
JPET#179663 

 1

Title Page 

Up-regulation of ERK1/2-dependent thymidylate synthase and thymidine 

phosphorylase contributes to cisplatin resistance in human non-small cell lung 

cancer cells 

Jen-Chung Ko, Min-Shao Tsai, Yu-Fan Chiu, Shao-Hsing Weng, Ya-Hsun Kuo, and 

Yun-Wei Lin 

Department of Internal Medicine, Hsinchu Hospital, Department of Health, The 

Executive Yuan, Taiwan (J.C.K.); and Molecular Oncology Laboratory, Department of 

Biochemical Science and Technology, National Chiayi University, Chiayi, Taiwan 

(M.S.T., Y.F.C., S.H.W., Y.H.K., Y.W.L.) 

 

 

 JPET Fast Forward. Published on March 28, 2011 as DOI:10.1124/jpet.111.179663

 Copyright 2011 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2011 as DOI: 10.1124/jpet.111.179663

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#179663 

 2

Running Title Page 

Running title: Role of TS and TP in cisplatin sensitivity 

Correspondence should be addressed to: Yun-Wei Lin, Molecular Oncology 

Laboratory, Department of Biochemical Science and Technology, National Chiayi 

University, Chiayi 600, Taiwan; Telephone: 886-5-271-7770; Fax: 886-5-271-7780; 

E-mail: linyw@mail.ncyu.edu.tw 

Number of text pages: 43 

Number of figures: 6  

Number of references: 47 

Number of words in Abstract: 230 

Number of words in Introduction: 654  

Number of words in Discussion: 928 

Abbreviations: ALLN, N-acetyl-Leu-Leu-norleucinal; CI, combination index; ERK1/2, 

extracellular signal-regulated kinase-1/2; MAPK, mitogen-activated protein kinase; 

siRNA, small interfering RNA. 

A recommended section: Toxicology 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2011 as DOI: 10.1124/jpet.111.179663

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#179663 

 3

ABSTRACT 

Chemotherapy for advanced human non-small cell lung cancer (NSCLC) includes 

platinum-containing compound such as cisplatin in combination with a second- or 

third-generation cytotoxic agents. 5-Fluorouracil (5-FU) belongs to anti-metabolite 

chemotherapeutics, and its mechanism of cytotoxicity is involved in inhibition of 

thymidylate synthase (TS). TS and thymidine phosphorylase (TP) are key enzymes of the 

pyrimidine salvage pathway. In this study, we have examined the molecular mechanism 

of TS and TP in regulating the drug sensitivity to cisplatin in NSCLC cell lines. Cisplatin 

could increase the phosphorylation of MKK1/2-ERK1/2 and the protein levels of TS and 

TP through enhancing the protein stability in A549 and H1975 cells. Blocking ERK1/2 

activation by MKK1/2 inhibitor (U0126) decreased TS and TP protein levels in both cell 

lines treated with cisplatin. Depletion of endogenous TS or TP expression by specific 

small interfering RNA transfection significantly increased cisplatin-induced cell death 

and growth inhibition. Combined treatment with 5-FU could decrease cisplatin-induced 

ERK1/2 activation and the induction of TS and TP, which subsequently resulted in 

synergistic cytotoxic effects. Enforced expression of constitutive active MKK1/2 vectors 

rescued the protein levels of phospho-ERK1/2, TS and TP, and the cell viability which 

were decreased by cisplatin and 5-FU combination. In contrast, U0126 enhanced the drug 
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sensitivity to cisplatin and/or 5-FU in lung cancer cells. In conclusion, the up-regulation 

of ERK1/2-dependent TS and TP can protect human lung cancer cells from 

cisplatin-induced cytotoxicity. 
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Introduction 

Non-small cell lung cancer (NSCLC) accounts for more than 80% of all lung cancers. 

The majority of people diagnosed with NSCLC are unsuitable for surgery due to the 

majority of patients with NSCLC presenting with a locally advanced stage which is 

inoperable, or with distal metastatic diseases (Massarelli and Herbst, 2006). The current 

first-line therapeutic option for patients with advanced NSCLC includes chemotherapy 

with a platinum-containing compound such as cisplatin in combination with second- or 

third-generation cytotoxic agents (Pfister et al., 2004). Cisplatin is a DNA-damaging 

anti-tumor agent; it reacts with DNA to form intra-strand and inter-strand cross-links 

(Kelland, 2007), and cellular response to cisplatin exposure includes activation of 

multiple signal transduction pathways and enhancement of DNA repair processes 

(Persons et al., 1999). The use of cytotoxic chemotherapies has resulted in improvements 

in both median overall survival and one-year survival rates compared with best 

supportive care (Schiller et al., 2002). However, drugs resistance and toxicities associated 

with chemotherapy are major impediments affecting their efficacy (Stewart, 2007).  

Thymidylate synthase (TS), an essential enzyme for the de novo synthesis of dTMP, is 

a therapeutic target of the chemotherapeutic drugs, including 5-fluorouracil (5-FU) and 

capecitabine (prodrug of 5-FU) (Longley et al., 2003). Previous studies showed that 
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higher TS levels were associated with poor prognosis in NSCLC patients (Huang et al., 

2000). Preclinical and clinical studies have demonstrated a strong association between 

increased TS expression and development of resistance to 5-FU (Farrugia et al., 2003; 

Longley et al., 2003). Despite extensive studies of TS for many decades, the mechanisms 

regulating TS expression, and its role in chemo-resistance to cisplatin in human NSCLC 

cells still remain unclear.  

