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The ERK–ZEB1 pathway mediates epithelial–mesenchymal
transition in pemetrexed resistant lung cancer cells with
suppression by vinca alkaloids
L-Y Chiu1, I-L Hsin2, T-Y Yang3, W-W Sung4,5,6, J-Y Chi1, JT Chang1, J-L Ko1,7 and G-T Sheu1,7

High thymidylate synthase (TS) level in cancer tissue is considered to result in resistance to pemetrexed therapy for advanced
stages of nonsquamous non-small cell lung cancers. To further investigate the mechanism of pemetrexed resistance and potential
prognostic outcomes in lung cancer, we established pemetrexed-resistant lung adenocarcinoma cell sublines from CL1 harboring a
mutated TP53 gene (R248W) and A549 harboring wild-type TP53. We found the TS expression is upregulated in both pemetrexed-
resistant sublines and the reduced TS level achieved through shRNA inhibition resulted in higher pemetrexed sensitivity. We
also demonstrated that the acquisitions of pemetrexed resistance enhances epithelial–mesenchymal transition (EMT) in vivo with a
mice animal model and in vitro with CL1 and A549 sublines, which was associated with upregulation of ZEB1 which, in turn,
downregulates E-cadherin and upregulates fibronectin. When ERK1/2 phosphorylation was reduced by an inhibitor (U0126) or
siRNA inhibition, both pemetrexed-resistant sublines reduced their migration and invasion abilities. Therefore, the ERK-mediated
pathways induce apoptosis with pemetrexed treatment, and may in turn mediate EMT when cancer cells are resistant to
pemetrexed. We further demonstrated that the growth of pemetrexed-resistant tumors could be inhibited by vinblastine in vivo
and vincristine in vitro. Our data indicate that pemetrexed resistance could be relieved by non-cross-resistant chemotherapeutic
drugs such as vinca alkaloids and might be independent to TP53 status. Furthermore, the phosphorylation of ERK was reduced by
vincristine. This finding provides a new insight for overcoming pemetrexed resistance and metastasis by application of vinca
alkaloids.
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INTRODUCTION
Pemetrexed (LY231514) inhibits at least three key enzymes
including thymidylate synthase (TS), dihydrofolate reductase
(DHFR) and glycinamide ribonucleotide formyltransferase (GARFT).1,2

Inhibition of TS results in decreased turnover of dUMP to dTMP,
which is necessary for DNA synthesis.3 These targets are related to
the cytotoxicity of pemetrexed, because both thymidine and
hypoxanthine are required to circumvent cellular death caused by
pemetrexed.4 Intracellularly, pemetrexed is polyglutamated to the
active pentaglutamide by a reaction catalyzed by folylpolygluta-
mate synthase (FPGS). The enzyme counteracting antifolate
polyglutamylation is γ-glutamyl hydrolase (GGH).
Recently, it has been reported that TS gene expression is

significantly increased in pemetrexed-resistant small cell lung
cancer cell lines.5 Knockdown of TS expression using siRNA has
enhanced pemetrexed cytotoxicity in PC6/MTA-4.0 cells. Zhang
et al.6 have shown TS and DHFR were significantly increased in the
four pemetrexed-resistant A549 sublines. Chen et al. have
suggested that TS expression, rather than DHFR, may be an
important predictive factor of the treatment efficacy of peme-
trexed in non-small cell lung cancer (NSCLC) patients.7 Another
report concluded that better response usually appears in patients

with a lower expression of TS by meta-analysis8 with a significant
association between TS expression and outcomes of pemetrexed-
based chemotherapy for NSCLC. Therefore, it can be concluded
that upregulation of TS gene expression may have an important
role in pemetrexed resistance.
Multiple studies have revealed that chemoresistance cells

often acquire an epithelial–mesenchymal transition (EMT)-like
phenotype.9 During the acquisition of EMT characteristics,
epithelial cancer cells lose the expression of proteins that promote
cell–cell contact, such as E-cadherin and β-catenin, and gain the
expression of mesenchymal markers, such as fibronectin, vimentin
and N-cadherin, leading to remodeling of the cytoskeleton and
enhancement of cancer cell migration and invasion. Recently, an
EMT phenotype was observed in gemcitabine-resistant pancreatic
cancer cells,10,11 gefitinib-resistant NSCLC,12 oxaliplatin-resistant
colorectal cancer cells,13 paclitaxel-resistant ovarian cancer cells14

and tamoxifen-resistant breast cancer cells.15 The association of
pemetrexed resistance with EMT alteration has not been reported
yet and the question of how EMT is mechanistically involved in
pemetrexed resistance has not been answered.
TGF-β triggers diverse cellular processes including growth

arrest, tissue fibrosis and EMT.16,17 As a result, TGF-β activates
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R-Smads (Smad2 and Smad3) via phosphorylation at their
C-terminal serine residues. R-Smads form a heterocomplex with
Smad4 and translocate into the nucleus to regulate gene
expression.18–22 These pathways are referred to as Smad-
dependent pathways. Snail and Slug, key regulators of TGF-β-
induced EMT, are sufficient for the induction of single-cell
invasion.23 In addition to the Smad signaling pathways, TGF-β
also elicits diverse types of non-Smad signaling pathways. Among
them, activation of Ras, mitogen-activated protein kinases
(MAPKs) such as ERK and p38MAPK (p38), Rho GTPases, and
PI3K/Akt signaling has been linked to TGF-β-induced EMT.24–26

