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Abstract

Although essential for normal development and tissue homeostasis, aberrant activation of the
Hedgehog (Hh) signaling pathway is implicated in non-small cell lung cancer (NSCLC) progression
and treatment resistance. This review details the contribution of Hh signaling to NSCLC, focusing
on its promotion of tumor invasion and therapeutic resistance, and establishes a rationale for
disrupting this pathway to improve treatment efficacy. Malignant phenotypes in NSCLC are driven
by dysregulated Hh pathway activity, often via autocrine or paracrine loops. We specifically assess
how Hh pathway activation enables tumor invasion, metastasis, and the development of drug
resistance. The review elucidates key resistance mechanisms against diverse
therapies—encompassing chemotherapy, targeted therapy and immunotherapy—with a focus on
epithelial-mesenchymal transition (EMT), cancer stem cell maintenance, and multidrug resistance
(MDR). Therefore, combining Hh pathway inhibitors with standard therapies represents a promising
approach for managing treatment-resistant NSCLC.
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1. Introduction

Globally, lung cancer imposes a severe health
burden, with about 2 million new cases and 1.76
million deaths annually [1]. Accounting for the
majority of cancer-related mortality, non-small cell
lung cancer (NSCLC) represents 80-85% of lung
cancer cases [2, 3]. Overcoming therapeutic resistance
and developing effective treatments remain critical
challenges. The evolutionarily conserved Hedgehog
(Hh) signaling pathway, essential for embryonic
patterning and adult tissue homeostasis, is tightly
regulated during development, governing core
processes such as organogenesis, cell proliferation,
differentiation, and survival [4-6]. Under normal
adult conditions, Hh signaling is largely inactive,
contributing to tissue regeneration and homeostasis

[7].

Pathological activation of the Hh signaling
pathway is associated with disorders such as
osteoarthritis, eye deformities, and Gorlin syndrome
[8], and drives carcinogenesis in gastrointestinal, skin
(e.g., basal cell carcinoma, BCC), and brain (e.g.,
medulloblastoma)  malignancies  [9-12].  Such
dysregulation is observed in approximately 30% of
cancers, and approximately one-quarter of tumors
depend on Hh signaling for survival [13, 14]. The
pathway’s critical function in cancer development is
further evidenced by its pervasive crosstalk with
other oncogenic signaling cascades. Thus, key
therapeutic strategies involve identifying Hh-
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responsive biomarkers and developing targeted
pathway inhibitors.

2. Activation and Dysregulation of the Hh
Pathway in Cancer

2.1. Activation of the Canonical Hh Signaling
Pathway

Activation of the canonical Hh signaling
pathway is initiated by the binding of Hh ligands to
Patched (PTCH) receptors. Three distinct Hh ligands
are expressed in mammals: sonic hedgehog (SHH),
Indian hedgehog (IHH), and desert hedgehog (DHH).
These ligands interact with two PTCH receptors,
PTCHI1 and PTCH2, with PTCHI1 functioning as the
principal Hh receptor [15]. The intercellular transport
of lipid-modified SHH, which has low solubility,
relies on its association with specific carrier proteins
like signal peptide-CUB-EGF-like domain-containing
protein 2 (SCUBE2) [16]. Growth arrest-specific 1
(GASI) binds doubly lipidated SHH presented by the
extracellular carrier SCUBE2. GAS1 then directly
interacts with PTCH1, which transfers SHH to form
an SHH-PTCH complex [17, 18]. Following
endocytosis and lysosomal degradation of this
complex, the suppression of smoothened (SMO) is
relieved [18]. In the absence of Hh signaling, PTCH
inhibits SMO by blocking access of endogenous sterol
ligands to the binding sites on SMO [19, 20]. Activated
SMO translocates to the primary cilium tip, where
phosphorylation by PKA and casein kinase 1 alpha
(CKla) prevents its degradation, thereby stabilizing
the protein. SMO subsequently initiates a
phosphorylation cascade that inhibits suppressor of
Fused (SUFU), leading to the activation of the GLI
family zinc finger (GLI) transcription factors. Primary
cilia, which are microtubule-based signaling
organelles, are essential for this pathway [21]. The GLI
family comprises three members: GLI1 and GLI2
function primarily as transcriptional activators,
whereas GLI3 acts mainly as a repressor [14, 22].
SUFU sequesters GLI transcription factors in the
cytoplasm within a multiprotein complex tethered to
microtubules, thereby preventing their activation [23].
This protein also modulates the entry of GLI into the
nucleus and its transcriptional function [24]. Upon
activation by SMO, GLI proteins are released from
SUFU, processed into their transcriptionally active
state, and translocate to the nucleus to drive target
gene expression. GLI drives cellular responses like
proliferation and survival by upregulating Cyclin D
and anti-apoptotic factors such as B-cell lymphoma 2
(Bcl-2) [25-27]. Furthermore, GLI regulates the
pathway itself by inducing the expression of key

