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Abstract

Purpose: Resistance to tyrosine kinase inhibitors (TKI) of EGF
receptor (EGFR) is often related to activation of other signaling
pathways and evolution through a mesenchymal phenotype.

Experimental Design: Because the Hedgehog (Hh) pathway
has emerged as an important mediator of epithelial-to-mesen-
chymal transition (EMT), we studied the activation of Hh signal-
ing in models of EGFR-TKIs intrinsic or acquired resistance from
both EGFR-mutated and wild-type (WT) non–small cell lung
cancer (NSCLC) cell lines.

Results:Activationof theHhpathwaywas found inbothmodels
of EGFR-mutated and EGFR-WTNSCLC cell line resistant to EGFR-
TKIs. In EGFR-mutated HCC827-GR cells, we found SMO (the Hh
receptor) gene amplification, MET activation, and the functional
interaction of these two signaling pathways. In HCC827-GR cells,

inhibitionof SMOordownregulationofGLI1 (themost important
Hh-induced transcription factor) expression in combination with
MET inhibition exerted significant antitumor activity.

In EGFR-WT NSCLC cell lines resistant to EGFR inhibitors, the
combined inhibition of SMO and EGFR exerted a strong anti-
proliferative activity with a complete inhibition of PI3K/Akt and
MAPK phosphorylation. In addition, the inhibition of SMO by
the use of LDE225 sensitizes EGFR-WT NSCLC cells to standard
chemotherapy.

Conclusions:This result supports the role of theHh pathway in
mediating resistance to anti-EGFR-TKIs through the induction of
EMT and suggests new opportunities to design new treatment
strategies in lung cancer. Clin Cancer Res; 21(20); 4686–97. �2015
AACR.

Introduction
Tyrosine kinase inhibitors (TKI) against the EGF receptor

(EGFR) represent the first example of molecularly targeted agents
developed in the treatment of non–small cell lung cancer

(NSCLC) and are, currently, useful treatments after failure of
first-line chemotherapy and, more importantly, for the first-line
treatment of patients whose tumors have EGFR-activating gene
mutations (1). However, after an initial response, all patients
experience disease progression as a result of resistance occurrence.
Recognizedmechanisms of acquired resistance to anti-EGFR-TKIs
in EGFR-mutated NSCLC are MET gene amplification or the
acquisition of secondary mutations such as the substitution of
a threonine with a methionine (T790M) in exon 20 of the EGFR
gene itself (2). However, these molecular changes are able to
identify only a portion of patients with cancer defined as "non-
responders" to EGFR-targeted agents. A number of molecular
abnormalities in cancer cells may partly contribute to resistance
to anti-EGFR agents (2, 3). Our group and others have shown that
epithelial-to-mesenchymal transition (EMT) is a critical event in
themetastatic switch and is generally associated with resistance to
molecularly targeted agents in NSCLC models (4, 5). EMT is a
process characterized by loss of polarity and dramatic remodeling
of cell cytoskeleton through loss of epithelial cell junction pro-
teins, such as E-cadherin, and gain ofmesenchymalmarkers, such
as vimentin (6). The clinical relevance of EMT and drug insensi-
tivity comes from studies showing an association between epi-
thelial markers and sensitivity to erlotinib in NSCLC cell lines,
suggesting that EMT-type cells are resistant to erlotinib (7). In

1Oncologia Medica, Dipartimento Medico-Chirurgico di Internistica
Clinica e Sperimentale "F. Magrassi e A. Lanzara," Seconda Universit�a
degli Studi di Napoli, Naples, Italy. 2Dipartimento di Sanit�a Pubblica,
Universit�a degli Studi di Napoli Federico II, Naples, Italy. Universit�a
degli Studi di Napoli Federico II, Naples, Italy. 3Chirurgia Toracica,
Dipartimento di Scienze Cardio-Toraciche e Respiratorie, Seconda
Universit�a degli Studi di Napoli, Naples, Italy. 4Anatomia Patologica,
Dipartimento di Salute Mentale e Fisica e Medicina Preventiva, Sec-
ondaUniversit�adegli Studi di Napoli, Naples, Italy. 5OncologiaMedica,
Dipartimento di Medicina clinica e Chirurgia, Universit�a degli Studi di
Napoli Federico II, Naples, Italy.

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Corresponding Author: Floriana Morgillo, Dipartimento Medico-Chirurgico di
Internistica Clinica e Sperimentale "F.Magrassi eA. Lanzara," SecondaUniversit�a
degli Studi di Napoli, Italy; Via S. Pansini 5, Naples 80131, Italy. Phone: 39-081-
5666725; Fax: 39-081-5666732; E-mail: florianamorgillo@yahoo.com

doi: 10.1158/1078-0432.CCR-14-3319

�2015 American Association for Cancer Research.

Clinical
Cancer
Research

Clin Cancer Res; 21(20) October 15, 20154686

on March 25, 2021. © 2015 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 29, 2015; DOI: 10.1158/1078-0432.CCR-14-3319 

http://clincancerres.aacrjournals.org/


particular, recent data suggest that cancer cells with EMT phe-
notype demonstrate stem cell–like features and strategies
reverting EMT could enhance the therapeutic efficacy of EGFR
inhibitors (4, 5).