Recent studies have identified the crucial role of TGF-β signaling
pathways in inducing EMT through the Smad-dependent and
Smad-independent pathways.17,27–29

Transcription factors involved in EMT such as Snail, Slug, TWIST
and the ZEB families mainly repress expression of E-cadherin
during EMT.30–33 The transcription factor ZEB1 can be activated by
the TGF-β, TNF-α and IGF1 signaling pathways. A correlation of
ZEB1 expression and loss of E-cadherin has been demonstrated in
tumor cell lines of lung adenocarcinomas.34 Therefore, ZEB1 is also
a crucial mediator of EMT, exerting its effects on induction of EMT
by inhibiting expression of E-cadherin.
Finding a way to control the growth of pemetrexed-induced

resistance in lung cancer cells is clinically important. However,
it has been reported that pemetrexed-resistant lung cancer
sublines show cross-resistance to cisplatin, but not to docetaxel,
vinorelbine and 5-fluorouracil,6 which points to the possibility of
reversing pemetrexed resistance by using another clinically
chemotheraputic drug. In this study, we have identified the
signaling pathway that controls pemetrexed-induced EMT.
Furthermore, we also provide evidence that vinca alkaloids, a
group of clinically used anti-cancer drugs, reversed the peme-
trexed resistance and EMT. These findings may be applied
immediately to overcome pemetrexed resistance.

RESULTS
Establishment of pemetrexed resistant CL1 and A549 lung cancer
sublines
According to MTT sensitivity assay, the established A549/A400,
CL1/A100 and CL1/A200 sublines (Table 1) revealed their
drug sensitivities in terms of IC50 (inhibition concentration). The
A549/A400, CL1/A100 and CL1/A200 sublines have 37.8-fold,
22.9-fold and 86.5-fold resistance to pemetrexed, respectively,
when compared with parental cells. To investigate whether
pemetrexed resistance may result in cross-resistance to other
antimetabolic chemotherapy, the sensitivities to MTX and 5-FU
were also determined and only minimal resistances were
detected. For example, the CL1/A200 subline is 2.5-fold resistant
to MTX and 0.6-fold resistant to 5-FU. The drug sensitivity profiles
of the A549 and CL1 sublines in our study exhibit similar results to

those previously reported for PC-9 and A549 pemetrexed-resistant
sublines.6 Interestingly, all three pemetrexed-resistant sublines
have only a low degree of cross-resistance to docetaxel (1.1–1.9-
fold). Moreover, the pemetrexed-resistant sublines all showed a
significant sensitivity to vincristine when compared with parental
A549 (0.3-fold) and CL1 (0.6–0.8-fold) cells.

Characterization of the pemetrexed-regulated genes
To investigate the mechanism of the pemetrexed resistance, we
compared the expression of pemetrexed-target proteins TS and
DHFR, as well as the expression of the enzymes FPGS and GGH by
western blot analysis. The protein levels of TS and DHFR
significantly increased in A549/A400 (Figure 1a), CL1/A100 and
CL1/A200 sublines (Figure 1b). The levels of FPGS were slightly
increased in all three sublines. Upregulated GGH levels in
A549/A400 cells and downregulated GGH levels in CL1 sublines
were observed. It has been reported that the level of TS protein
determines pemetrexed sensitivity in cell lines6,35 and lung cancer
tissues.7 Therefore, to demonstrate the dominant role of TS
overexpression in the acquired pemetrexed resistance, the
sublines were infected with the shRNA expressing lentivirus that
targets TS mRNA. Three shTS constructs significantly inhibited TS
expression when compared with the shGFP control and the
proteins of TS were detected by western blotting. The pemetrexed
sensitivities were enhanced in shTS-infected CL1/A100 (Figure 1c),
and CL1/A200 (Figure 1d) sublines were measured by MTT cell
survival assay. When TS protein expression was reduced,
the viabilities of CL1/A100 and CL1/A200 cells were coordinately
reduced with pemetrexed treatment. We also further investi-
gated whether the 5-FU and MTX sensitivities could be affected
by TS inhibition. From the results of MTT assay, the drug
sensitivities of MTX (Figure 1e) and 5-FU (Figure 1f) in the
TS-inhibited CL1/A200 subline were not altered significantly.
Our data demonstrate that high levels of TS expression are
associated with pemetrexed resistance. Inhibition of TS expres-
sion by shRNA enhances pemetrexed sensitivity, but not
sensitivity to MTX and 5-FU.

