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Combined treatment with TNF-a/gefitinib alleviates
the resistance to gefitinib in PC-9 cells
Yuan Jia, Sheng-lin Mac, Yi-ping Zhangc, Juan-juan Tangb, Yan-ming Wub

and Yan-Jun Lub

Gefitinib has been approved for the treatment of patients

with non-small cell lung cancer. However, its efficiency

is limited by the development of drug resistance. Additional

treatments for cases of non-small cell lung cancer

relapsing with treatment with gefitinib are urgently

required. To investigate the mechanisms of acquired

resistance to gefitinib, we established PC-9-ZD, a human

lung cancer cell line resistant to gefitinib after long-term

exposure to the drug. PC-9-ZD cells showed more

resistance to gefitinib than their parental PC-9 cells.

We show that gefitinib reduces p-Akt levels, concomitant

with elevation of p21 levels and suppression of cdk2/4

and cyclinE/D1 activities, which result in impaired cell cycle

progression through G1 arrest only in parental PC-9 cells,

in which it inhibits growth. Our present data suggested

that after long-term exposure to gefitinib, the survival

of PC-9-ZD cells with heightened levels of p-Akt and

reduced levels of p21 resisted further gefitinib-induced

inhibition of cell growth. To explore a new strategy to

improve the efficacy of gefitinib, we treated the cells with

tumor necrosis factor-a (TNF-a) and found that the cells

with acquired resistance to gefitinib showed increasing

sensitivity to TNF-a, which correlated with the low

activation level of nuclear factor (NF)jB/p65 in PC-9-ZD

cells. TNF-a treatment induced an elevated activated

NFjB/p65, concomitant with induced p21 levels, which

resulted in increased sensitivity to gefitinib in PC-9-ZD

cells. Consistent with our earlier observation that p21

is induced in an NFjB/p65-dependent manner, we

conclude that p21 plays an important role in mediating cell

growth inhibition by gefitinib. Thus, we proposed that

combined treatment with TNF-a/gefitinib is an efficient

therapeutic strategy for tumors that develop resistance to

gefitinib. Anti-Cancer Drugs 20:832–837 �c 2009 Wolters

Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Gefitinib is a small-molecule quinazoline derivative that

was developed as a tyrosine kinase inhibitor of the

epidermal growth factor receptor (EGFR). EGFR is

known to promote the growth of cells, functions as an

oncogene and is expressed in up to 80–90% of non-small

cell lung cancers (NSCLC) [1]. Gefitinib has been

approved for the treatment of patients with NSCLC.

However, tumor responses were observed in 12–18% of

patients with chemotherapy-refractory advanced NSCLC

[2]. Even in patients sensitive to gefitinib, resistance is

acquired after long-term exposure to the drug. Additional

treatments for cases of NSCLC relapsing with treatment

with gefitinib are urgently required.

Tumor necrosis factor-a (TNF-a) is a glycoprotein that

possesses antitumor activity against a wide range of tumor

cell lines, whereas nonmalignant cells are relatively

resistant [3]. However, its clinical application is limited by

its severe systemic side effects, before therapeutic doses can

be administered. The feasibility of TNF-a as a biological

response modifier has recently been established. Clinical

phase II and phase III trials have shown that systemic

administration of TNF-a in combination with other

chemotherapy agents for lung tumors remarkably

enhances the antitumor effect, as compared with

chemotherapy agent treatment alone. In total, 44% of

the 133 patients exhibited complete or partial remission

of lung tumors in response to this combination therapy

strategy [4–6]. As it has been approved by the Chinese

State Drug Administration, this innovative clinical applica-

tion of TNF-a in combination with chemotherapy agents

may offer significant opportunities for cancer patients.

Furthermore, in the setting of hyperthermic isolated limb

perfusion, TNF-a in combination with melphalan seems to

be very active against powerful sarcomas and melanomas,

tumors known to be resistant to chemotherapy [7,8]. The

results of the combination of TNF-a with other chemo-

therapy agents suggest synergistic antitumor effects in

chemotherapy-resistant tumors.

Alterations in cell cycle control are a universal feature of

lung cancers. p21, the product of the WAF1/CIP1/SDI1

gene, is an inhibitor of cyclin-dependent kinases, and is
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activated through p53-dependent or p53-independent

pathways [9–13]. Although many experimental studies

have clearly indicated that p21 plays an important role

in the regulation of the cell cycle, especially in G1 arrest,

the clinical significance of p21 expression in NSCLC

remains unclear.

