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Abstract. Gefitinib is a targeted anticancer drug that was 
developed as an effective clinical therapy for lung cancer. 
Numerous patients develop gefitinib resistance in response 
to treatment. Sulforaphane (SFN) is present in cruciferous 
vegetables, and has been demonstrated to inhibit the malig-
nant growth of various types of cancer cells. To investigate 
the role of SFN in gefitinib resistance, a gefitinib‑tolerant PC9 
(PC9GT) cell model was established by continually exposing 
PC9 cells to gefitinib. Cell viability was measured using a cell 
proliferation assay. Components of the sonic hedgehog (SHH) 
signaling pathway and markers of lung cancer stem cells were 
detected via western blotting. SFN markedly inhibited the 
proliferation of PC9GT and PC9 cells in a dose‑dependent 
manner; combination SFN/gefitinib treatment also markedly 
decreased PC9GT cell proliferation, compared with SFN or 
gefitinib administered alone (P<0.05). Western blot analysis 
revealed that the expression of SHH, Smoothened (SMO), 
zinc finger protein GLI1 (GLI1), GLI2, CD133 and CD44 
were upregulated in PC9GT cells, as compared with in PC9 
cells. Furthermore, SFN markedly inhibited the expression 

of SHH, SMO and GLI1 in PC9GT and PC9 cells in a dose 
dependent manner, and SFN combined with gefitinib mark-
edly inhibited the expression of SHH, SMO, GLI1, CD133 and 
CD44 in PC9GT cells when compared with SFN or gefitinib 
monotherapy. The results of the present study demonstrated 
that SFN inhibits the proliferation of gefitinib‑tolerant lung 
cancer cells via modulation of the SHH signaling pathway. 
Therefore, combined SFN and gefitinib therapy may be an 
effective approach for the treatment of lung cancer.

Introduction 

Lung cancer is the most prevalent and lethal type of cancer 
worldwide (1). Non‑small cell lung cancer (NSCLC) is the 
most common subtype of lung cancer, accounting for 85% of 
cases globally in 2012 (2,3). Gefitinib is an epidermal growth 
factor receptor (EGFR)‑associated tyrosine kinase inhibitor 
(TKI) (4), and is an anticancer targeted drug that was devel-
oped as an effective clinical therapy for patients with NSCLC. 
However, data from clinical studies indicate that numerous 
patients with cancer develop gefitinib resistance, leading 
to poorer treatment outcomes  (5), and this acquired resis-
tance limits the further applications of the drug. Therefore, 
improving gefitinib efficacy and to increasing the benefits of 
TKI therapy conferred to patients with NSCLC is of clinical 
importance.

Sulforaphane (SFN) is an isothiocyanate that exists as 
conjugates in the genus Brassica of cruciferous vegetables; 
SFN has been demonstrated to inhibit the malignant growth 
of various cancer cell types with little or no toxicity towards 
normal cells (6,7). SFN is a potent anticancer agent, but its 
underlying mechanisms and molecular targets remain unclear. 

Hedgehog signaling has an essential role in the control of 
stem cell growth in embryonic tissues, and it is essential for 
the development of tissues and organs (8). The sonic hedgehog 
(SHH) signaling pathway controls cell proliferation and differ-
entiation during embryonic development, and contributes to 
tumorigenesis when mutated or dysregulated (9). Furthermore, 
aberrant activation of the SHH signaling pathway serves a 
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critical role in the tumorigenesis and progression of lung 
cancer (10‑12).

Cancer stem cells (CSCs)  (13) are a rare population of 
undifferentiated tumorigenic cells responsible for tumor 
initiation, maintenance and metastasis. These cells exhibit 
unlimited proliferation potential, self‑renewal and the capacity 
to generate a progeny of differentiated cells that constitute the 
major tumor population. CSCs are more resistant to standard 
chemotherapy drugs, and employ various signaling path-
ways (14‑16). Rodova et al (17) reported that SHH signaling 
regulates the self‑renewal of pancreatic CSCs. Eramo et al (18) 
dissociated CD133+ cells from lung tumor tissue specimens, 
and confirmed these cells have characteristics of CSCs. 
Additionally, they identified that CD133+ cells are resistant 
to conventional chemotherapy. CD44 was also defined as a 
surface marker of CSCs (15). Therefore, the membrane anti-
gens CD133 and CD44 are shared among CSCs (19‑22). 

