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Abstract: The aim of the study was to investigate the effect and potential mechanism of caveolin-1 (Cav1) knock-
down in paclitaxel-resistant lung cancer A549/Taxol cells. The human paclitaxel-resistant lung cancer cell line
A549/Taxol was transfected with a Cavl shRNA lentiviral vector. Interference efficiency for Cavl was detected by
real-time PCR and Western blotting. A MTT assay was used to determine cell proliferation, and flow cytometry was
used to detect the cell cycle stage and apoptosis. Cell migration and invasion capability were detected by a transwell
assay. Protein levels of related signaling molecules were detected by Western blotting. We successfully constructed
a stable A549/Taxol cell line expressing low levels of Cavl. Cavl knockdown significantly inhibited cell proliferation
and induced GO/G1 arrest and cell apoptosis in vitro and in vivo. In addition, these effects correlated significantly
with a reduction in cyclin D1 expression and activation of the Bcl-2/Bax-mediated mitochondrial apoptosis pathway.
Furthermore, knockdown of Cav1 inhibited cell migration and invasion, and this may be related to the inhibition of
AKT and the subsequent decreased protein expression of MMP2, MMP7 and MMP9.
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Introduction line treatment of middle to late stage NSCLC,
but the development of paclitaxel resistance is
common. Yang et al. found that Cavl levels
were elevated in taxol-resistant A549 lung car-
cinoma cells [11]. However, the effects and
molecular mechanism of Cavl up-regulation
in paclitaxel-induced multidrug resistant A549
lung cancer cell are currently poorly
understood.

Caveolin-1 (Cavl) is a 22-24 kDa structural pro-
tein component of caveolae in the plasma
membrane that regulates multiple cancer-
associated processes including tumor growth,
cell death and survival, and migration and inva-
sion [1, 2]. In non-small cell lung cancers
(NSCLC), Cavl expression is associated with
poor prognosis in squamous cell carcinomas,
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Materials and methods
Cell culture and chemical reagents

Human lung adenocarcinoma cell lines A549
and A549/Taxol (paclitaxel-sensitive and -resis-
tant cell lines, respectively) were obtained from
Shanghai (Chest Hospital, Shanghai Jiaotong
University, China). The A549/Taxol sub-line,
derived from A549, was generated using a pre-
viously described protocol [12]. Briefly, A549/
Taxol cell lines were selected by continuous cul-
ture in medium containing stepwise increases
in the paclitaxel (Bristol-Myers Squibb,
Princeton, NJ, USA) concentration over 8
months, up to 1 mg/ml. Cells were cultured in
DMEM (Gibco BRL, Karlsruhe, Germany) con-
taining 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 yg/ml streptomycin at 37°C
in a humidified atmosphere containing 5% CO,.
Paclitaxel was added to the culture medium at
a final concentration of 5 yM to maintain
resistance. 3-[4,5-Dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT), dimethyl sul-
phoxide (DMSO), Hoechst 33258 and B-actin
antibody were purchased from Sigma (St. Louis,
MO, USA). Primary antibodies against Cavl,
Bcl-2, Bax and all secondary antibodies were
obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Primary antibodies
against poly (ADP-ribose) polymerase (PARP),
caspase-3 and -9, cyclin D1, p-Akt (Ser473) and
Akt, MMP2, MMP7, and MMP9 as well as the
PI3K inhibitor LY294002 were purchasedfrom
Cell Signaling Technology, Inc (Danvers,MA).
Lipofectamine 2000 was obtained from
Invitrogen (Carlsbad, CA, USA).