The Hedgehog (Hh) signaling cascade has emerged as an
important mediator of cancer development and metastatic pro-
gression. The Hh signaling pathway is composed of the ligands
sonic, Indian, and desert hedgehog (Shh, Ihh, Dhh, respectively)
and the cell surface molecules Patched (PTCH) and Smoothened
(SMO). In the absence ofHh ligands, PTCH causes suppression of
SMO; however, upon ligand binding to PTCH, SMOprotein leads
to activation of the transcription factor GLI1, which in turn
translocates into the nucleus, leading to the expression of Hh
induced genes (8). TheHh signaling pathway is normally active in
human embryogenesis and in tissue repair, as well as in cancer
stem cell renewal and survival. This pathway is critical for lung
development and its aberrant reactivation has been implicated in
cellular response to injury and cancer growth (9–11). Indeed,
increased Hh signaling has been demonstrated in bronchial
epithelial cells exposed to cigarette smoke extraction. In particu-
lar, the activation of this pathway happens at an early stage of
carcinogenesis when cells acquire the ability to growth in soft agar
and as tumors when xenografted in immunocompromised mice.
Treatment with Hh inhibitors at this stage can cause complete
regression of tumors (12). Overexpression of Hh signaling mole-
cules has been demonstrated in NSCLC compared with adjacent
normal lung parenchyma, suggesting an involvement in the
pathogenesis of this tumor (13, 14).

Reactivation of the Hh pathway with induction of EMT has
been implicated in the carcinogenesis of several cancer types (15).
Inhibition of the Hh pathway can reverse EMT and is associated
with enhanced tumor sensitivity to cytotoxic agents (16). Recent-
ly, upregulation of the Hh pathway has been demonstrated in the
NSCLC cell line A549, concomitantly with the acquisition of a
TGFb1-induced EMT phenotype with increased cell motility and
invasion (17).

The aim of the present work was to study the role of the Hh
signaling pathway as mechanism of resistance to EGFR-TKIs in
different models of NSCLC.

Materials and Methods
Cell lines, drugs, and chemicals

The human NSCLC HCC827, PC9, H322, H1299, H460, and
Calu-3 cell lines were provided by ATCC between 2010 and 2012.
The identity of all cell lines was confirmed by STR profiling
(Promega) on an ad hoc basis before performing experiments
and repeated for all cell lines after a majority of the experiments
were performed (November 2012). Cells were maintained in
RPMI-1640 (Sigma-Aldrich) medium supplemented with 10%
FBS (Life Technologies) in a 5% CO2 humidified atmosphere.
HCC827-GR (gefitinib-resistant) and Calu-3 ER (erlotinib-resis-
tant) cells lines were obtained in vitro, as previously described
(4, 18). The established resistant cancer cell lines were then
maintained in continuous culture with the maximally achieved
dose of each TKI that allowed cellular proliferation.

Gefitinib, erlotinib, LDE-225 (NVP-LDE225, Erimodegib), vis-
modegib (GDC-0449), PHA665752, and cisplatin were pur-
chased from Selleck Chemicals (Selleckchem).

Cell proliferation assays
Cell proliferation was measured with the MTT assay as previ-

ously described (4, 18).

Protein expression analysis
We used the following primary antibodies from Cell Signaling:

anti-EGFR, anti-phospho-EGFR (Tyr1068), anti-p44/42MAPK,
anti-phospho-p44/42MAPK, anti-AKT, anti-phospho-AKT (Ser
473), anti-phospho-S6ribosomal protein (Ser235), anti-p70RSK,
anti-phospho-p70RSK (Thr389), anti-vimentin, anti-SLUG, anti-
E-cadherin, anti-Shh, anti-GLI1, anti-GLI2, anti-GLI3, anti-SMO,
anti-PTCH, anti-MET, anti-phospho MET (Tyr1234/1235), anti-
PARP, anti-HER3, anti-SUFU, anti-NF-kBp65/RELA, anti-phos-
pho-NF-kBp65(Ser536)/phospho-RELA, anti-AXL, anti-phos-
pho-AXL (Tyr702), and anti b-actin. One milligram protein
lysates were immunoprecipitated with the required antibodies
[anti-SMO, anti-MET, anti-SUFU, anti-GLI1 or healthy preim-
mune serum anti-mouse for the negative control]; immunocom-
plexes were recovered with protein G Sepharose (GE Healthcare
Life Science) and detected by Western blotting (19). Each exper-
iment was performed in triplicate.

For the siRNA transfection, cells in the logarithmic growth
phase in 6-well plates (5 � 105 cells per well) were transfected
with 100 nmol/L of GLI1 siRNA (ON-target plus SMARTpool
human: FE5L003896000005) or control-scrambled siRNA
(Dharmacon Research) using Lipofectamine 2000 (Invitrogen),
according to the protocol of the manufacturer. SMO DNA trans-
fection [SMO (NM_005631) Human cDNAORF Clone, Origene]
was conducted according to manufacturer's specifications.

Tumor xenografts in nude mice
Four- to 6-week old female balb/c athymic (nu/nu) mice were

purchased fromCharles River Laboratories. The research protocol
was approved and mice were maintained in accordance with the
Institutional Guidelines of the Second University of Naples Ani-
mal Care and Use Committee. Mice were acclimatized for 1 week
before being injected subcutaneously with 107 HCC827-GR and
Calu-3 ER cells. When established tumors reached the volume of
approximately 75 mm3, mice were randomized in different
groups (8 mice per group) of treatments: HCC827-GR xeno-
grafted mice received only vehicle (control group), gefitinib