components including PTCH and Hedgehog-
interacting protein (HHIP), creating feedback loops
that control pathway intensity. HHIP, a membrane
glycoprotein, inhibits the pathway by binding Hh
ligands, leading to the ligands’ internalization and
degradation [28]. Notably, HHIP expression is itself
upregulated by Hh pathway activation through a
negative feedback loop, thereby self-limiting
signaling. Reduced HHIP expression in lung cancer
has been correlated with inhibited tumor growth,
indicating its context-dependent role in oncogenesis
[29].

2.2. Aberrant Activation of the Hh Pathway

Oncogenic Hh pathway activation occurs
through distinct mechanisms, which can be classified
as: (i) ligand-independent pathways (e.g., mutations
in the PTCH1 or SMO genes) and (ii) ligand-
dependent autocrine/paracrine signaling. Both
modes promote tumor growth and metastatic
dissemination.  Constitutive, ligand-independent
activation of the Hh pathway arises from genetic
defects such as loss-of-function PTCH mutations,
gain-of-function SMO modifications, or GLII
amplification. This dysregulated activation is a
common feature in tumors like medulloblastoma,
neuroblastoma, and rhabdomyosarcoma [30, 31]. The
ligand-dependent activation mechanism involves Hh
ligands — produced by tumor cells or the surrounding
microenvironment — that promote tumor growth. This
form of activation, frequently observed in primary

NSCLC, responds to Hh pathway inhibitors,
including SMO antagonists [32]. Additionally,
paracrine Hh signaling remodels the tumor

microenvironment, facilitating tumor progression in
malignancies such as gastrointestinal, pancreatic,
prostate, and lung cancers [33-37].

2.3. Crosstalk with Other Signaling Pathways

Interactions between the Hedgehog pathway
and other oncogenic signaling cascades contribute to
sustained GLI activity and tumorigenesis (Figure 1).
This crosstalk involves multiple mechanisms
including the epidermal growth factor receptor—
mitogen-activated protein kinase (EGFR-MAPK)
pathway, which mediates GLI phosphorylation via
MAPK [38]; the phosphoinositide 3-kinase
(PI3K)-protein kinase B (AKT) pathway, which
promotes GLI nuclear entry and inhibits its protein
kinase A (PKA)-dependent inactivation [39]; and the
transforming growth factor-beta (TGF-p)-SMAD
pathway, which drives transcriptional upregulation
of GLI expression [40].
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Figure 1: Crosstalk between the Hh Pathway and Other Signaling Pathways. The Hh pathway can be persistently activated through crosstalk with other signaling pathways,
including EGFR, PI3K-Akt, and TGF-B. EGFR signaling induces Gli activation via the MAPK cascade. The PI3K-Akt pathway directly activates Gli transcription factors and
concurrently enhances Hh signaling by suppressing PKA, a key negative regulator of the pathway. TGF-p further promotes the transcriptional upregulation of GLI.

3. Hh Pathway in Lung Cancer

Studies have established that the Hh pathway is
frequently activated in NSCLC and correlates with the
histological characteristics and prognosis of tumors
[41-43]. Elevated SHH expression, which is associated
with poor tumor differentiation [44], is also observed
in drug-resistant NSCLC cell lines. Huang et al.
reported the activation of Hh signaling across distinct
NSCLC subtypes, with the highest levels observed in
lung squamous cell carcinoma (LSCC) [45, 46].

