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Epithelial-Mesenchymal Transition Contributes to Docetaxel
Resistance in Human Non-Small Cell Lung Cancer

Weiwei Shen,! Hailin Pang,' Jiayu Liu, Jing Zhou, Feng Zhang, Lele Liu,
Ningqgiang Ma, Ning Zhang, Helong Zhang, and Lili Liu

Department of Oncology, Tangdu Hospital, the Fourth Military Medical University, Xi’an, Shaanxi, China

Lung cancer is an aggressive malignancy with high morbidity and mortality. Chemotherapy has always been the
principal treatment measure, but its acquired resistance becomes a critical problem. In the current study, we estab-
lished a new docetaxel-resistant human non-small lung cancer (NSCLC) cell line A549/Docetaxel. The resistance
index (RI) of A549/Docetaxel cells and A549 induced by TGF-f to docetaxel were 8.91 and 11.5, respectively.
Compared to the parental A549 cells, the multiplication time of A549/Docetaxel was prolonged, the proportion of
the cell cycle in the S phase decreased while that in the G, phase increased, and apoptotic rate was much lower.
The morphology of the resistant cells eventuated epithelial-mesenchymal transition (EMT), which was confirmed
by the higher expression of fibronectin, vimentin (mesenchymal markers), and lower expression of E-cadherin
(epithelial marker) at mRNA and proteins levels. Furthermore, the representative markers for docetaxel resistance
were examined, including ABCB1 (MDR1), Bcl-2, Bax, and tubulin, to figure out the mechanisms of the resis-
tance of A549/Docetaxel. In summary, we have established a typical docetaxel-resistant human NSCLC cell line
A549/Docetaxel, and it was suggested that the multidrug resistance of A549/Docetaxel was related to EMT.
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INTRODUCTION

Lung cancer is an aggressive malignancy with high
morbidity and mortality. As to its presence of occult and its
propensity to rapidly disseminate to the lymphatic system
and distant organs, two thirds of patients have been inoper-
able at the first diagnosis. Thus, chemotherapy has always
been the principal treatment measure. Docetaxel is used as
the first-line chemotherapy for NSCLC, but its acquired
resistance becomes a critical problem. Several mechanisms
have been proposed in docetaxel resistance, such as the
increased expression of the “drug pump” P-glycoprotein
and MRP (1). But they are not sufficient to exhaustively
explain this resistance emergence. So it is important to
establish the docetaxel-resistant cell lines to further explore
the more explicit drug resistance mechanisms.

Epithelial-mesenchymal transition (EMT) is a process
by which epithelial cells undergo remarkable morphologi-
cal changes characterized by a transition from epithelial
cobblestone phenotype to elongated fibroblastic phenotype.
EMT was originally identified as a crucial differentiation
and morphogenetic physiological process during embryo-
genesis (2). Currently, EMT is recognized as a pathological

mechanism during the progression of various diseases,
including inflammation, fibrosis, and cancers. The process
of EMT is commonly found in most primary and meta-
static tumors. Intriguingly, recent studies have shown that
EMT is associated with drug resistance (3-8). In a study
investigating the expression of EMT marker vimentin in
drug-resistant tumor cell lines, it has been certified that
both gemcitabine-resistant PC cells (MiaPaCa-2, Panc-1,
and Aspc-1 cells) and adriamycin-induced drug-resistant
breast cancer cells MCF7 exhibited strong expression of
mesenchymal markers, including vimentin and ZEB-1 at
mRNA and proteins levels (9,10).

In this study, we successfully establish a docetaxel-
resistant NSCLC cell line A549/Docetaxel with step-
wise increased docetaxel concentration and short-lasting
exposure; in the meantime, we confirmed its association
with EMT occurrence and its related drug-resistant gene.
The docetaxel-resistant A549/Docetaxel could be useful as
an excellent platform for the study of docetaxel-resistant
mechanism and the discovery of new strategies to increase
drug sensitivity toward better treatment outcome of patients
diagnosed with lung cancer.
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MATERIALS AND METHODS
Materials

Docetaxel and MTT were both bought from Sigma (St.
Louis, MO, USA); the RT-PCR assay kit was obtained
from TaKaRa (Dalian, China); the BCA assay kit was
obtained from TIANGEN Biotechnology (Beijing, China);
mouse against human polyclonal antibody of fibronectin,
E-cadherin, vimentin, rabbit against human polyclonal
antibody of ABCBI, Bcl-2, and Bax were obtained from
Abcam (Cambridge, MA, USA); mouse against human
monoclonal antibody of tubulin and 3-actin were obtained
from Sigma; HRP-labeled goat against mouse/rabbit
second antibody were obtained from ZHONGSHAN
Biotechnology (Beijing, China); and the ECL assay kit was
obtained from Thermo (Rockford, IL, USA). Transwell
was purchased from BD Corning.