Translational Relevance

The amplification of SMO in non–small cell lung cancer
(NSCLC) resistant to EGFR-TKIs opens new possibilities of
treatment for thosepatientswho failedfirst-line EGFR-targeted
therapies. The synergistic interaction of the Hedgehog (Hh)
and MET pathways further support the rationale for a com-
bined therapy with specific inhibitors. In addition, Hh path-
way activation is essential for the acquisition of mesenchymal
properties and, as such, for the aggressiveness of the disease.
Also, in EGFR wild-type NSCLC models, inhibition of Hh,
along with inhibition of EGF receptor (EGFR), can revert the
resistance to anti-EGFR targeted drugs. In addition, inhibition
of the Hh pathway sensitizes EGFR wild-type NSCLC to
standard chemotherapy. These data encourage further evalu-
ation ofHh inhibitors as novel therapeutic agents to overcome
tyrosine kinase inhibitor (TKI) resistance and to revert epithe-
lial-to-mesenchymal transition (EMT) in NSCLC.
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(100 mg/kg daily orally by gavage), LDE225 (20 mg/kg intraper-
itoneally trice a week), PHA-665752 (25 mg/kg intraperitoneally
twice a week), or their combination; CALU3-ER xenograftedmice
received only vehicle (control group), erlotinib (60 mg/kg daily
orally by gavage), LDE225 (20 mg/kg intraperitoneally three
times a week), or their combination. Body weight and tumor
volume were monitored on alternate days. Tumor volume was
measured using the formula p/6 larger diameter (smaller diam-
eter)2. Tumor tissues were collected from the xenografts at the end
of treatment period and analyzed by immunohistochemistry and
by Western blotting.

Immunohistochemical analysis on tumor xenografts
We used the following primary antibodies: from Millipore,

Merck: METmonoclonal, clone: 4F8.2, dilution 1:500 (Millipore,
Merck); PTCH Protein Patched Homolog 1, PPH1, polyclonal,
dilution 1:300 (Millipore, Merck); vimentin monoclonal, dilu-
tion 1:100 (Ventana). After heat-induced antigen retrieval, slides
were processed by Benchmark Autostainer (Ventana, Roche)
using the UltraView Polymer Detection Kit. Negative controls
were obtained by omitting the primary antibody.

Expression level of PTCHwas scored on the basis of percentage
of positive cells and intensity of the staining by 2 independent
pathologists. Staining intensity was scored as follows: 0, negative;
1, weak; 2, moderate; 3, strong. Positive area percentages were
graded as follows: grade 0 (<5%), 1 (6%–15%), 3 (26%–50%),
4 (51%–75%), and 5 (>75%). In case of discrepancy, an inde-
pendent reader was consulted and consensus was obtained.
Positivity was determined using the following formula: IHC score
¼ percentage score � staining intensity score. A score of 10 or
more was considered positive.

Statistical analysis
P values � 0.05 were considered as statistically significant. For

defining the effect of the combined drug treatments, any poten-
tiation was estimated by multiplying the percentage of cells
remaining by each individual agent. The synergistic index was
calculated as previously described (19). In the following equa-
tions, A and B are the effects of each individual agent and AB is
the effect of the combination. Subadditivity was defined as %AB/
(%A%B) < 0.9; additivity was defined as %AB/(%A%B) ¼ 0.9–
1.0; and supra-additivity was defined as %AB/(%A%B) > 1.0.

Results
Activation of Hh signaling pathway in NSCLC cell lines with
resistance to EGFR-TKIs

We established an in vitro model of acquired resistance to the
EGFR-TKI gefitinib using the EGFR exon 19 deletion mutant
(delE746-A750) HCC827 human NSCLC cell line by continuous
culturing these cells in the presence of increasing doses of gefi-

tinib. HCC827 cells, which were initially sensitive to gefitinib
treatment (in vitro IC50� 80nmol/L), became resistant (HCC827-
GR cells) after 12months of continuous treatment with IC50 > 20
mmol/L. This cell line was also cross-resistant to erlotinib and to
the irreversible EGFR kinase inhibitor BIBW2992 (afatinib; data
not shown). Sequencing of the EGFR gene in gefitinib-resistant
HCC827-GR cells showed the absence of EGFRT790M mutation
(data not shown). After the establishment of HCC827-GR cells,
we characterized their resistant phenotype by protein expression
analysis. While the activation of EGFR resulted efficiently inhib-
ited by gefitinib treatment both in HCC827 and in HCC827-GR
cells, phosphorylation of AKT and MAPK proteins persisted in
HCC827-GR cells despite the inhibition of the upstream EGFR
(Fig. 1A).

HCC827-GR cells exhibited a mesenchymal phenotype with
increased ability to invade, to migrate, and to grow in an anchor-
age-independent manner (Fig. 2A–C). Therefore, we next exam-
ined whether HCC827-GR cell line exhibits molecular changes
known to occur during the EMT. Indeed, we found expression of
vimentin and SLUG proteins and loss of E-cadherin protein
expression in gefitinib-resistant cells as compared with gefiti-
nib-sensitive cells (Fig. 1B). Although activation of the AXL kinase
and NF-kB (20–22) have been described as known mechanisms
of EGFR-TKI resistance, the analysis of their activation status
resulted not significantly different among our cell lines. However,
further studies are needed to explore a potential cooperation of
AXL and NF-kB with Hh signaling.

Recently, expression of Shh and activation of the Hh pathway
have been correlated to the TGFb-induced EMT in A549 lung
cancer cells (17). To investigate the expression profile of Hh
signaling components in this in vitro model of acquired resis-
tance to anti-EGFR--TKIs, we performed Western blot analysis
for Shh, GLI1, 2, 3, SMO, and PTCH in HCC827-GR cells. While
Shh levels did not differ between HCC827 and HCC827-GR
cells, a significantly increased expression of SMO and GLI1 was
found in HCC827-GR cells as compared with parental cells
(Fig. 1B). No differences in the levels of GLI2 and 3 were
observed (data not shown). Of interest, also PTCH protein
levels resulted increased in HCC827-GR cells. This is of rele-
vance, as PTCH is a target gene of GLI1 transcriptional activity
and increased PTCH levels indicate activation of Hh signaling.
We further analyzed expression and activation of MET, as a
known mechanism of acquired resistance to anti-EGFR drugs in
NSCLC. Indeed, MET phosphorylation resulted strongly acti-
vated in HCC827-GR cells (Fig. 1B). Analysis of the MET ligand
levels, HGF, by ELISA assay, did not evidence any significant
difference in conditioned media of our cells (data not shown).
As previous studies have demonstratedMET gene amplification
in NSCLC cell lines with acquired resistance to gefitinib (23),
we evaluated MET gene copy number by FISH analysis and D-
PCR in HCC827 and in HCC827-GR cell lines. The mean MET