4. The Role of the Hh Pathway in Lung
Cancer Progression

4.1 Promoting Lung Cancer Cell Proliferation

The Hh pathway is typically maintained at low
activity levels in adult tissues; however, its aberrant
activation has been shown to promote tumor growth
and progression [6]. Multiple studies have
demonstrated that inhibition of the Hh pathway
suppresses cellular proliferation in lung cancer cells
[47, 48]. For instance, knockdown of GLI in lung
squamous cell carcinoma significantly inhibits cancer
cell proliferation and induces apoptosis [46].
Furthermore, as one of the key pathways regulating
cancer stem cells (CSCs), the Hh pathway plays a

central role in maintaining stemness and self-renewal
in CSCs and this sustained CSC population can
further enhance the proliferation of lung cancer cells
[49].

4.2 Mediating Cancer Cell Invasion and
Metastasis

The Hh pathway, activated in lung fibroblasts by
SHH secreted from tumor cells in NSCLC, plays a
critical role in enhancing cancer cell invasiveness and
metastasis (Figure 2) [48]. These activated fibroblasts
respond by secreting mediators, including vascular
endothelial growth factor (VEGF) and leukemia
inhibitory factor (LIF). VEGF promotes tumor
angiogenesis, while LIF increases the proliferation
and metastatic potential of NSCLC cells [50, 51].
Additionally, Hh pathway stimulation induces
fibroblast proliferation and invasion, forming
"tunnels" that facilitate cancer cell spread [52]. It also
triggers fibroblasts to synthesize and deposit collagen
and to wupregulate matrix metalloproteinase-9
(MMP9), thereby promoting extracellular matrix
(ECM) remodeling [48]. The degradation of ECM
components like collagen and elastin by MMP9
highlights the importance of fibroblast-driven
processes in tumor cell migration and invasion [53].
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Figure 2: Hh pathway activation remodels the tumor microenvironment by stimulating angiogenesis, lymphangiogenesis, extracellular matrix reorganization, and peritumoral
fibroblast expansion. These fibroblasts secrete factors including LIF, which enhances tumor cell proliferation, and VEGF, which drives angiogenesis.

The Hh signaling pathway critically drives
tumor progression by stimulating angiogenesis and
lymphangiogenesis, processes essential for tumor
expansion and lymph node metastasis [54].
Specifically, SHH signaling promotes blood vessel
formation in pathological settings like myocardial
infarction and stroke [55]. However, inhibiting the
SHH/GLI1  pathway  pharmacologically  can
counteract tumor-related angiogenesis. In NSCLC,
activation of this pathway spurs endothelial cell
proliferation and migration, recruits pericytes to new
vessels, and consequently fosters the formation and
stabilization of vascular networks [56, 57].
Suppressing Hh pathway signaling inhibits
angiogenesis and elevates reactive oxygen species
(ROS) levels [58]. Although SHH activates vascular
endothelial growth factor receptor 2 (VEGFR2)
phosphorylation, the mechanistic link between the
SHH/GLI1 pathway and VEGF/VEGFR2 signaling
remains unclear and requires further investigation.
Inhibiting the SHH/GLI1 pathway suppresses tumor
growth, primarily through reduced angiogenesis.
Furthermore, Hh signaling enhances lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE-1)
expression, indicating a role in lymphangiogenesis.
Given the strong correlation between tumor
lymphangiogenesis and regional Iymph node
metastasis [59, 60], Hh signaling is likely to promote
lung cancer metastasis by stimulating
lymphangiogenesis. Overactivation of this pathway
could therefore serve as a potential biomarker for
predicting lymph node metastasis in NSCLC.

4.3 Fostering the Self-Renewal Ability of
Cancer Stem Cells

A subpopulation known as CSCs, which exhibit
stem-like properties, drives tumor relapse, metastasis,
and therapy resistance. CSCs are thought to originate
from either normal stem cells or progenitor cells. In
mouse models of lung cancer, lung CSCs are located
within unique niches that support their stemness,
adaptability, immune evasion, and metastatic
potential. The Wnt/p-catenin, Notch, and Hh
pathways are fundamental in regulating stemness [61,
62]. Notably, embryonic transcription factors,
including SRY-box transcription factor 2 (SOX2),
octamer-binding transcription factor 4 (OCT4), and
Nanog homeobox (NANOG), are vital for preserving
the self-renewal capacity and undifferentiated state of
CSCs in various cancers.