Thymidine phosphorylase (TP), also known as platelet-derived endothelial cell growth 

factor (PD-ECGF), is an enzyme of the pyrimidine salvage pathway, which is 

up-regulated in colorectal and breast cancers (Friedkin and Roberts, 1954). TP expression 

is correlated with reduced apoptosis in a wide variety of solid tumors, including colon 

(Matsuura et al., 1999), gastric (Ikeguchi et al., 2001a), esophageal (Ikeguchi et al., 

2001b) and oral squamous cell carcinomas (Yao et al., 2002). TP expression can suppress 

apoptosis induced by DNA damage agents, microtubule-interfering agents, hypoxia and 

Fas ligands (Mori et al., 2002; Jeung et al., 2005; Jeung et al., 2006). However, TP exerts 

these protective effects independent of its enzymatic activity (Mori et al., 2002; Ikeda et 

al., 2003; Jeung et al., 2005). Elevated levels of TP are associated with poor prognosis 

(Mori et al., 2000), angiogenesis, invasion, metastasis, and shorter patient survival 

(Sivridis et al., 2002; Toi et al., 2005). 
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Extracellular signal-regulated kinase1/2 (ERK1/2) has been reported to play a role in 

cisplatin-mediated cytotoxicity in carcinoma cells (Siddik, 2003). Activated ERK1/2 is a 

downstream component of an evolutionarily conserved signaling module that can be 

translocated to the nucleus, where it phosphorylates and regulates various transcription 

factors, ultimately leading to changes in gene expression (Roberts and Der, 2007). 

Whether ERK1/2 signal is involved in regulating TS and TP expression in 

cisplatin-exposed NSCLC is still unknown. 

Resistance to chemotherapeutic agents is believed to be a major cause of treatment 

failure in lung cancer. Thus, it is necessary to explore alternative therapeutic modalities to 

overcome drug resistance in the treatment for lung cancer. The aim of this study was to 

investigate whether TS or TP played a role in chemo-resistance to cisplatin in NSCLC 

cells, and whether MKK1/2-ERK1/2 pathway was involved in regulation of the 

expression of TS and TP. Using A549 and H1975 human lung cancer cell lines, we found 

that increased TS and TP expression was correlated with drug resistance to cisplatin. In 

addition, combined treatment with cisplatin and 5-FU could down-regulate the 

expressions of TS and TP, and subsequently result in synergistic cytotoxic effects in 

NSCLC cells. These observations imply that combined treatments with cisplatin and TS 

inhibitors (5-FU or capecitabine), or knockdown TP expression may be a rational and 
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novel cisplatin based therapeutic strategies in the treatment of human NSCLC cancer. 
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Materials and Methods 

Cell lines and reagents. Human lung adenocarcinoma bronchioloalveolar carcinoma 

A549 cells and lung carcinoma cell line H1975 were obtained from the American Type 

Culture Collection (Manassas, VA) and cultured at 37°C in a humidified atmosphere 

containing 5% CO2 in RPMI-1640 complete medium supplemented with sodium 

bicarbonate (2.2%, w/v), L-glutamine (0.03%, w/v), penicillin (100 units/mL), 

streptomycin (100 µg/mL), and fetal calf serum (FCS) (10%).  

Cisplatin and 5-FU were obtained from Bristol-Myers Squibb (New York, NY) and were 

prepared in saline prior to use. Capecitabine was obtained from Roche. Cycloheximide 

and actinomycin D were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

N-acetyl-Leu-Leu-norleucinal (ALLN), MG132, and U0126 were purchased from 

Calbiochem-Novabiochem (San Diego, CA, USA). Actinomycin D, ALLN, MG132, and 

U0126 were dissolved in dimethyl sulfoxide (DMSO). Cycloheximide was dissolved in 

Milli-Q-purified water (Millipore, Billerica, MA, USA). 

Western blot analysis. After the different treatments, equal amounts of protein from 

each set of experiments were subjected to western blot analysis as previously described 

(Ko et al., 2009). The specific phospho-ERK1/2 (Thr202/Tyr204) and 

phospho-MKK1/2 (Ser217/Ser221), antibodies were purchased from Cell Signaling 
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(Beverly, MA, USA). The TS(TS-106) (sc-33679), PD-ECGF(PGF-44C) (sc-47702), 

ERK2(K-23) (sc-153), HA(F-7) (sc-7392), and Actin(I-19) (sc-1616) antibodies were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Small interfering RNA (si-RNA) transfection. The sense-strand sequences of siRNA 

used were as follows: TP: 5′-AUAGACUCCAGCUUAUCCA-3′; TS: 

5′-GCACAUAUUUACCUGAAUC-3′, and scrambled (as a control): 

5′-GCGCGCUUUGUAGGATTCG-3′ (Dharmacon Research, Lafayette, CO). Cells were 

transfected with siRNA duplexes (200 nM) with Lipofectamine 2000 (Invitrogen) for 24 

h.  