In this study, we established PC-9-ZD, an NSCLC cell

resistant to gefitinib after long-term exposure to the drug.

PC-9-ZD cells showed increasing sensitivity to TNF-a
treatment. We observed that the reducing activated

nuclear NFkB/p65 was concomitant with reduced p21

levels in PC-9-ZD cells with developed resistance to

gefitinb. Combined treatment with TNF-a/gefitinib

alleviated the resistance of PC-9-ZD cells to gefitinib.

Methods
Cells and cell culture

Human NSCLC PC-9 cells (derived from a patient with

adenocarcinoma) and the cells of the gefitinib-resistant cell

line PC-9-ZD were cultured in Dulbecco’s modified Eagle’s

minimum essential medium (Hyclone, Logan, Utah, USA)

supplemented with 10% fetal bovine serum (Hyclone).

Measurement of cell death

The cells were seeded into a 96-well microtiter plate

and treated with gefitinib (0–1000 nmol/l) or TNF-a
(500 U/ml). Ten microliters of the CCK-8 solution were

added to each well of the plate and then incubated for

2 h (371C and 5% CO2) according to the procedure of

the Cell Counting Kit-8 (Dojindo Laboratories, Tokyo,

Japan). The absorbance was measured at 450 nm using a

microplate reader (BioTeK, Winooski, Vermont, USA).

Western blotting

Nuclear, whole-cell, and cytoplasmic extracts from

the cells were prepared with the Nuclear Extract Kit

(Active Motif, Carlsbad, California, USA). The protein

content of the cell lysate was determined by using the

Bradford calorimetric assay method (Bio-Rad, Richmond,

California, USA). A 40 mg aliquot of the cell lysate was

resolved by 12% polyacrylamide–sodium lauryl sulfate gel

electrophoresis and transferred to a Hybond-C Super

membrane (Amersham, Aylesbury, UK). The antibodies

used for detection are as follows: anti-p65 antibody

(Upstate, Lake Placid, New York, USA), anti-p21 anti-

body (Cell Signaling, Beverly, Massachusetts, USA) and

anti-Akt/p-Akt antibody (Upstate), CDK2 (CalBiochem,

California, USA), CDK4 (Santa Cruz, California, USA),

cyclinD1 (Santa Cruz), cyclinE (Santa Cruz), PCNA and

b-actin (Beyotime Institute of Biotech., Jiangsu, China).

The blot was then incubated with secondary antibody,

IRDye 800 conjugated affinity purified anti-mouse or

anti-rabbit IgG (Rockland Immunochemicals, Gilberts-

ville, Pennsylvania, USA) and detected with Odyssey

Infrared Imaging System (LI-CDR Biosciences, Lincoln,

Nebraska, USA).

Cell cycle analysis by fluorescence-activated cell sorting

Flow cytometry was performed to determine the

cell cycle pattern of NSCLC cell lines in response to

gefitinib treatment. The cells were washed twice with

PBS, trypsinized and resuspended in PBS containing

0.1% Triton X-100 and RNase (1 mg/ml) (Sigma, St Louis,

Missouri, USA). The cell suspension was incubated at

371C for 30 min. Propidium iodide (Molecular Probes Inc.,

Eugene, Oregon, USA) was added at a final concentration

of 50mg/ml and the cell suspension was kept at 41C for

1 h. The cells were filtered and the cell cycle was analyzed

by flow cytometry with the FAC Scan system (Becton

Dickinson, Franklin Lakes, New Jersey, USA).

Results
p21 was elevated by gefitinib in its parental

PC-9 cells that are sensitive to gefitinib

Tumor cells that have acquired resistance to gefitinib may

complicate future treatment. To elucidate the mechanism

of the cells with acquired resistance to gefitinib, we

established a gefitinib-resistant PC-9 cell line after long-

term exposure to the drug. We chose the clone of a

gefitinib-resistant cell line termed ‘PC-9-ZD’ after it was

developed in gefitinib (200 nmol/l) for 3 months. To confirm

this point, we treated PC-9 and its gefitinib-resistant

derivative PC-9-ZD cells with gefitinib for 24 h. Data from

Fig. 1a showed that there were inherent differences

between PC-9 and PC-9-ZD as displayed by cell survival

curves. The result indicated that PC-9-ZD cells were more

resistant to gefitinib than their parental PC-9 cells.

