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ABSTRACT

Cancer stem cell-like phenotype is critical for tumor formation and treatment 
resistance. FGFR1 is found to be amplified in non-small cell lung cancer, particularly in 
the lung squamous cell cancer (LSCC). Whether FGFR1 contributes to the maintenance 
of stem cell-like phenotype of FGFR1-amplified lung cancer cells remains elusive. 
In this study, treatment with FGFR1 inhibitor AZD4547 suppressed the growth of 
tumor spheres and reduced ALDH positive proportion in FGFR1-amplified lung cancer 
cells in vitro, as well as inhibited the growth of oncospheres and parental cells in 
xenograft models. Knockdown of FGFR1 recaptured the similar effect as AZD4547 
in vitro. Furthermore, activation of FGFR1 and subsequently its downstream ERK 
signaling enhanced the expression and transcriptional activity of GLI2, which could 
be blocked by FGFR1 inhibitor/silencing or ERK inhibitor. Knockdown of GLI2 directly 
inhibited the stem-like phenotype of FGFR1-amilified cells, whereas overexpression 
of GLI2 sufficiently rescued the phenotype caused by FGFR1 knockdown. Notably we 
also identified a correlation between FGFR1 and GLI2 expressions from clinical data, 
as well as an inverse relationship with progression free survival (PFS). Together our 
study suggests that the FGFR1/GLI2 axis promotes the lung cancer stem cell-like 
phenotype. These results support a rational strategy of combination of FGFR1 and 
GLI inhibitors for treatment of FGFR1-amplified lung cancers, especially LSCC.

INTRODUCTION

Lung cancer is the leading cause of cancer related 
death worldwide with a mere 16.8% 5-year survival rate 
after diagnosis [1]. The emergence of targeted therapy 
such as EGFR inhibitors and anaplastic lymphoma kinase 
(ALK) inhibitors have significantly changed the treatment 
strategy against lung adenocarcinoma AC, leading to 
marked improvements in patient survival. Compared with 
AC, the mainstream treatment regimens for lung SCC 
(LSCC) are still platinum-based chemotherapeutics, and 
the advance of targeted therapy in LSCC is rare. Thus, it 
is essential to further explore the molecular mechanism 
underlying the occurrence and development of lung 

cancer, especially in LSCC, and find out the druggable 
driver genes for the future intervention strategies.

Increasing data have demonstrated that NSCLC 
contain a small group of stem cell-like cells (cancer 
stem-like cells, CSCs) [2, 3]. CSCs are tumor cells with 
enhanced ability for tumor generation. They are capable 
of dividing asymmetrically to produce one progeny 
that maintains the stem cell capacity for self-renewal, 
and the other that will differentiate and produce tumor-
constitutive, phenotypically diverse cancer cells [4]. 
These highly tumorigenic cells maintain self-renewal 
by activating several classical developmental pathways 
including Wnt, Hedgehog (Hh), and Notch. Moreover, 
several stem cell-related genes such as SOX2 [5], 
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OCT3/4[6], and NANOG [6] also participate in this 
process. The existence of CSCs has been considered as 
a source of drug resistance and recurrence, making them 
a likely source of therapeutic failure [2]. Previously, 
ALDH-positive cells had been proposed to exhibit cancer 
stem cell-like properties, which were used to assay the 
proportion of cells with stem cell-like properties in cancer 
cells [7, 8].

FGFR1 amplification is a prominent gene alteration in 
NSCLC, especially in LSCC. FGFR1 amplification was found 
in 10–22% of LSCC but in only 0–5.2% of lung AC [9-12]. 
FGFR1 has been considered as a promising therapy target in 
FGFR1-amplified tumors [11, 13-15]. However the role of 
FGFR1 pathway in maintaining the stemness phenotype of 
CSCs is complicated. It was reported that FGFR1 activation 
could lead to the differentiation of granule cell precursors 
(GCPs) [16]. On the contrary, the upregulation of FGFR1 
could promote stem/progenitor cell-like properties in breast 
carcinomas [17]. However, the role of FGFR1 in maintaining 
the stem cell-like phenotype of LSCC is still elusive.

Herein, for the first time we demonstrated that 
FGFR1 maintained a highly tumorigenic phenotype in 
lung cancer cells harboring FGFR1 amplification, and 
in LSCC tumors. Our work revealed the mechanism, 
preliminary, through which FGFR1 regulated the stem 
cell-like phenotype of LSCC.

RESULTS

Inhibition of FGFR1 represses ALDH activity 
and oncosphere formation in NSCLC cells 
in vitro and in vivo

To test if FGFR1 signaling participates in the stem 
cell-like properties of NSCLC cells, we first explored 
the relationship between FGFR1 and ALDH activity. 
FGFR1-amplified H520 and H1581 cells were treated 
with DMSO or AZD4547 (1 μM) (an FGFR1 inhibitor) 
in low serum medium. The medium was changed every 
day. After 5 days, equal number of cells were collected 
and subjected to ALDH activity analysis. As shown in 
Figure 1A, inhibition of FGFR1 with AZD4547 decreased 
the fraction of ALDH-positive cells dramatically both 
in H520 (p<0.05) and H1581 (p<0.01) cells. Compared 
with their respective vehicle controls, the percentages 
of ALDH-positive cells declined from 14.5% to 6.7% in 
H520 cells and from 24.1% to 9.3% in H1581 cells. Since 
AZD4547 was a multitargeted FGFRs kinase inhibitor, we 
corroborated the effect of this inhibitor by experiments 
using FGFR1 silencing. Knockdown of FGFR1 led to 
almost complete loss of FGFR1 protein (Supplementary 
Figure S1A). As shown in Supplementary Figure S1C, 
compared with its vector control, FGFR1 KD led to a 
significant decrease of ALDH-positive proportion, from 
14.6% to 2.8% in H520 (p<0.01) and 49.6% to 26.3% in 
H1581 (p<0.01).

Sphere assays are routinely applied to measure the 
potential of cells to show stem cell traits once they are 
removed from their original microenvironmental niche [18]. 
Corroborated with the ALDH activity analysis, we found 
that FGFR1 inhibitor could suppress the growth of H1581 
and H520 oncospheres (Figure 1B). Moreover, AZD4547 
inhibited the oncosphere viability of H1581 and H520 
cells. The concentration at which AZD4547 was capable of 
suppressing the oncosphere viability by 50% was estimated 
in H520 (IC50= 0.12 μM) and H1581 (IC50=0.023 μM) 
cells (Figure 1C). Likewise, FGFR1 knockdown signifi
cantly suppressed sphere-forming ability and in vitro self-
renewal capacity of H520 and H1581 cells (Supplementary 
Figure S1B), and retarded the growth of H520 and H1581 
oncospheres (Supplementary Figure S1D).

To further explore the effect of AZD4547 against 
oncospheres and parental cells (Supplementary Figure S2A) 
in vivo, we used H1581 as a model. Compared with the 
vehicle control group, treatment with AZD4547 (12.5 mg/
kg/d) could effectively slowed tumor growth both in mice 
engrafted with oncospheres and in those with parental cells 
(Supplementary Figure S2B and S2C). At the end of the 
experiments, the tumors were excised. Pooled tumors were 
dissociated and analyzed for percentage of ALDH positive 
cells. In the cells from parental xenograft, the ALDH positive 
cells were 21.6% (AZD4547) vs. 40.1% (vehicle), whereas 
in the oncosphere cells, the ratio was 58.3% (AZD4547) vs. 
83.9% (vehicle) (Supplementary Figure S2D).