Cross‑talk between the SHH and epidermal growth factor 
receptor (EGFR) pathways involved in carcinogenesis have 
recently been examined; these pathways co‑operate during 
disease initiation and progression, resulting in aggressive 
metastasis (23). A prior study investigated the co‑targeting 
of the SHH and EGFR signaling pathways as a novel 
approach to overcoming treatment resistance and eliminating 
CSCs (24,25).

It has reported that SFN inhibits the expression of key 
SHH factors in numerous cancer types (7,17,26). However, 
it is unclear whether SFN can reverse gefitinib resistance in 
human lung cancer cells. The present study was based on the 
hypothesis that SFN reverses gefitinib tolerance in lung cancer 
cells by modulating the SHH signaling pathway. The present 
study aimed to explore the potential molecular mechanisms of 
SFN, and the feasibility of utilizing SFN to reverse gefitinib 
resistance in human lung cancer cells via targeting the SHH 
signaling pathway. The current study also aimed to provide 
experimental evidence for subsequent clinical applications, 
and to identify novel agents effective in the treatment of 
gefitinib‑resistant lung cancer.

Materials and methods 

Cell culture. The NSCLC PC9 cells were provided by the 
Cancer Institute of Southern Medical University (Guangzhou, 
China), and maintained in RPMI‑1640 medium (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% 
fetal bovine serum (HyClone; GE Healthcare Life Sciences, 
Logan, UT, USA) at 37˚C in a humidified atmosphere of 5% 
CO2.

Establishment of a gefitinib‑tolerant cell line. Gefitinib‑tolerant 
cells were developed through chronic, repeated exposure to 
gefitinib. Briefly, PC9 cells were exposed to 0.002 µmol/l 
gefitinib for 48 h in RPMI‑1640 medium containing 10% 
fetal bovine serum. Cells were then washed and cultured in 
drug‑free medium until they reached the logarithmic growth 
phase. Subsequently, the cells were re‑exposed to increasing 
concentrations (0.002, 0.020, 0.050, 0.100, 0.250, 0.500, 
1.000, 2.000 µmol/l) of gefitinib. Resistant cells can survive 
in 2 µmol/l gefitinib; gefitinib‑tolerant cells were obtained 
48 days after initial exposure. The established resistant cell 

line was maintained in RPMI‑1640 medium containing 
1 µmol/l gefitinib. For all studies, resistant cells were cultured 
in drug‑free medium for 1  week to eliminate gefitinib. 
Gefitinib‑tolerant cells are referred as PC9GT cells.

Cell proliferation assay. The PC9 and PC9GT cells, used in 
the logarithmic phase of growth, were seeded into 96‑well 
plates (3,000 cells/well). When the cells had adhered, various 
concentrations of gefitinib were added to the wells; the final 
concentrations were 0.002, 0.020, 0.050, 0.100, 0.250, 0.500, 
1.000 and 2.000 µmol/l. Following incubation for 48 h, 10 µl 
MTT reagent was added into each well of the plates. After 
an additional incubation period of 4 h, 150 µl DMSO reagent 
was added, and then the optical density (OD) at 490 nm was 
determined using a micro plate reader (Beckman Coulter, 
Inc., Brea, CA, USA). Each drug concentration was evaluated 
in triplicate wells. The number of cells was counted using 
Countstar (version IC‑1000; Rui Yu Biological Technology 
Co., Ltd., Shanghai, China). The density of cells was observed 
with a inverted microscope system (magnification, x40; 
Eclipse Ti‑s, Nikon, Tokyo, Japan).

