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Enediyne lidamycin enhances the effect of epidermal
growth factor receptor tyrosine kinase inhibitor,
gefitinib, in epidermoid carcinoma A431 cells and lung
carcinoma H460 cells
Hong Liu, Liang Li, Xing-Qi Li, Xiu-Jun Liu and Yong-Su Zhen

Gefitinib, a low-molecular-weight epidermal growth factor

receptor (EGFR) tyrosine kinase inhibitor, is effective in a

wide variety of tumor types. Preclinical studies have shown

potentiated antitumor efficacies of this agent in

combination with chemotherapy or radiotherapy. The

antitumor antibiotic lidamycin (LDM) showed extremely

potent cytotoxicity in vitro and marked therapeutic effect

in vivo. In this report, the cytotoxic and biochemical activity

of LDM and gefitinib on human epidermoid carcinoma

A431 cells and human large cell lung cancer H460 cells as

a single agent or in combination has been evaluated. In the

MTT assay, LDM showed much more potent cytotoxicity

than gefitinib to both cell lines. A431 cells with a highly

EGFR-expressing level were more sensitive to gefitinib

than H460 cells, which expressed EGFR at an intermediate

level. LDM plus gefitinib showed potentiation of

antiproliferative activity and apoptosis induction, which

were associated with downregulation of EGFR signaling

pathway and nuclear factor-kappa B expression, and the

increase of cleaved poly (adenosine diphosphate-ribose)

polymerase in the two cell lines, although to a lesser

degree in H460 cells. Combined treatment induced G1

phase arrest similar to that of gefitinib alone in A431 cells

and intensified G2/M phase accumulation in H460 cells.

The above results indicate that LDM potentiates the effects

of gefitinib in both gefitinib sensitive and less sensitive

cells in association with enhanced inhibition of EGFR-

dependent signaling. Anti-Cancer Drugs 20:41–49
�c 2009 Wolters Kluwer Health | Lippincott Williams

& Wilkins.
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Introduction
The epidermal growth factor receptor (EGFR), a member

of the ErbB family of receptors, is abnormally activated in

many epithelial tumors. Activation of the EGFR protein

tyrosine kinase results in the recruitment and phospho-

rylation of several intracellular substrates. Two major

downstream signaling routes of the EGFR family are the

Ras–Raf–MEK-ERK pathway and the PI3K/Akt pathway.

ERK1/2 regulates the transcription of molecules that are

linked to cell proliferation, survival, and transformation.

Akt signals trigger a cascade of responses from cell growth

and proliferation to survival and motility [1].

The EGFR signaling pathway contributes to a number of

processes important in cancer development and progres-

sion such as proliferation, apoptosis, angiogenesis, and

metastatic tumor spread. Accordingly, targeting the

EGFR represents an appealing molecular target-based

approach to promote selective cancer therapy. Gefitinib is

an orally active, selective reversible inhibitor that

prevents autophosphorylation of EGFR by physical

interaction with its intracellular kinase domain. In

preclinical studies with cultured cell lines and human

tumor xenografts, gefitinib as a single-agent therapy

exerts growth inhibition in a wide variety of tumor types

including lung, prostate, breast, colon, ovarian, small cells,

and non-small cell lung cancers (NSCLC) with various

expression levels of EGFR [2,3].

Lidamycin (LDM, also called C-1027), an enediyne

antitumor antibiotic, is produced by Streptomyces globis-
porus C-1027 [4]. LDM contains an acid protein of 110

amino acid residues and a chromophore of novel enediyne

structure, with the former serving as a protecting protein

whereas the latter as an active component to damage

DNA [5]. LDM showed extremely potent cytotoxicity

toward culture cancer cells and markedly inhibited the

growth of transplantable tumors in mice and human

cancer xenografts in nude mice [6–8]. LDM is also highly

active in multidrug-resistant cancer cells [9]. In addition,

LDM is a new potent antiangiogenesis agent with

markedly antimetastatic activity [6]. The potent efficacy

of LDM was ascribing to its DNA strand-scission activity

[10]. LDM is currently being evaluated in phase II
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clinical trials as a potential chemotherapeutic agent in

China.