Plasmid and Transfection. Plasmid transfection of MKK1-CA (a constitutively active 

form of MKK1, ΔN3/S218E/S222D) and MKK2-CA (a constitutively active form of 

MKK2, ΔN4/S222E/S226D) was achieved as previously described (Ko et al., 2009). 

Exponentially growing human lung cancer cells (106) were plated for 18 h and the 

MKK1/2-CA expression vectors were transfected into cells using Lipofectamine 

(Invitrogen) before cisplatin and 5-FU treatment.  

Reverse Transcription-PCR. Total RNA was extracted from drugs treated NSCLC cells 

with TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized by using random 

hexamers following the Moloney murine leukemia virus reverse transcriptase cDNA 
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synthesis system (Invitrogen). The final cDNA was used for subsequent PCRs. TP was 

amplified by using the primers with the sequence 5'-GGCATGGATCTGGAGGAGAC-3' 

(forward) and 5'-CTCTGACCCACGATACAGCA-3' (reverse) in conjunction with a 

thermal cycling program consisting of 40 cycles of 95°C for 30 s, 59°C for 30 s, and 

72°C for 30 s. TS was amplified by using the primers with the sequence 

5'-ACCAACCCTGACGACAGAAG-3' (forward) and 

5'-ATGCGGATTGTACCCTTCAA-3' (reverse) in conjunction with a thermal cycling 

program consisting of 28 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was amplified as an internal 

control. The GAPDH primers were 5′-CTACATGGTTTACATGTTCC-3′ (forward) and 

5′-GTGAGCTTCCCGTTCAGCTCA-3′ (reverse). Expression of GAPDH was used as a 

control to measure the integrity of the RNA samples. 

Quantitative real-time PCR. PCRs were performed using an ABI Prism 7900HT 

according to the manufacturer's instructions. Amplification of specific PCR products was 

detected using the SYBR Green PCR Master Mix (Applied Biosystems). The designed 

primers in this study were: TP forward primer, 5'- AGCTGGAGTCTATTCCTGGATT 

-3'; TP reverse primer, 5'- GGCTGCATATAGGATTCCGTC -3'; TS forward primer, 5'- 

ACTGCAAAGAGTGATTGACACC -3', TS reverse primer, 5'- 
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CACTGTTCACCACATAGAACTGG -3'; GAPDH forward primer, 5'- 

CATGAGAAGTATGACAACAGCCT -3'; GAPDH reverse primer, 5'- 

AGTCCTTCCACGATACCAAAGT -3'. For each sample, the data were normalized to 

the housekeeping gene GAPDH (Yeh et al., 2009).  

Measurement of cell viability. In vitro MTS assay. Cells were cultured at 5000 per well 

in 96-well tissue culture plates. To assess cell viability, drugs were added after plating. At 

the end of the culture period, 20 µL of MTS solution (CellTiter 96 Aqueous One Solution 

Cell Proliferation Assay; Promega, Madison, WI, USA) was added, the cells were 

incubated for a further 2 h, and the absorbance was measured at 490 nm using an ELISA 

plate reader (Biorad Technologies, Hercules, CA). 

Colony-forming ability assay. Immediately after the si-RNA transfection and cisplatin 

treatment, cells were washed with phosphate-buffered saline and trypsinized for the 

determination of cell numbers. The cells were plated at a density of 200–5000 cells on a 

60 mm-diameter Petri dish in triplicate for each treatment. The cells were cultured for 

10–14 days, and the cell colonies were stained with 1% crystal violet solution in 30% 

ethanol. Cytotoxicity was determined by the number of colonies in the treated cells 

divided by the number of colonies in the untreated control. 

Combination index analysis. The cytotoxicity induced by the combined treatment with 
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cisplatin and capecitabine/5-FU was compared with the cytotoxicity induced by each 

drug using the combination index (CI), where CI < 0.9, CI = 0.9–1.1, and CI > 1.1 

indicate synergistic, additive, and antagonistic effects, respectively. The combination 

index analysis was performed using CalcuSyn software (Biosoft, Oxford, UK). The mean 

of CI values at a fraction affected (FA) of 0.90 and 0.75 were averaged for each 

experiment, and the values were used to calculate the mean between the three 

independent experiments. 

Trypan blue dye exclusion assay. Cells were treated with cisplatin and/or 

5-FU/capecitabine for 24 h. In each preparation, the cell viability of lung cancer cells was 

determined by the trypan blue dye exclusion assay; this dye was excluded by living cells 

and only penetrated the cell membrane of dead cells. The proportion of dead cells was 

determined by using a hemocytometer to count the number of stained cells. 
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Results 

TS and TP protein levels are increased after cisplatin exposure. To evaluate the role 

of TS and TP in regulating the cisplatin-induced cytotoxicity in NSCLC cell lines, A549 

and H1975 cells were exposed to various concentrations of cisplatin (2–12 μg/mL) for 24 

h. Protein levels of TS and TP were determined by western blot analysis. Cisplatin 

significantly increased the protein levels of TS and TP (Fig. 1A). Moreover, western blot 

analysis using phosphospecific antibodies indicated an increase of MKK1/2-ERK1/2 

phosphorylation after cisplatin treatment for 24 h in the two cell lines (Fig. 1A), whereas 

no differences in endogenous unphosphorylated-ERK1/2 were observed. To elucidate the 

mechanisms responsible for the elevated TS and TP expression levels observed in 

NSCLC cell lines, we further confirmed the expression of TS and TP mRNA by RT-PCR. 