Acquisition of pemetrexed resistance promotes metastasis in vivo
To answer whether pemetrexed resistance may result in lung
cancer metastasis, we injected the A549/A400 and parental A549
cells through the tail vein of SCID mice. Although all A549-injected
and A549/A400-injected animals developed lung tumors, a greater
number and larger size of tumors were found in the animal group
injected with A549/A400 cells and the weights of the tumors were
significantly higher (Figure 2a) in the pemetrexed-resistant A549/
A400-injected animals. The lung tissues were further examined
with hematoxylin and eosin (H&E) staining for tumor verification
and higher TS expressions were detected in A549/A400 tumors by
immunohistochemistry (IHC; Figure 2b).

Table 1. Drug sensitivities of parental cells and drug-resistant sublines

IC50 ± s.d.a (nmol/l )

Drugs/cells A549 A549/A400 CL1 CL1/A100 CL1/A200
Pemetrexed 1304.7± 94.7 (1.0) 49 333.3± 1755.9 (37.8) 32.1± 0.2 (1.0) 736.2± 49.1 (22.9) 2777.8± 481.1 (86.5)
Methotrexate 48.7± 0.6 (1.0) 113.3± 4.7 (2.3) 11.2± 0.2 (1.0) 12.0± 0.5 (1.1) 27.4± 1.6 (2.5)
5-FU 6000.0± 500.0 (1.0) 7900.0± 700.0 (1.3) 3980.0± 300.0 (1.0) 3330.0± 180.0 (0.8) 2460.0± 320.0 (0.6)
Docetaxel 6.4± 0.1 (1.0) 6.8± 0.4 (1.1) 3.1± 0.2 (1.0) 5.6± 0.8 (1.8) 6.0± 0.4 (1.9)
Vincristine 14.9± 0.1 (1.0) 4.2± 0.1 (0.3) 4.2± 0.3 (1.0) 3.3± 0.1 (0.8) 2.6± 0.4 (0.6)

Note: A549/A400 is a pemetrexed-resistant A549 subline; CL1/A100 and CL1/A200 are pemetrexed-resistant CL1 sublines. Cell survival was determined by MTT
assay. (Fold resistance) was relative to the parental cell line. Pemetrexed was provided by Eli Lilly Corporation (Indianapolis, IN, USA). Docetaxel was obtained
from Aventis Pharmaceuticals Inc. (Bridgewater, NJ, USA). Methotrexates (MTX), 5-fluorouracil (5-FU) and vincristine were purchased from Sigma-Aldrich
(St Louis, MO, USA). aData are the mean± s.d. of at least three independent experiments done in triplicate.
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Figure 1. Characterization of the pemetrexed-resistant A549 and CL1 lung cancer cells. The expression of TS, DHFR, FPGS and GGH were
detected by western blot assay in A549 (a) and CL1 (b) sublines. Inhibition of TS by shRNA in CL1/A100 (c) and CL1/A200 (d) sublines were
followed by MTT assay. The sensitivities of TS-inhibited CL1 sublines to MTX treatment were examined by MTX (e) and 5-FU (f). *Po0.05 was
considered statistically significant. Individual clones are identified by their unique TRC number, which were purchased from National RNAi
Core Facility at Academic Sinica, Taiwan. To inhibit TS expression, the CL1 sublines (5 × 104 per well) were sub-cultured onto 60-mm plates.
After 16 h of incubation at 37 °C, cells were infected with recombinant lentivirus vectors with protamine sulfate added (0.8 μg/μl) to help
infection. The next day, the medium was removed and the cells were selected by 2 μg/ml puromycin (Sigma, P8833) at 37 °C for 48 h, followed
by MTT assay or protein detection. The clone of shGFP (TRCN0000072178) for vector control targeted to GFP, whereas the clones of shTS-1
(TRCN0000291720), shTS-2 (TRCN0000291655) and shTS-3 (TRCN0000045665) targeted to TS.
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The CL1 and CL1/A200 cells were also injected into SCID mice to
test their metastatic potential. As low metastasis of the CL1 cells
has been demonstrated,36 it is not surprising that none of the
CL1-injected animals developed metastasis and only two of the
CL1/A200-injected animals developed lung metastasis at 75 days
when compared with the lungs of CL1-injected animals
(Figure 2c). The H&E staining and high TS expression confirmed
the CL1/A200 cells have metastatic potential.