Lentivirus-mediated Cavl RNA interference

We established a stable Cavl-silenced pacli-
taxel-resistant A549cell line by infecting the
cells with a lentivirus encoding Cavl shRNA
(GenePharma, Shanghai, China). The lentivirus
packaging shRNA expression vector was estab-
lished as reported previously [13]. Briefly, the
sequences for targeting the Cavl gene
(GenBank accession no. NM_001753) were
selected using theBIOCK-iT RNAi Designer
(Invitrogen, Carlsbad, CA, USA). Then, three
short hairpin  RNA oligonucleotides were
designed (RNAi#1: 5-ACCTTCACTGTGACGAA
AT-3’; RNAi#2: 5-TTTGTGATTCAATCTGTAA-3’;
RNAi#3: 5-CCCACTCTTTGAAGCTGTT-3") and
cloned into the pGLV-U6-GFP lentiviral vector
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(GenePharmaShanghai, China). The negative
vector contained a nonsense shRNA (5-TTCT-
CCGAACGTGTCACGT-3’) to control for any
non-RNAi-mediated effects. A549/Taxol cells
were exposed to lentivirus-containing superna-
tant for 24 h in the presence of polybrene
(Sigma, 8 pg/ml). Stable transfectants were
selected with puromycin (2 ug/ml) for 8 days
and verified by real-time PCR and Western
blotting.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted using the RNeasy mini
kit (Qiagen, Hilden, Germany), and genomic
DNA was isolated using the RNase-free DNase
kit (Promega, Madison, WI, USA). First-strand
complementary DNA (cDNA) was generated
using the Reverse Transcription System Kit
(Promega, Madison, WI, USA). qRT-PCR was
then performed in a 20-pl reaction including 2
pug cDNA, 1 mM of each primer, and 2x SYBR
Green mix (Takara, Shuzo, Kyoto, Japan).
Changes in mRNA expression levels were calcu-
lated following normalization with glyceralde-
hyde-3-phosphatedehydrogenase (GAPDH).
Relative gene expression was determined by
the fluorescence intensity ratio of the target
gene to GAPDH. The primers for Cavl and
GAPDH were designed using Primer 5.0, as fol-
lows: forward, 5-ACA TCT CTA CAC CGT TCC
CAT-3' and reverse, 5-TGT GTG TCC CTT
CTGGTTCTG-3’ for Cavl; forward, 5-AACGG-
ATTTGGTCGTATTG-3’ and reverse, 5-GGAAGAT-
GGTGATGGGATT-3’ for GAPDH.

Cell proliferation assay

Cells were plated in 96-well plates at a density
of 5x103/well, and viable cells were counted
from days 1 to 7. On each day, cells were
stained with 20 pl sterile MTT dye (5 mg/ml) at
37°C for 4 h followed by removal of the culture
medium and thorough mixing with 150 yl DMSO
for 10 min. Spectrometric absorbance at 490
nm was measured using a microplate reader.
Each cell line was established in quadruplicate
wells, and the results were repeated three
times.

Hoechst 33258 staining

Cells were seeded and incubated overnight
with 5 uM paclitaxel on sterile cover glasses,
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then fixed with methanol for 5 min at room tem-
perature. The fixed cells were washed twice
with phosphate buffered saline (PBS), incubat-
ed with Hoechst 33258 for 5 min at room tem-
perature, and then observed under a fluores-
cence microscope. The presence of fragment-
ed or condensed nuclei was used to define
apoptotic cells.

Serum starvation and flow cytometry

Cells at 80-90% confluence were incubated for
36 h in DMEM containing 0.5% FBS, then in
DMEM with 10% FBS for 12 h. Cells were har-
vested and fixed in citric acid buffer for 30 min.
After centrifugation, the cell pellets were resus-
pended and treated with 100 mg/L RNase and
10 mg/L propidium iodide in PBS for 20 min.
The apoptotic cell fraction and cell cycle distri-
bution were analyzed by FACS can cytometry
(Becton-Dickinson, San Jose, CA, USA).

Migration and invasion assay

A 24-well plate containing an 8-mm-pore size
chamber insert (BD Biosciences, Franklin
Lakes, NJ, USA) was used to evaluate the migra-
tion and invasion of tumor cells. For the migra-
tion assay, 5x10* cells were seeded in the
upper chamber. For the invasion assay, the
membrane was coated with Matrigel (BD
Biosciences) to form a matrix barrier, and then
1x10° cells were placed in the upper chamber.
In each lower chamber, 500 yL DMEM with
10% FBS were added. After 36 h of incubation
at 37°C, the cells that had migrated through
the pore were fixed by methanol, stained with
4’ 6-diamidino-2-phenylindole (DAPI) (Sigma,
0.1 pg/ml), and counted. Each assay was car-
ried out in triplicate.