As shown in Fig. 1B, cisplatin could induce TS mRNA level, but not the TP mRNA 

expression. 

ERK1/2 activation is correlated with enhanced protein levels of TS and TP induced 

by cisplatin. Next, we determined whether the MKK1/2-ERK1/2 signaling pathway was 

involved in the regulation of TS and TP protein expression in cisplatin-exposed NSCLC 

cells. The A549 and H1975 cells were treated with MKK1/2 inhibitor U0126 and various 

concentrations of the cisplatin for 24 h. As shown in Fig. 1C, cisplatin enhanced ERK1/2 
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phosphorylation, and the TS and TP protein levels were significantly decreased by U0126 

treatment. Additionally, various concentrations of U0126 treatment could decrease the 

basal protein levels of phopho-ERK1/2, TS, and TP (Fig. 1D). We also explored the 

mechanisms that were involved in TS and TP protein expressions induced by cisplatin. In 

Fig. 1B, TS mRNA was up-regulated by cisplatin. Next, we analyzed whether the 

MKK1/2-ERK1/2 signal pathway was involved in TS gene transcription in 

cisplatin-exposed human lung cancer cells. The expression of TS mRNA in response to 

U0126 and/or cisplatin treatment was examined by RT-PCR and real-time PCR analysis 

(Figs. 1E and F). Interestingly, U0126 treatment could demonstrate a slight but not 

statistically significant down-regulation for TS mRNA expression induced by cisplatin in 

both NSCLC cell lines, suggesting that ERK1/2 may not play a major role in regulating 

TS gene expression under this condition. However, the basal expression of TS mRNA in 

both cells lines was suppressed by U0126 (Figs. 1E and F). In addition, U0126 did not 

affect basal TP mRNA expression (Fig. 1E). Taken together, these data show that in 

cisplatin-treated NSCLC cells, the activation of the MKK1/2-ERK1/2 signaling pathway 

correlated with the induction of TS and TP proteins, but not the mRNA expression of TS 

or TP. 

ERK1/2 inactivation down-regulates the protein, but not the mRNA stability of TS 
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and TP in cisplatin-exposed NSCLC cells. Next, we examined the possible mechanisms 

for posttranscriptional regulation of TS and TP transcripts under cisplatin treatment. To 

evaluate the mRNA stability of TS and TP in cisplatin-exposed lung cancer cells, we 

treated these cells with actinomycin D to block de novo RNA synthesis, and then 

measured the levels of the existing TS and TP mRNA by RT–PCR at 6 and 12 h after 

treatment. As shown in Fig. 2A, cisplatin treatment had higher TS mRNA remained after 

co-treatment with actinomycin D when compared with control cells, indicated that 

cisplatin could increase the mRNA stability of TS mRNA. However, U0126 did not 

affect the TS mRNA stability induced by cisplatin (Fig. 2B). Consistent with our previous 

results, cisplatin did not affect the TP mRNA stability (Fig. 2A). Furthermore, the protein 

synthesis inhibitor, cycloheximide, was added to culture media to evaluate the protein 

degradation rate of TS and TP. We found that when NSCLC cell lines were treated with 

cisplatin, the protein degradation rate of TS and TP markedly decreased compared to 

non-treated cells (Fig. 2C). Interestingly, U0126 co-treated with cisplatin induced protein 

instability of TS and TP when compared with cisplatin treatment alone (Fig. 2D). 

Together, ERK1/2 activation contributed the up-regulation of the protein, but not the 

mRNA stability of TS and TP in cisplatin-exposed NSCLC cells. 

Knockdown of either TS or TP expression by siRNA transfection sensitizes NSCLC 
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cells to cytotoxicity induced by cisplatin. To directly address the role of TS or TP in 

cisplatin resistance, the effects of TS or TP knockout by siRNA transfection on 

cisplatin-induced cytotoxicity were determined by MTS assays. In Fig. 3A, total levels of 

TS or TP in cells transfected with specific siRNA decreased significantly compared with 

oligos-transfected cells, indicating that TS or TP siRNA was sufficient to knock down TS 

or TP expression. Furthermore, cisplatin-induced ERK1/2 phosphorylation was not 

affected in cells transfected with TS or TP siRNA (Fig. 3A), suggesting that ERK1/2 

indeed was the upstream signal in regulating TS and TP expression induced by cisplatin. 

The cytotoxicity was assessed using the MTS and colony-forming ability assay (Figs. 3B 

and C). The suppression of TS or TP protein expression by si-TS or si-TP RNA markedly 

increased the sensitivity of cells to cisplatin as compared to si-control RNA transfected 

cells (Figs. 3B and C). For example, in Fig. 3B, when treatment with concentration of 10 

μg/mL cisplatin, about 70% of A549 cells tranfected with control siRNA survived. 