Experimental studies in rat models of lung
cancer have established that Hh pathway activation
correlates with elevated expression of CSC markers,
including OCT4, SOX2, cluster of differentiation 133
(CD133), ATP-binding cassette subfamily G member 2
(ABCG2), and NANOG [49, 63]. In NSCLC, the stem
cell-like side-population (SP) exhibits key stem cell
properties that are primarily regulated by the
transcription factor SOX2 [64]. SOX2, a critical
transcription factor, governs self-renewal,
pluripotency, and reprogramming in undifferentiated
embryonic stem cells [65]. Earlier studies
demonstrated that impaired Hh signaling reduces
SOX2  levels, consequently weakening the
self-renewal capacity and vasculogenic mimicry of SP
cells. The transcription factor GLI1 cooperates with
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the EGFR pathway to stimulate SOX2 expression,
thereby influencing SP cell stemness and function [64,
66]. Recent work uncovered a mnon-canonical
mechanism for GLI1 activation that bypasses the
SHH/PTCH/SMO  pathway.  This  involves
GLI1-mediated upregulation of methyltransferase-
like 3/14 (METTL3/14) and insulin-like growth factor
2 mRNA-binding protein 2 (IGF2BP2) through
modulation of the SOX2 overlapping transcript
(SOX20T). These enzymes then  promote
N6-methyladenosine (m6A) RNA methylation to
facilitate GLI1 activation [67]. GLI1, along with its
downstream effectors, promotes proliferation in both
lung cancer cells and CSCs. Furthermore, EGFR-Src
family kinase (SRC)-AKT signaling triggers
transcriptional upregulation of SOX2 in SP cells,
thereby = promoting  their  self-renewal  [64].
Collectively, these findings reveal a synergistic
interaction between EGFR and Hh pathways, which
converge to regulate SOX2 transcription, thereby
jointly controlling the stem cell-like characteristics of
SP cells in NSCLC (Figure 3).

Targeting the Hh pathway shows significant
preclinical promise for combating therapy-resistant
lung CSCs. Agents such as sulforaphane inhibit CSC
self-renewal by disrupting Hh activity and
downregulating polyhomeotic homolog 3 (PHC3),
while PHC3 interacts with the Hh pathway to
maintain the survival of tumor stem cells [68]. Hh
inhibitors combined with radiotherapy reduce CSC
populations and EMT markers, and glucocorticoids
can suppress CSCs via Hh/SOX2 inhibition [63, 69].
Collectively, these findings confirm that Hh signaling

SP cell
SHH
EGFR i’TCH1‘
! X
Src SMO
v ¥
B
Akt Gli

| !

DADIDIDDIDIDT T A wsmaus

ey A

— SOX2

V"
Gli mRNA
——> PTCH, SHH et al.

governs CSCs” gene expression profiles and
maintenance mechanisms (self-renewal, proliferation,
and metastasis). Given that EMT underpins CSC niche
formation and CSCs drive resistance to chemotherapy
and radiotherapy, Hh pathway inhibition offers a
strategy to deplete CSCs and enhance treatment
sensitivity. The potent anti-CSCs efficacy of
Hh-targeting agents in Ilung cancer models
underscores their therapeutic potential for NSCLC
[70].