Western blot analysis. Total protein was extracted from 2‑5x106 
PC9 and PC9GT cells with an ice‑cold SDS protein lysis buffer 
at 100˚C for 10 min. Protein concentration was measured using 
the Micro BCA Protein Assay Reagent kit (Sangon Biotech 
Co., Ltd., Shanghai, China). Proteins were separated using a 
12.5% gel and SDS‑PAGE and transferred onto polyvinylidene 
difluoride membranes (EMD Millipore, Billerica, MA, USA). 
The membranes were blocked with 5% non‑fat dry milk in TBS 
buffer for 1 h at room temperature and subsequently incubated 
with primary antibodies against CD133, CD44, SHH, SMO, 
GLI1, GLI2 and GAPDH (1:1,000; Cell Signaling Technology, 
Inc., Danvers, MA, USA) overnight at 4˚C, washed three times 
with TBST (0.05% Tween 20), and then incubated with the 
secondary antibodies conjugated with horseradish peroxidase 
at 1:3,000 dilutions in TBS for 2  h at room temperature. 
Membranes were then washed again in TBS‑Tween 20 three 
times at room temperature. Protein bands were visualized on 
an X‑ray film using chemiluminescent horseradish peroxidase 
substrate (SurModics, Inc., Eden Prairie, MN, USA). A Tanon 
v.3500 Gel Imaging System (Tanon Co., Shanghai, China) was 
used for the semi‑quantitative analysis of proteins.

Statistical analysis. Statistical analysis was performed using 
SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA). 
The data are expressed as the means ± standard deviation. 
The Student's t‑test was used for comparisons between two 
groups. Multigroup comparisons of the means were performed 
using one‑way analysis of variance and post hoc analysis with 
a Student‑Newman‑Keuls test. P<0.05 was considered to 
indicate a statistically significant difference. 

Results

PC9GT cell lines were established. To generate a 
gefitinib‑tolerant subline of PC9 cells, the cells were cultured 
with increasing concentrations of gefitinib over a period of 
48 days. To confirm that the new cell line was established 
successfully, PC9GT and PC9 cells were divided into two 
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groups. One group was treated with gefitinib and the other 
remained untreated (Fig. 1A). The cell count demonstrated 
that PC9GT cells continued to proliferate, contrary to the 
PC9 cells (P<0.05; Fig. 1B). The PC9GT cell line could be 
serially passed in gefitinib‑free media for >15 generations 
without a change in sensitivity to gefitinib. The MTT assay 
showed that the PC9GT cells could proliferate in response 
to exposure to 2 µmol/l gefitinib, compared with PC9 cells 
(P<0.05; Fig. 1C).

Activation of the SHH signaling pathway affects gefitinib 
sensitivity. Aberrant activation of the SHH signaling pathway 
serves a critical role in the tumorigenesis and progression 
of lung cancer. To determine whether the SHH signaling 
pathway is associated with gefitinib resistance, the key 
proteins of the SHH signaling pathway in PC9 and PC9GT 
cells were detected via western‑blot analysis. Notably, robust 
expression of SHH, SMO, GLI1 and GLI2 was observed in 
PC9GT cells, as compared with in the PC9 cells (Fig. 2A).

The existence of CSCs affects gefitinib sensitivity. The 
presence of CSCs in lung cancer may render standard 
chemotherapy ineffective and aid the cancer cells in 
resisting anti‑cancer drugs (27). Previous reports suggest 
that a CD133‑ and CD44‑positive subpopulation of multi-
potent cells, with extensive proliferative and self‑renewal 
characteristics, have the biological features of CSCs (19,20). 
Mizugaki et al (21) reported that the expression of CD133 is 
a potential prognostic marker for NSCLC. CD133 and CD44 
have been established as representative markers for CSC in 
diverse types of cancer (28). To determine whether the CSCs 
were associated with gefitinib resistance, the protein expres-
sion of CD133 and CD44 were examined using western 
blotting. The expression of CD133 and CD44 was upregu-
lated in PC9GT cells, compared with in PC cells (Fig. 2B). 
Upregulated CD133and CD44 were also revealed to be 

associated with significantly poorer prognosis for NSCLC. 
Upregulated expression of CD133 and CD44 could therefore 
be associated with gefitinib resistance.

Figure 1. Sensitivity to gefitinib was determined using a cell proliferation assay. (A) PC9GT and PC9 cells were separated into two groups. One group was 
treated with gefitinib and the other remained untreated. (B) The cell counting assay demonstrated that PC9GT cells continued to proliferate, unlike the PC9 
cells (*P<0.05). (C) The MTT assay showed that the PC9GT cells were able to continue proliferating when exposed to 2 µmol/l gefitinib, contrary to PC9 cells 
(*P<0.05, compared with PC9 cells). SFN, sulforaphane; PC9GT, gefitinib‑tolerant PC9 cells.