Pemetrexed-resistant sublines show changed EMT molecular
markers in vitro and in vivo
In order to further support the metastatic potential of
pemetrexed-resistant sublines detected in the mice model,
in vitro assays were performed using transwell cell culture
chambers to compare the migration and invasion abilities of
parental cells and sublines. The pemetrexed-resistant A549/A400
cells showed a 3.5-fold increase in migration with 4 h incubation
(Figure 3a) and a 3.2-fold increase in invasion with 16 h incubation
(Figure 3b) through the transwell membrane when compared with
parental cells. Similar results also revealed that CL1/A100 and
CL1/A200 have significant 2.7-fold increases in migration with 24 h
incubation (Figure 3c). Both CL1 sublines also have 2.8-fold and
3.7-fold increases in invasion abilities, respectively, with 48 h
incubation (Figure 3d). Therefore, we examined whether the
induced EMT found in pemetrexed-resistant sublines came
through Smad-dependent or Smad-independent pathways by
western blot analysis in all three sublines and compared the
results with those of their parental cells with known EMT markers
(Figure 3e). According to the data, the expression of E-cadherin
protein levels were downregulated but the phosphorylated
Smad2 and Smad3 levels were not significantly increased in
pemetrexed-resistant sublines, nor were the protein levels of Slug
and Snail. Only phosphoryalted p38 and ERK levels were highly
upregulated along with ZEB1 and fibronectin levels. The results
indicate p38 and/or ERK signaling pathways may regulate EMT
through a Smad-independent pathway. Pemetrexed-resistant
sublines that developed EMT were correlated with downregulated
E-cadherin, and upregulated Fibronectin and ZEB1. To better
understand the development of EMT in pemetrexed resistance, we
compared the morphologic appearances of low and high
doses pemetrexed-selected stable cell lines of A549 and
CL1 cells (A549/A200 and A549/A400, CL1/A50 and CL1/A200,
respectively). The parental A549 and CL1 cells changed from a
classical epithelial morphology to a mesenchymal, spindle-shaped
morphology (Supplementary Figure 1a). Although the spindle-
shaped morphology in high-dose pemetrexed-selected cells
(A549/A400 and CL1/A200) was not obviously as low-dose
pemetrexed-selected cells (A549/A200 and CL1/A50), the expres-
sion levels of E-cadherin and fibronectin were further confirmed
through western blotting of total cell lysates (Supplementary
Figure 1b). The western blots confirmed downregulation of
E-cadherin and upregulation of fibronectin expression. Further-
more, the levels of pERK and ZEB1 were also upregulated in all
pemetrexed-resistant sublines. Fos family member FRA1 is one of
the most frequently overexpressed AP-1 proteins in solid cancers,
ERK2/FRA1 induce EMT via regulation of ZEB protein expression.37

Interestingly, only FRA1 levels in A549 sublines were significantly
increased (Supplementary Figure 1b).
To verify the expressions of E-cadherin, ZEB1, pERK and

fibronectin in the lung tumors, the tumor sections of A549 and
A549/A400 cells were evaluated with individual antibody
(Figure 2b). The IHC results clearly demonstrate a reduction in
surface expression of E-cadherin and upregulation of pERK, ZEB1
and fibronectin. High-magnification pictures of IHC are provided
in Supplementary Figure 5.

Regulation of EMT and MAPK signaling
The mechanisms of pemetrexed-resistant-induced EMT were
further investigated by inhibition of ERK1/2 phosphorylation with
U0126 and p38 phosphorylation with SB253580 followed by
Western blot analysis. In the A549/A400 subline, the reduced
levels of phosphorylated-ERK (pERK) by U0126 were correlated
with reduced ZEB1 and fibronectin expression as well as
upregulated E-cadherin expression. In contrast, inhibition of p38
by SB253580 had no effect on ZEB1, fibronectin and E-cadherin
expression. Although the p-p38 levels were not significantly
reduced by SB253580, we have checked the downstream
p38-regulated protein Activating transcription factor 2 (ATF-2)38

and found the levels of phosphorylated ATF-2 significantly
reduced by SB253580 after one hour. The inhibitor PD98059
specifically inhibits MEK-1-mediated activation of MAPK which
does not directly inhibit ERK. This also caused reduced p-ERK and
ZEB1 levels combined with upregulated E-cadherin expression
(Figure 4a). To test the toxicities of kinase inhibitors, we treated
individual subline with indicated inhibitor for 24 h and the cell
viability was determined by MTT assay (Figures 4b and f).
Inhibition of ERK phosphorylation resulted in A549/A400-
reduced migration (Figure 4c) and invasion abilities (Figure 4d)
of 50%, whereas inhibition of p38 only had a residual effect.
Similar to the results obtained from A549/A400 investigation,
inhibition of ERK1/2 phosphorylation with U0126 and PD98059
in CL1/A200 subline reduced p-ERK, ZEB1 and fibronectin
levels in combination with upregulated E-cadherin expression
(Figure 4e). Inhibition of ERK phosphorylation resulted in
CL1/A200-reduced migration (Figure 4g) and invasion abilities
(Figure 4h) of ~ 50%.