Cell Culture

The human lung adenocarcinoma cell line A549 was
purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA) and preserved in our institute. The
A549 cells were maintained in RPMI-1640 with 10%
fetal bovine serum (Life Technologies Corporation, Grand
Island, NY, USA) and incubated at 37°C in a humidified
atmosphere of 5% CO,, and 500 ng/ml docetaxel was
added to A549/Docetaxel culture medium to maintain
their resistant phenotype.

Establishment of Docetaxel-Resistant A549/Docetaxel

The A549 cells of logarithmic phase were exposed for
24 h every time to stepwise increased concentration of
docetaxel from 1 ng/ml to 1,000 ng/ml. During this pro-
cedure, a few surviving cells proliferated and recolonized
the cultures, yielding a docetaxel-resistant strain. The
subline was designated A549/Docetaxel.

Evaluation of A549/Docetaxel Drug Resistance Level

To assess the sensitivity of the A549/Docetaxel cell
line to docetaxel, a cytotoxicity assay was carried out
using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazo-
lium bromide (MTT). In brief, A549 and A549/Docetaxel
cells were harvested, counted, and seeded into 96-well
plates at 2 x 10%/well. The cells were incubated for 24 h
prior to the addition of the docetaxel, which was diluted
to a range of concentrations. The cells exposed to culture
medium served as a control. After incubation for 72 h,
20 pul MTT (5 mg/ml) was added to the cells and incu-
bated at 37°C for 3 h. The MTT solution was removed,
and 150 pul DMSO was added to each well to dissolve
the blue formazan crystals. The optical density was mea-
sured at 490-nm wavelengths using Model 680 microplate
reader (Bio-Rad). IC, values (the concentration of drugs
that produced a 50% reduction of absorbance) of treated
and untreated cells were analyzed. The resistance index

SHEN ET AL.

(RI) =1C, (549/Docetaxel )/IC  (A549). To gain accuracy,
four wells were used for each condition, and three inde-
pendent MTT assays were repeated.

Cell Proliferation Assay

A549 and A549/Docetaxel cells were harvested, counted,
and seeded into 96-well plates at 1x 10%/well. Every day,
one 96-well plate was taken out for test from the second
day, repeating 5 days. MTT was used to examine the cell
proliferative rate. Assays were repeated three times for
accuracy.

Flow Cytometry Analysis

Flow cytometry analysis was used to determine the dis-
tribution of cells in cell cycle and performed as described.
Briefly, cells were collected and suspended with 1 ml of
70% alcohol and kept at 4°C for 30 min, followed by
being washed and resuspended with cool PBS. Then, 5 pl
RNase (10 mg/ml) was added and fixed for 1 h at 37°C;
cells were stained with 100 pg/ml propidium iodide in
0.1% sodium citrate/0.1% Triton X-100 solution for 30
min at RT in the dark. Finally, the cells were washed with
cool PBS twice again. Analysis of cellular DNA content
was performed by flow cytometry at an excitation wave-
length of 488 nm. The distribution of cells in three major
phases of the cycle (G,, S, and G,/M) was analyzed using
CellQuest and MidFit software (BD).

Cell apoptosis was determined by flow cytometry. The
Annexin-V-FITC-PI kit (Key GEN, Nanjing, China) was
used to detect apoptosis. The cells were collected and
washed with cool PBS twice and were resuspended in
200 pl 1x binding buffer; 10 pl of Annexin V-FITC and
5 pl of PI were added and incubated at room temperature
for 15 min in the dark. Finally, 300 pl of binding buffer
was added into the mixture and analyzed with the FACS
Calibur system (BD).