Figure 1.
Activation of Hh signaling pathway in NSCLC cell lines resistant to EGFR-TKIs. A, Western blot analysis of EGFR and of downstream signaling pathways in
parental EGFR-mutated human lung adenocarcinoma HCC827 cells and in their gefitinib-resistant derivative (HCC827-GR). b-Actin was included as a loading
control. B, Western blot analysis of Hh pathway, MET, and selected epithelial- and mesenchymal-related proteins in a panel of EGFR-TKI–sensitive (HCC827,
H322, andCalu-3) and -resistant (HCC827-GR, H1299, Calu-3 ER, H460)NSCLCcell lines.b -Actinwas included as a loading control. C, FISH analysis of gain inMETand
SMO gene copy number in HCC827 and HCC827-GR. D, top, GLI-driven luciferase expression in HCC827 and HCC827-GR cells before and after depletion
of GLI1 in both cell lines; bottom, evidence of GLI1 mRNA downregulation by siRNA. b-Actin was included as a loading control. E, MTT cell proliferation assays in
HCC827-GR and PC9 cancer cell transfected with an empty vector or SMO expression plasmid with the indicated concentrations of gefitinib for 3 days.
Bottom, Western blotting for evaluation of SMO after transfection.
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gene copy number was similar between gefitinib-sensitive and
gefitinib-resistant HCC827 cell line (Fig. 1C).

Of interest, while we were working to these experiments, data
on SMO gene amplification in EGFR-mutated NSCLC patients
with acquired resistance to anti-EGFR targeted drugs were
reported on rebiopsies performed at progression, revealing SMO
amplification in 2 of 16 patients (12.5%; ref. 24). For this reason,
we evaluated by FISH SMO gene copy number in HCC827-GR
cells, in which the mean SMO gene copy number was 4-fold
higher than that of parental HCC827 cells, indicating SMO gene
amplification (Fig. 1C).

We further analyzed the expression and the activation of these
molecules on a larger panel of EGFR-WT NSCLC cell lines,
including NSCLC cells sensitive to EGFRTKIs, such as H322
and Calu-3 cells, NSCLC cell lines with intrinsic resistance to
EGFR-TKIs, such as H1299 and H460 cells and Calu-3 ER (erlo-
tinib-resistant) cells, which represents an in vitro model of
acquired resistance to erlotinib obtained from Calu-3 cells
(refs. 4, 18; Supplementary Table S1). As shown in Fig. 1B,
similarly to HCC827-GR cells, the Hh signaling pathway resulted
in activation of these NSCLC models of intrinsic or acquired
resistance to EGFR-TKI.

To further investigate the presence of specific mutations in
the Hh pathway components, we sequenced DNA from our
panel of NSCLC cell lines by Ion Torrent NGS; results indicated
the absence of specific mutations in Hh-related genes (data not
shown).

Because GLI1 is a transcription factor, we tested the functional
significance of increased expression of this gene in the EGFR-
sensitive and -resistant cell lines, using a GLI1-responsive pro-
moter within a luciferase reporter expression vector (Fig. 1D).
Analysis of luciferase activity of HCC827-GR cells revealed a 6- to
7-fold increase in GLI-responsive promoter activity as compared
with HCC827 cells (P < 0.001), suggesting that transcriptional
activity of GLI1 is significantly higher in gefitinib-resistant
HCC827-GR cells. Furthermore, depletionofGLI1 protein expres-
sion by transfection with a GLI1-specific siRNA expression vector
led to approximately 65% decrease in GLI1-driven promoter
activity in HCC827-GR (P < 0.01; Fig. 1D). To determine whether
SMO expression may promote resistance to gefitinib, 2 cell lines
harboring the mutated EGFR gene, HCC827 and PC9 cells, and
the sensitive EGFR-WT cell line Calu-3, were transiently trans-
fected with an SMO expression plasmid. When treated with
gefitinib, transfected cells exhibited a partial loss of sensitivity to
the EGFR inhibition (Fig. 1E).

Activation of Hh signaling pathway mediates resistance to
EGFR-TKIs in EGFR-dependent NSCLC cell lines

As previously mentioned, HCC827-GR cells acquired expres-
sion of vimentin and SLUG and loss of E-cadherin when com-
pared with gefitinib-sensitive HCC827 cancer cells along with an
increased ability to invade, migrate, and form colonies in semi-
solid medium (Fig. 2A–C). We next evaluated whether the Hh
pathway activation was necessary for gefitinib acquired resistance

Figure 2.
Activation of Hh signaling pathway mediates resistance to EGFR-TKIs in EGFR-dependent NSCLC cell lines. A, invasion assay. B, migration assay, C, anchorage-
independent colony formation in soft agar. D, cell proliferation measured with the MTT assay in parental human lung adenocarcinoma HCC827 cells and
in HCC827-GR derivative. The results are the average � SD of 3 independent experiments, each done in triplicate.
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by genetically or by pharmacologically inhibiting Hh compo-
nents in the HCC827-GR cell line. Knockdown of GLI1 by a
GLI1siRNA approach had a very little effect on HCC827-GR cells.
However, when gefitinib treatment (1 mmol/L) was performed in
HCC827-GR cells after GLI1 blockade, invasion, migration, and
colony-forming capabilities were significantly inhibited (Fig. 2A–
C). Next, we evaluated the effects of 2 small-molecule inhibitors
of SMO, such as LDE225 and vismodegib. Treatment with
LDE225 (1 mmol/L; Fig. 2A–D) or with vismodegib (1 mmol/L;
data not shown) alone did not significantly affect the viability and
the invasion and migration abilities of HCC827-GR cells. Com-
bined treatment with gefitinib and LDE225 (1 mmol/L) or vis-
modegib (1 mmol/L) caused inhibition of these parameters in
HCC827-GR cells (Fig. 2A–C).