Interference of ERK, ZEB1 and fibronectin expressions resulted in
EMT suppression
The role of ERK1/2 in pemetrexed resistance-induced EMT was
further characterized by inhibition of ERK1/2 expression with
siRNA interference. In A549/A400 cells, when ERK1/2 expression
was downregulated by siRNA to o50%, E-cadherin expression
was significantly increased with reduced ZEB1 and fibronectin
expression (Figure 5a). The migration ability of the ERK interfered
A549/A400 cells was reduced to 30% (siERK#1) and 10%
(siERK#2) when compared with the si-controlled cells
(Figure 5b). When invasion ability was assayed, the abilities of
siERK#1 and siERK#2 cells were reduced to 40% and 10%,
respectively (Figure 5c). We also investigated the effect of
p-38 in pemetrexed-resistant sublines by siRNA interference
(Figure 5d). The results showed that the levels of ZEB1,
E-cadherin and fibronectin were not significantly altered in
A549/A400 cells. Furthermore, inhibition of p-38 expression by
siRNA has no effect in migration and invasion abilities in vitro
(Figures 5e and f). Similar approaches were also applied to
CL1/A200 cells (Supplementary Figures 2a–f) and reduced
ERK expression also resulted in reduced ZEB1 and fibronectin
expression with E-cadherin upregulation. Interference of ERK
expression also reduced CL1/A200 cells migration and invasion
abilities, respectively. As shown in the data in Figure 5a and
Supplementary Figure 2a, the degrees of ERK inhibition
were correlated with the levels of ZEB1 and fibronectin
downregulation, and were also reflected in the degrees of
migration and invasion inhibition. To determine the role that
ZEB1 has in pemetrexed-mediated EMT, siRNA inhibition
of ZEB1 (siZEB1) was applied and the E-cadherin level was
increased and the fibronectin level was decreased significantly
without affecting ERK phosphorylation (Figure 5g). Inhibition of
ZEB1 expression also resulted in migration (Figure 5h) and
invasion (Figure 5i). Similar results were obtained from CL1/A200
cells showing that upregulated E-cadherin and downregulated
fibronectin resulted in less migration and invasion under ZEB1
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Figure 3. Analysis of the pemetrexed-induced metastasis in vitro. The cells of A549 and A549/A400 were added into transwells for 4 h
incubation to determine the migration ability (a) or for 16 h to measure invasion ability (b). The cells of CL1, CL1/A100 and CL1/A200 were
added into transwells for 24 h incubation to determine the migration ability (c) or for 48 h to measure invasion ability (d). Western blot
analyses were applied to examine the associated signaling pathways regulating EMT in A549 and CL1 sublines (e).

Figure 2. Investigation of the pemetrexed-induced metastasis by a mice metastasis model. The cells of A549/A400 and A549 were tail-vein
injected into mice followed by monitoring for 55 days until sacrifice. The lung tissues were examined for tumor metastasis and the weights of
the two groups were recorded and listed (a). H&E and IHC of TS staining were applied to verify the tumors and TS overexpression followed by
pERK, ZEB1, E cadherin and fibronectin detection (b). All five CL1-injected mice were free of tumors and two of the CL1/A200-injected mice
established metastatic tumors, which were stained with H&E and IHC with anti-TS antibody (c).
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inhibition (Supplementary Figures 2g–l). When fibronectin was
inhibited by siRNA (siFN), ZEB1 and E-cadherin levels were not
altered (Figure 5j) but migration (Figure 5k) and invasion

(Figure 5l) were significantly reduced to o50%. Similar data
were demonstrated in CL1/A200 cells (Supplementary Figures 2j–l).
We conclude that pemetrexed-mediated EMT occurs via

Figure 4. Determination of the ERK signaling pathway that regulates pemetrexed-induced EMT by kinase inhibitors. The cells of A549/A400 were
treated with U0126, PD98059 and SB253580 for the indicated time and then harvested for western blot analysis. The phosphorylated ERK and
p38 levels indicated the effects of kinase inhibition. The levels of ZEB1, E-cadherin and fibronectin represent the alteration of EMT upon
phosphorylation inhibition (a). The possible toxicity of kinase inhibitors were measured by MTT assay (b, f). The A549/A400 cells were pretreated
with the indicated kinase inhibitor for 24 h followed by migration assay (c) or invasion assay (d). The CL1/A200 cells were treated with individual
kinase inhibitors for the indicated time, followed by protein detection (e). The kinase inhibitor pretreated CL1/A200 cells were analyzed by
transwell migration assay (g) or invasion assay (h). U0126, PD98059 and SB253580 were purchased from Cell Signaling (Danvers, MA, USA).
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ERK-signaling activation of ZEB1, which downregulates E-cadherin
and upregulates fibronectin to promote EMT in both A549/A400
and CL1/A200 pemetrexed-resistant cancer cells.