4.4 The Hh Pathway Promotes Therapy
Resistance by Inducing EMT in Cancer Cells

EMT, induced by factors including TGF-f,
fibroblast growth factor (FGF), and epidermal growth
factor (EGF), contributes to resistance against various
cancer therapies [71]. Defined by the loss of epithelial
markers (e.g., E-cadherin, ZO-1) and gain of
mesenchymal markers (e.g., N-cadherin, vimentin)
[72], EMT in lung cancer is significantly driven by Hh
pathway activation. This activation suppresses
epithelial traits and enhances mesenchymal
characteristics, thereby promoting therapy resistance
[73]. The Hh pathway inhibition (e.g., via GLI1
suppression) reverses EMT, restores epithelial marker
expression, and reduces cancer cell migration and
invasion, demonstrating the plasticity of this process
[74, 75]. Thus, Hh-mediated EMT is a key contributor
to lung cancer therapy resistance, and targeting this
pathway offers a promising strategy to restore
treatment sensitivity.
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Figure 3: The Hh pathway in stem cell-like side population (SP) cells. In SP cells, the EGFR-Src-Akt pathway and the Hh pathway cooperatively regulate stemness by inducing
SOX2 expression. Furthermore, activation of the Hh pathway promotes expression of the long non-coding RNA SOX20T. SOX20T facilitates méA methylation of Gli
transcription factors via the METTL3/14-IGF2BP2 complex, establishing a positive feedback loop that amplifies Hh signaling.
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Figure 4: Hh pathway activation induces drug resistance in lung cancer cells. This occurs primarily through EMT mediation and MDR induction. Specifically, Hh signaling
upregulates MDR efflux transporters (e.g, ABCG2 and ABCBI), enhancing drug extrusion and reducing intracellular chemotherapeutic concentrations. Furthermore, the
pathway stimulates KRAS expression, which confers resistance to KRAS-targeted inhibitors.

5. The Role of the Hh Pathway in Lung
Cancer Treatment

In lung cancer, aberrant activation of the Hh
signaling pathway significantly contributes to
multidrug resistance (MDR) that extends beyond its
role in tumor progression (Figure 4). Specifically, Hh
overactivation in NSCLC drives resistance to
treatments like epidermal growth factor receptor-
tyrosine kinase inhibitors (EGFR-TKIs), platinum-
based drugs, and other chemotherapeutic agents. The
pathway's core effector, GLI1, directly influences
EGFR-TKI sensitivity [76]. Mechanistically, Hh
pathway activation induces EMT in EGFR-mutant
NSCLC cells, leading to EGFR-TKI resistance that can
be reversed by pharmacological inhibition of the
pathway [74]. Furthermore, Hh inhibition reduces the
expression of MDR transporters such as ATP-binding
cassette subfamily B member 1 (ABCB1) and ABCG2,
enhancing tumor cell chemosensitivity [77, 78].
Collectively, these studies establish dysregulated Hh
signaling as a major driver of MDR in lung cancer
cells.

Research confirms that acquired resistance to
EGFR-TKIs is associated with EMT and an enhanced
CSC phenotype [62, 79]. The Hh signaling pathway
not only plays a critical role in maintaining the
stemness of lung cancer stem cells but also serves as
one of the key drivers of EMT. Furthermore, the Hh
pathway promotes PTCHI1-mediated ubiquitination
and proteasomal degradation of EGFR, reducing its
activity in NSCLC cells [80]. Therefore, inhibiting Hh
pathway could improve EGFR-TKI efficacy in
NSCLC. However, Hh inhibition alone is often
insufficient to overcome resistance; effective

suppression of downstream EGFR effectors requires
concurrently targeting both EGFR and the Hh
pathway. Experimental evidence has demonstrated
that the combination of itraconazole and osimertinib
significantly = suppressed the proliferation of
osimertinib-resistant cells and inhibited the growth of
osimertinib-resistant tumors [81]. These findings
provide a preclinical rationale for combining Hh
inhibitors with EGFR-TKIs, which may be a
promising strategy against EGFR-TKI resistance in
NSCLC. However, rigorous clinical validation of its
efficacy and safety remains crucial.