Gefitinib is known to inhibit EGFR autophosphorylation.

It also inhibits the V-akt murine thymoma viral oncogene

homolog (Akt kinase). The EGFR/Akt signals are down-

regulated in response to gefitinib only in cell lines that are

sensitive to growth inhibited by gefitinib [14]. Recent

studies have shown that Akt and its signal pathway play an

important role in mediating gefitinib-induced cell growth

inhibition [15–18]. To examine the biochemical events of

activated p-Akt in this study, p-Akt activity was assayed by

probing western blotting with an antibody that exclusively

recognizes serine 473. An elevated level of p-Akt in PC-9-

ZD cells was observed (Fig. 1b). Thus, our data suggested

that after long-term exposure to gefitinib, the survival of

PC-9-ZD cells with high activation levels of Akt resisted

further gefitinib-induced cell growth inhibition.

A study has shown that an antitumor agent suppresses

cell growth in a manner likely to be related to up-

regulation of cell cycle inhibitors, such as p27 and p21

in NSCLC [19]. p21 and p27 are important cell cycle

checkpoint proteins. Thus, we asked whether p21 plays a

role in response to gefitinib in this case. We examined
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p21 levels in PC-9 and their gefitinib-resistant derivative

PC-9-ZD cells with or without gefitinib for 24 h by

western blotting analysis. As shown in Fig. 1c, the p21

protein levels were high in gefitinib-sensitive PC-9 cells.

Moreover, exposure to gefitinib actually increased p21

expression, an effect that was most pronounced in cells

that were sensitive to gefitinib. In contrast, no detectable

p21 could be observed in gefitinib-resistant derivative

PC-9-ZD cells with or without treatment of gefitinib.

We further sought to test some other key cell cycle

regulators, which are shown in Fig. 1c. We observed

a significant decrease in the levels of cdk2, cdk4, cyclinE,

and cyclinD1 with gefitinib in gefitinib-sensitive PC-9

cells, but this did not occur in PC-9-ZD cells. These data

were consistent with our findings on cell cycle analysis of

gefitinib-induced retention of cells in the G1 phase,

a sharp decrease in the S phase population but no

significant change in the G2/M fraction in gefitinib-

sensitive PC-9 cells. In contrast, there was no apparent

change in cell cycle pattern with gefitinib treatment of

in gefitinib-resistant PC-9-ZD cells (Fig. 1d). These

data indicated that gefitinib elevated p21 levels and

suppressed cdk2/4 and cyclinE/D1 activities, which

resulted in impaired cell cycle progression through G1

arrest. Taken together, gefitinib treatment induced

cytostasis through multiple mechanisms such as the

reduction of phosphorylation of Akt activity and the

suppression of cell cycle progression by induction of p21

protein in gefitinib-sensitive PC-9 cells. Thus, we

suggested that gefitinib-promoted p21 protein elevation

at least partly contributed to negative regulation of cell

progression by gefitinib.

Enhancement of sensitivity to TNF-a treatment

in PC-9-ZD cells with acquired resistance to gefitinib

TNF-a bound to and activing its receptor complexes can

interact with caspase-8 proteases through TRADD and

FADD to induce cell death, whereas NFkB/p65 activation

induced by TNF-a inhibits cell death [20]. The

prototypical NFkB/p65 complex, which responds to

heterodimer of p50 and Rel A subunits, exists as the

inactive dimmer sequestered in the cytoplasm. The

activated NFkB/p65 heterodimer rapidly translocates into

the nucleus, where it engages the kB enhancer elements

and alters gene expressions. In fact, NFkB/p65 regulates

a set of anti-apoptotic genes including the members of

the Bcl-2 family, cellular inhibitors of apoptosis protein C

(c-IAP 1 and 2), A20 and superoxide dismutase 2 (SOD2).

These anti-apoptotic proteins inhibit the activation of

caspases, which results in preventing cytotoxic actions

induced by TNF-a stimulation [21].