Thus, the similar results of FGFR1 inhibitor and 
FGFR1 KD indicated that interference with FGFR1 
function inhibited ALDH activity and oncosphere growth 
in FGFR1-amplified cells.

Activation of FGFR1 stimulates the expression 
of stem cell markers

To further explore the relationship between FGFR1 
signaling and cancer stem cell traits, we measured the 
mRNA levels of stem cells markers CD133 [8], NANOG 
[6], OCT4 [6] and SOX2 [5], when FGFR1 signals were 
activated by bFGF, and in the presence of FGFR1 inhibitor. 
Serum-deprived H520 and H1581 cells were treated by 
bFGF (20 ng/ml) and heparin (10 μg/ml) for 24h with or 
without AZD4547 (1 μM). Upon stimulation by bFGF, 
expressions of stem cell markers CD133, NANOG, OCT4 
and SOX2 increased 2-4 fold both in H520 and H1581 cells, 
and this stimulation could be fully blocked by AZD4547 
(Figure 2A and 2B). These results provided further evidence 
that FGFR1 signaling could be involved in the regulation 
of cancer stem cells in FGFR1-amplified lung cancer cells.

bFGF/FGFR1 activates ERK phosphorylation 
and upregulates the expression of GLI2 and 
its transcriptional activity

To figure out the underlying mechanism through 
which, FGFR1 regulates the cancer stem cell properties 
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Figure 1: Inhibition of FGFR1 activity suppressed stem cell traits in NSCLC in vitro. A. ALDH activity assay in NSCLC cell 
lines H520 and H1581. Representative flow cytometry data were shown for each cell line, indicating the proportion of aldefluor positive 
(% ALDH1+) cells after treatment with FGFR1 inhibitor AZD4547 (1 μM) for 5 days. Experiments were repeated three times and results 
were summarized in the bar graph (Error bars represent SEM, N=3;*p<0.05 and **p<0.01, Student’s t test). B. Oncosphere formation 
assay in NSCLC cell lines H520 and H1581. The representive photographs of oncospheres were shown at low magnifications, with the 
scale bar representing 100μm. The number of formed oncospheres per 3000 cells plated was summarized, with or without the treatment of 
AZD4547 (1 μM). (Error bars represent SEM, N=6; *p<0.05, **p<0.01 and ***p<0.001, Student’s t test). C. The cytotoxicity of FGFR1 
inhibitor against the oncosphere cells. The oncosphere cells of H520 and H1581 were treated with FGFR1 inhibitor AZD4547 with various 
concentrations for 96h. Results were expressed as percentage of DMSO control (Error bars represent SD, N=6).
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Figure 2: FGFR1 regulates the expression of stem cell markers. The mRNA levels of stem cell markers CD133, NANOG, OCT4 
and SOX2 inH520 A. and H1581 B. cells under untreated, bFGF-treated, and bFGF plus AZD4547-treated conditions were determined by 
real-time quantitative PCR (Error bars represent SEM, N=3;* p<0.05 and ** p<0.01, Student’s t test).
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in FGFR1-amplified lung cancer cells. First we tested 
the phosphorylation status of the downstream molecules 
following the activation of FGFR1. H520 and H1581 cell 
lines were stimulated by bFGF (20 ng/ml) plus heparin 
(10 μg/ml) for 20 min, with or without the pretreatment 
of AZD4547 (1 μM) for 40min. Then the cells were 
collected and analyzed by Westernblot. We found that 
both H520 and H1581 cells had a relatively high basal 
activation of FGFR1 pathway, including FGFR1 and its 
downstream component ERK, but the phosphorylation of 
FGFR1 and ERK could be significantly further activated 
by bFGF (Figure 3A). Such activation could be blocked 
by the pretreatment of AZD4547 (1 μM). Notably, the 
AKT phosphorylation (another main downstream pathway 
of FGFR) apparently was not influenced by bFGF or 
AZD4547, as described in previous studies [13, 15, 19] 
(Figure 3A).

Hedgehog signaling pathway plays an important 
role in maintaining the stemness of LSCC [20]. We 
hypothesized that FGFR1 might effect in stem cell traits 
through the regulation of the Hedgehog pathway. As 
GLI2 is a key transcriptional factor of the Hedgehog 
pathway and is reported to be activated predominantly 
in LSCC, especially the classical subtype [18, 21-23], 
we then tested if activation of FGFR1 could affect GLI2. 
We found that bFGF stimulated the phosphorylation of 
ERK and the expression of GLI1 and GLI2 (Figure 3B). 
The ERK phosphorylation occurred immediately after 
bFGF stimulation followed by the upregulation of GLI1 
and GLI2 in a time-dependent manner (Figure 3B). As a 
crucial transcriptional factor in Hedgehog pathway, GLI2 
works by driving the expression of its target genes, such as 
BCL2 [24], GLI1 [25], HHIP [24, 26], and PTCH1 [25].
In our work, we found that after bFGF treatment for 24h, 
the mRNA level of these four GLI2 target genes increased 
2-6 folds in H520 and H1581 cells (Figure 3C). Together, 
these results indicated that bFGF/FGFR1 signaling activa
ted ERK pathway and induced the expressions of GLI2 
and its target genes.

FGFR1 stimulates GLI2 expression through 
ERK pathway but not through the classical 
Sonic Hedgehog pathway

To further test if there was a direct link bet
ween ERK phosphorylation and GLI2 expression, we 
included ERK inhibitor AZD6244 [27] in the following 
experiments. H520 and H1581 cells were activated 
similarly by bFGF (20 ng/ml) plus heparin (10 μg/ml) for 
24h, with pretreatment of AZD4547 (1 μM) or AZD6244 
(1 μM) to block the FGFR1 or the MEK/ERK pathways, 
respectively. The ERK inhibitor AZD6244 could block 
the ERK phosphorylation and the upregulation of GLI1 
and GLI2 protein level brought by bFGF as effectively as 
AZD4547 (Figure 4A). Similarly, FGFR1 KD led to down-
regulation of GLI1 and GLI2 in H520 and H1581 cells 

(Figure 4B). At the transcriptional level, the 24 h bFGF 
treatment increased GLI2 mRNA levels significantly in 
H520 (p<0.05) and H1581 (p<0.05) cells, and this increase 
could be blocked by AZD4547 (Figure 4C). FGFR1 KD 
decreased mRNA level of GLI2 in H520 (p<0.05) and 
H1581 (p<0.01) cells (Figure 4D). Immuno-fluorescence 
staining confirmed that bFGF stimulated the expression of 
GLI2, and this effect could also be blocked by AZD4547 
(Figure 4E).

It is well known that GLI2 was a key transcriptional 
factor in classical Sonic Hedgehog pathway. However, 
previous studies showed that the proliferation of lung 
cancer cell lines H520 and A549 could not be affected 
by exogenous shh [28] or SMO inhibitor (GDC0449) but 
could be inhibited by GLI protein inhibitor (GANT61) 
[21]. These results inspired us to explore whether FGFR1 
stimulated GLI2 expression through the classical Sonic 
Hedgehog pathway. First, treatment with shh for 24 h 
did not increase the expression of GLI2 either in H520 or 
H1581 cells (Supplementary Figure S3A), in line with the 
results of GLI1 expression reported in previous study [28]. 
Then we also found that the upregulation of GLI2 caused 
by bFGF treatment could not be blocked by SMO inhibitor 
GDC0449 (Supplementary Figure S3B). Furthermore, 
shh treatment could not accelerate the growth of H520 
and H1581 oncospheres. Importantly, the addition of shh 
failed to rescue the effect of FGFR1 KD (Supplementary 
Figure S3C).