RT-PCR Analysis

Total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions; 1 pg of RNA was subjected to
reverse transcription. The PCR primers used are shown
in Table 1. The PCR products were separated on a 1%
agarose gel and visualized and photographed under ultra-
violet light.

Western Blot Analysis

After protein quantization using the BCA kit, 50 ug
of protein was boiled in loading buffer, resolved on 10%
SDS-polyacrylamide gels, electrotransferred to nitrocellu-
lose membranes, and incubated overnight with mouse poly-
clonal antibodies against fibronectin (1:800), E-cadherin
(1:500), and vimentin (1:800), rabbit polyclonal against
Bcl-2 (1:1,000), ABCB1 (1:500), Bax (1:500), and mouse



EMT PROMOTES INVASION AND DRUG RESISTANCE IN NSCLC

Table 1. Primers Used
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mRNA Forward 5"-3’ Reverse 5-3’

Fibronectin ATTGGAGACACGTGGAGCAA TCCGGCTGAAGCACTTTGTA

Vimentin AGATGGCCCTTGACATTGAG TGGAAGAGGCAGAGAAATCC

E-cadherin ACAGCCCCGCCTTATGATT TCGGAACCGCTTCCTTCA

Bel-2 CGACTTCGCCGAGATGTCCAGCCAG CTTGTGGCTCAGATAGGCACCCAGG

Bax CAGCTCTGAGCAGATCATGAAGACA GCCCATCTTCTTCCAGATGGTGAGC

Tubulin 5-CAGATGCTTAACGTGGAGAACAAGA 5-CACGAGGTGGGATGTCACAGA

ABCBI GGGATGGTCAGTGTTGATGGA GCTATCGTGGTGGCAAACAATA’

B-Actin GATCATTGCTCCTCCTGAGC CACCTTCACCGTTCCAGTTT
RESULTS

monoclonal against tubulin (1:50), B-actin (1:5,000). The
secondary antibodies (1:5,000; anti-mouse/rabbit) were
applied, and the relative content of the target proteins was
detected by chemiluminescence.

Cell Migration and Invasion Assay

Transwell invasion assays were performed in Transwell
inserts (pore size, 8§ pum thick) in a 24-well companion
plate (both from BD Corning). Inserts were coated with
a 70-ul Matrigel basement membrane matrix (diluted
in 1:8; BD Corning). A549 and A549/Docetaxel cells
(2 x 10%well) were seeded in triplicates into inserts in
RPMI-1640 without FBS. Besides, 500 ul of medium con-
taining 10% FBS was added into the bottom chamber to
serve as a chemoattractant. After 24 h of incubation, cells
that migrated through the Matrigel were fixed with 95%
ethyl alcohol and then stained with 0.5% crystal violet.
Invading cells on the bottom of the filters were imaged by
microscopy (200x). However, only one step was different
between the migration assay and invasion assay, which
was that the inserts in the migration assay were not coated
with Matrigel basement membrane matrix.

Colony Formation Assay

Two hundred A549 and A549/Docetaxel cells were
plated at equal density in a six-well plate. They were
divided into three groups (A, B, and C), and every group
included two wells. After 24 h of incubation, TGF-3
(10 ng/ml) was added into group B. Docetaxel was added
into either one well of every group to investigate the effect
of docetaxel (12.5 ng/ml) on the colony formation of
A549 and A549/Docetaxel cells. Incubated for 2 weeks,
the cells were stained with 0.25% crystal violet, and the
number of colonies was counted manually. Triplicate
plates were set up for accuracy.

Statistical Analysis

Statistical analysis was performed with the SPSS
13.0 software package. Values were presented as the
mean+SEM. Statistical significance was evaluated using
the Student’s two-tailed ¢ test; p<0.05 was considered
statistically significant.

Establishment of Docetaxel-Resistant Cell Lines

A docetaxel-resistant subline derived from the parental-
sensitive cell line A549 was successfully established by
stepwise selection in docetaxel over a period of 8§ months,
designated A549/Docetaxel. It can grow properly in the
complete medium with 500 ng/ml docetaxel. The RI of
A549 induced by TGF- and A549/Docetaxel against
docetaxel was 8.91 and 11.50, respectively (Table 2).