Xenograft studies

Fifteen male BALB/c-nu/nu mice (weight, ~20
g; age, 4 weeks) were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd (Shanghai,
China). Mice were randomly divided into three
groups consisting of five mice each. Cells
(1x107 cells in 200 pL) were suspended in
DMEM medium and injected subcutaneously
into the flank of each mouse. Tumor size was
measured every 3 days using a vernier caliper
and was calculated as 0.52x lengthx widthx
height. All mice were sacrificed on day 30, and
the xenografts were immediately removed,
weighed and then fixed, embedded and cut into
3-um-thick sections for further studies. All
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experiments were performed according to the
guidelines of the local Animal Use and Care
Committee.

In situ apoptosis detection by TUNEL staining

A terminal deoxynucleotidyl transferase-medi-
ated dUTP biotin nick end labeling (TUNEL)
assay was performed using the In Situ Cell
Death Detection kit, POD (Roche Diagnostics)
according to the protocol supplied by the manu-
facturer. The average apoptotic index (Al) of
each tumor sample was calculated as follows:
Al = (apoptotic cells/total cells from 10 differ-
ent random fields) x100%.

Western blot analysis

Cells were washed twice with ice-cold PBS and
then lysed in RIPA buffer with protease and
phosphatase inhibitors (Abcam Inc., Cambridge,
MA). Protein concentrations were determined
using a BCA protein assay kit (KeyGen Biotech).
Equivalent amounts of total proteins (40 pg)
were loaded onto a 10% SDS-polyacrylamide
gel and then transferred onto polyvinylidine
difluoride membranes. The transferred mem-
branes were blocked for 1 h in 5% nonfat milk
and then incubated with the appropriate prima-
ry antibodies at 4°C overnight. Membranes
were washed three times with TBST for 10 min
and incubated with horseradish peroxidase-
coupled secondary antibodies for 1 h at room
temperature. Enhanced chemiluminescence
reagents were used for detection. The autora-
diographed films were scanned using an
Odyssey Infrared Imaging system. The densito-
metric value of each protein band was normal-
ized to the B-actin level.

Statistical analysis

Data are expressed as the means + standard
deviations (SD). The SPSS 16.0 software pack-
age (SPSS, Inc. Chicago, IL, USA) was used for
statistical analysis. Statistical comparisons
were performed using the Student’s t-test and
one-way ANOVA. P<0.05 was considered to
indicate statistical significance.

Results

Cavl knockdown inhibited paclitaxel-resistant
A549/Taxol lung cancer cell proliferation

To evaluate the effect of Cavl knockdown on
the biological behavior of A549/Taxol, three

Int J Clin Exp Pathol 2015;8(8):8937-8947



Cavl regulates apoptosis and invasion in paclitaxel-induced multidrug resistant A549

Covl - e

fractin —— T S S—

Control ~ RNAi#1 RNAi#2 RNAi#3

A S 25 B
Ne 1
$2
B
<
5 %k
g (0.5
: -
- Control RNAiZ1 RNAi #2
C
=
S 1.8 r & —A549/Taxol
= 1.6 F - - -A/T vector
E 1.4 | —a—A/T-Cavl KD
s 1.2 }
«
= = 1 F
< =
(=]
2 F0.8
E o.86 }
(5]
- 0.4 F
- - B
£ 0.2
g ) 1 I 1 1 1 "
w2

Dayl Day2 Day3 Day4

Day6 Day7

Figure 1. Identification of the most effective Cavl shRNA vector and cell proliferation assay. A. The mRNA expres-
sion levels of Cavl was detected by quantitative real-time PCR. The cell transfected with control shRNA was used
as a negative control. *P<0.05, **P<0.01, compared with control. B. Protein level of Cavl by western blot analy-
sis. B-actin level was used as an internal control. RNAi#1 was the most effective shRNA vector that was used for
infecting A549/Taxol cell, named A/T-Cavl KD cell for further studies. C. MTT assay was carried out in A549/Taxol,
A/T-vector and A/T-Cavl KD cells. Each point indicates the mean of spectrometric absorbance * SD of three inde-

pendent experiments.