Taken together, these data show that Hh activation is required
for acquisition of gefitinib resistance in HCC827-GR cells.

As overexpression and activation of MET was found in
HCC827-GR cells, we evaluated whether inhibition of MET
phosphorylation by PHA-665752 could restore gefitinib sensitiv-
ity in this model. Although abrogation of MET signaling in
combination with the inhibition of EGFR signaling marginally
affected gefitinib sensitivity of HCC827-GR cells, surprisingly,
inhibition of MET synergistically enhanced the effects of Hh
inhibition in HCC827-GR cells (Fig. 2A–D) in terms of invasion,
migration, colony-forming, and proliferation abilities, indicating
a significant synergism between these 2 signaling pathways. The
triple inhibition of EGFR, SMO, and MET did not result in any
additional antiproliferative effects (data not shown).

Cooperation between Hh and MET signaling pathways in
mediating resistance to EGFR-TKI in EGFR-dependent NSCLC
cell lines

To study the role of Hh pathway in the regulation of key
signaling mediators downstream of the EGFR and to explore the
interaction between Hh and MET pathways, we further charac-
terized the effects ofHh inhibition alone and in combinationwith
EGFR or MET inhibitor on the intracellular signaling by Western
blotting. As illustrated in Fig. 3A, treatment of HCC827-GR cells
with the SMO inhibitor LDE225, gefitinib or with the MET
inhibitor PHA-665772, for 72 hours, did not affect total MAPK
and AKT protein levels and activation. A marked decrease of the
activated form of both proteins was observed only when LDE225
was combined with PHA-665772, at greater level than inhibition
of EGFR and MET, suggesting that the Hh pathway cooperates
with MET to the activation of both MAPK and AKT signaling
pathways. In addition, vimentin expression, induced during the
acquisition of gefitinib resistance, was significantly decreased after
Hh inhibition, suggesting that the Hh pathway represents a key
mediator of EMT in this model. The combination of MET and Hh
inhibitors strongly induced cleavage of the 113-kDa PARP to the
89-kDa fragment, indicating an enhanced programmed cell
death.

Of interest, the inhibition of SMO by LDE225 also reduced the
activated, phosphorylated form of MET (Fig. 3A), revealing an
interaction between SMO and MET receptors. To address this
issue, we hypothesized a direct interplay between both receptors.
SMO immunoprecipitates fromHCC827-GR cells showed greater
MET binding than that from the parental HCC827 cells (Fig. 3B).
As MET has been demonstrated to interact with HER3 to mediate
resistance to EGFR inhibitors (25), we explored the expression of
HER3 in SMO immunoprecipitates. Protein expression analysis

did not show any association with HER3; similar results were
obtained with EGFR protein expression analysis in the immuno-
precipitates (data not shown).

The increased SMO/MET heterodimerization observed in
HCC827-GR cells was partially reduced by the inhibition of SMO
or MET with LDE225 or PHA-665752, respectively, and to a
greater extentwith the combined treatment (Fig. 3B). These results
support the hypothesis that Hh and MET pathways interplay at
level of their receptors.

To study whether the cooperation between these 2 pathways
appears also at a downstream level, and considering that, as
shown in Fig. 3A, MET inhibition partially reduces the levels of
GLI1 and PTCH proteins, we analyzed luciferase expression of
GLI1 reporter vector in HCC827-GR cells after treatment with
LDE225, PHA-665752, or both. As shown in Fig. 3C, transcrip-
tional activity of GLI1 resulted strongly decreased by the com-
bined treatment. In particular, treatment with single-agent
LDE225 did not abrogate the transcriptional activity of GLI1
suggesting a GLI1 noncanonical activation. In addition, single-
agent PHA-665752 reduced GLI1-dependent signal, suggesting a
role for MET in GLI1 regulation. To better investigate these
findings, we hypothesized that MET can regulate GLI1 activity
through its nuclear translocation. We, therefore, analyzed the
binding ability of SUFU, a known cytoplasmic negative regulator
of GLI1, following treatment of HCC827-GR cells with LDE225
and/or PHA-665752. Indeed, interaction between SUFU and
GLI1 was markedly decreased in HCC827-GR cells as compared
with HCC827 cells (Fig. 3D), which further confirmed the role of
the activation of Hh pathway in this gefitinib-resistant NSCLC
model. Furthermore, while combined treatment with LDE225
and PHA-665752 strongly increased the binding between GLI1
and SUFU, suggesting an inhibitory effect on GLI1 activity, also
treatment with the MET inhibitor PHA-665752 alone favored the
interaction of GLI1 with SUFU (Fig. 3D), indicating a role of MET
on the activation of GLI1. This phenomenon could be a conse-
quence of the decreased interplay between SMO and MET recep-
tors or the effect of a direct regulation of GLI1 by MET.