To answer whether overexpressed TS also contribute to ERK/
ZEB1-mediated EMT, we used siRNA to inhibit TS in A549/A400
and CL1/A200 cells (Supplementary Figure 3). Inhibition of TS

Figure 5. Inhibition of ERK by siRNA technology to correlate the EMT suppression in pemetrexed-resistant sublines. The cells of A549/A400
were transfected with two different sequences of siRNA to inhibit ERK expression (siERK#1 and siERK#2). After 48 h incubation, the cells were
harvested for pERK, ERK, ZEB1, E-cadherin and fibronectin protein detection (a) or seeded for migration assay (b) and invasion assay (c).
Similarly, the expression of p38 was inhibited by two individual siRNAs and examined (d–f). A mixture of ZEB1 siRNAs were transfected into
A549/A400 cells and the effects of inhibited ZEB1 were analyzed by western blot (g), migration (h) and invasion (i) assays. Similarly, fibronectin
siRNAs were transfected into cells and analyzed (j–l), respectively. A mixed siRNA for ZEB1 (SASI_Hs02_00330526, 00330527, 00330528,
00330529) and fibronectin (SASI_Hs01_00203291, Hs02_00203292, Hs02_00203294, Hs02_00333045) with siC (universal NC control siRNA)
were used. SiRNAs for p38 (#6243 and #6564) were purchased from Cell Signaling.
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expression in pemetrexed-resistant A549/A400 cells by siRNA
resulted in loss of cell proliferation as sub-G1 fraction significantly
increased (Supplementary Figure 3d). The TS-inhibited cells further
reduced migration and invasion (Supplementary Figures 3b and c),
but not the ERK phosphorylation (Supplementary Figure 3a).
The levels of ZEB1, E-cadherin and fibronectin were not altered in
TS-inhibited cells. Inhibition of TS expression in CL1/A200 cells by
siRNA has no major effects on cell proliferation, migration and
invasion (Supplementary Figures 3e–h).

Vinblastine inhibits pemetrexed-resistant tumor growth in a mice
xenograft model and may also inhibit EMT
According to the data listed in Table 1, pemetrexed-resistant
sublines were more sensitive to vincristine than their parental
cells. Therefore, we tested the efficacy of vinblastine in a mice
xenograft model inoculated with A549/A400 cells. Compared with
the PBS or pemetrexed treatment, vinblastine significantly
inhibited the growth of A549/A400 tumors (Figure 6a). We then
examined whether vincristine could also attenuate the phosphor-
ylation of ERK1/2 and suppress EMT. When A549/A400 cells were
treated with vincristine (5 nM) for 24 h, ERK and p-ERK levels
were reduced to 70%. With 48 h treatment, ERK and p-ERK levels
were reduced to 70% and 40% respectively, when correlated with
fibronectin downregulation (Figure 6b). The mRNA levels of ZEB1,
E-cadherin and fibronectin in A549/A400 cells were determined by
RT–PCR (Figure 6c). The mRNA levels of ZEB1 and fibronectin were
reduced, and E-cadherin levels were increased significantly.
Similar results were also obtained from CL1/A200 cells treated
with vincristine (Supplementary Figure 4). The results indicate
that vincristine inhibits the ERK signaling pathway on ERK
expression and activation. Surprisingly, E-cadherin levels were
not correspondingly upregulated when ZEB1 was reduced. We
speculate that vincristine induces A549/A400 cell death. This
might result in E-cadherin degradation. Because pemetrexed-
resistant cells are sensitive to vincristine treatment, it is difficult
to recognize the possible effect on EMT inhibition; therefore, we
used 5 nM of vincristine to treat A549/A400 cells for in vitro
transwell assays. With 24 h of vincristine treatment, the viability
of vincristine-treated cells was maintained at ~ 90% when
compared with untreated cells (Figure 6d). Under a non-lethal
dose of vincristine treatment, the migration of A549/A400 cells
was reduced to 50% (Figure 6e), and the invasion ability was also
reduced to 50% (Figure 6f). These results indicate that vincristine
and vinblastine not only overcome pemetrexed resistance but
also may suppress ERK–ZEB1 regulated metastasis in NSCLC. In
summary, as shown in Figure 6g, we have demonstrated that the
enhanced pemetrexed resistance of EMT is mediated by ERK and
ZEB1, and vinca alkaloids may resolve resistance and reduce
metastasis.

DISCUSSION
Previously, we have identified pemetrexed-mediated apoptosis
associated with the activation of ataxia telangiectasia mutated/
TP53-dependent and -independent signaling pathways, which
promote intrinsic and extrinsic apoptosis.39 However, when lung
cancer cells develop pemetrexed resistance, researchers have yet
to study whether TP53 status could affect the mechanism of
pemetrexed resistance. Up to date, there is no clear evidence
showing how to resolve resistance occurring after pemetrexed
treatment. Our data suggested that the choice of docetaxel to
manage first-line pemetrexed resistance could be suggested and
there is no obvious bias against the status of TP53 in pemetrexed-
resistant sublines of docetaxel sensitivities.
Chemoresistance is usually companied with metastasis that

blocks the efficiency of cancer therapy. Our data demonstrated
that wt-TP53 and mut-TP53 lung cancer cells increased their