Cell Proliferation of A549/Docetaxel

Next, we performed experiments to determine A549/
Docetaxel proliferation characteristics. The growth curve
demonstrated that the A549/Docetaxel proliferated slowly
with the delay of the split peak and prolonged doubling
time in comparison with the A549 (Fig. 1), which was
actually consistent with the proliferation features of the
drug-resistant cell lines.

Cell Cycle Analysis of A549/Docetaxel

We performed experiments to test whether the
changes in cell cycle contributed to the resistance capa-
bility of the A549/Docetaxel. As shown in Figure 2A and
C, the percentage of G, phase in the A549/Docetaxel
group (50.5+2.8) was much higher than that in the
A549 group (41.5+2.3) (p <0.05), while the percentage
of S phase (37.3 +1.6) was lower than the A549 group
(49.2£2.5) (p<0.05). However, after the treatment of
docetaxel (500 ng/ml) for 24 h, the A549/Docetaxel
group has a relatively higher proportion in the S phase

Table 2. IC Values (ng/ml) of Docetaxel for A549, A549 Induced
by TGF-, and A549/Docetaxel

Group IC,, RI P
A549 22,387.2+0.6

A549+TGF-B 144,727.0+1.3 11.50 <0.01
A549/Docetaxel 112,201.8+1.2 8.91 <0.01

Survival rates of NSCLC cells to anticancer drugs were evaluated by
MTT assay. Data were represented as mean=SD of three independent
experiments.
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Figure 1. Cell proliferation assay. Growth curve determined by
MTT assay to represent slow proliferate rate of A549/Docetaxel

cells with delayed split peak and prolonged multiplication time
compared with A549 cells.
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(25.9+3.1/4.2+2.1) and G, phase (45.2+2.6/4.1+3.5)
and a much lower proportion in the G/M phase
(28.9£2.4/91.7+3.5) compared with the A549 group
(»<0.01) (Fig. 2B and D). These results suggested
that the changes of cell cycle distribution in the A549/
Docetaxel cells contributed to slow down cell prolifera-
tion via induction of G, phase arrest and inhibition of
the S phase entry, and docetaxel can induce G,/M phase
arrest in the A549 cells, while the A549/Docetaxel cells
can reverse this phenomenon, which may partly contrib-
ute to its resistance characteristics.

Cell Apoptosis of A549/Docetaxel

Because the blockage of apoptosis is an important fac-
tor of the drug resistance of cancer cells, we used flow
cytometry to detect the apoptosis capacity of A549 and
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Figure 2. Cell cycle analysis was determined by flow cytometry. Cell cycle analysis of A549/Docetaxel and A549 cells without (A, C)
and with (B, D) the treatment of docetaxel (500 ng/ml) (*p<0.05, **p<0.01).
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AS549/Docetaxel cells in the presence of doccetaxel. The was 1/23.1 of A549 cells after the effect of docetaxel
apoptosis rates of A549/Docetaxel and A549 cells were treatment, while without the docetaxel, the apoptosis rate
0.5+£0.2% and 1.9+0.5% respectively, 3.2+0.4% and of A549/Docetaxel was 1/3.8 of A549 (Fig. 3). This assay
64.1+0.6% with docetaxel (500 ng/ml) treatment for indicated that docetaxel resistance of A549/Docetaxel
24h (p<0.01). The apoptosis rate of A549/Docetaxel cells may associate with the apoptotic potential.
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Figure 3. Cell apoptosis was performed by the Annexin-V-FITC-PI kit. A549 and A549/Docetaxel cells were stained with Annexin-
V-FITC and PI, detected by FACS Calibur. Annexin-VFITC (-)/PI (-) indicates survival cells, while Annexin-V-FITC (+)/PI (+) indi-
cates cells in the stage of necrosis, and Annexin-VFITC (+)/PI (-) indicates cells in the stage of apoptosis. The representative image of
(A) A549 cells and (B) A549/Docetaxel cells, (C) A549 cells, and (D) A549/Docetaxel cells with the effect of docetaxel (500 ng/ml)
for 24 h. The percentage of apoptotic A549 and A549/Docetaxel cells incubated in (E) common medium or in (F) 500 ng/ml docetaxel
for 24 h. These values were given as mean+SD (**p<0.01).