Effects of the combined treatment with LDE225 and gefitinib or
PHA-665752 on HCC827-GR tumor xenografts

We finally investigated the in vivo antitumor activity of Hh
inhibition by LDE225, alone and in combinationwith gefitinib or
with the MET inhibitor in nude mice bearing HCC827-GR cells.
Treatment with gefitinib, as single agent, did not cause any change
in tumor size as compared with control untreated mice, confirm-
ing that the in vitromodel of gefitinib resistance is valid also in vivo.
Treatment with LDE225 or with PHA-665752 as single agents
caused a decrease in tumor size even stronger than that observed
in vitro, suggesting a major role of these drugs on tumor micro-
environment. However, combined treatments, such as LDE225
plus gefitinib or LDE225 plus PHA-665752, significantly sup-
pressed HCC827-GR tumor growth with a major activity of
LDE225 plus PHA-665752 combination. Indeed at 21 days from
the starting of treatment, the mean tumor volumes in mice
bearing HCC827-GR tumor xenografts and treated with LDE225
plus gefitinib or with LDE225 plus PHA-665752 were 24% and
2%, respectively, as compared with control untreated mice
(Fig. 4A). Figure 4B shows changes in tumor size from baseline
in the 6 groups of treatment. A total of eight mice for each
treatment group were considered. Combined treatment of
LDE225 plus gefitinib caused objective responses in 5 of 8 mice
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(62.5%). Of interest, the most active treatment combination was
LDE225plus PHA-665752with complete responses in 8 of 8mice
(100%).

We then studied the effects of gefitinib, LDE225, PHA-665752,
and their combinations on the expression of PTCH, MET, and
vimentin in tumor xenografts biopsies frommice of each group of
treatment (Fig. 4C and Supplementary Table S2). We measured
PTCH expression, as it represents a directmarker of Hh activation.
While vimentin staining was particularly intense in control and
gefitinib-treated tumors, treatment with LDE225 alone and in
combination with PHA-665752 significantly reduced the inten-
sity of the staining further confirming the role of Hh inhibition on
the reversal of mesenchymal phenotype. Of interest, MET immu-
nostaining resulted in a consistent nuclear positivity: this partic-
ular localization has been described as a marker of poor outcome
and tendency to a mesenchymal phenotype (26). Although the
combination of LDE225 and gefitinib resulted in a significant
reduction of tumor growth with a concomitant reduction in
staining intensity of vimentin, the combination of LDE225 and

PHA-665752was themost effective treatment, with 8of 8 (100%)
mice having a complete response in their tumors. In fact, histo-
logic evaluations of these tumors found only fibrosis and no
viable cancer cells. According to Western blot analysis of protein
extracts harvested from the HCC827-GR xenograft tumors, the
levels of phospho-EGFR, phospho-MET, and GLI1 resulted in a
decrease after treatment with the respective inhibitor. Interesting-
ly, the combined treatment with LDE225 and PHA-665752
resulted in a stronger inhibition of phospho-MAPK and phos-
pho-AKT (Supplementary Fig. S1).

Role of the Hh pathway in mediating resistance to EGFR
inhibitors in EGFR-WT NSCLC

As shown in Fig. 1B, although H1299, H460, and Calu-3 ER
lacked SMO amplification (data not shown), these cells displayed
Hh pathway activation. We further conducted luciferase expres-
sion analysis that showed a 8- to 9-fold increase in GLI1-depen-
dent promoter activity in these lines as compared with EGFR
inhibitor–sensitive H322 and Calu-3 cells, suggesting that

Figure 3
Cooperation between Hh and MET signaling pathways in mediating resistance to EGFR-TKIs in HCC827-GR cells. A, Western blot analysis of Hh, MET, and
EGFR activation and their downstream pathways activation following treatment with the indicated concentration LDE225 and PHA-556752 on HCC827-GR NSCLC
cell line. b-Actin was included as a loading control. B, co-immunoprecipitation for the interaction between MET and SMO. Whole-cell extracts from HCC827 and
HCC827-GR cells untreated or treated with LDE225 or/and PHA556752 were immunoprecipitated (IP) with anti- SMO (top) or anti-MET (bottom). The
immunoprecipitates were subjected to Western blot analysis (WB) with indicated antibodies. Control immunoprecipitation was done using control mouse
preimmune serum (PS). C, GLI-driven luciferase expression in HCC827-GR cells during treatment with gefitinib, LDE225, PHA-556752, or their combinations.
D, co-immunoprecipitation for the interaction between SUFU and GLI1. Whole-cell extracts from HCC827 and HCC827-GR cells untreated or treated with
LDE225 or/and PHA556752 were immunoprecipitated (IP) with anti-GLI1 (top) or anti-SUFU (bottom) antibodies. The immunoprecipitates were subjected to
Western blot analysis with indicated antibodies. Control immunoprecipitation was done using control mouse PS.
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transcriptional activity of GLI1 is higher in EGFR-TKI–resistant
EGFR-WT NSCLC lines (Supplementary Fig. S2A). Similar to
HCC827-GR cells, these cells showed also activation of MET.
However, as reported in previous studies (4), MET inhibition
alone or in combination with EGFR inhibition or with SMO
inhibition resulted ineffective in inhibiting cancer cell prolifera-
tion and survival (data not shown).

We therefore tested the effects of Hh inhibition, by silencing
GLI1 or by using LDE225, alone and/or in combination with
erlotinib. Although knockdown of GLI1 or treatment with
LDE225 (1 mmol/L) did not significantly affect NSCLC cell via-
bility, combined treatment with erlotinib restored sensitivity to
erlotinib (Supplementary Fig. S2B).

In addition, H1299, Calu-3 ER, and H460 cells exhibited
significantly higher invasive and migratory abilities than H322

and Calu-3 cells and inhibition of Hh pathway significantly
reduced these abilities. Collectively, these results suggest that Hh
pathway activation mediates the acquisition of mesenchymal
properties in EGFR-WT lung adenocarcinoma cells with erlotinib
resistance (Supplementary Fig. S2B–S2D).