metastatic potential after pemetrexed selection. In the mice
metastasis model (Figure 2), enhanced metastasis can be
observed in A549/A400 cells, which developed more tumors in
the lung tissue. In contrast to the highly mobile A549 cells,
CL1 cells showed no metastatic abilities and did not establish any
tumors in mice lungs. Therefore, when low percentage of CL1/
A200 cells established tumors in vivo, it suggested that metastasis
can be induced by pemetrexed resistance. We have shown that
pemetrexed-induced apoptotic cell death is ERK-dependent.40 It is
possible that the surviving cells using high TS expression to
tolerate pemetrexed-activated ERK signaling and resulted in
metastasis. Indeed, the in vitro migration and metastasis assays
further support that pemetrexed-mediated EMT is associated with
ERK/ZEB1 activation and E-cadherin inhibition as well as upregula-
tion of fibronectin (Figure 4). Although p38 also activated
in pemetrexed resistanct cells, this signaling pathway has no effect
on pemetrexed-mediated EMT. Previously, ERK2/FRA1 induce
EMT via regulation of ZEB protein expression has been shown.37

Although the si-RNAs used for ERK1/2 inhibition in our investiga-
tion cannot distinguish ERK1 or ERK2 specifically, our data further
support the importance of this signaling pathway in pemetrexed-
resistant-induced EMT. Activation of ZEB1 to repress E-cadherin
expression has been shown,41 but the association of ZEB1
and fibronectin upregulation is a novel finding. We found that
FRA1 was strongly expressed in A549/A400 but not CL1/A200
cells. We suggest that FRA1 may be a critical ERK pathway
effector regulating EMT-like changes in A549/A400 cells. What
could be the linking factor between ERK and ZEB1 for EMT in CL1/
A200 cells? As relative low FRA1 level was detected in CL1/A200
cells, upregulated ZEB1 expression may be resulted from β-catenin
signaling.42

There are four major vinca alkaloids in clinical use: vinblastine
(VBL), vinorelbine (VRL), vincristine (VCR) and vindesine (VDS). VCR,
VBL and VRL have been approved for use in the United States.43

However, these drugs are a substrate of the ABCB1 (P-gp)
transporter, therefore overexpression of ABCB1 in cancer cells is
considered the major phenotype of multidrug resistance to
vinca alkaloids.44,45 We have shown that vinca alkaloids are
non-cross-resistant to pemetrexed and may be applied to reverse
pemetrexed resistance of NSCLC. A retrospective study to
evaluate the activity and toxicity of VRL administered to a
consecutive series of pemetrexed-pretreated malignant pleural
mesothelioma patients (59 patients) has been reported.46 It
seems that VRL is moderately active in pemetrexed-pretreated
malignant pleural mesothelioma patients, with an acceptable
toxicity profile.
We have suggested that the ERK-mediated pathway is an

important regulator of pemetrexed-induced apoptotic cell death.40

The surviving cancer cells with upregulated TS may enhance EMT
via the ERK/ZEB1 signaling pathway and result in metastasis. Our
study demonstrated that pemetrexed resistance could be relieved
by vinca alkaloids and might be independent to the TP53 status.

MATERIALS AND METHODS
Cell culture
Human lung adenocarcinoma cells CL1 harboring a mutated TP53 gene
(mut-TP53, R248W) were cultured in RPMI-1640 medium with 10% fetal
bovine serum (Gibco, Life Technologies, Carlsbad, CA, USA). Human
adenocarcinoma A549 cells (ATCC, Manassas, VA, USA) harboring wild-type
TP53 (wt-TP53) were maintained as previously described.47

Cytotoxicity assay: MTT assay
Chemosensitivity to pemetrexed was determined using MTT assay. The
detailed steps of MTT assay have been previously described.47 The cells were
exposed to various concentrations of pemetrexed in fresh medium for 72 h.
Mean values were calculated from three independent experiments.
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Protein extraction and western blot analysis
Protein extracts were prepared as described previously.47 Transferred
proteins (10–30 μg) on polyvinylidene difluoride membrane were reacted
with polyclonal anti-TS (Santa Cruz Biotechnology, Santa Cruz, CA, USA),

anti-DHFR, FPGS, GGH (GeneTex, Hsinchu City, Taiwan), anti-β-actin
(NeoMarker, Ferymont, CA, USA), anti-p38, -pERK, -pJNK, -Zeb1,
-E-cadherin, -Fibronectin, -Smad2/3, -p-ATF-2 (Thr71), -FRA1 (Cell Signaling,
Danvers, MA, USA) and anti-Tp53 (DAKO, Glostrup, Denmark) separately,