52

A549+Docetaxel
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A549/Docetaxel

Figure 4. The morphological changes during the establishment of A549/Docetaxel (200x) examined by light microscope. (A) The
original morphology of A549. (B) The morphology of A549 with the treatment of docetaxel at the beginning. (C) The morphology of

the A549/Docetaxel with a more obvious “mesenchymal” phenotype.

Cellular Morphology and the Expression
of EMT Markers

Simple light microscopic analysis of the cell pheno-
type confirmed that the A549 cells were uniform in shape
and grew in tightly adherent “sheets” of cells in mono-
layer culture. However, the A549/Docetaxel cells were
irregular in shape and did not form close attachments in
culture, indicating that the A549/Docetaxel displayed a
more “mesenchymal” phenotype (Fig. 4).

To further confirm our observation, we assessed the
levels of E-cadherin (epithelial marker), fibronectin, and
vimentin (mesenchymal marker) by RT-PCR and Western
blot. A statistically significant increased expression of fibro-
nectin and vimentin accompanied with reduced expression
of E-cadherin were observed in AS549/Docetaxel cells,
which was actually consistent with the EMT phenotype
(Fig. 5). These results proved that the docetaxel resistance
of A549/Docetaxel might be related to EMT.

Increased Migratory and Invasive Potential
of A549/Docetaxel

The EMT program is associated with enhanced can-
cer invasiveness. Therefore, we next compared migra-
tory ability and invasive potential between the A549 and

A

fibronectin

A549 A549/Docetaxel

vimentin

E-cadherin

B-actin

A549/Docetaxel cells. As shown in Figure 6, more A549/
Docetaxel cells migrated through the insert. However, a
more significant difference was shown in the invasive
assay, in which a distinct number of A549/Docetaxel
invaded through the Matrigel. In a word, A549/Docetaxel
acquired an increased malignant behavior contrasted with
the A549 cell.

The Ability of A549/Docetaxel to Form Colonies

In order to detect the ability to form colonies of A549/
Docetaxel, the colony formation assay was performed. The
colonies formed by A549/Docetaxel cells were smaller
than their parental cells in a condition without docetaxel.
Besides, we observed that TGF- could promote A549
cells to form colonies. However, when docetaxel was
present in the medium, A549/Docetaxel cells and A549
cells induced by TGF-f were still able to form colonies,
while the parental cells lost this potential (Fig. 7).

The Mechanism of the Resistance of A549/Docetaxel

The representative markers for drug resistance, includ-
ing ABCB1, Bcl-2, Bax, and tubulin were examined from
mRNA (data not shown) and protein (Fig. 8) levels. The
results indicated that ABCB1, Bcl-2, and tubulin were

B

fibronectin

A549 A549/Docetaxel

vimentin

E-cadherin

B-actin

Figure 5. Differentially expressed EMT molecules between A549/Docetaxel and A549 determined by RT-PCR (A) and Western blot

(B). B-Actin was used as an internal control.
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Figure 6. Quantitative analysis of the cells migrating and invading through the Transwell chambers (¥*p <0.05).

upregulated, while Bax was downregulated in A549/
Docetaxel compared to A549.

DISCUSSION

Resistance to chemotherapeutic agents is becoming a
major impediment for the treatment of patients with NSCLC.
It was generally considered that cell phenotype was associ-
ated with the drug resistance, suggesting that mesenchymal-
type tumor cells were more resistant to chemotherapeutics
than epithelial-type tumor cells (6,11). EMT has been shown
to be an important step in inducing drug resistance of cancer

Docetaxel (-)

Docetaxel (+)

cells against conventional therapeutics (6,12—14). Many
researchers have demonstrated that alterations in the expres-
sion of critical molecules have been observed during the
acquisition of EMT phenotype (15-17), consistent with their
association in cellular signal transduction pathways. In our
study, it was confirmed that TGF-B, a well-known inducer
of EMT, not only can promote parental A549 cells to trans-
form into mesenchymal type and to form colonies but also
can sustain this ability in the presence of docetaxel, further
indicating that EMT played an important role in changing
the biological behaviors of A549 cells.