To explore the conditions required for killing PC-9-ZD

cells, we treated PC-9 and PC-9-ZD cells with TNF-a for

6 h. The PC-9-ZD cells were found to be more sensitive

Fig. 1
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to the cytotoxic effect of TNF-a than their parental PC-9

cells (Fig. 2a). Our data suggest that PC-9-ZD cells

displayed resistance to gefitinib-induced cell growth

inhibition and enhanced sensitivity to TNF-a treatment

after acquired resistance to gefitinib.

Next, the levels of NFkB/p65 were assessed by western

blotting analysis with an antibody against NFkB/p65. As

shown in Fig. 2b, NFkB/p65 was lower in PC-9-ZD cells

with acquired resistance to gefitinib than their parental

PC-9 cells. This correlated with PC-9-ZD cells displaying

enhanced sensitivity to TNF-a treatment (Fig. 2a and b).

This observation led us to suggest that alternative

administration of TNF-a may be a useful effective protocol

for the therapeutic treatment of gefitinib-resistant tumors.

TNF-a alleviated the resistance to gefitinib by inducing

p21 levels in PC-9-ZD cells with acquired resistance

to gefitinib

The gefitinib-resistant PC-9-ZD cells displayed resis-

tance to gefitinib-induced inhibition of cell growth. To

explore a method of treatment for alleviating the

resistance of PC-9-ZD cells to gefitinib, we treated cells

with TNF-a for 0, 1 and 3 h respectively, and then

incubated the cells with gefitinib for 24 h. Interestingly,

the PC-9-ZD cells were more sensitive to the cytotoxic

effect of this TNF-a/gefitinib treatment than to that of a

simple 24 h gefitinib treatment (78.8 vs. 18.9%) (Fig. 3a).

We then examined p21 levels by western blotting

analysis. As shown in Fig. 3b, the p21 protein levels were

higher in PC-9-ZD cells with TNF-a/gefitinib treatment

than those with a simple gefitinib treatment. Moreover,

exposure to TNF-a/gefitinib actually increased p21

expression, an effect that was most pronounced in PC-9

cells with acquired resistance to gefitinib. Thus, we

suggest that combined treatment with TNF-a/gefitinib

alleviates the resistance to gefitinib in PC-9 cells with

acquired resistance to gefitinib.

In our earlier study, we revealed that NFkB/p65 induced

p21 expression [22]. To examine NFkB/p65 and p21

levels in the cells treated with TNF-a, analysis was next

performed to detect the NFkB/p65 and p21 after

treatment with TNF-a for 0, 0.5, 1, 3 and 6 h. The levels

of NFkB/p65 and p21 were assessed by immunoblotting

Fig. 2
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in the TNF-a-treatment time course. As shown in Fig. 3c,

the level of NFkB/p65 and p21 in PC-9-ZD cells was

sustained at the peak after 3 h treatment with TNF-a, and

then diminished. Taken together, these results indicated

that the TNF-a treatment induced the activation

of NFkB/p65 and then increased p21 proteins levels in

PC-9-ZD cells. The elevation of p21 protein contributed

to its negative regulation of cell progression by gefitinib.

The induction of p21 by NFkB/p65 or TNF-a treatment

may contribute to enhancing sensitivity to combined

treatment with TNF-a/gefitinib and alleviating the

resistance to gefitinib in PC-9 cells with acquired

resistance to gefitinib.

Discussion
In this study, we established PC-9-ZD as a human lung

cancer cell line resistant to gefitinib after long-term

exposure to the drug. The PC-9-ZD cells showed

increased sensitivity to TNF-a treatment. We observed

that reducing activated NFkB/p65 was concomitant with

reduced p21 levels in PC-9-ZD cells with developed

resistance to gefitinib. Combined treatment with TNF-a/

gefitinib alleviated the resistance of PC-9-ZD cells to

gefitinib. These data suggested inducing p21 levels by

TNF-a treatment contributed to its negative regulation

of cell progression by gefitinib in PC-9-ZD cells.

Gefitinib is known for its inhibition of EGFR tyrosine

kinase and is used worldwide in lung carcinoma tumors.

However, the efficiency of gefitinib treatment is limited

by the development of drug resistance after long-term

exposure to the drug. Additional treatments have been

required to improve drug resistance. TNF-a acts

synergistically with cytotoxic drugs against a variety of

tumor cells, and the observation that TNF-a is able to do

so in drug-resistant tumor cell lines and thereby over-

come drug resistance is especially provocative [23–28].