As AZD4547 is a multitargeted inhibitor against 
FGFR1/2/3, it is critical to evaluate the role of other 
FGFRs besides FGFR1 in our study. Based on our RNA-
seq data, compared with the paired paratumor tissues, 
mRNA expression level of FGFR1 was higher in LSCC 
tissues (p<0.01). However, the mRNA expression of 
FGFR2 and FGFR3 was comparable between tumor 
and paired normal tissue (Supplementary Figure S4A). 
Moreover, FGFR1 was the sole gene found to be amplified 
in LSCC tissue based on our own data (37.8%) and TCGA 
(20.8%) (Supplementary Figure S4B). The relative mRNA 
and protein levels of FGFR1/2/3 were also examined in 
H520 and H1581 cells. FGFR1 was highly expressed in 
both cells; FGFR2 was only hyperexpressed in H1581 
cell; FGFR3 mRNA level was much lower in both cell 
lines compared with FGFR1 and FGFR2 (Supplementary 
Figure S4C and S4D): these data are in line with the 
results described by Malchers F et al. in their studies [19].
We then chose H1581 to explore the relationship between 
FGFR2 and GLI2. Knockdown of FGFR2 with specific 
siRNA failed to affect the expression of GLI2 at all 
(Supplementary Figure S4E). These results seemed to rule 
out the involvement of FGFR2/3 in regulating GLI2 in 
FGFR1-amplified lung cancer cells, especially in LSCC.

Our findings suggested that FGFR1 signaling 
directly regulates GLI2 expression in FGFR1-amplified 
cells through the ERK pathway but not through the 
classical Sonic Hedgehog pathway.
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Figure 3: bFGF/FGFR1 activates ERK phosphorylation and upregulates the expression of GLI2 and its transcriptional 
activity. A. Western blot assay FGFR1 activation and its downstream kinase activity. H520 and H1581 cells were stimulated with bFGF 
(20 ng/ml) and heparin (10 μg/ml) for 20 min with or without pretreatment ofAZD4547 (1 μM) for 40min. Cells were analyzed for phospho-
FGFR (p-FGFR), FGFR1, phospho-ERK (p-ERK), total ERK (t-ERK), phospho-AKT (p-AKT) and total AKT (t-AKT). β-tubulin served as 
loading control. B. bFGF stimulates the expression of GLI1 and GLI2 in H520 and H1581 in a time-dependent manner. Cells were treated 
with bFGF (20 ng/ml) plus heparin (10 μg/ml) for different durations and assayed for GLI1, GLI2 and p-ERK levels by Western blot. C. The 
expression of GLI2 target genes BCL2, GLI1, HHIP and PTCH1 in H520 and H1581 cells with or without bFGF (20 ng/ml) plus heparin 
(10 μg/ml) treatment for 24 hours were examined by real-time PCR (Error bars represent SEM; N=3, *p<0.05 and **p<0.01, Student’s t test).
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Figure 4: Inhibition ofFGFR1 suppresses the expression of GLI2. A. Western blot analysis of the protein level of GLI1 and GLI2 
and phosphorylation of ERK in H520 and H1581 cells after treatment with bFGF (20 ng/ml) plus heparin (10 μg/ml)in combinations of 
FGFR1 inhibitor AZD4547 (1 μM) or MEK/ERK inhibitor AZD6244 (1 μM). B. Western blot analysis shows GLI1 and GLI2 expression 
levels in H520 and H1581 cells that were infected with control lentivirus (LV-c) or shRNA targeting FGFR1 (LV-shFGFR1-1 and LV-
shFGFR1-2). C. The relative mRNA level of GLI2 in H520 and H1581 cells after treatment with bFGF (20 ng/ml) plus heparin (10 μg/ml) 
with or without AZD4547 (1 μM). (Error bars represent SEM; N=3, *p<0.05 and **p<0.01, Student’s t test). D. The relative mRNA level 
of GLI2 in H520 and H1581 cells that were infected with control lentivirus (LV-c) or shRNA targeting FGFR1 (LV-shFGFR1-1) (Error bars 
represent SEM; N=3, *p<0.05 and **p<0.01, Student’s t test). E. Immunofluorescence microscopic analysis of GLI2 in H520 and H1581 
cells treated with bFGF (20 ng/ml) plus heparin (10 μg/ml) or co-treated with bFGF (20 ng/ml) plus heparin (10 μg/ml) and AZD4547 
(1 μM). DAPI was used to stain nuclei. Scale bar = 100 μm.
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GLI2 is required for maintaining the stem-like 
phenotype of FGFR1 -amplified cells

We further assessed the effect of genetic inhibition 
of GLI2 on the stem-like phenotype of lung cancer cells. 
Western blot and immunofluorescence experiments 
confirmed the GLI2 silencing effect (Figure 5A and 
Supplementary Figure S5). GLI2 KD produced the similar 
effect as in FGFR1 inhibition. Briefly, GLI2 KD slowed 
the growth and the oncosphere formation ability of H520 
and H1581 (Figure 5B and 5D). And the proportion of 
ALDH positive cells reduced dramatically in GLI2 KD 
cells compared with vector control in H520 (from 14.6% 
to 5.2%) (p<0.05) and in H1581 (from 49.6% to 26.3%) 
(p<0.01) (Figure 5C). And compared with the vector 
control, GLI2 knockdown inhibited the expression of 
stem cell markers in H520 and H1581 (Figure 5E). GLI2 
KD decreased mRNA level of GLI1 in H520 (p<0.01) and 
H1581 (p<0.01) cells (Supplementary Figure S6).

We then transiently transfected the FGFR1 KD 
cell lines with GLI2 plasmid. GLI2 overexpression 
was confirmed by Western blot and qPCR experiments 
(Figure 6A and 6B). The inhibited growth of FGFR1 
KD oncospheres could be liberated after GLI2 plasmid 
transfection (Figure 6D and 6E). And the decrease of 
ALDH positive ratio and the stemness gene expression 
caused by FGFR1 KD could also be rescued by re-
expression of GLI2 in FGFR1 KD cells (Figure 6C and 
6F).

Together, these results showed that GLI2 was 
involved in FGFR1-dependent Hedgehog signaling 
pathway, which was critical for maintaining the stem-like 
phenotype of FGFR1 -amplified lung cancer cells.

Higher expression of FGFR1 and GLI2 
correlate with shorter progression free 
survival in NSCLC patients

Given the functional link between FGFR1 and 
GLI2, we assessed whether these two genes might be co-
expressed in LSCC tumors. Based on our own RNA-seq 
data in LSCC patients, we found that there was a positive 
correlation between FGFR1 and GLI2 (N=36, p<0.0001, 
R2=0.33) (Figure 7A), these results were confirmed in 
data from The Cancer Genome Atlas (TCGA) (N=113, 
p<0.0001, R2=0.24) (Figure 7B).To further explore the 
clinical significance of FGFR1/GLI2 signaling.