pairs of interfering vectors were designed for
specific interference of the endogenous Cavl
gene. The expression of Cavl was detected by
real-time PCR and Western blot analysis. As
shown in Figure 1, RNAi#1 was the most effec-
tive shRNA vector for Cavl knockdown, and
was thus used to establish an A549/Taxol sta-
ble cell line expressing the lowest Cavl levels,
named A/T-Cavl KD. The control shRNA vector-
transfected cell line was denoted A/T-vector.
MTT assay showed that Cavl knockdown sig-
nificantly inhibited growth of A549/Taxol cells
(Figure 1C).

Cavl knockdown induced GO/G1 arrest and
cell apoptosis in A549/Taxol cells.

To further confirm that the effect of Cavl on
cell growth is due to proliferation and/or apop-
tosis pathways, we measured cell cycle and
apoptosis by flow cytometry and Hoechst stain-
ing. As shown in Figure 2A, fluorescence
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microscopy revealed that, compared with con-
trols, condensed and fragmented apoptotic
nuclei were more readily observed in Cavl
down-regulated A/T-Cavl KD cells. Flow cyto-
metric cell cycle analysis demonstrated that
Cavl knockdown resulted in cell cycle arrest in
the GO/G1 phase, and a reduction of cells in
the S and G2/M phases. Furthermore, the pro-
portion of apoptotic cells was increased by 3.7-
fold in the A/T-Cavl KD group compared with
the A/T-vector group (Figure 2B-D, P<0.01).

Cavl knockdown inhibited the migration and
invasion of A549/Taxol cells

To investigate the effects of Cavl on the migra-
tion and invasion ability of A549/Taxol cells, a
transwell chamber assay (both with and with-
out Matrigel) was performed. The migrated and
invasive cells underneath the membrane were
fixed and stained after 36 h. Filters were viewed
under a 10x objective, and counting was per-
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Figure 2. Effects of Cavl knockdown on cell cycle and apoptosis. A. Cell morphological change detected by Hoechst
33258 staining. All fields are representative of multiple fields observed in three experiments. B-D. Cell cycle and
apoptosis analyzed by flow cytometry. **P<0.01 indicates A/T-Cavl KD versus A/T-vector cells.

formed for six random fields in each group. As
shown in Figure 3, the capacity of the A/T-Cavl
KD cells to migrate through the polycarbonate
membrane of the transwell chambers was
decreased 3-fold compared with the A/T-vector
group, whereas no significant difference
between A549/Taxol and A/T-vector cells was
found. A markedly decreased invasive ability
was also observed in the A/T-Cavl KD cells
compared with the A/T-vector cells, but there
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was no difference between A549/Taxol and
A/T-vector cells. These results indicate that
Cavl promotes the metastastic potential of
A549/Taxol cells.

Cavl knockdown inhibited the tumorigenicity
of A549/Taxol cells in vivo

To determine the effect of Cavl knockdown on
cellular growth in vivo, we xenografted A549/

Int J Clin Exp Pathol 2015;8(8):8937-8947
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Figure 3. Cavl knockdown inhibited cell migration and invasion. A and B. Transwell migration (DAPI staining, origi-
nal magnification x100). A/T-Cavl KD cells had much less cells migrated through the basement membrane than
those of A/T-vector and A549/Taxol cells (*P<0.05). No significant difference was observed between A/T-vector and
Ab549/Taxol cells (P>0.05). C and D. Transwell invasion (DAPI staining, original magnification x100). A/T-Cavl KD
cells had much less cells invaded through the basement membrane than those of A/T-vector and A549/Taxol cells
(*P<0.05). There was no distinction between A/T-vector and A549/Taxol cells (P>0.05).