A549+TGF-B A549/Docetaxel

Figure 7. The colonies formed by A549, A549 induced by TGF-f, and A549/Docetaxel. A549 and A549/Docetaxel cells were plated
at equal density in six-well plates and incubated with or without docetaxel for 2 weeks. Representative images of colonies formed by
A549, A549 induced by TGF-B, and A549/Docetaxel with or without docetaxel are shown.
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Figure 8. The expression of ABCB1 (MDR1), Bcl-2, Bax,
and tubulin in A549 and A549/Docetaxel at protein level. The
expression at mRNA level was not shown.

Jin Ren et al. had established a docetaxel-resistant
human lung adenocarcinoma cell line (SPC-A1/DTX),
which showed a typical mesenchymal phenotype, accom-
panied by increased migratory and invasive capacity both
in vitro and in vivo (18). Consistently, in this study, A549/
Docetaxel, a cell line against docetaxel originated from
A549 cells, exhibited EMT characteristics and enhanced
migratory and invasive potential. However, the mecha-
nisms of chemoresistance are not very clear.

The cell apoptosis results showed the blockage of apo-
ptotic A549/Docetaxel cells contributed greatly to its doc-
etaxel resistance, which was consistent with the MDR
(multidrug resistance) mechanisms. Defects in cell death
signaling are a hallmark of cancer, particularly apoptotic
cell death, which is often inhibited in tumor cells due
to overexpression of antiapoptotic proteins or decreased
expression of proapoptotic proteins. For example, the
Bcl-2 gene has been shown to be overexpressed in many
solid tumor cell lines, contributing to resistance to che-
motherapy and radiotherapy (19). Furthermore, it has
been demonstrated that downregulation of Bcl-2 sen-
sitizes cells to chemotherapy, whereas a loss of Bax
expression results in increased resistance (20). Besides,
ABCBI and tubulin have also been reported to contrib-
ute to MDR. ABCBI is one of the ATP-binding cassette
(ABC) family and can enhance the function of the drug-
efflux pump, which eventually leads to reduced intra-
cellular concentration of drugs in multidrug resistance
cancer cells. It has been found to be upregulated in A549/
D16 cells, associating with drug resistance and drug
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transport (21). As the fundamental unit of microtubules,
tubulin is critically involved in chromosomal segrega-
tion, cell division, motility, and intracellular transporta-
tion and has been considered as a potential anticancer
drug target (22). In this study, we confirmed that ABCB1,
Bcl-2, Bax, and tubulin contribute to the chemoresistance
of A549/Docetaxel.

Multidrug resistance in tumors is common, and clini-
cal unresponsiveness to antineoplastics correlates with
in vitro chemotherapy resistance for some solid tumors
(23-25). Recently, the prevalence of chemoresistance
in resected NSCLC tumor cultures to several individual
antineoplastic drugs was reported (26). The clinical util-
ity of in vitro chemotherapy resistance assays to estimate
clinical response to chemotherapy has been debated for
nearly a decade. Kern and Weisenthal (27) compared clini-
cal response to chemotherapy with an independent tumor
set of 450 human tumor cell cultures, 20 of which were
NSCLC; the ability of the extreme drug resistance assay
to predict tumor resistance to an agent was over 99% spe-
cific. Accordingly, this phenomenon has been examined
in breast cancer and resulted in that the median time to
survival and disease progression was distinctly shorter for
patients treated with any combination of agents exhibit-
ing either extreme or intermediate in vitro drug resistance
in comparison with patients having tumors with low in
vitro resistance to both drugs (23). In vitro drug resis-
tance is associated with a shorter survival similar to that
correlated with advanced stage or positive lymph node
metastasis. Further studies on the relationship between
in vitro chemotherapy resistance testing as it relates to
clinical response or prognosis are ongoing. Therefore, the
application of tumor chemotherapy resistance testing may
be of clinical benefit.

In summary, we have established a typical docetaxel-
resistant human NSCLC cell line A549/Docetaxel, and
it was suggested that the multidrug resistance of A549/
Docetaxel was related to EMT. ABCB1 (MDR1), Bcl-2,
Bax, and tubulin may contribute the chemoresistance of
A549/Docetaxel. The A549/Docetaxel cells could be use-
ful as an excellent platform for the study of docetaxel-
resistant mechanisms and the discovery of new strategies
to increase drug sensitivity toward better treatment out-
come of patients diagnosed with lung cancer.
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