Interestingly, there was about a 20% or 10% increase in cell death in A549 cells 

transfected with TS or TP siRNA, respectively.  

Furthermore, specific siRNA to TS or TP was transfected in A549 and H1975 cells, and 

these cells were exposed to cisplatin treatment for 0–4 days, then the cell survival was 

determined by trypan blue dye exclusion assay. In Fig. 3D, knockdown TS or TP 
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expression displayed an increased cell death induced by cisplatin compared with control 

cells. Taken together, these data suggest that, in the human NSCLC cells, TS or TP is a 

pivotal protein to affect drug resistance to cisplatin. 

5-FU enhances the cytotoxic effect induced by cisplatin in NSCLC cells. In advanced 

NSCLC, TP expression was associated with tumor response to TP-targeted therapy (such 

as fluoropyrimidines) (Han et al., 2005). In addition, TS is a therapeutic target of the 

chemotherapeutic drugs, including 5-FU and capecitabine (prodrug of 5-FU) (Longley et 

al., 2003). Therefore, we investigated the combined effects of cisplatin and 

5-FU/capecitabine on cell viability. When NSCLC cells were treated with cisplatin and/or 

5-FU/capecitabine for 24 h, the viable cells were evaluated by the MTS and trypan blue 

exclusion assays. In Figs. 4A and B, these two NSCLC cells lines exhibited a significant 

decrease in cell viability when the cells were co-treated with cisplatin and 5-FU or 

capecitabine. Similar phenomena were observed when cell death was measured by trypan 

blue exclusion assay (Figs. 4C and D). Additionally, the mean values of combination 

index (CI) indicated the synergistic effect of the cisplatin-5-FU and cisplatin-capecitabine 

(Fig. 4E). Both 5-FU and capecitabine could significantly enhance cisplatin-induced cell 

growth suppression in NSCLC cells (Fig. 4F). 

5-FU decreases the protein levels of phosphorylated ERK1/2, TS, and TP induced by 
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cisplatin. Next, we examined the combined effects of cisplatin and 5-FU on the 

expression of TS and TP, and compared with each separated treatment. As shown in Fig. 

5A, cisplatin–induced phosphorylation of ERK1/2 and protein expressions of TS and TP 

was suppressed by 5-FU (Fig. 5A). However, 5-FU did not affect the TS and TP mRNA 

levels which were affected by cisplatin (Figs. 5B and C). Next, we examined the possible 

mechanisms for posttranslational regulation of TS and TP protein. To evaluate the protein 

stability of TS and TP in NSCLC treated with cisplatin and 5-FU, we treated lung cancer 

cells with cycloheximide to block de novo protein synthesis, and then measured the 

existing TS and TP proteins by western blotting analysis at 6, 12, and 18 h after treatment. 

As shown in Fig. 5D, 5-FU could decrease the protein stability of TS and TP in NSCLC 

treated with cisplatin. 

TS and TP protein instability is associated with 26S proteasome-mediated 

proteolysis in NSCLC cells treated with cisplatin and 5-FU. To investigate whether the 

26S proteasome was involved in the 5-FU-induced degradation of TS and TP proteins, 

the 26S proteasome inhibitors MG132 and ALLN were added with cisplatin and 5-FU to 

NSCLC cells. As shown in Fig. 5E, both MG132 and ALLN restored the TS and TP 

protein levels that had been decreased by cisplatin and 5-FU. These results revealed that 

26S proteasome-mediated proteolysis was the mechanism of TS and TP protein 
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instability enhanced by cisplatin and 5-FU in NSCLC cells. 

Influence of ERK1/2 inactivation on the regulation of TS and TP protein expression 

under cisplatin and 5-FU co-treatment. Our results have demonstrated that 

cisplatin-induced expression of TS and TP is correlated with ERK1/2 activation. We next 

tested whether 5-FU-dependent ERK1/2 inactivation is essential for synergistic 

cytotoxicity induced by cisplatin and 5-FU. The NSCLC cells were transfected with 

MKK1/2-CA (constitutive active MKK1/2) vectors, and then treated with cisplatin and 

5-FU for 24 h. As shown in Fig. 5F, phosphorylation levels of ERK1/2 were higher in 

MKK1-CA or MKK2-CA-transfected A549 cells versus pcDNA3-transfected A549 cells. 

MKK1/2-CA transfection also could rescue the phosphorylated ERK1/2, TS, and TP 

protein levels decreased by treatment with cisplatin and 5-FU (Fig. 5F). Moreover, 

MKK1/2-CA could increase the basal TS and TP protein expression. These findings 

indicated that the ERK1/2 inactivation was involved in the down-regulation of the 

expression of TS and TP.  

Cisplatin and 5-FU/capecitabine-induced cytotoxicity is abrogated in MKK1/2-CA 

overexpressed NSCLC cells. To evaluate the effects of ERK1/2 activation on cell 

survival suppressed by cisplatin and 5-FU/capecitabine, the lung cancer cells lines were 

transfected with MKK1/2-CA vectors, followed by treatment with cisplatin and/or 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2011 as DOI: 10.1124/jpet.111.179663

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#179663 

 21

5-FU/capecitabine. Cell viability was assessed by MTS assay. Transfection with 

MKK1/2-CA vectors enhanced cell survival which was suppressed by cisplatin and/or 

5-FU/capecitabine in A549 and H1975 cells (Fig. 6A). These results suggest 5-FU could 

enhance the cytotoxicity in cisplatin-exposed NSCLC cells through the inhibition of the 

MKK1/2-ERK1/2 pathway. 