In this study, we have used two human epithelial cancer

cell lines with functional EGFR-dependent autocrine

pathways for defining the differential effects of a

combination of the anti-EGFR agent gefitinib and

enediyne LDM on cell growth, cell cycle distribution,

induction of apoptosis, and inhibition of the activation of

EGFR signal pathway. These findings suggest that LDM

potentiates the effects of gefitinib in both gefitinib

sensitive and less sensitive cells by enhanced down-

regulation of the phosphorylation of EGFR signal

molecules in combination treatment.

Materials and methods
Chemicals and reagents

LDM (provided by Professor Lian-fang Jin of our

institute) was prepared into 10 mmol/l with 0.9% NaCl

solution and stored at – 801C before use. The EGFR-TKI

gefitinib (AstraZeneca Pharmaceuticals, Macclesfield,

UK) was diluted in dimethylsulfoxide (DMSO) to a

stock concentration of 20 mmol/l. 3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) and

DMSO were purchased from Sigma (St Louis, Missouri,

USA). All other chemicals were of standard analytical

grade.

Cell culture

Human epidermoid carcinoma A431 cells and human

large-cell lung carcinoma H460 cells were obtained from

the Cell Center of the Institute of Basic Medical

Sciences, Chinese Academy of Medical Sciences and

Peking Union Medical College. A431 and H460 cells were

cultured, respectively, in DMEM and RPMI 1640

medium supplemented with 10% fetal bovine serum,

2 mmol/l glutamine, 100 U/ml penicillin and 100 mg/ml

streptomycin. Cultures were maintained at 371C in a

humidified 95% air and 5% carbon dioxide atmosphere.

Cell proliferation assay

Cells were seeded in 96-well plates (Costar, Cambridge,

Massachusetts, USA) with 3000–6000 cells/well. After

overnight incubation, triplicate wells were treated with

varying concentrations of LDM and gefitinib for 48 h.

Then, 20 ml MTT solutions (5 mg/ml in PBS) were added

to each well and incubated for 4 h at 371C. The MTT

formazan was dissolved in 150 ml DMSO and absorbance

was measured by a Microplate Reader (Multiskan MK3;

Thermo Labsystem, USA) at a wavelength of 570 nm. For

the evaluation of the antiproliferative effects of the

combined treatment with LDM and gefitinib, cells were

pretreated with LDM for 8 h before exposure to gefitinib.

Cell viability was determined after 72 h treatment. The

results from the combination assays were analyzed using

the isobologram combination index (CI) method of Chou

and Talalay [11]. All the experiments were performed in

triplicate.

FITC–annexin V/PI apoptosis assay

Cells were harvested and resuspended in a 200 ml binding

buffer. Then 10 ml FITC-labeled enhanced annexin V

(Baosai Biotechnology Ltd, Beijing, China) and 100 ng

propidium iodide were added. Upon incubation in the

dark (15 min, room temperature or 30 min at 41C), the

samples were diluted with 300 ml binding buffer. The

percentage of annexin V-positive cells was counted on

FACScan flow cytometer (Becton Dickinson, New Jersey,

USA) using WinMDI/PC software. For the evaluation of

the apoptotic effects of the combined treatment with

LDM and gefitinib, cells were treated in the sequence of

LDM for 8 h followed by gefitinib up to 48 h.

Cell cycle analysis

Cells were treated in the sequence of LDM for 8 h

followed by gefitinib up to 48 h. Floating and adherent

cells were harvested and centrifuged at 600g for 5 min.

Then cells were fixed in ice-cold 70% ethanol and stored

at – 201C for 24 h before analysis. For cell cycle analysis,

cells were washed twice in PBS and stained with 50 mg/ml

propidium iodide and 200 mg/ml RNase A for 30 min. The

samples were analyzed on a fluorescence-activated cell

sorter (EPICS XL; Beckman Coulter, Hialeah, Florida,

USA).