Taxol, A/T-vector and A/T-Cavl KD cells into
nude mice. At a postmortem examination con-
ducted after 30 days, we found tumor volumes
and weights derived from A/T-Cavl KD cells
were much smaller than those derived from
A/T-vector and A549/Taxol cells (Figure 4A-C).
To further evaluate cell vitality, we conducted a
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TUNEL assay to detect cell apoptosis in situ. We
found that the proportion of apoptotic cells in
the A/T-Cavl KD group was increased 2.3-fold
compared with the A/T-vector group (Figure 4D
and 4E). These data suggest that Cavl knock-
down inhibits cell growth and induces apopto-
sis in A549/Taxol cells in vivo.

Int J Clin Exp Pathol 2015;8(8):8937-8947
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Figure 4. Cav1 knockdown inhibited tumor growth in vivo. A-C. A549/Taxol, A/T-vector and A/T-Cavl KD (loss expres-
sion of Cavl) cells were xenografted in a nude mice model. The volumes and weights of tumors were evaluated in
the xenograft model. D and E. TUNEL assay showed A/T-Cavl KD group has more apoptotic cells than A/T-vector

and A549/Taxol groups (*P<0.05).

Knockdown of Cavl alters signaling pathways
in A549/Taxol cells

To investigate the molecular mechanism
of Cavl down-regulation in cell proliferation,
apoptosis, and invasion, we performed Western
blot analysis of A549/Taxol, A/T-vector and
A/T-Cavl KD cells. As shown in Figure 5, Cavl
knockdown inhibited the phosphorylation of
Akt (Ser473) and the expression of cell cycle-
dependent protein cyclin D1. In addition, Cavl
knockdown activated the mitochondrial apop-
totic pathway by affecting the Bcl-2/Bax ratio.
Up-regulation of Bax and down-regulation of
Bcl-2 protein expression were detected in A/T-
Cavl KD cells compared with controls.
Meanwhile, increased levels of cleaved cas-
pase-9, caspase-3 and PARP (a known sub-
strate of caspase-3) were observed in A/T-Cavl
KD cells. To identify metastasis-related mole-
cules in A/T-Cavl KD cells, Western blot analy-
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sis was used to detect the protein expression
of MMP2, MMP7 and MMP9. Decreased
protein expression of MMP2, MMP7 and
MMP9 were observed in A/T-Cavl KD cells
compared with controls. Interestingly, protein
levels of MMP2, MMP7 and MMP9 were
decreased in A/T-vector cells treated with
25 uM LY294002 (an inhibitor of PI3K/Akt
signaling pathway) for 24 h, compared with
the negative control. Protein levels of MMP2,
MMP7 and MMP9 were also lower in A/T-Cavl
KD cells compared with A/T-vector cells
with both LY294002 treatments. Cavl knock-
down had a synergistic inhibitory effect
with LY294002 treatment on the protein
expression of MMP2, MMP7 and MMP9. These
results suggest Cavl might regulate the inva-
sion and metastasis capacities of A549/Taxol
cells by activating the PI3K/Akt signaling
pathway.

Int J Clin Exp Pathol 2015:8(8):8937-8947
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Figure 5. Involving changes of signal pathways in Cavl knockdown A549/Taxol cells. A and C. Cell lysates were
prepared from A549/Taxol, A/T-vector and A/T-Cavl KD cells. Protein expressions of Cavl, p-Akt (Serd73), Akt,
Cyclin D1, MMP2, MMP7 and MMP9 were detected by Western blot assay.p-actin level was used as a loading con-
trol. B and D. Protein expressions of Bcl-2, Bax, Cleaved caspase-9 and caspase-3, cleaved PARP by western blot
analysis. B-actin level was used as a loading control. *P<0.05 indicates A/T-Cavl KD versus A/T-vector cells. E and
F. A/T-vector and A/T-Cavl KD cells were treated with DMSO or LY294002 (25uM for 24 h), protein expression of
MMP2, MMP7 and MMP9 by western blot assay. Inhibition of Akt activity significantly inhibited protein expressions

of MMP2, MMP7 and MMP9 (*P<0.05).