We then tested the relationship between the FGFR1 
or GLI2 expression level and the survival of NSCLC 
patients, 2437 lung cancer samples from publicly available 
datasets (2015 version) (http://kmplot.com/analysis/index.
php?p=service cancer=lung) were used for analysis [29]. 
The Kaplan-Meier analyses demonstrated that the higher 
expression of FGFR1 was correlated with shorter progress free 
survival (PFS) (N=809, p=9.1×10-5, univariate Cox, in Figure 
7D). A similar negative connection was also found between 

the GLI2 expression level and PFS (N=809, p=5.4×10-4, 
univariate Cox in Figure 7F). However from these datasets we 
failed to establish a statistically significant connection between 
FGFR1 or GLI2 expression and overall survival (OS) (for 
FGFR1, N=1726, p=0.22, univariate Cox in Figure 7C; or for 
GLI2, N=1726, p=0.3, univariate Cox in Figure 7E).

DISCUSSION

Over the past few years, accumulating evidences have 
suggested the subtype of cells with stem cell-like phenotype 
was the source of resistance and relapse. Indeed, traditional 
cancer drugs had been developed to inhibit differentiated 
cancer cells, and failed to eradicate stem cell-like cells 
was thought to be a critical factor of recurrence. Herein 
the results from the ALDH activity, sensitivity against 
FGFR1 inhibitor/knockdown, and the expression of stem 
cell markers, supported the notion that FGFR1 promoted 
the stem cell-like phenotype of FGFR1-amplified LSCC. 
The survival and accumulation of these stem cell-like cells 
(possibly with elevated FGFR1/GLI2) might explain in the 
clinic the association with shorter PFS. As elimination of 
cancer stem cell-like cells provided an effective strategy to 
overcome tumor resistance and reduce relapse, our findings 
in this study shed some light on the molecular mechanisms 
of the molecular mechanisms of maintaining the stem 
cell-like phenotype, in which FGFR1 regulated the GLI2 
expression through ERK pathway (Figure 8), and provided 
a novel target for the treatment of a subtype of NSCLC cells.

Aberrant FGFRs signaling had been implicated 
in a diverse spectrum of human cancers, including those 
in the lung, breast, and stomach [30]. The mechanism of 
FGF/FGFR signaling activation varies in different cancers, 
resulting from gene amplification, mutation, trans -location 
or SNPs [30]. Among these, FGFR1 amplification is a 
prominent gene alteration in LSCC. The incidence of 
FGFR1 amplification has been reported to be approximately 
22% in LSCC, but only 3.4% in adenocarcinoma [11, 31]. 
A relative higher rate was reported in East Asian patients 
(31%) [32]. It was reported that suppression of FGFR1 
by FGFR inhibitor or shRNA can repress the proliferation 
of FGFR1-amplified cells, such as H1581 and DMS114 
[19].In this study, we discovered that FGFR1 inhibitor 
AZD4547 decreased the ALDH-positive population, which 
was regarded as a stem cell marker in FGFR1-amplified 
lung cancer cells. Furthermore, AZD4547 inhibited the 
growth of oncospheres both in H520 and H1581 at low 
concentrations, these results were in line with the effect 
of FGFR1 knockdown. In the xenograft model of H1581 
cells, we confirmed that the FGFR1 inhibitor AZD4547 
could repress the growth of tumor inoculated either from 
the oncospheres or parental cells; the inhibitor could also 
reduce the ALDH positive proportion of tumors in both 
these two models. These results seemed to implicate 
that for stem-cell enriched LSCC cells (especially when 
they develop treatment-resistance), inclusion of FGFR1 
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Figure 5: GLI2 is required for FGFR1-amplified lung cancer cell growth and maintenance of self-renewal in 
oncospheres. A. Western blot analysis of GLI2 levels in H520 and H1581 cells that were infected with control lentivirus (LV-c), or 
shRNA targeting GLI2 (LV-shGLI2-1 and LV-shGLI2-2). B. Oncosphere formation assay in H520 and H1581 cells that were infected 
with either LV-c, LV-shGLI2-1 orLV-shGLI2-2 (Error bars represent SEM; N=6, *p<0.05, **p<0.01, and *** p<0.001 Student’s t test). 
C. ALDH activity assay in H520 and H1581 cells that were infected with either LV-c or LV-shGLI2-1. (Error bars represent SEM, N=3; 
*p<0.05 and ** p<0.01, Student’s t test). D. CCK-8 assay of H520 and H1581 cells that were infected with LV-c, LV-shGLI2-1 or LV-
shGLI2-2. (Error bars represent SD; N=6, *p<0.05, ** p<0.01, and ***p<0.001, two-way ANOVA, followed by post-hoc tests). E. The 
relative mRNA levels of stem cell markers CD133, NANOG, OCT4 and SOX2 in H520 and H1581 cells that were infected with either LV-c 
or LV-shGLI2-1.(Error bars represent SEM, N=3;*p<0.05, Student’s t test).
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Figure 6: The effect of FGFR1 knockdown can be rescued by GLI2 expression. A. Western blot and B. qPCR analysis 
showed GLI2 expression levels in H520 and H1581 cells that were treated with LV-c, LV-shFGFR1-1 or LV-shFGFR1-1+GLI2 plasmid. 
FGFR1 knockdown H520 or H1581 cells were transiently transduced with plasmid expressing wild-type GLI2 or control vector. (Error 
bars represent SEM; N=3, *p<0.05, **p<0.01, and ***p<0.001 Student’s t test) C. ALDH activity assay in H520 and H1581 cells that were 
treated with LV-c, LV-shFGFR1-1 or LV-shFGFR1-1+GLI2 plasmid. D. Oncosphere formation assay for H520 and H1581 cells that were 
treated with LV-c, LV-shFGFR1-1 orLV-shFGFR1-1+GLI2 plasmid (Error bars represent SEM; N=6, **p<0.01, Student’s t test). E. CCK-8 
assay of H520 and H1581 cells that were treated with LV-c, LV-shFGFR1-1 or LV-shFGFR1-1+GLI2 plasmid. (Error bars represent SD; 
N=6, *p<0.05, **p<0.01, and *** p<0.001, two-way ANOVA, followed by post-hoc tests). F. The relative mRNA levels of stem cell markers 
CD133, NANOG, OCT4 and SOX2 in H520 and H1581 cells that were treated with LV-c, LV-shFGFR1-1 orLV-shFGFR1-1+GLI2 plasmid.
( Error bars represent SEM, N=3 *p<0.05, and **p<0.01 Student’s t test).
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Figure 7: Higher levels of FGFR1 and GLI2 both associate with shorter progression free survival in NSCLC patients. 
A. Linear correlation analysis of FGFR1 with GLI2 expression, as measured by RNA-seq, and the data was labeled as Reads Per Kilo-
bases per Million-reads (RPKM) in the LSCC tissues (N=36). Each sample is represented by a dot. The extent of the Pearson correlation 
is indicated by R2. B. Linear correlation analysis of FGFR1 with GLI2 expression. Data were from TCGA sample (N=113). Each sample 
is represented by a dot. The extent of the Pearson correlation is indicated by R2. C. The effect of FGFR1mRNA expression level on the 
overall survival OS; N=1726) and D. progression free survival (PFS; N=809) in lung cancer patients was analyzed and the Kaplan-Meier 
plots were generated by Kaplan-Meier Plotter (http://www.kmplot.com). The upper quartile were compared with lower FGFR1 patients. 
E. The effect of GLI2 mRNA expression level on the overall survival (N=1726) and F. progression free survival (N=809) in lung cancer 
patients was analyzed and the Kaplan-Meier plots were generated by Kaplan-Meier Plotter (http://www.kmplot.com). The upper quartile 
was compared with the lower GLI2 patients.
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inhibitors was a feasible therapy strategy. It was interesting 
to note that the basal ALDH positive proportions in H1581 
cells were different in AZD4547 treatment experiment 
(Figure 1A) and in the control lentivirus stable transfection 
experiment (Figure 5C). The difference may attribute to the 
different culture conditions in these two experiments. In the 
former study the cells were cultured in low serum medium 
(1% FBS) for 5 days to be followed by flow-cytometry 
assay, but the latter were cultured in normal medium (10% 
FBS). From our observation H1581 cell lines seemed to be 
more sensitive to the alteration of the serum concentration. 
Different cell state may lead to different basal ALDH 
positive level. ALDH positive proportion in the control 
lentiviral transfected cells was similar to the wildtype 
cells when they were cultured in normal condition (data 
not shown). On the contrary, the H520 seemed to be less 
sensitive to the change of culture condition.