Western blot analysis

Cells were treated in the sequence of LDM for 8 h

followed by gefitinib up to 48 h. Cell culture monolayers

were washed twice with ice-cold PBS and lysed with lysis

buffer containing 50 mmol/l Tris–HCl, pH 7.5, 150 mmol/l

NaCl, 2 mmol/l EDTA, 2 mmol/l EGTA, 1 mmol/l

dithiothreitol, 1% Nonidet P-40, 0.1% SDS, protease

inhibitors (1 mmol/l PMSF, 10 mg/ml aprotinin, 10 mg/ml

leupeptin and 10 mg/ml pepstatin) and phosphatase

inhibitors (20 mmol/l b-glycerophosphate, 50 mmol/l

NaF and 1 mmol/l Na3VO4). Protein concentration was

determined by the BCA protein assay (Pierce Chemical

Co., Rockford, Illinois, USA). An equal amount of protein

samples were loaded on SDS–PAGE and transferred

to PVDF (Millipore, Bedford, Massachusetts, USA).

Membranes were then incubated in the blocking solution

(5% bovine serum albumin in 20 mmol/l Tris–HCl,

150 mmol/l NaCl, 0.1% Tween-20) (TBS-T), followed

by incubation with the indicated antibodies at 41C

overnight. The membranes were then washed in TBS-T

and incubated with horseradish peroxidase-conjugated

secondary antibodies for 1 h at room temperature. Anti-

body detection was performed by an enhanced chemilu-

minescence reaction (Amersham Pharmacia Biotech,

Piscataway, New Jersey, USA). To control for protein

loading, the blot was stripped and rehybridized with the

b-actin antibody. The following antibodies were used:

antiphospho-EGFR, anti-EGFR, antiphospho-Akt (Ser473),
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anti-Akt, antiphospho-ERK, anti-ERK, anti-nuclear factor-

kappa B and anticleaved poly (adenosine diphosphate-ribose)

polymerase (PARP) (all from Cell Signaling Technology,

USA).

Statistical analysis

The data of at least three comparable experiments were

expressed as the mean ± SEM. For all of the measure-

ments, one-way analysis of variance followed by paired

t-test was used to assess statistical significance of

difference between different treatment groups. Signifi-

cance was defined as P < 0.05.

Results
Effects of gefitinib and lidamycin on cell proliferation

Dose–response growth inhibitory effects were observed

in antiproliferative assays. From Fig. 1, a remarkable

difference in sensitivity to LDM and gefitinib was found

between the two cell lines. Compared in terms of IC50,

LDM was more than 1000-fold more potent in cytotoxi-

city than gefitinib. The levels of EGFR seemed to be

associated with the sensitivity to gefitinib, as the potent

inhibition (IC50, 0.28 ± 0.03 mmol/l) was observed in

highly EGFR-expressing A431 cells whereas the moder-

ate EGFR-expressing H460 cells were relatively resistant

(IC50, 19.57 ± 6.6 mmol/l). In contrast, the highly EGFR-

expressing A431 cells seemed to be less sensitive to LDM

(IC50 for A431 cells: 1.12�10 – 10 ± 1.10�10 – 10 mol/l; for

H460 cells: 3.65� 10 – 12 ± 2.94� 10 – 12 mol/l).

Enhanced antiproliferative effects of the combined

treatment

To evaluate the nature of the interaction between

gefitinib and LDM (additive or synergistic), combinat-

ion analyses were performed according to the Chou

and Talalay method [11]. As Fig. 2 illustrates, slight-to-

moderate synergistic growth inhibitory effects (CI < 1)

at a majority of combinations were found in the two cell

lines. Strong synergistic effects were achieved in certain

combination doses. The CI was less than 0.70 at the

combination dose of 5 mmol/l gefitinib plus 0.1 nmol/l

LDM in H460 cells, and 0.1 mmol/l gefitinib plus

0.01 nmol/l LDM in A431 cells.