We next evaluated the effects of LDE225 alone and/or in
combination with erlotinib on the activation of downstream
pathways. Erlotinib treatment result was unable to decrease the
phosphorylation levels of AKT and MAPK in H1299 and Calu-3
ER cells (Fig. 5A). However, when LDE225 was combined with
erlotinib, a strong inhibition of AKT and MAPK activation was
observed in these EGFR inhibitor–resistant cells (Fig. 5A). Fur-
thermore, flow cytometric analysis revealed that combined treat-
ment with both erlotinib and LDE225 significantly enhanced the
apoptotic cell percentage to 65% and 70% (P < 0.001) in H1299

Figure 4.
Effects of the combined treatment with LDE225 and gefitinib or PHA-665752 on HCC827-GR tumor xenografts. A, athymic nude mice were injected
subcutaneously into thedorsalflankwith 107HCC827-GR cancer cells. After 7 to 10days (average tumor size, 75mm3),micewere treated as indicated inMaterials and
Methods for 3 weeks. HCC827-GR xenografted mice received only vehicle (control group), gefitinib (100 mg/kg daily orally by gavage), LDE225 (20 mg/kg
intraperitoneally three times aweek), PHA-665752 (25mg/kg intraperitoneally twice aweek), or their combination. Data represent the average (�SD). The Student
t testwas used to compare tumor sizes amongdifferent treatment groups at day21 following the start of treatment. B,waterfall plot representing the change in tumor
size from baseline in the 6 groups of treatment. A total of 8 mice for each treatment group were evaluated. C, effects of combined LDE225 and PHA-665752
on expression of MET, PTCH, and vimentin. Tissues were stained with hematoxylin and eosin (H&E). Representative section from each condition.
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and Calu-3 ER cells, respectively (Fig. 5B), confirmed by the
induction of PARP cleavage after the combined treatment
(Fig. 5A). These findings suggest that Hh pathway drives prolif-
eration and survival signals in NSCLC cells in which EGFR is
blocked by erlotinib, and only the inhibition of both pathways
can induce strong antiproliferative and proapoptotic effects. The
in vitro synergism between EGFR and SMO was confirmed also in
vivo. Combination of erlotinib and LDE225 significantly sup-
pressed growth of Calu-3 ER xenografted tumors in nude mice
(Supplementary Fig. S1F).

Hh pathway inhibition sensitizes EGFR-WT NSCLC cell lines to
standard chemotherapy

To extend our preclinical observations, we further investigated
the effects of Hh pathway inhibition on sensitivity of EGFR-WT
NSCLC cells to standard chemotherapy used in this setting and
mostly represented by cisplatin.

To investigate the role of the Hh pathway in mediating resis-
tance also to chemotherapy, we evaluated the efficacy of cisplatin

and Hh inhibition treatment alone or in combination on the
colony-forming ability in semisolidmedium ofH1299 andH460
cell lines (Fig. 6). Treatment with cisplatin alone resulted in a
dose-dependent inhibition of colony formation with an IC50

value of 13 and11mmol/L forH1299 andH460 cells, respectively.
However, when combinedwith LDE225, the treatment resulted in
a significant synergistic antiproliferative effect in both NSCLC cell
lines (Fig. 6). Together, these results indicate that treatment of
EGFR-WT NSCLC cells with Hh inhibitors could improve sensi-
tivity of NSCLCs to standard chemotherapy.

Discussion
Resistance to currently available anticancer drugs represents a

major clinical challenge for the treatment of patients with
advanced NSCLC. Our previous works (4, 18) reported that
whereas EGFR-TKI–sensitive NSCLC cell lines express the well-
established epithelial markers, cancer cell lines with intrinsic or
acquired resistance to anti-EGFR drugs express mesenchymal

Figure 5.
Activation of Hh signaling pathway
mediates resistance to EGFR-TKI in
EGFR-WT NSCLC cell lines. A, Western
blot analysis of EGFR and its
downstream pathways activation,
including PARP cleaved form, following
treatment with the indicated
concentration LDE225 and erlotinib on
Calu-3, Calu-3 ER, andH1299NSCLCcell
line. b-Actin was included as a loading
control. B, apoptosis was evaluated as
described in Supplementary Materials
and Methods with annexin V staining in
Calu-3, Calu-3-GR, and H1299 cancer
cells, which were treated with the
indicated concentration LDE225 and
erlotinib. Columns, mean of 3 identical
wells of a single representative
experiment; bars, top 95% confidence
interval; ���, P < 0.001 for comparisons
between cells treated with drug
combination and cells treated with
single agent.
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characteristics, including the expression of vimentin and a fibro-
blastic scatteredmorphology. This transitionplays a critical role in
tumor invasion, metastatic dissemination, and the acquisition of
resistance to therapies such as EGFR inhibitors. Among the
various molecular pathways, the Hh signaling cascade has
emerged as an important mediator of cancer development and
progression (8). The Hh signaling pathway is active in human
embryogenesis and tissue repair in cancer stem cell renewal and
survival and is critical for lung development. Its aberrant reacti-
vation has been implicated in cellular response to injury and
cancer growth (9–11). Indeed, increased Hh signaling has been
demonstrated by cigarette smoke extraction exposure inbronchial
epithelial cells (12). In particular, the activation of this pathway
correlated with the ability to growth in soft agar and in mice as
xenograft and treatment with Hh inhibitors showed regression of
tumors at this stage (12). Overexpression of Hh signaling mole-
cules has been demonstrated in NSCLC compared with adjacent
normal lung parenchyma, suggesting an involvement in the
pathogenesis of this tumor (13, 14).