Aberrant Hedgehog signaling has been implicated 
in a diverse spectrum of human cancers, including lung 
cancer. Both previous immunohistochemical studies and 
TCGA data indicated the activation of Hedgehog pathways 
in LSCC [22, 33]. In particular, overexpression of GLI2 
was evident among different database results, and closely 
connected with classical subtype of LSCC [21]. GLI2 is the 
primary effector of Hedgehog signaling cascade. Hedgehog 
signaling activation leads to GLI2 stabilization and then 
induces the transcriptional upregulation of GLI1 [25]. GLI1 
protein without repressor domain is constitutively active, 
and potentiates the transcription of Hedgehog-GLI2 target 
genes. And it was also reported in some papers that GLI1 
was able to induce GLI2 expression [34]. Because GLI2 

and GLI1induce transcription of overlapping but distinct 
sets of target genes, GLI2-mediated GLI1 forms a positive 
feedback and leads to augmentation of Hedgehog signaling 
quantitatively as well as qualitatively [35]. Genetic 
alterations, including loss of PTCH function, constitutively 
active SMO, and amplification of GLI1/GLI2 have been 
reported to activate downstream Hedgehog signaling 
independent of ligands in various cancers. However these 
mechanisms were rare in LSCC. Indeed, the mechanisms 
regulated Hedgehog pathway in LSCC was still uncertain. 
Moreover, it was reported that GLI function can be 
modulated in a SMO-independent manner by PI3K/AKT, 
RAS-MEK signaling [36-38], and the activity of GLI can 
be activated or suppressed in different models [27, 39-41]. 
Previously Hedgehog pathway was reported to play an 
important role in maintaining the stem cell-like phenotype 
of LSCC [20]. In our study, we uncovered a link between 
FGFR1 and GLI2: FGFR1 enhanced the expression 
and transcriptional activity of GLI2 through ERK 
phosphorylation. In the further study, using FGFR1 KD and 
GLI2 KD cell lines, we confirmed that FGFR1 inhibition 
could dramatically repress the expression of GLI2 and the 
related gene GLI1. In the rescue experiment, we found that 
overexpression of GLI2 could offset the effect brought by 
FGFR1 KD in both FGFR1-amplified cell lines. FGFR1or 
GLI2 was previously regarded as a promising target in 
LSCC, and we discovered the correlation of FGFR1 and 
GLI2 in LSCC patients. To our knowledge, this provided 
initial evidence to connect the FGFR1 and Hedgehog 
signaling pathways, and explain how FGFR1 signaling 
regulates stem cell properties in LSCC. FGFR1/GLI2’s 

Figure 8: A model summarizing the FGFR1-ERK-GLI2 signaling axis that regulates the stem cell-like phenotype in 
NSCLC cells. After binding with the FGFR1, bFGF stimulates the phosphorylation of FGFR1 and its downstream signaling component, 
leading to the upregulation of GLI2 expression and its transcriptional activity.
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involvement in the modulation of self-renewal program of 
the stem cell-like cells were further supported by analysis 
of these factors in the large cohorts of NSCLC patients 
(over 2437 cases), representing an integration of data from 
multiple published studies. As we suggested in the study 
that higher FGFR1 or GLI2 levels were correlated with 
shorter PFS, it is worth considering these two pathways 
together in future clinical studies for the treatment of LSCC.

Herein for the first time we demonstrated that FGFR1 
promoted stem cell-like phenotype in lung cancer cells 
harboring FGFR1 amplification, especially in LSCC, partly 
through stimulating the expression and activity of GLI2. 
Furthermore, our results revealed a functional interaction 
between FGFR1 and Hedgehog/GLI2 pathway. FGFR1 and 
GLI2 may cooperate in driving growth and maintenance of 
LSCC stem cell-like cells. These provide a rational strategy 
of combination of FGFR1 and GLI inhibitors for the 
treatment of FGFR1-amplified LSCC tumors in the future.

MATERIALS AND METHODS

Cell cultures and reagents

Human lung squamous cancer cell line H520 and 
large cell line H1581 cells were purchased from American 
Type Culture Collection (ATCC; Manassas, VA, USA). 
Cells were routinely cultured in RPMI 1640 (Hyclone) 
supplemented with 10% fetal bovine serum (Gibco), 100 
U/ml penicillin and 100 μg/ml streptomycin. All cells 
lines were grown in 5% CO2 atmosphere at 37°C. FGFR1 
inhibitor AZD4547 was kindly provided by AstraZeneca 
Pharmaceutical Co.. AZD6244 and GDC0449was 
purchased from Selleck Chemicals.

Lentiviral RNAi constructs, cell transduction, 
plasmids,

The lentivirus labeled with RFP against FGFR1 and 
GLI2 were purchased from HanBio (www.hanbio.net). The 
specific target sequences of FGFR1 and GLI2 were listed in 
the Supplementary Table S2. Stable cell lines were generated 
by infection of cells with lentivirus, which was carried out 
in 24-well plate with serum-free DMEM medium.H520 and 
H1581 cells were transduced with lenti-sh-FGFR1 and lenti-
sh-GLI2 virus at the infection MOI ≥90 at 37°C with 8μg/
ml polybrene for 24 h. Then culture medium with 10% FBS 
was replaced and cells were continuously cultured for 4 to 
6 days followed by selection with G418 (Invitrogen) at 500 
μg/ml. pCS2-MT GLI2 FL was a gift from Erich Roessler 
(Addgene plasmid # 17648)[42]. siRNA was purchased 
from GenePharma (Shanghai, China)

Oncosphere cell culture

Oncosphere cell culture was performed according 
to the published protocol with some modifications [2, 
3, 20]. Briefly, oncospheres were enriched from H520 

and H1581 cells by culturing 10,000 cells/ml of CSC 
culture medium [serum-free DMEM-F12 medium 
(Life Technologies, Grand Island, NY) containing B-27 
Supplement (Life Technologies, Grand Island, NY), 20 ng/
ml basic fibroblast growth factor (Gibco), and 20 ng/ml 
epidermal growth factor (Gibco)] in ultra-low attachment 
flasks (Corning, Corning, NY) that support the growth of 
undifferentiated oncospheres.