Induction of apoptosis by gefitinib and lidamycin

Flow cytometry combined with FITC–annexin V/PI

staining showed that the percentage of apoptotic cells

increased dose-dependently in the two cell lines. LDM

showed potent apoptosis induction effects on both A431

cells and H460 cells as the apoptotic cells induced

by 2 nmol/l LDM reached 69.87 ± 3.29% (P < 0.001)

and 63.22 ± 1.39% (P < 0.001), respectively. As shown in

Fig. 1
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Fig. 3, the A431 cell line was more sensitive to gefitinib.

There occurred 30.70 ± 1.69% of apoptotic cells

(P < 0.01) as A431 cells exposed to 1 mmol/l gefitinib

whereas only 13.60 ± 1.37% (P < 0.05) apoptotic cells

were induced by 20 mmol/l gefitinib in H460 cells.

Lidamycin potentiated the apoptosis-inducing

effect of gefitinib

FITC–annexin V/PI analysis showed that the combina-

tion treatment enhanced the induction of apoptosis in

A431 cells and in H460 cells. As shown in Table 1,

0.1 mmol/l gefitinib plus 0.01 nmol/l LDM induced

apoptosis in 31.87% of A431 cells, whereas the same

doses of gefitinib and LDM given alone resulted in

apoptosis in only 12.79 and 6.71% of cells, respectively.

Similarly, at a higher dose level combination (1 mmol/l

gefitinib plus 0.01 nmol/l LDM) the apoptotic rate was

52.41%, clearly higher than that of the 31.89 and 6.71%

apoptosis with single-agent gefitinib and LDM, respec-

tively. Only a small proportion of the H460 cells had

undergone apoptosis even if a high dose of gefitinib was

used. However, LDM potentiated the apoptosis-inducing

effect of gefitinib at certain doses. As shown, 20 mmol/l

gefitinib plus 0.5 nmol/l LDM induced apoptosis in

53.85% of cells, whereas the same dose of gefitinib and

LDM given alone resulted in apoptosis in only 12.63 and

42.88% of cells, respectively.

Western blot analysis was used to detect the cleavage of

PARP, an indicator of caspase-mediated apoptosis. The

89-kDa cleaved fragment of PARP increased dose-

dependently in A431 cells exposed to gefitinib. Enhanced

levels of cleaved PARP appeared after combination

treatment (Fig. 4). A slightly enhanced effect was

observed in H460 cells. Nevertheless, greater down-

regulation of the antiapoptotic molecules nuclear factor-

kappa B in the two cell lines was detected in the case of

combined treatment.

Effects of gefitinib or lidamycin alone or in

combination on cell cycle progression

Cell cycle progression was evaluated after PI staining and

FACS analysis. An increase of cells in the G1 phase by

6.53–25.89% with a corresponding decrease in cells in the

S and G2/M phases was observed in A431 cells upon

treatment with 0.1 and 1 mmol/l gefitinib. LDM at

0.01 nmol/l had little effect, either alone or in combina-

tion with gefitinib, on cell cycle progression (Fig. 5). In

contrast, no evident change in cell cycle distribution was

detected in H460 cells after exposure to gefitinib at

indicated doses. However, combined treatment increased

the G2/M phase cells by 40.66–41.96% compared with

single gefitinib treatment.