The Hh pathway is a critical modulator of
chemotherapy resistance in NSCLC, impacting
response to drugs such as cisplatin and paclitaxel [68,
73]. Multiple Hh pathway-related genes are
upregulated in cisplatin-resistant cells compared to
cisplatin-sensitive cells [82]. The Hh pathway’s
activation confers resistance primarily by enhancing
MDR via ATP-binding cassette (ABC) transporter-
dependent drug efflux and inducing protective
mechanisms such as BCL2-associated X protein (BAX)
phosphorylation, particularly against paclitaxel
[83-86]. Notably, paclitaxel treatment itself can
competitively activate Hh signaling. This activation
antagonizes chemotherapy-induced cell death by
inhibiting mitochondrial damage, ROS accumulation
(essential for paclitaxel-induced apoptosis), and
mitotic catastrophe [83, 87]. Synergistically blocking
Hh signaling (e.g., reducing ABCBI1 levels) sensitizes
NSCLC cells to chemotherapy, highlighting the
therapeutic potential of combined Hh inhibitor and
chemotherapy regimens [84, 85]. Although prior
research identifies Kirsten rat sarcoma viral oncogene
homolog (KRAS) re-expression as a major driver of
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acquired resistance to KRAS inhibitors, its molecular
basis was poorly understood [88]. KRAS-mutant
cancers exhibit elevated SHH signaling [89]. Work by
Lee et al. shows that KRAS inhibitors trigger primary
cilia formation and downregulate Aurora kinase A
(AURKA) [90]. AURKA serves as a key cilium
disassembly factor, whereas Hh signal transduction
requires the formation of primary cilia [91, 92]. The
downregulation of AURKA induces Hh signaling,
leading to the transcription factor GLI1 directly binds
to the KRAS promoter, promoting KRAS transcription
and protein expression, ultimately leading to drug
resistance [90]. Therefore, the Hh signaling pathway
plays a key role in the development of resistance to
KRAS inhibitors in NSCLC. This suggests that
combined inhibition of the Hh and KRAS pathways
may overcome acquired resistance to KRAS
inhibitors.

Research implicates the Hh signaling pathway in
both the development and activation of immune
responses [93]. Inhibition of this pathway reprograms
the dysregulated immune microenvironment in breast
cancer, contrasting with BCC where Hh pathway
activation promotes an immunosuppressive state [94,
95]. Experiments by Petty et al. demonstrated that
tumor-derived SHH directly induces the polarization
of tumor-associated macrophages (TAMs) [96]. These
M2-polarized TAMs enhance tumor angiogenesis,
foster cancer stem cell-like properties, and contribute
to chemotherapy resistance [97]. Furthermore, they
impair CD8* T-cell recruitment into the tumor
microenvironment (TME) by suppressing the
production of chemokines C-X-C motif chemokine
ligand 9 and 10 (CXCL9/CXCL10), consequently
facilitating tumor progression [96]. TAMs express
programmed cell death-ligand 1 (PD-L1), and stromal
PD-L1 within tumors suppresses intratumoral CD8*

T-cell function. Notably, Hh signaling regulates TAM
PD-L1 expression via SHH-mediated GLI1 activation,
which subsequently stimulates the signal transducer
and activator of transcription 3 (STAT3) to upregulate
PD-L1. This process results in CD8* T-cell dysfunction
and immune evasion [98]. In NSCLC, PD-L1 is more
frequently expressed on immune cells than on tumor
cells. Evidence therefore suggests that the
SHH-GLI1-STAT3 axis may contribute to immune
suppression and resistance to immune checkpoint
inhibitors (ICIs) through mechanisms similar to those
documented in other malignancies, though further
experimental confirmation is required (Figure 5).
Activation of the Hh pathway during ICI therapy
correlates with poorer outcomes, suggesting Hh
pathway markers could serve as prognostic
biomarkers for NSCLC patients [99]. Comutation in
the Hh and the spliceosome pathway is a recognized
predictors of elevated tumor mutational burden
(TMB) and neoantigen load (NAL), which are
potential indicators of response to immunotherapy
[100]. Modulating the NSCLC immune
microenvironment by targeting the Hh pathway
represents a promising therapeutic approach. Given
the pathway's role in driving immune evasion and ICI
resistance, combining Hh inhibitors with ICIs offers a
promising strategy to overcome therapeutic resistance
and enhance efficacy. Nevertheless, resistance to SMO
inhibitors consistently emerges in the clinic, possibly
due to activation of GLI transcription factors through
alternative signaling or compensatory pathways.
Consequently, the advancement of therapeutic
strategies requires identifying novel biomarkers for
precise  patient stratification (identifying Hh
inhibitor-responsive ~ subsets) and  real-time
monitoring of treatment effectiveness.
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Figure 5: The Hh pathway's role in immune microenvironment. Tumor cells secrete SHH, which acts on TAMs, activating the SHH-GIil-STAT3 signaling cascade and
upregulating PD-L1 expression on TAMs. This process impairs CD8* T cell function. Additionally, TAMs inhibit CD8" T cell infiltration into the TME by suppressing the
production of chemokines CXCL9 and CXCLI10, thereby facilitating tumor immune escape and promoting progression.
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6. Discussion