CCK-8 assay

The effect of AZD4547 on the viabilities of H520 
and H1581 oncospheres cells were examined by CCK-
8 assay kit (Dojindo Laboratories, Kumamoto, Japan), 
according to the previous study with some modification 
[20]. Briefly, the oncospheres were dissociated into single-
cell suspensions by accutase (Stem Cell Technologies). 
Then the cells were seeded in 96-well plates at a density 
of 3,000 cells per well (N=6) in the presence or absence of 
AZD4547 with different concentrations. After 96 h, 10 μl 
of CCK8 solution was added to each well and incubated 
for 4–6 h at 37°C. The absorbance at 450nm was measured 
by the microplate reader (Synergy2, BioTek, Winooski, 
VT). The IC50 value was calculated in GraphPad Prism 
software. For the proliferation assay, cells with different 
treatment were seeded in 96-well plates at a destiny of 
1000 cells/well (N=6). At the assigned time point, the cells 
were obtained and the OD value at 450nm was measured.

Sphere formation assay

Sphere formation assay was performed according 
to Dontu’s description with some modification [43]. 
Briefly, Adherent H520 and H1581 cells were gently 
trypsinized, washed, and then seeded (3000/well) in 6-well 
ultra-low attachment plates. Spheres (>75 μm diameter) 
were counted after 10–14 days with or without FGFR1 
inhibitor AZD4547 (1 μM). To assay effects of RNAi 
knockdown of FGFR1, GLI2, H520 and H1581 were 
stable transfected with LV-c, LV-shFGFR1-1/2, and LV-
shGLI2-1/2 lentivirus and led to form oncospheres. In the 
rescue experiment, the cells lines stable transfected with 
LV-shFGFR1-1 lentivirus and then transient transfected 
with plasmid pCS2-MT GLI2 FL and its relevant control 
vector and led to form oncospheres. The medium was 
refreshed twice a week, and the numbers of oncospheres 
were determined using Leica digital camera.

Flow cytometry analysis

The Aldefluor Assay Kit (Stem Cell Technologies) 
was used to determine the ALDH positive cells. The assay 
was performed according to manufacturer's instructions 
with modifications [44]. Cell suspensions were counted 
and suspended in Aldefluor assay buffer, which was 
divided into two groups. The baseline fluorescence was 
tested by pretreatment with ALDH-specific inhibitor 
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diethylaminobenzaldehyde (DEAB) for 10 minutes 
before incubation with ALDH enzyme substrate bodipy-
aminoacetaldehyde (BAA) for 45 minutes at 37°C. For the 
analysis of ALDH-positive cells, DEAB-treated sample 
was used as a negative control and ALDH activity in the 
presence of DEAB was considered as a baseline. Cells 
were analyzed on a FACS Calibur (BD Biosciences) flow 
cytometry.

Quantitative real-time PCR (qRT-PCR) and 
western blot analysis

Total RNA was extracted from cells with Trizol 
reagent (TaKaRa, Dalian, China) to the manufacturer’s 
protocol. PrimerScript reverse transcriptase (RT) reagent 
kit (TaKaRa) was used to synthesize cDNA from total 
RNA. Quantitative real-time PCR was performed on 
ABI 7900HT by using SYBR Premix Ex Taq (TaKaRa). 
Western blot was performed to detect the changes of 
protein levels under different treatments. Cell samples 
were lysed in lysis buffer (Thermo Scientific, Rockford, 
IL, USA) containing Complete Protease Inhibitor 
Cocktail, Phosphatase Inhibitor Cocktail and 2 mM 
phenylmethylsulfonyl fluoride (PMSF). The lysates were 
collected. Immunoblotting was carried out as previously 
described following the methods as described before 
[45]. The detailed procedure, primers for qRT-PCR 
(Supplementary Table S1) and antibodies used in western 
blot are described in the Supplementary Materials and 
Methods.

Immunofluorescence microscopy

Cells grown in chamber wells were fixed in 4% 
paraformaldehyde for 10 minutes at room temperature then 
rinsed with PBS for 5 minutes followed by permeablizing 
in 0.5% Triton X-100 for 10 minutes and blocking in 1% 
bovine serum albumin in PBS for 30 minutes at room 
temperature with shaking. Cells were incubated with GLI2 
antibody at 1:200 dilutions (Epitomics) overnight at 4°C. 
Alternatively, cells were incubated with isotype controls, 
including rabbit IgG conjugated with Alexa Fluor 488 and 
594 (Cell Signaling, 2975 and 8760). Cells were rinsed 
in PBS for 5 minutes, once with PBS and mounted with 
Prolong anti-fade with DAPI (Life Technologies). The 
labeled cells were visualized under a microscope (Leica 
DFC420C) and images were processed using Adobe 
Photoshop software.

Analysis of publicly available datasets

To analyze the effect of FGFR1 or GLI2 expression 
on prognostic of lung cancer patients, we generated 
Kaplan-Meier survival curve of NSCLC patients with low 
or high expression of FGFR1 or GLI2 by using Kaplan-
Meier Plotter (www.kmplot.com/analysis). [29, 46].

Data from TCGA were analyzed using cBIO software 
(http://www.cbioportal.org/public-portal/) software to 
correlate gene expression of “FGFR1” and “GLI2” in 119 
human LSCC. Then the data of FGFR1 and GLI2 were 
downloaded and the coorelationship were analyzed in 
Graphpad software. [47, 48]

Statistical analysis

The GraphPad Prism software (GraphPad Software 
Inc., La Jolla, CA, USA) was used in data processing and 
statistical analysis of significance. All data were presented 
as means±SEM or SD where indicated formats least three 
replicate experiments. Comparisons between two groups 
were performed using Student’s t tests and ANOVA with 
Tukey post-hoc test was used to compare three or more 
groups, p<0.05 was considered significant.

ACKNOWLEDGMENTS

This work was supported by SJTU Interdisciplinary 
Research Grant (YG2012ZD05), and grants from Astra 
Zeneca Pharmaceutical Co., China, International S&T 
Cooperation Program of China (2012DFG31320), 
Foundation for Leaders of Disciplines in Science of 
Shanghai (13XD1403300), Science and Technology 
Commission Foundation of Shanghai (06DZ19501), 
National High Technology Research and Development 
Program of China (2012AA02A502), Chinese 
Ministry of Science and Technology (2013CB945604), 
the National Natural Science Foundation of China 
(31270032) and Key project of Shanghai Health and 
Family Planning commission (201540365). We thank 
Huiguo Chu for the establishment of xenograft model. 
We thank YiRui Huang for some helpful suggestions 
during the modification.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1.	 Siegel R, Naishadham D and Jemal A. Cancer statistics, 
2012. CA. 2012; 62:10-29.

2.	 Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio 
A, Conticello C, Ruco L, Peschle C and De Maria R. 
Identification and expansion of the tumorigenic lung cancer 
stem cell population. Cell Death and Differentiation. 2008; 
15:504-514.

3.	 Justilien V, Regala RP, Tseng IC, Walsh MP, Batra 
J, Radisky ES, Murray NR and Fields AP. Matrix 
metalloproteinase-10 is required for lung cancer stem cell 
maintenance, tumor initiation and metastatic potential. PloS 
One. 2012; 7:e35040.



Oncotarget15132www.impactjournals.com/oncotarget

4.	 Donnenberg VS and Donnenberg AD. Multiple drug 
resistance in cancer revisited: the cancer stem cell 
hypothesis. Journal of Clinical Pharmacology. 2005; 
45:872-877.