Table 1 LDM potentiated the apoptosis-inducing effect of gefitinib
in A431 cells and H460 cells

Drugs Apoptotic cells (%)

A
Control 3.96
LDM (0.01 nmol/l) 6.71
Gefitinib (0.1 mmol/l) 12.79
LDM (0.01 nmol/l) + gefitinib (0.1 mmol/l) 31.87
Gefitinib (1mmol/l) 31.89
LDM (0.01 nmol/l) + gefitinib (1 mmol/l) 52.41

B
Control 5.34
LDM (0.5 nmol/l) 42.88
Gefitinib (10mmol/l) 7.05
LDM (0.5 nmol/l) + gefitinib (10mmol/l) 46.31
Gefitinib (20mmol/l) 12.63
LDM (0.5 nmol/l) + gefitinib (20mmol/l) 53.85

A431 cells (A) and H460 cells (B) were treated with LDM or gefitinib alone or in
combination for 48 h. Analyses of apoptosis were performed by FITC–annexin
V/PI apoptosis assay, as described in Materials and methods LDM, lidamycin.

Fig. 2
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Suppression of epidermal growth factor receptor

signaling pathways by combined treatment

The signaling pathways induced by activated EGFR

include the Ras/MEK/ERK and the Ras/PI3K/Akt path-

ways, both playing a significant role in the mitogenic and

cell survival responses mediated by this receptor. As

shown in Fig. 6, western blot analysis identified that

phosphorylation of EGFR, ERK, and Akt was decreased in

gefitinib-treated A431 cells, which is in agreement with

previous observations by others in these cells [12].

A potentiated decrease in the levels of phosphorylation

of each marker was observed in a combination of

gefitinib and LDM at two dose combinations [gefitinib

(mmol/l)/LDM (nmol/l): 0.1/0.01 and 1/0.01] in A431

Fig. 3
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cells. Gefitinib alone also resulted in a reduction in

phosphorylation of EGFR, ERK, and Akt in H460 cells at

indicated doses. The combination of 0.5 nmol/l LDM

with 1 or 10 mmol/l gefitinib slightly decreased the level

of p-Akt and p-EGFR, respectively, as compared with

each single agent in H460 cells. Notably, the EGFR

expression level basically remained unchanged. These

results suggest that the inhibition of EGFR signaling

achieved with the combination of LDM with gefitinib can

be augmented beyond that achieved using either agent

alone and this inhibition correlated well with the growth

inhibitory effects observed in cell proliferation and

apoptosis assays.

Discussion
Gefitinib, a selective reversible EGFR inhibitor that

blocks signal transduction pathways implicated in the

proliferation and survival of tumor cells, is effective in a

subset of NSCLC patients. However, many patients do

not experience favorable responses to gefitinib. Clinical

resistance to gefitinib highlights the need for improved

therapeutic strategies [13,14]. The possibility of combin-

ing conventional cytotoxic drugs with EGFR TKIs has

generated wide interest. Various preclinical studies have

demonstrated the additive or even synergistic antitumor

activity of gefitinib in combination with other anticancer

therapies, particularly chemotherapeutic agents and

radiation [15,16]. Relevant clinical issues are still open

for the optimal use of gefitinib in combination with

cytotoxic drugs.

LDM is currently being evaluated in phase II clinical

trials as a potential chemotherapeutic agent in China.

LDM induces unusual DNA damage of double-strand

breaks [17]. It can induce apoptosis or mitotic cell death

and alter cell cycle progression in many cancer cells

[8,18,19]. LDM showed extremely potent cytotoxicity

toward a wide variety of cancer cells. So far, there are no

Fig. 5
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reports describing the combined efficacy of gefitinib with

LDM. In this study, the gefitinib-sensitive A431 cells and

gefitinib-resistant H460 cells were chosen for evaluating

whether LDM can potentiate cell sensitivity to gefitinib

in both cell lines.

In this study, we have shown potentiation of the

antiproliferative activity of gefitinib by combined treat-

ment with LDM. This was accompanied by the

potentiation of cell cycle arrest and significant increase

in cancer cell apoptosis with combination treatment.

The cellular responses to treatment with gefitinib were

consistent with the earlier findings [12,20–22] that A431

cells were more sensitive to gefitinib than H460 cells;

furthermore, the augmented effects of gefitinib by LDM

were much potent in A431 cells than in H460 cells.