Inactivation of MKK1/2-ERK1/2 pathway by U0126 leads to enhance cytotoxicity 

induced by cisplatin and 5-FU. We investigated whether ERK1/2 inactivation would 

promote the cytotoxic effect induced by cisplatin and 5-FU/capecitabine co-treatment. 

When cells were co-treated with MKK1/2 inhibitor U0126, the MTS assays showed a 

marked decrease in cell viability in A549 and H1975 cells treated with cisplatin and 

5-FU/capecitabine (Fig. 6B). These results indicate that ERK1/2 has protective effects 

against the cytotoxicity induced by cisplatin and 5-FU/capecitabine in NSCLC cell lines. 
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Discussion 

In this study, we reported that TS and TP are important determinants of drug resistance to 

cisplatin in NSCLC cells. Cisplatin induces TS and TP expression, which is correlated 

with the activation of ERK1/2. Importantly, silencing of TS or TP expression sensitized 

human lung cancer cells to cisplatin-induced cytotoxicity. Combination with cisplatin and 

5-FU decreased the ERK1/2 activation and protein expression of TS and TP, leading to 

synergistic cytotoxic effects. Blocking ERK1/2 activation by MKK1/2 inhibitor could 

enhance the drug sensitivity to cisplatin and 5-FU. In contrast, over-expression of 

MKK1/2-CA protected human lung cancer cells from cisplatin and/or 5-FU-induced 

cytotoxicity. Taken together, our results suggest that ERK1/2 dependent TS and TP 

up-regulation is required for drug resistance to cisplatin in NSCLC cells. 

The development of cisplatin resistance is a complex phenomenon involving multiple 

alterations, such as reduction of intracellular drug accumulation, increased DNA damage 

repair, up-regulation of anti-apoptotic genes (Manic et al., 2003; Siddik, 2003). Moreover, 

activation of survival-associated signal transduction pathways influences the cellular 

response to cisplatin treatment (Hanahan and Weinberg, 2000). For example, kinase 

suppressor of Ras1 (KSR1), a positive regulator of the Ras signaling cascade, exists in 

murine embryonic fibroblasts (MEFs) and MCF-7 human breast cancer cells, and acts as 
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a determinant of cellular response to cisplatin. KSR1 overexpression enhances the 

activation of ERK1/2 induced by cisplatin, and is associated with increased cellular 

sensitivity to cisplatin (Kim et al., 2005). In A549 lung carcinoma cells, targeting ATF3 

with specific siRNA also attenuated the cytotoxic effects of cisplatin. Similarly, ATF3−/− 

MEFs were shown to be less sensitive to cisplatin-induced cytotoxicity compared with 

ATF3+/+ MEFs (St Germain et al., 2010). In this present study, we first demonstrated that 

cisplatin could induce TS and TP expression through the activation of ERK1/2. 

Importantly, we found that knocking down the expression of TS or TP sensitize lung 

cancer cells to cisplatin-induced cytotoxicity. These findings indicate that up-regulation 

of TS and TP expression plays an important role in counteracting the cytotoxic effect 

induced by cisplatin. 

5-FU is a chemotherapeutic agent used to treat several malignancies, including 

colorectal, ovary, breast, head and neck cancers (Seiple et al., 2006). 5-FU requires 

passive cellular uptake and conversion to its active forms before exerting its cytotoxic 

effects (Meyers et al., 2003). It inhibits cancer cell growth and initiates apoptosis by 

direct incorporation of 5-FU metabolites into DNA and RNA (Ghoshal and Jacob, 1997). 

5-FU sensitivity and patient’s survival are inversely related to the level of TS protein and 

enzyme activity in cancer cells, and 5-FU-resistant tumors commonly express high levels 
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of TS protein (Wang et al., 2001; Peters et al., 2002). Moreover, 5-FU chemo-resistance 

can be reversed through indirect TS suppression by inhibiting Src tyrosine kinase. A 

potential mechanism of Src kinase inhibitors on 5-FU chemo-sensitivity might be linked 

to the inhibition of 5-FU-induced EGFR–AKT activation (Ischenko et al., 2008). In this 

study, TS protein is induced by cisplatin via the MKK1/2-ERK1/2 pathway. However, 

the increase of TS transcripts by cisplatin is ERK1/2 independent manner.  

Previous studies have been reported that TP could protect cells from apoptosis induced 

by cisplatin, hypoxia, or Fas ligand (Mori et al., 2002; Ikeda et al., 2003). In addition, 

hypoxia, low pH, X-ray radiation and chemotherapeutic agents, including 

cyclophosphamide, oxaliplatin and taxanes could increase TP protein levels in various 

human tumors (Sawada et al., 1998; Toi et al., 2005). TP transcription is controlled by the 

Sp1 and STAT (signal transducers and activators of transcription 1) transcription factors 

(Goto et al., 2001; Zhu et al., 2002). In this study, cisplatin did not affect the mRNA 

expression of TP, however, it could up-regulate the expression of TP protein through 

enhancing protein stability, which was prevented by U0126, a MKK1/2 inhibitor. 