Discussion

Lung cancer is the leading cause of cancer
death worldwide, and nearly 80% of NSCLC
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patients die of tumor recurrence and metasta-
sis. Multidrug resistant cancer cells are apt to
develop apoptosis resistance and form metas-
tases following chemotherapy [14]. Recent

Int J Clin Exp Pathol 2015;8(8):8937-8947
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studies have implicated Cavl in acquired drug
resistance. For example, Park et al [15] report-
ed that Cavl knockdown sensitized human
renal carcinoma cells to doxorubicin-induced
apoptosis and reduced lung metastasis in a
mouse model. Cavl knockdown radiosensi-
tized pancreatic cancer cell lines to ionizing
radiation, and enhanced radiosensitivity of
Cavl-deficient mice was associated with
increased apoptosis in vivo [16, 17]. Despite
these findings, the precise role of Cavl in
paclitaxel-induced multidrug resistant A549
lung cancer cell has not been extensively
investigated.

In current study, we used paclitaxel-resistant
lung cancer A549/Taxol cells, which were
derived from the sensitive A549 cell line, con-
structed in a previous study and expressing
high levels of Cavl [12]. We chose lentivirus-
mediated Cavl RNA interference to infect
A549/Taxol cells and established a stable cell
line expressing low levels of Cav1l for the follow-
ing studies. A cell proliferation assay showed
that Cavl knockdown significantly inhibited cell
growth. Flow cytometry showed that Cavil
knockdown induced GO/G1 arrest and cell
apoptosis in A549/Taxol cells. We further
established a subcutaneous xenotransplanta-
tion lung cancer mouse model. Consistent with
our in vitro results, a significant reduction in
tumor growth and an increase in cell apoptosis
were observed following Cavl knockdown. To
investigate the underlying molecular mecha-
nism, the protein expression of several signal-
ing molecules was detected by Western blot-
ting. We found that Cavl knockdown reduced
the phosphorylation level of Akt (Ser473) in
A549/Taxol cells. Cyclin D1, a G1 cyclin, con-
trols the transition from G1 to S of the cell cycle.
Our study showed that knockdown of Cavl
decreased the protein expression of Cyclin D1.
Moreover, Cavl knockdown altered the Bcl-2/
Bax ratio and activated the mitochondrial apop-
totic pathway, inducing the caspase-9 and cas-
pase-3 cascade effect and the expression of
cleaved PARP. These results suggest that Cavl
might promote cell survival by affecting both
apoptosis and proliferation pathways mediated
through Akt activation.

Although previous studies have shown that
Cavl up-regulation correlates with metastatic
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potential and predicts poor prognosis in vari-
ous cancers including prostate cancer, breast
cancer, lung cancer and renal cell carcinoma
[18-22], the role of Cavl in invasive ability of
paclitaxel-induced multidrug resistant A549
lung cancer cell remains largely unknown. Our
studies demonstrate that Cavl down-regula-
tion remarkably inhibited cell migration and
invasion abilities in A549/Taxol cells. The
matrix metalloproteinases (MMPs) are a family
of zinc-containing proteolytic enzymes that
break down extracellular matrix proteins and
play an important role in tumor invasion and
metastasis. To better understand the mecha-
nisms that inhibit invasion of A549/Taxol cell by
Cavl down-regulation, the protein levels of vari-
ous MMPs were analyzed using immunoblot-
ting. Our data showed that knockdown of Cavl
significantly decreased the protein expression
of MMP2, MM7 and MMP9, which was also
inhibited by a PI3K inhibitor, LY294002 (25
puM). Cavl knockdown mimicked and enhanced
the inhibitive effect of LY294002 in A/T-Cavl
KD cells. These findings suggest that Cavl-
induced MMP expression may be mediated by
the PI3K/Akt signaling pathway in paclitaxel-
resistant lung cancer cells.

In conclusion, Cavl knockdown inhibited prolif-
eration and invasion capabilities and induced
cell apoptosis in paclitaxel-induced multidrug
resistant A549/Taxol cell; moreover, these
effects may be related to the activation of an
intrinsic apoptosis pathway and the reduction
of MMP2, MMP7 and MMP9 protein expression
via the PI3K/Akt signaling pathway.
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