Figure 6. Vinblastine inhibits mice xenografted A549/A400 tumor growth and vincristine reduces phosphorylation of ERK. The A549/A400
cells were injected subcutaneously. Twelve animals were then randomly divided into three groups (PBS, VBL and pemetrexed). VBL was
obtained from Teva Pharmaceutical Industries Limited (Petah Tikva, Israel). Tumor sizes were measured every 3 days following drug injection
and tumor volume was calculated by the following formula: 0.5 ´ larger diameter (mm) ´ small diameter2 (mm). Due to tumor size variability,
a non-parametric Mann-Whitney U test was applied for statistical analysis. (a). *Po0.05 was considered statistically significant. The effects of
VCR on A549/A400 cells were investigated by western blot analysis (b). The mRNA levels of ZEB1, E-cadherin and fibronectin were analyzed by
RT–PCR (c).The cell viability with VCR (5 nM) was examined by MTT assay (d). The effects of VCR on migration (e) and invasion were
determined (f). A signaling pathway that is regulated by vinca alkaloids in pemetrexed-resistant lung cancer cells is proposed (g).
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followed by conjugation of anti-rabbit or anti-mouse IgG (Santa Cruz
Biotechnology) to horseradish peroxidase.

Inhibition of ERK, ZEB1 and fibronectin by siRNA transfection
The cells (8 ´ 104) were seeded in six-well plates for 16 h. The siRNA
(30 pmol) for ERK (Sigma, siErk#1 SASI_Hs01_00104111; siErk#2
SASI_Hs01_00104113) were transfected with Lipofectamine RNAiMAX
reagent (Invitrogen, Carlsbad, CA, USA) for 4 h and then replaced with
fresh culture medium and incubated for an additional 48 h. The cells were
dissociated by trypsin/EDTA solution and reseeded for migration assay, or
harvested with RIPA buffer for western blots analysis. Similar procedures
were applied to inhibition of ZEB1, fibronectin and p38.

Mice metastasis and xenograft models
Cells were washed and resuspended in PBS. Subsequently, 4- to 6-week-
old SCID mice (n = 5 per group; BioLASCO Taiwan Co., Ltd., Taipei, Taiwan)
were injected in the lateral tail vein with a single-cell suspension
containing 5 × 105 cells of A549 and subline in 50 μl PBS buffer or
2 × 106 cells of CL1 and subline. Mice were killed after 55 days (A549) and
75 days (CL1). All organs were examined for metastasis formation. The
lungs were removed and fixed in 10% formalin fixative. The tumor weights
were measured on a microbalance. The representative lung tumors were
removed, fixed and embedded in paraffin, which was then sectioned into
4 μm layers and stained with H&E for histologic analysis and IHC with the
indicated antibody and photography. The current study was approved by
the Chung Shan Medical University Animal Care Committee (permit
number: 1542) and all efforts were made to minimize suffering. To
establish A549/A400 tumor xenografts, male BALB/c mice were injected
subcutaneously with 5× 106 cells (100 μl in serum-free DMEM) plus 100 μl
Matrigel (BD Biosciences, San Jose, CA, USA). Twelve animals were then
randomly divided into three groups consisting of four animals each. Thirty
days after cell implantation, when the tumor size reached 120 mm3, mice
in each group were intraperitoneally injected with 100 μl PBS and
pemetrexed (100 mg/kg per mouse per week) to serve as controls. The
VBL group was injected with 4.8 mg/kg per mouse per week.

In vitro transwell migration assay
Cell migration assay was carried out in 24-well tissue culture plates filled
with 1.5 ml DMEM (for A549 cells) or RPMI (for CL1 cells) containing 10%
FBA with a 8-μm transwell filter membrane (Thermo Fisher, Waltham, MA,
USA). The group of A549 cells (2 × 104 cells/100 μl) in DMEM containing
0.5% FBS were added to transwell plates and incubated in 5% CO2 at 37℃
for 4 h. We fixed the cells on the lower side of the insert filter quickly with
ice-cold methanol for 30 min. The cells were dried at room temperature
and then were stained with 20% Giemsa solution (Merck KGaA, Darmstadt,
Germany) overnight. Once stained, the cells were observed by using the
optical microscope and photography. Similar procedures were applied to
CL1 cells (5 × 104 cells/100 μl) incubated for 24 h.

In vitro transwell matrigel invasion assay
Invasion of tumor cells was evaluated with procedures similar to those of
migration assay with matrigel (BD Biosciences cat. no. 354234) added. In
medium-containing plates with a membrane, 0.5 μg/150 μl of matrigel for
A549 cells and 0.2 μg/150 μl of matrigel for CL1 cells were added and
polymerized at 37℃ for 3 h. The groups of A549 cells (2 × 104 cells/100 μl)
were incubated for 16 h and CL1 cells (5 × 104 cells/100 μl) were incubated
for 48 h. After the indicated time, non-invasive cells were gently removed
from the top of the matrigel with a cotton-tipped swab. Invasive cells were
fixed in ice-cold methanol, stained with 20% Giemsa solution and counted
under a microscope. Results were averaged from three independent
experiments.

Statistical analysis
All values are presented as mean± s.d. Data were compared among groups
using a t-test and *Po0.05 is considered statistically significant.
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