Knockdown of TP expression could enhance the cytotoxic effect induced by cisplatin in 

NSCLC cells. Therefore, we suggest that TP protects lung cancer cells from the 

cisplatin-induced cytotoxicity. Until now, there are still no effective TP inhibitors 
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available clinically, although several drugs have been tested pre-clinically and clinically 

(Paulino et al., 2005). 

ERK1/2 activation results in phosphorylation of many intracellular proteins that 

regulate various cellular functions ranging from proliferation, differentiation to apoptosis 

(Peyssonnaux and Eychene, 2001). Cisplatin can activate ERK1/2 in various cell types. 

Some studies have shown that activation of ERK1/2 is associated with an increase in cell 

survival in cisplatin-treated cells (Hayakawa et al., 1999; Persons et al., 2000; DeHaan et 

al., 2001). Our study demonstrated that cisplatin-induced ERK1/2 activation participates 

in protection from cisplatin-mediated cytotoxic effect in NSCLC. In ovarian cancer cells, 

cisplatin-induced ERK1/2 activation increases cell survival (Hayakawa et al., 1999; 

Persons et al., 2000; DeHaan et al., 2001). In addition, down-regulation of AKT using 

siRNA also enhances the chemo-sensitivity of NSCLC cells and NCI-H460 to cisplatin 

(Lee et al., 2008). However, other studies have suggested that ERK1/2 signaling pathway 

plays a role in induction of apoptosis by cisplatin (Wang et al., 2000). For example, 

ERK1/2 activation is required for the cisplatin-induced apoptosis of renal epithelial cells, 

and ERK1/2 mediates the mitochondria-dependent apoptosis by Bax expression (Kim et 

al., 2005). In addition, inhibition of cisplatin-induced ERK1/2 activation enhances 

sensitivity to cisplatin in both cisplatin sensitive and cisplatin-resistance ovarian cells 
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carcinoma cell lines (Cui et al., 2000). These studies indicate the role of ERK1/2 pathway 

in cisplatin-induced cytotoxic effects may vary with cell types, drug concentrations and 

exposure times, and the intensity of ERK1/2 activity. 

Taken together, our results identify a new mechanism that MKK1/2-ERK1/2-TP/TS 

signaling pathway is responsible for cisplatin resistance, and suggest that targeting the 

ERK1/2-TP/TS signaling pathway may overcome cisplatin resistance in human lung 

cancer. 
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Figures legends 

Fig. 1. Protein levels of phospho-MKK1/2, phospho-ERK1/2, TS, and TP were induced 

by cisplatin in an ERK1/2 dependent manner. A, A549 or H1975 cells were treated with 

cisplatin (2–12 μg/mL) in complete media for 24 h. Cells were then extracted for the 

determination of phospho-MKK1/2, phospho-ERK1/2, TS, TP, and ERK1/2 protein 

levels by western blotting. B, after the same treatment described in A, total RNA was 

isolated and subjected to RT-PCR for TS and TP. C, cells were exposed to cisplatin (2–12 

μg/mL) and U0126 (5 μM) for 24 h. D, cells were treated with various concentrations of 

U0126 for 24 h. Cells were then extracted for western blotting. E, cells were exposed to 

cisplatin (12 μg/mL) in the presence or absence of U0126 (5 μM) for 24 h. After the 

treatment, total RNA was isolated and subjected to RT-PCR for TS and TP. F, expression 

levels of TS and TP genes were determined by real-time PCR. The results from different 

cell lines treated with or without U0126 were compared. ** P < 0.01 (Student’s t-test). ns, 

not significantly different between cells treated with cisplatin alone or co-treated with 

U0126. 

Fig. 2.  U0126 decreased cisplatin-induced TS and TP protein, but not mRNA stability 

in NSCLC cells. A and B, cells were exposed to cisplatin (10 μg/mL) alone or with 

U0126 (5 μM) for 12 h in the presence or absence of actinomycin D (2 µg/mL) for 6 or 
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12 h. After the treatment, total RNA was isolated and subjected to RT-PCR for TS and TP 

transcripts. C and D, cells were treated with cisplatin (10 µg/mL) alone or cotreated with 

U0126 (5 μM) for 18 h, followed by the addition of cycloheximide (50 µg/mL) for 6, 12, 

and 18 h. Whole-cell extracts were collected for western blotting analysis of TS and TP 

protein levels. 