These results indicate that the synergic effect is, at least

in part, cell type-dependent and related to the cell

sensitivity to gefitinib.

According to unequivocal evidence presented in the

literature, somatic mutations in the EGFR tyrosine kinase

domain and EGFR gene amplification and protein over-

expression have been associated with sensitivity to EGFR-

targeted therapy [13,23–25]. In fact, the gefitinib-sensitive

A431 cell line is known to harbor about 30 copies of the egfr
gene within its genome, resulting in excessive EGFR

protein expression [26,27]. The NSCLC H460 cell line

used in this study expressed a moderate level of EGFR

when compared with A431 cell line. This may explain the

differential effects of gefitinib on the two cell lines.

We explored the potential mechanisms underlying the

observed enhancement effect of the combination of

gefitinib and LDM. Earlier studies have shown that

gefitinib has varying effects on tumor cells including cell

cycle arrest, increase of apoptosis and reduction in cell

proliferation [12,15]. The effect of gefitinib was cyto-

static, but higher doses increased apoptotic cell death.

Recent studies suggest that gefitinib is able to induce

apoptosis in cells of various histogenous cancers [12,28–

30] and that it synergistically promotes cytotoxic effects

of conventional chemotherapeutic agents such as pacli-

taxel in various cancers [12]. The A431 cell line that

highly expresses EGFR is dependent on EGFR signaling

for survival. Inactivation of the EGFR tyrosine kinase

enzyme by gefitinib causes the cessation of growth and

induction of mostly apoptotic cell death in A431 cells

[31–33]. In addition, this study suggests that LDM and

gefitinib given together exert an intensified blockade

on EGFR activation and downstream signaling, which

resulted in a greater degree of growth inhibition and

apoptosis induction in A431 cells. In other words, the

cooperative effects are because of the enhanced decrease

in the activation of EGFR signal pathway with combined

treatment in A431 cells.
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As gefitinib alone showed a limited effect in inhibiting

growth and inducing apoptosis of H460 cells, we

hypothesized that a combination approach of LDM and

gefitinib might be useful in augmenting growth suppres-

sion and apoptosis. The results suggested that LDM

could accentuate the antiproliferative and apoptosis-

inducing effect of gefitinib at certain combination doses.

Furthermore, slightly potentiated inhibition of p-EGFR

and p-Akt expression was observed with a combination

treatment in H460 cells. Interestingly, increases in p-

EGFR, p-ERK, p-Akt were observed in H460 cells after

treatment with LDM. As reports suggest, similar results

were obtained when other cytotoxic drugs (cisplatin or

Taxol) were combined with gefitinib in NSCLC and

colorectal cancer cell lines [34,35]. Their results sug-

gested that increase of EGFR activity following drug

treatment seems to determine the synergistic interaction

between gefitinib and chemotherapy. Chemotherapy-

induced activation of EGFR renders the cancer cells

more sensitive to EGFR inhibition. In this study,

enhanced EGFR activation by LDM may sensitize the

resistant H460 cells to gefitinib. The cooperative

interactions may be attributed to the suppression of

EGFR and Akt signaling pathway in combination treat-

ment, although further study is needed to clarify the

details.

The above results showed that the levels of EGFR were

associated with sensitivity to gefitinib in the two cell

lines. Furthermore, the combined effect is related to

diverse cell sensitivity to gefitinib, as more potent

augmented effects were observed in gefitinib-sensitive

A431 cells. These findings suggest that modulation of

EGFR-mediated signal transduction cascades by LDM

potentiates the antiproliferation and apoptosis induction

effect of gefitinib. The enhanced effect in gefitinib-

resistant H460 cells is especially promising. These

findings suggest that such a combination strategy might

represent a novel and promising approach for cancer

patients, particularly for those patients who have devel-

oped resistance to EGFR inhibitor therapy. Further

studies with in vivo tumor models are necessary to

confirm the effectiveness of this novel therapeutic

strategy.
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