Clinical evidence consistently indicates that
aberrant Hh pathway activation significantly
influences lung cancer pathogenesis, driving tumor
growth, progression, therapy resistance, and
ultimately poor outcomes. Studies link elevated GLI1
expression to lower survival rates [67], and associate
SHH overexpression with a poor prognosis in small
cell lung cancer (SCLC) [101]. Therefore, the
development of novel Hh pathway biomarkers holds
clinical significance for predicting outcomes in lung
cancer patients. Targeting this pathway, which
regulates EMT, CSC properties, and multidrug
resistance, holds therapeutic potential. The cross-talk
of the Hh pathway with various oncogenic signaling
cascades is outlined in Table 1. Therapeutically, the
principal molecular target for approved Hh inhibitors
is the SMO receptor. Clinically used SMO antagonists
include vismodegib and sonidegib, indicated for BCC,
and glasdegib, used in acute myeloid leukemia (AML)
[102-104]. Their mechanism of action involves binding
to SMO to impede downstream signaling. A
significant limitation of these drugs is the frequent
development of resistance, commonly arising from
SMO mutations or activation of alternative,
non-canonical pathways. In preclinical models, a
contrasting approach—directly inhibiting the GLI
transcription factors (e.g., GLI2 with GANT61)—has
shown substantial anti-tumor activity [46]. This
contrasts with the limited efficacy of SMO inhibitors
like vismodegib in lung adenocarcinoma, where they
fail to inhibit GLI2 [105]. This mechanistic
shortcoming aligns with the overall lack of success in
clinical trials testing SMO inhibitor monotherapy for
NSCLC. [Illustratively, a window-of-opportunity
study wusing high-dose itraconazole reported

reductions in tumor volume and pro-angiogenic
factors but no corresponding downregulation of Hh
target genes like GLI1 and PTCH [106], implying that
the observed effects may be off-target or that Hh
signaling was not sufficiently suppressed. The
collective lack of positive clinical data suggests that
NSCLC tumorigenesis is not primarily driven by the
Hh pathway but is a consequence of complex,
interconnected signaling networks. Thus, a critical
future direction is to define the mechanisms
underlying resistance to Hh inhibition. Given the
constraints of Smo-targeted drugs, a promising
avenue for future therapy is the development of
agents capable of directly inhibiting GLI transcription
factors, particularly GLI2.

Table 1: The cross-talk of the Hh pathway with various
oncogenic signaling cascades

Pathway Interaction with Hedgehog Pathway

EGFR-RAS-RAF-MEK-ERK
PI3BK-AKT-PKA
TGF-B-SMAD3
EGFR-SRC-AKT-SOX

Mediates phosphorylation of GLI
Induces upregulation of GLI expression
Induces upregulation of GLI expression

Cooperates with Hh pathway in regulating
stem-like properties of SP cells

SHH-GLI1-STAT3
AURKA-Hh-GLI-KRAS

Mediates immune escape

Activates Hh signaling leading to KRAS
re-expression

Substantial preclinical data provide a compelling
basis for combining Hh inhibitors (HHIs) with other
agents, a strategy that appears more promising than
HHI monotherapy for countering resistance to
EGFR-TKIs and chemotherapy, as well as for altering
the immune landscape of tumors (Figure 6). Emerging
clinical data from phase 1II trials support this premise.
One such study (NCT03664115), a randomized phase
II trial, reported that combining itraconazole with
platinum-based chemotherapy led to significantly
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better objective response rates (ORR) and
progression-free survival (PFS) than chemotherapy by
itself [107]. The exploration of this strategy continues,
with additional clinical trials (e.g.,, NCT04007744,
NCT06616623) now  evaluating HHI  and
immunotherapy combinations. Therefore, integrating
HHIs into existing treatment protocols represents a
viable path to address therapeutic resistance in
NSCLC. However, the definitive clinical benefit of
this approach is not yet established, pending positive
results from large-scale phase IlI trials.
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