In this study, the PC-9-ZD cell line originally came from

human lung cancer cell line PC-9, displaying resistance

to gefitinib treatment (Fig. 1a). Current reports suggest

that the EGFR/PI3K/Akt pathway is downregulated in

response to gefitinib only in cell lines that are sensitive

to growth inhibited by gefitinib. In contrast, significant

changes in the activation levels of Akt in gefitinib-

resistant cell lines could not be detected when they were

exposed to gefitinib [14]. Thus, reducing the activation

level of Akt plays an important role in mediating

cell growth inhibition by gefitinib. Our present data

suggested that after long-term exposure to gefitinib, the

survival PC-9-ZD cells with high activation levels of Akt

resisted further gefitinib-induced cell growth inhibition

(Fig. 1b). These findings suggested that heightened

activation levels of Akt in PC-9-ZD cells, was involved

in augmenting resistance of therapeutic response to

gefitinib treatment.

Cell cycle progression is driven by CDKs in association

with cyclins. p21 has been considered the most important

cell cycle checkpoint protein [22,29,30]. Here, we

showed that gefitinib elevated p21 levels and suppressed

cdk2/4 and cyclinE/D1 activities, which resulted in

impaired cell cycle progression through G1 arrest in the

PC-9 cells that are sensitive to growth inhibited

by gefitinib, but not in the gefitinib-resistant derivative

PC-9-ZD cells (Fig. 1c and d). These results are

consistent with our previous findings that p21 suppressed

cell growth by arresting the cell cycle at G1 or G2 phase

through its binding and inhibition of cdk2/4 activity

[11–13], and suggest that p21 plays an important role in

mediating of cell growth inhibition by gefitinib.

To explore the conditions required for killing PC-9-ZD

cells, we treated the cells with TNF-a and found that

PC-9-ZD cells with acquired resistance to gefitinib

showed increasing sensitivity to TNF-a as compared to

their parental PC-9 cells (Fig. 2a). These data strongly

suggest that TNF-a might be an effective anticancer

treatment in tumors with acquired resistance to gefitinib

after long-term administration of this drug. Furthermore,

we showed that combined treatment with TNF-a
followed by gefitinib reversed the sensitivity to gefiti-

nib-induced inhibition of cell growth in PC-9-ZD cells

(Fig. 3a). This might represent a new strategy to improve

the efficacy of therapeutic response to tumors known to

be resistant to gefitinib.

The TNF-a-induced cytotoxic action is through death

receptor signaling and activation of caspase-8. How-

ever, activated NFkB/p65-mediated antiapoptotic gene

expression prevents TNF-a-induced cytotoxic action.

It is observed that tumors originally have high-level

activation of NFkB/p65 after long-term abnormal devel-

opment. In this study, we found that the treatment with

TNF-a induced a modest cytotoxic effect in the parental

PC-9 cells with high-level activation of NFkB/p65 that is,

about 83% survival rates after 500 U/ml TNF-a treatment

(Fig. 2a). This was correlated with the high activation

level of NFkB/p65 in PC-9 cells (Fig. 2b). However, the

low activation level of NFkB/p65 was detected after

acquired gefitinib resistance, which is responsible for the

enhanced sensitivity to TNF-a treatment in PC-9-ZD

cells (Fig. 2a and b).

In our previous study, we observed that NFkB/p65 was

able to bind the p21 promoter to activate its transcription

activation, suggesting that p21 is induced in an NFkB/

p65-dependent mechanism [22]. Here, our data showed

that TNF-a induced nuclear activation NFkB/p65 levels,

concomitant with elevation of p21 protein levels in a

time-dependent manner (Fig. 3b and c). These results

suggested that NFkB/p65 induced p21 expression

in response to TNF-a treatment. The elevation of
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p21 protein by NFkB/p65 contributed to its negative

regulation of cell progression by gefitinib after adminis-

tration of combined treatment with gefitinib and TNF-a
(Fig. 3).

Clinical study of TNF-a as an anticancer treatment has

been limited by its side effects, particularly its toxicity to

healthy organs. Great effort has been made to reduce the

adverse effects of TNF-a. In combination with our data,

this strongly suggests that treatment with TNF-a might

be effective against tumors that have acquired resistance

to gefitinib after long-term administration of this drug.

Further analysis is required before clinical application.
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