Figure 2. The expression of key SHH and the marker of LSCs in lung cancer 
cells was analyzed via western blotting. (A) The expression of SHH, SMO, 
GLI1 and GLI2 was high in PC9GT cells, as compared with in PC9 cells. 
(B) The expression of CD133 and CD44 was upregulated in PC9GT cells, 
compared with in PC9 cells. (C) SFN markedly inhibited the expression of 
SHH, SMO and GLI1 in PC9GT and PC9 cells, in a dose‑dependent manner. 
SFN, sulforaphane; PC9GT, gefitinib‑tolerant PC9 cells; EGFR, epidermal 
growth factor receptor; SHH, sonic hedgehog; SMO, smoothened; GLI1/2, 
zinc finger protein GLI1/2.
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Sulforaphane inhibits PC9 and PC9GT cell proliferation and 
enhances the chemotherapeutic effect of gefitinib. A sphere 
formation assay was performed to investigate whether SFN 
sensitizes gefitinib‑tolerant lung cancer cells. The PC9GT 
cells and PC9 cells were treated with 0, 1, 6 and 12 µmol/l 
SFN. After 1 week, the total number of spheres and the tumor-
sphere volumes were measured; the tumorsphere volumes 
were observed to gradually decrease with the increasing dose 
of SFN (Fig. 3A). SFN markedly inhibited the proliferation of 
PC9GT and PC9 cells in a dose‑dependent manner, although 
there was no significant difference between the PC9GT 
and PC9 cells (Fig. 3B), indicating that SFN can effectively 
inhibit lung cancer cell proliferation, and is unaffected by 
gefitinib‑resistance. 

The effects of combined therapy with SFN and gefitinib 
were then assessed in PC9GT cells. The PC9GT cells were 

treated with SFN, gefitinib or combined SFN/gefitinib. The 
combined treatment was observed to markedly decrease 
PC9GT cell proliferation, when compared with SFN or 
gefitinib administered alone (Fig. 3C). The combined treat-
ment significantly decreased PC9GT cell proliferation, when 
compared with SFN or gefitinib alone, after 48 and 72 h 
(P<0.05; Fig. 4A).

Sulforaphane reverses gefitinib resistance via modulation 
of the SHH signaling pathway. To explore the mechanism 
underlying the anti‑proliferative effect of SFN on PC9GT 
cells, the SHH signaling pathway proteins CD133 and CD44 
were examined via western blotting in SFN‑treated PC9 and 
PC9GT cells. Notably, SFN markedly inhibited the expres-
sion of SHH, SMO and GLI1 in PC9GT and PC9 cells in a 
dose‑dependent manner. Furthermore, the expression of these 

Figure 4. The effect of combined SFN and gefitinib therapy on PC9GT cells was determined using a cell proliferation assay and western blotting. (A) Combined 
treatment markedly decreased PC9GT cell proliferation, when compared with SFN or gefitinib monotherapy, at 48 and 72 h (*P<0.05, compared with SFN, 
gefitinib and the control). (B) SFN combined with gefitinib markedly inhibited the expression of SHH, SMO, GLI1, CD133 and CD44 in PC9GT cells, as 
compared with SFN or gefitinib administered alone. SFN, sulforaphane; PC9GT, gefitinib‑tolerant PC9 cells; EGFR, epidermal growth factor receptor; SHH, 
sonic hedgehog; SMO, Smoothened; GLI1, zinc finger protein GLI1.

Figure 3. PC9 and PC9GT cell proliferation was affected by SFN treatment. (A) SFN markedly inhibited the proliferation of PC9GT and PC9 in a dose‑dependent 
manner. (B) The tumorsphere volumes were not significantly different between the PC9GT and PC9 cells. (C) PC9GT cells were treated with gefitinib, SFN 
and combined therapy with SFN and gefitinib. Combined treatment markedly decreased PC9GT cell density, as observed by microscopy. SFN, sulforaphane; 
PC9GT, gefitinib‑tolerant PC9 cells.
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proteins did not significantly differ between the PC9GT and 
PC9 cells (Fig. 2C). The effects of combined SFN/gefitinib 
therapy PC9GT cells were then assessed. The results indicate 
that SFN combined with gefitinib markedly inhibits the 
expression of SHH, SMO, GLI1, CD133 and CD44 in PC9GT 
cells, when compared with SFN or gefitinib administered alone 
(Fig. 4B). The results suggested that SFN may reverse gefitinib 
resistance by inhibiting the SHH pathway. In the present study, 
it was also identified that SFN can inhibit the expression of 
CD133 and CD44 in PC9GT cells. 