5.	 Yuan P, Kadara H, Behrens C, Tang XM, Woods D, Solis 
LM, Huang JT, Spinola M, Dong WL, Yin GS, Fujimoto 
J, Kim E, Xie Y, Girard L, Moran C, Hong WK, et al. Sex 
Determining Region Y-Box 2 (SOX2) Is a Potential Cell-
Lineage Gene Highly Expressed in the Pathogenesis of 
Squamous Cell Carcinomas of the Lung. PloS One. 2010; 5.

6.	 Chiou SH, Wang ML, Chou YT, Chen CJ, Hong CF, 
Hsieh WJ, Chang HT, Chen YS, Lin TW, Hsu HS and 
Wu CW. Coexpression of Oct4 and Nanog Enhances 
Malignancy in Lung Adenocarcinoma by Inducing 
Cancer Stem Cell-Like Properties and Epithelial-
Mesenchymal Transdifferentiation. Cancer Research. 2010; 
70:10433-10444.

7.	 Jiang F, Qiu Q, Khanna A, Todd NW, Deepak J, Xing LX, 
Wang HJ, Liu ZQ, Su Y, Stass SA and Katz RL. Aldehyde 
Dehydrogenase 1 Is a Tumor Stem Cell-Associated Marker 
in Lung Cancer. Molecular Cancer Research. 2009; 
7:330-338.

8.	 Alamgeer M, Peacock CD, Matsui W, Ganju V and 
Watkins DN. Cancer stem cells in lung cancer: Evidence 
and controversies. Respirology. 2013; 18:757-764.

9.	 Kim HR, Kim DJ, Kang DR, Lee JG, Lim SM, Lee CY, 
Rha SY, Bae MK, Lee YJ, Kim SH, Ha SJ, Soo RA, Chung 
KY, Kim JH, Lee JH, Shim HS, et al. Fibroblast growth 
factor receptor 1 gene amplification is associated with poor 
survival and cigarette smoking dosage in patients with 
resected squamous cell lung cancer. Journal of Clinical 
Oncology. 2013; 31:731-737.

10.	 Seo AN, Jin Y, Lee HJ, Sun PL, Kim H, Jheon S, Kim K, 
Lee CT and Chung JH. FGFR1 amplification is associated 
with poor prognosis and smoking in non-small-cell lung 
cancer. Virchows Archiv. 2014; 465:547-558.

11.	 Weiss J, Sos ML, Seidel D, Peifer M, Zander T, Heuckmann 
JM, Ullrich RT, Menon R, Maier S, Soltermann A, Moch H, 
Wagener P, Fischer F, Heynck S, Koker M, Schottle J, et al. 
Frequent and focal FGFR1 amplification associates with 
therapeutically tractable FGFR1 dependency in squamous 
cell lung cancer. Science Translational Medicine. 2010; 
2:62ra93.

12.	 Tran TN, Selinger CI, Kohonen-Corish MR, McCaughan 
BC, Kennedy CW, O'Toole SA and Cooper WA. Fibroblast 
growth factor receptor 1 (FGFR1) copy number is an 
independent prognostic factor in non-small cell lung cancer. 
Lung Cancer. 2013; 81:462-467.

13.	 Gavine PR, Mooney L, Kilgour E, Thomas AP, Al-Kadhimi 
K, Beck S, Rooney C, Coleman T, Baker D, Mellor MJ, 
Brooks AN and Klinowska T. AZD4547: an orally 
bioavailable, potent, and selective inhibitor of the fibroblast 
growth factor receptor tyrosine kinase family. Cancer 
Research. 2012; 72:2045-2056.

14.	 Goke F, Goke A, von Massenhausen A, Franzen A, Sharma 
R, Kirsten R, Bohm D, Kristiansen G, Stenzinger A, 
Wynes M, Hirsch FR, Weichert W, Heasley L, Buettner 
R and Perner S. Fibroblast growth factor receptor 1 as a 
putative therapy target in colorectal cancer. Digestion. 
2013; 88:172-181.

15.	 Zhang J, Zhang L, Su X, Li M, Xie L, Malchers F, Fan 
S, Yin X, Xu Y, Liu K, Dong Z, Zhu G, Qian Z, Tang 
L, Schottle J, Zhan P, et al. Translating the therapeutic 
potential of AZD4547 in FGFR1-amplified non-small 
cell lung cancer through the use of patient-derived tumor 
xenograft models. Clinical Cancer Research. 2012; 
18:6658-6667.

16.	 Fogarty MP, Emmenegger BA, Grasfeder LL, Oliver TG 
and Wechsler-Reya RJ. Fibroblast growth factor blocks 
Sonic Hedgehog signaling in neuronal precursors and tumor 
cells. Proceedings of the National Academy of Sciences of 
the United States of America. 2007; 104:2973-2978.

17.	 Qian X, Anzovino A, Kim S, Suyama K, Yao J, Hulit J, 
Agiostratidou G, Chandiramani N, McDaid HM, Nagi 
C, Cohen HW, Phillips GR, Norton L and Hazan RB. 
N-cadherin/FGFR promotes metastasis through epithelial-
to-mesenchymal transition and stem/progenitor cell-like 
properties. Oncogene. 2014; 33:3411-3421.

18.	 Pastrana E, Silva-Vargas V and Doetsch F. Eyes wide open: 
a critical review of sphere-formation as an assay for stem 
cells. Cell Stem Cell. 2011; 8:486-498.

19.	 Malchers F, Dietlein F, Schottle J, Lu X, Nogova L, 
Albus K, Fernandez-Cuesta L, Heuckmann JM, Gautschi 
O, Diebold J, Plenker D, Gardizi M, Scheffler M, Bos M, 
Seidel D, Leenders F, et al. Cell-autonomous and non-cell-
autonomous mechanisms of transformation by amplified 
FGFR1 in lung cancer. Cancer Discovery. 2014; 4:246-257.

20.	 Justilien V, Walsh MP, Ali SA, Thompson EA, Murray 
NR and Fields AP. The PRKCI and SOX2 oncogenes are 
coamplified and cooperate to activate Hedgehog signaling 
in lung squamous cell carcinoma. Cancer Cell. 2014; 
25:139-151.

21.	 Huang L, Walter V, Hayes DN and Onaitis M. Hedgehog-
GLI signaling inhibition suppresses tumor growth in 
squamous lung cancer. Clinical Cancer Research. 2014; 
20:1566-1575.

22.	 Cai B and Jiang X. A novel artificial neural network method 
for biomedical prediction based on matrix pseudo-inversion. 
Journal of Biomedical Informatics. 2014; 48:114-121.

23.	 Shi I, Hashemi Sadraei N, Duan ZH and Shi T. Aberrant 
signaling pathways in squamous cell lung carcinoma. 
Cancer Informatics. 2011; 10:273-285.

24.	 Regl G, Kasper M, Schnidar H, Eichberger T, Neill GW, 
Philpott MP, Esterbauer H, Hauser-Kronberger C, Frischauf 
AM and Aberger F. Activation of the BCL2 promoter 
in response to Hedgehog/GLI signal transduction is 
predominantly mediated by GLI2. Cancer Research. 2004; 
64:7724-7731.



Oncotarget15133www.impactjournals.com/oncotarget

25.	 Yoon JW, Kita Y, Frank DJ, Majewski RR, Konicek BA, 
Nobrega MA, Jacob H, Walterhouse D and Iannaccone 
P. Gene expression profiling leads to identification of 
GLI1-binding elements in target genes and a role for 
multiple downstream pathways in GLI1-induced cell 
transformation. The Journal of Biological Chemistry. 
2002; 277:5548-5555.