Recently, alterations of the SMO gene (mutation, amplifica-
tion, mRNA overexpression) were found in 12.2% of tumors of
The Cancer Genome Atlas (TCGA) lung adenocarcinomas by
whole-exome sequencing (27). The incidence of SMOmutations
was 2.6% and SMO gene amplifications were found in 5% of
cases. SMOmutations and amplification strongly correlated with
SHH gene dysregulation (P< 0.0001). In a small case report series,
3 patients with NSCLC with Hh pathway activation had been
treated with the SMO inhibitor LDE225 with a significant reduc-
tion in tumor burden, suggesting that Hh pathway alterations
occur in NSCLC and could be an actionable and valuable ther-
apeutic target (27). Recently, upregulation of Shh, both at the
mRNA and at the protein levels, was demonstrated in the A549
NSCLC cell line, concomitantly with the acquisition of a TGFb1-
induced EMT phenotype (17, 28, 29) andmediated increased cell
motility, invasion, and tumor cell aggressiveness (30, 31).

In the present study, SMO gene amplification has been iden-
tified for thefirst time as a novelmechanismof acquired resistance
to EGFR-TKI in EGFR-mutant HCC827-GR NSCLC cells. These
data are in agreement with the results of a cohort of patients with
EGFR-mutant NSCLC that were treated with EGFR-TKIs (24).
Giannikopoulus and colleagues have demonstrated the presence

of SMO gene amplification in tumor biopsies taken at occurrence
of resistance to EGFR-TKIs in 2 of 16 patients (24). In both cases,
the MET gene was also amplified. In this respect, although the
MET gene was not amplified in HCC827-GR cells, we found a
significant functional and structural interaction betweenMET and
Hh pathways in these cells. In fact, the combined inhibition of
both SMO and MET exerted a significant antiproliferative and
proapoptotic effect in this model, demonstrated by tumor regres-
sions with complete response in 100% of HCC827-GR tumors
xenografted in nude mice.

Several MET inhibitors have been evaluated in phase II/III
clinical studies in patients withNSCLC, with controversial results.
Most probably, blocking MET receptor alone is not enough to
revert the resistant phenotype, as it is implicated in several
intracellular interactions, and the best way to overcome resistance
to anti-EGFR-TKIs is a combined approach, with Hh pathway
inhibitors.

In the context of EMT, Zhang and colleagues demonstrated that
AXL activation drives resistance in erlotinib-resistant subclones
derived fromHCC827, independently fromMET activation in the
same subclone, and that its inhibition is sufficient to restore
erlotinib sensitivity by inhibiting downstream signal MAPK, AKT,
andNF-kB (21). In addition, Bivona and colleagues described in 3
HCC827 erlotinib-resistant subclones increased RELA phosphor-
ylation, a marker of NF-kB activation, in the absence of MET
upregulation, and demonstrated that NF-kB inhibition enhanced
erlotinib sensitivity, independently fromAKTorMAPK inhibition
(22). Differently, we detected Hh andMET hyperactivation in our
resistancemodel HCC827-GRwithout a clear increase in AXL and
NF-kB activation.

Although the level of activation ofAXL andNF-kBdidnot result
in contribution to resistance in our model, further studies are
needed to explore a potential cooperation of AXL andNF-kBwith
Hh signaling.

In a preclinical model, the evolution of resistance can depend
strictly from the selective activation of specific pathways, whereas
different mechanisms can occur simultaneously in patients with
NSCLC, due to tumor heterogeneity. Thus, all data regarding
EFGFR-TKIs resistance have to be considered equally valid.

We further extended the evaluation of the Hh pathway to
NSCLC cell lines harboring the wild-type EGFR gene and

Figure 6.
Hh pathway inhibition sensitizes EGFR-WT NSCLC cell lines to standard chemotherapy. Anchorage-independent colony formation in soft agar in human lung
adenocarcinoma H1299 and H460. The results are the average � SD of 3 independent experiments, each done in triplicate. For defining the effect of the
combined drug treatments, any potentiation was estimated by multiplying the percentage of cells remaining by each individual agent. The synergistic index was
calculated as previously described (19). In the following equations, A and B are the effects of each individual agent and AB is the effect of the combination.
Subadditivity was defined as %AB/(%A%B) < 0.9; additivity was defined as %AB/(%A%B) ¼ 0.9–1.0; and supra-additivity was defined as %AB/(%A%B) > 1.0.
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demonstrated that Hh is selectively activated in NSCLC cells with
intrinsic or acquired resistance to EGFR inhibition andoccurred in
the context of EMT.

To further validate these data, we blocked SMO or down-
regulated GLI1 RNA expression in NSCLC cells that had under-
gone EMT, and this resulted in resensitization of NSCLC cells to
erlotinib and loss of vimentin expression, indicating an mesen-
chymal-to-epithelial transition promoted by the combined inhi-
bition of EGFR and Hh. Inhibition of the Hh pathway alone was
not sufficient to reverse drug resistance but required concomitant
EGFR inhibition to block AKT andMAPK activation and to restore
apoptosis, indicating that the prosurvival PI3K/AKT pathway and
themitogenic RAS/RAF/MEK/MAPKpathways likely represent the
level of interaction of EGFR and Hh signals.

In EGFR-WT NSCLC models, the role of MET amplification/
activation is less clear, and in our experience, its inhibition did not
increase the antitumor activity of SMO inhibitors.

In addition, Hh inhibition contributed to increase the response
to cisplatin treatment which is the standard chemotherapeutic
option used in EGFR-WT NSCLC patients and in EGFR-mutated
patients after progression on first-line EGFR-TKI, thus represent-
ing a valid contribution to achieve a better disease control in those
patients without oncogenic activation or after progression on
molecularly targeted agents.

Collectively, the results of the present study provide experi-
mental evidence that activation of the Hh pathway, through SMO
amplification, is a potential novel mechanism of acquired resis-
tance in EGFR-mutated NSCLC patients that occurs concomitant-
ly with MET activation, and the combined inhibition of these 2
pathways exerts a significant antitumor activity. In light of these
results, screening of SMO alteration is strongly recommended in
EGFR-mutated NSCLC patients with acquired resistance to EGFR-
TKIs at first progression.
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