Discussion

Gefitinib is effective for patients with NSCLC, but numerous 
patients develop gefitinib resistance, which leads to poor treat-
ment outcomes. Acquired resistance to gefitinib is a serious 
clinical problem; therefore, the clinical use of gefitinib has 
been limited. 

SFN exists as conjugates in cruciferous vegetables, and 
has been demonstrated to inhibit the malignant growth of 
cancer cells with little or no toxicity towards normal cells. The 
present study evidenced that SFN may inhibit the proliferation 
of PC9 cells, but also inhibit the proliferation of PC9 GT cells. 
The present study could be important in searching for a novel 
potential agent against gefitinib‑resistant lung cancer.

Further studies are required to clarify the mechanism 
underlying SFN‑mediated inhibition of gefitinib resistance. 
The results indicated that components of the SHH signaling 
pathway are highly expressed in PC9GT cells. To identify the 
function of SFN in the SHH signaling pathway, the expres-
sion of SHH, GLI1, GLI2 and SMO was measured in PC9GT 
cells following treatment with SFN, gefitinib and SFN and 
gefitinib. The present study suggested that SFN may inhibit 
the expression of certain SHH signaling pathway‑associated 
proteins, including SHH, GLI1, GLI2 and SMO, in PC9GT 
cells. Gefitinib is an inhibitor of the EGFR‑associated TK, and 
exerts antitumor effects via the blockade of EGFR‑associated 
TK activity  (29). It is evident the SHH signaling pathway 
co‑operates with EGFR during cancer initiation, and the 
progression to aggressive, invasive and metastatic disease 
stages (23,24). Concordantly, combined therapy with the SHH 
signaling pathway antagonist and the EGFR inhibitor would be 
more efficient in inhibiting invasiveness and inducing cancer 
cell apoptosis compared with either drug alone. Therefore, 
combining SFN and gefitinib meets the aforementioned 
requirements; the effectiveness of SFN in inhibiting PC9GT 
cell growth may be associated with activation of the SHH 
signaling pathways. 

Recent studies have suggested that SHH serves a critical 
role in maintaining the CSC pool  (30). CD44 and CD133 
are defined as CSC surface markers  (18,31). Lung cancer 
may resist conventional chemotherapy due to the presence 
of the rare CSC (31). CSCs are not only resistant to standard 
chemotherapy drugs, but are also associated with multiple 
signaling pathways, including HH, Notch and Wnt signaling 
pathways  (15,32,33). A previous study demonstrated that 
increased CD133 expression was associated with chemoresis-
tance and poorer clinical outcomes in lung cancer (34). The 
present study revealed that the expression of CD44 and CD133 
was increased in PC9GT cells and examined whether the 

presence of lung CSCs could help explain gefitinib resistance 
in lung cancer. 

Recent studies underlining the therapeutic interest of 
co‑targeting the SHH and EGFR signaling pathways, and 
eradicating CSCs/progenitor cells, may improve current 
clinical therapies against aggressive and metastatic cancer 
cases. In the current study, it was identified that SFN is effec-
tive against gefitinib‑resistant lung cancer cells and lung 
CSCs. SFN may inhibit the proliferation of gefitinib‑resistant 
lung cancer cells via modulating the SHH signaling pathway. 
Furthermore, combined treatment markedly decreases 
PC9GT cell proliferation when compared with SFN or gefi-
tinib monotherapy. A reason SFN inhibits the proliferation of 
gefitinib‑tolerant lung cancer cells may be due to its modula-
tion of SHH signaling pathway activation and the inhibition 
of lung CSC self‑renewal.

The results of the present study will facilitate the iden-
tification of novel drug targets and the development of new 
therapeutic strategies to block this tumorigenic cascade, thus 
improving currently available cancer treatments.

To conclude, SFN was identified to be a potent anticancer 
agent: In addition to inhibiting lung cancer cell proliferation, 
it also kills gefitinib‑tolerant cells. The data demonstrated that 
SFN reverses gefitinib tolerance in human lung cancer cells 
by modulating the SHH signaling pathway. Furthermore, the 
combination of SFN and gefitinib could be an effective treat-
ment approach for lung cancer.
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