Zheng S.
Knockdown of miR-25 increases the sensitivity of liver
cancer stem cells to TRAIL-induced apoptosis via
PTEN/PI3K/Akt/Bad signaling pathway. Int J Oncol.
2016; 49:2600-10.
https://doi.org/10.3892/ijo.2016.3751

Lin J, Wu Y, Yang D, Zhao Y. Induction of apoptosis
and antitumor effects of a small molecule inhibitor of
Bcl-2 and Bcl-xl, gossypol acetate, in multiple
myeloma invitro and invivo. Oncol Rep. 2013;
30:731-38. https://doi.org/10.3892/0r.2013.2489

Zhou F, Yang Y, Xing D. Bcl-2 and Bcl-xL play
important roles in the crosstalk between autophagy
and apoptosis. FEBS J. 2011; 278:403-13.
https://doi.org/10.1111/j.1742-4658.2010.07965.x

Seve P, Dumontet C. Chemoresistance in non-small
cell lung cancer. Curr Med Chem Anticancer Agents.
2005; 5:73-88.
https://doi.org/10.2174/1568011053352604

Sternberg PW, Schmid SL. Caveolin, cholesterol and
Ras signalling. Nat Cell Biol. 1999; 1:E35-37.
https://doi.org/10.1038/10028

Zou H, Volonte D, Galbiati F. Interaction of caveolin-1
with Ku70 inhibits Bax-mediated apoptosis. PLoS One.
2012; 7:e39379.
https://doi.org/10.1371/journal.pone.0039379

Burgermeister E, Liscovitch M, Récken C, Schmid RM,
Ebert MP. Caveats of caveolin-1 in cancer
progression. Cancer Lett. 2008; 268:187-201.
https://doi.org/10.1016/j.canlet.2008.03.055

Ho CC, Kuo SH, Huang PH, Huang HY, Yang CH, Yang PC.
Caveolin-1 expression is significantly associated with
drug resistance and poor prognosis in advanced non-
small cell lung cancer patients treated with gemcitabine-
based chemotherapy. Lung Cancer. 2008; 59:105-10.
https://doi.org/10.1016/j.lungcan.2007.07.024

Magee P, Shi L, Garofalo M. Role of microRNAs in
chemoresistance. Ann Transl Med. 2015; 3:332.
https://doi.org/10.3978/j.issn.2305-5839.2015.11.32

Li W, lJin X, Zhang Q, Zhang G, Deng X, Ma L.
Decreased expression of miR-204 is associated with
poor prognosis in patients with breast cancer. Int J
Clin Exp Pathol. 2014; 7:3287-92.

Shi L, Zhang B, Sun X, Lu S, Liu Z, Liu Y, Li H, Wang L,
Wang X, Zhao C. MiR-204 inhibits human NSCLC
metastasis through suppression of NUAK1. Br J
Cancer. 2014; 111:2316-27.
https://doi.org/10.1038/bjc.2014.580

WWWw.aging-us.com

2149

AGING



35.

36.

37.

Datta SR, Brunet A, Greenberg ME. Cellular survival: a
play in three Akts. Genes Dev. 1999; 13:2905-27.
https://doi.org/10.1101/gad.13.22.2905

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y,
Greenberg ME. Akt phosphorylation of BAD couples
survival signals to the cell-intrinsic death machinery.
Cell. 1997; 91:231-41.
https://doi.org/10.1016/50092-8674(00)80405-5

Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and

38.

the 2(-Delta Delta C(T)) Method. Methods. 2001;
25:402-08.
https://doi.org/10.1006/meth.2001.1262

Prathapan A, Vineetha VP, Raghu KG. Protective
effect of Boerhaavia diffusa L. against mitochondrial
dysfunction in angiotensin Il induced hypertrophy in
H9c2 cardiomyoblast cells. PLoS One. 2014; 9:€96220.
https://doi.org/10.1371/journal.pone.0096220

WWWw.aging-us.com

2150

AGING