26.	 Chuang PT and McMahon AP. Vertebrate Hedgehog 
signalling modulated by induction of a Hedgehog-binding 
protein. Nature. 1999; 397:617-621.

27.	 Keysar SB, Le PN, Anderson RT, Morton JJ, Bowles 
DW, Paylor JJ, Vogler BW, Thorburn J, Fernandez 
P, Glogowska MJ, Takimoto SM, Sehrt DB, Gan GN, 
Eagles-Soukup JR, Serracino H, Hirsch FR, et al. 
Hedgehog signaling alters reliance on EGF receptor 
signaling and mediates anti-EGFR therapeutic resistance 
in head and neck cancer. Cancer Research. 2013; 
73:3381-3392.

28.	 Bermudez O, Hennen E, Koch I, Lindner M and Eickelberg 
O. Gli1 Mediates Lung Cancer Cell Proliferation and Sonic 
Hedgehog-Dependent Mesenchymal Cell Activation. PloS 
One. 2013; 8:e63226..

29.	 Gyorffy B, Surowiak P, Budczies J and Lanczky A. Online 
survival analysis software to assess the prognostic value of 
biomarkers using transcriptomic data in non-small-cell lung 
cancer. PloS one. 2013; 8:e82241.

30.	 Touat M, Ileana E, Postel-Vinay S, Andre F and Soria 
JC. Targeting FGFR Signaling in Cancer. Clinical Cancer 
Research. 2015; 21:2684-2694.

31.	 Dutt A, Ramos AH, Hammerman PS, Mermel C, Cho J, 
Sharifnia T, Chande A, Tanaka KE, Stransky N, Greulich 
H, Gray NS and Meyerson M. Inhibitor-sensitive FGFR1 
amplification in human non-small cell lung cancer. PloS 
One. 2011; 6:e20351.

32.	 Kim Y, Hammerman PS, Kim J, Yoon JA, Lee Y, Sun 
JM, Wilkerson MD, Pedamallu CS, Cibulskis K, Yoo YK, 
Lawrence MS, Stojanov P, Carter SL, McKenna A, Stewart C, 
Sivachenko AY, et al. Integrative and comparative genomic 
analysis of lung squamous cell carcinomas in East Asian 
patients. Journal of Clinical Oncology. 2014; 32:121-128.

33.	 Yue D, Li H, Che J, Zhang Y, Tseng HH, Jin JQ, Luh TM, 
Giroux-Leprieur E, Mo M, Zheng Q, Shi H, Zhang H, Hao 
X, Wang C, Jablons DM and He B. Hedgehog/Gli promotes 
epithelial-mesenchymal transition in lung squamous cell 
carcinomas. Journal of Experimental & Clinical Cancer 
Research. 2014; 33:34.

34.	 Regl G, Neill GW, Eichberger T, Kasper M, Ikram MS, 
Koller J, Hintner H, Quinn AG, Frischauf AM and Aberger 
F. Human GLI2 and GLI1 are part of a positive feedback 
mechanism in Basal Cell Carcinoma. Oncogene. 2002; 
21:5529-5539.

35.	 Katoh Y and Katoh M. Hedgehog target genes: mechanisms 
of carcinogenesis induced by aberrant hedgehog signaling 
activation. Current Molecular Medicine. 2009; 9:873-886.

36.	 Brechbiel J, Miller-Moslin K and Adjei AA. Crosstalk 
between hedgehog and other signaling pathways as a basis 
for combination therapies in cancer. Cancer Treatment 
Review. 2014; 40:750-759.

37.	 Whisenant TC, Ho DT, Benz RW, Rogers JS, Kaake 
RM, Gordon EA, Huang L, Baldi P and Bardwell L. 
Computational Prediction and Experimental Verification of 
New MAP Kinase Docking Sites and Substrates Including 
Gli Transcription Factors. Plos Comput Biol. 2010; 6.

38.	 Riobo NA, Haines GM and Emerson CP. Protein kinase 
C-delta and mitogen-activated protein/extracellular signal-
regulated kinase-1 control GLI activation in hedgehog 
signaling. Cancer Research. 2006; 66:839-845.

39.	 Mangelberger D, Kern D, Loipetzberger A, Eberl M and 
Aberger F. Cooperative Hedgehog-EGFR signaling. 
Frontiers in Bioscience. 2012; 17:90-99.

40.	 Schnidar H, Eberl M, Klingler S, Mangelberger D, 
Kasper M, Hauser-Kronberger C, Regl G, Kroismayr R, 
Moriggl R, Sibilia M and Aberger F. Epidermal growth 
factor receptor signaling synergizes with Hedgehog/
GLI in oncogenic transformation via activation of the 
MEK/ERK/JUN pathway. Cancer Research. 2009; 
69:1284-1292.

41.	 Gotschel F, Berg D, Gruber W, Bender C, Eberl M, Friedel 
M, Sonntag J, Rungeler E, Hache H, Wierling C, Nietfeld 
W, Lehrach H, Frischauf A, Schwartz-Albiez R, Aberger F 
and Korf U. Synergism between Hedgehog-GLI and EGFR 
signaling in Hedgehog-responsive human medulloblastoma 
cells induces downregulation of canonical Hedgehog-target 
genes and stabilized expression of GLI1. PloS One. 2013; 
8:e65403.

42.	 Roessler E, Ermilov AN, Grange DK, Wang AQ, 
Grachtchouk M, Dlugosz AA and Muenke M. A 
previously unidentified amino-terminal domain regulates 
transcriptional activity of wild-type and disease-
associated human GLI2. Hum Molecular Genetics. 2005; 
14:2181-2188.

43.	 Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke 
MF, Kawamura MJ and Wicha MS. In vitro propagation 
and transcriptional profiling of human mammary 
stem/progenitor cells. Genes & Development. 2003; 
17:1253-1270.

44.	 Arasada RR, Amann JM, Rahman MA, Huppert SS and 
Carbone DP. EGFR blockade enriches for lung cancer 
stem-like cells through Notch3-dependent signaling. Cancer 
Research. 2014; 74:5572-5584.

45.	 Bourguignon LY, Wong G, Earle CA and Xia W. 
Interaction of low molecular weight hyaluronan with 
CD44 and toll-like receptors promotes the actin filament-
associated protein 110-actin binding and MyD88-
NFkappaB signaling leading to proinflammatory cytokine/
chemokine production and breast tumor invasion. 
Cytoskeleton. 2011; 68:671-693.



Oncotarget15134www.impactjournals.com/oncotarget

46.	 Cui T, Srivastava AK, Han C, Yang L, Zhao R, Zou N, 
Qu M, Duan W, Zhang X and Wang QE. XPC inhibits 
NSCLC cell proliferation and migration by enhancing 
E-Cadherin expression. Oncotarget. 2015; 6:10060-10072.
doi: 10.18632/oncotarget.3542.

47.	 Gao JJ, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, 
Sumer SO, Sun YC, Jacobsen A, Sinha R, Larsson E, 
Cerami E, Sander C and Schultz N. Integrative Analysis of 

Complex Cancer Genomics and Clinical Profiles Using the 
cBioPortal. Science Signaling. 2013; 6.

48.	 Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO and 
Aksoy BA. The cBio Cancer Genomics Portal: An Open 
Platform for Exploring Multidimensional Cancer Genomics 
Data (vol 2, pg 401, 2012). Cancer Discovery. 2012; 
2:960-960.