Fig. 3. Knockdown of TS and TP expression by siRNA transfection enhances 

cisplatin-induced cell death. A, A549 and H1975 cells were transfected with siRNA 

duplexes (200 nM) specific to TS, TP or scrambled control in complete medium for 24 h 

prior to treatment with cisplatin (2–12 μg/mL) for 24 h. Whole cell extracts were 

collected for western blot analysis using specific antibodies against TS and TP, 

phosho-ERK1/2, and ERK1/2. B and C, cell viability was determined using the MTS 

assay and colony-forming ability assay. The results (mean ± SEM) were obtained from 

three independent experiments. D, after the cells were transfected with si-TS and TP or 

si-scrambled RNA, the cells (104 cells/dish) were seeded in 60-mm dishes. After 18 h, the 

cells were treated with or without cisplatin (1 μg/mL) for 1–4 d. The surviving cells were 

counted after staining with trypan blue for each of these days, in triplicate. The results 

(mean ± SEM) were from four independent experiments. ** denote P < 0.01, using the 

Student’s t-test for the comparison between cells treated with cisplatin in si-TS and si-TP 
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RNA or si-scrambled RNA transfected cells.  

Fig. 4.  5-FU and capecitabine enhances the cisplatin-induced cytotoxic effects of 

NSCLC cell lines. A and B, A549 and H1975 cells were treated with cisplatin (2–12 

μg/mL) and 5-FU (4 μg/mL) or capecitabine (5 μM) for 24 h. The cell viability was 

determined using the MTS assay. The results (mean ± SEM) were obtained from three 

independent experiments. C and D, after treatment as described above, unattached and 

attached cells were collected and stained with trypan blue dye. The numbers of stained 

cells (dead) were counted manually. Columns, percentage of trypan blue-positive cells, 

representing the population of dead cells; bar, SE from three independent experiments. 

The results from different cell lines treated with cisplatin alone or co-treated with 5-FU or 

capecitabine were compared. ** P < 0.01 (Student’s t-test). E, the mean of CI values for 

the cisplatin-5-FU or cisplatin-capecitabine combination treatment in A549 and H1975 

cells. CI values were averaged for each experiment and the values were used to calculate 

the mean between experiments. Points and columns, mean values obtained from three 

independent experiments; bars, standard error (S.E). F, the cells (104 cells/dish) were 

seeded in 60-mm dishes. After 18 h, the cells were treated with cisplatin (1 μg/mL) 

and/or 5-FU (4 μg/mL) or capecitabine (10 μM) for 1–4 d. The surviving cells were 

counted after staining with trypan blue for each of these days, in triplicate. The results 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2011 as DOI: 10.1124/jpet.111.179663

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#179663 

 42

(mean ± SEM) were from four independent experiments. ** denote P < 0.01, using the 

Student’s t-test for the comparison between cells treated with cisplatin alone or co-treated 

with 5-FU or capecitabine was compared. 

Fig. 5. 5-FU decreases the cisplatin-induced protein levels of phopho-ERK1/2, TS, and 

TP. A, A549 or H1975 cells cells (106) were cultured in complete medium for 18 h and 

then exposed to cisplatin (4–12 μg/mL) and 5-FU (12 μg/mL) for 24 h in complete 

medium. After treatment, cell extracts were examined by western blot for the 

determination of phospho-ERK1/2, TS, and TP protein expression levels. B, cells were 

treated with cisplatin (10 µg/mL) and/or 5-FU (4 µg/mL) for 24 h. Total RNA was 

isolated and subjected to RT-PCR for TS and TP. C, expression levels of TS and TP genes 

were determined by real-time PCR. ns, not significantly different between cells treated 

with cisplatin alone or co-treated with 5-FU. D, 5-FU decreases TS and TP protein levels 

via 26S proteasome dependent proteolysis. Cells were treated with cisplatin (10 µg/mL) 

alone or co-treated with 5-FU (10 µg/mL) for 18 h, followed by the addition of 

cycloheximide (50 µg/mL) for 6–18 h. E, cells were treated with cisplatin (10 µg/mL) 

and 5-FU (12 µg/mL) for 20 h, and then with MG132 (10 µM) or ALLN (10 µM) for 4 h. 

Whole-cell extracts were collected for western blot analysis of TS and TP protein levels. 

F, the MKK1/2-CA expression vectors were transfected into A549 and H1975 cells using 
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Lipofectamine 2000. After transfection, the cells were treated with cisplatin (8 µg/mL) 

and 5-FU (12 µg/mL) for 24 h. After treatment, cell extracts were examined by western 

blot for the determination of phospho-ERK1/2, TS, and TP protein expression levels. 

Fig. 6. Modulation of sensitivity to cisplatin and/or fluorouracil by MKK1/2–ERK1/2 

signal. Enforced expression of MKK1/2-CA vectors decreases the cisplatin and 

5-FU-induced cytotoxicity. A, cells were transfected with the MKK1/2-CA vectors for 24 

h, and then treated with cisplatin (10 μg/mL) and 5-FU (10 μg/mL) or capecitabine (10 

μM) for 24 h. Cell viability was determined using the MTS assay. ** denote P < 0.01, 

using the student’s t-test for the comparison between cells transfected with MKK1/2-CA 

or pcDNA3 vectors in cisplatin co-treated with 5-FU or capecitabine cells. B, cells were 

pretreatment with U0126 for 1 h and then cotreated with cisplatin (10 μg/mL) and 5-FU 

(10 μg/mL)/capecitabine (10 μM) for 24 h. Cell viability was determined using the MTS 

assay. **P < 0.01 using the Student’s t-test for comparison between the cells treated with 

cisplatin and/or 5-FU/capecitabine in U0126 or DMSO treated A549 or H1975 cells.  
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