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Abstract 

CNS tumours encompass a diverse group of neoplasms with significant morbidity and mortality. The SHH signal‑
ling pathway plays a critical role in the pathogenesis of several CNS tumours, including gliomas, medulloblastomas 
and others. By influencing cellular proliferation, differentiation and migration in CNS tumours, the SHH pathway 
has emerged as a promising target for therapeutic intervention. Current strategies such as vismodegib and sonidegib 
have shown efficacy in targeting SHH pathway activation. However, challenges such as resistance mechanisms 
and paradoxical effects observed in clinical settings underscore the complexity of effectively targeting this pathway. 
Advances in gene editing technologies, particularly CRISPR/Cas9, have provided valuable tools for studying SHH path‑
way biology, validating therapeutic targets and exploring novel treatment modalities. These innovations have paved 
the way for a better understanding of pathway dynamics and the development of more precise therapeutic inter‑
ventions. In addition, the identification and validation of biomarkers of SHH pathway activation are critical to guide 
clinical decision making and improve patient outcomes. Molecular profiling and biomarker discovery efforts are 
critical steps towards personalised medicine approaches in the treatment of SHH pathway‑associated CNS tumours. 
While significant progress has been made in understanding the role of the SHH pathway in CNS tumorigenesis, ongo‑
ing research is essential to overcome current therapeutic challenges and refine treatment strategies. The integration 
of molecular insights with advanced technologies and clinical expertise holds great promise for developing more 
effective and personalised therapies for patients with SHH pathway‑driven CNS tumours.
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Introduction
Central nervous system (CNS) tumours are abnormal cell 
developments in the brain, spinal cord, intracranial endo-
crine glands and other parts of the CNS [1]. Compared to 
other malignancies, CNS tumours are rare in adults, but 
they represent a significant burden of morbidity and mor-
tality [2]. The latest Global Cancer Observatory (GLOB-
OCAN) report shows that CNS tumours ranked 19th out 
of 321,731 cancer cases and 12th out of 248,500 cancer 
deaths worldwide. In terms of incidence rates, most cases 
of CNS tumours are found in Asia with 177,139 (55.1%) 

of the global incidence, followed by Europe with 67,559 
(21.0%), North America with 28,126 (8.7%), Latin Amer-
ica and the Caribbean with 26,992 (8.4%), Africa with 
19,289 (6.0%) and Oceania with the least incidence of 
2626 (0.82%) [3]. Asia also has the highest CNS tumour 
mortality rate at 132,799 (53.4%) of the global mortality 
rate, with Oceania having the lowest reported mortality 
rate at 0.80% [3]. Due to the complex nature of most CNS 
tumours, the diagnosis and treatment of these tumours 
in the clinical setting has been a major challenge for 
many decades.

Graphical Abstract
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However, there have been tremendous advances 
in molecular trends in CNS tumour research aimed 
at improving the diagnosis and treatment of these 
tumours. Some of these new trends include the discov-
ery of the 1p/19q marker for oligodendroglial tumours 
and intradialytic hypotension (IDH) mutations in glio-
mas as an important factor in the classification of dif-
fuse gliomas on a molecular basis, the telomerase 
reverse transcriptase (TERT) promoter has been identi-
fied as an important factor in telomere lengthening and 
CNS tumorigenesis, and triggering receptor expressed 
on myeloid cells (TREM) has emerged as a potential 
target to assess the tumour immune microenvironment 
[4–7]. The HH signalling pathway has also been found 
to be widely involved in CNS malignancies, making it a 
potential target for cancer therapy. In addition to regu-
lating cancer cell properties, the HH pathway has been 
shown to play an immunoregulatory role within the 
tumour microenvironment (TME) [8].

The sonic hedgehog (SHH) signalling pathway, an 
example of HH, is a critical regulator of tissue and 
organ growth and patterning during embryonic devel-
opment. This unique pathway is strongly associated 
with neural tube development, neural differentiation, 
patterning of the ventral forebrain, dopaminergic dif-
ferentiation of the midbrain, proliferation and sur-
vival of ventral progenitors, proliferation of cerebellar 
neuronal precursors and patterning of the developing 
thalamus [9]. Aberrations in the SHH pathway there-
fore lead to neuronal degeneration and various neu-
rological deficits, including brain tumours. Activation 
of the SHH pathway occurs in two main mechanisms: 
canonical and non-canonical signalling. Canonical sig-
nalling is initiated when the SHH ligand binds to the 
Patched (PTCH) receptor at the cell membrane. Nor-
mally, PTCH inhibits the Smoothened (SMO) protein, 
but ligand binding releases this inhibition, allowing 
SMO to activate the downstream signalling cascade [6]. 
This activation by the 7-transmembrane protein SMO 
promotes neuroprotection and recovery in neurological 
disorders. Non-canonical signalling, on the other hand, 
operates independently of the GLI transcription factors 
and can be divided into two types. The first type modu-
lates calcium  (Ca2 +) levels and the actin cytoskeleton 
while also activating small GTPases such as RhoA and 
Rac1 [6]. The second type, SMO-dependent type II 
signalling, disrupts cyclin B1, leading to increased cell 
proliferation and survival [6].

The aim of this review is to explore the role of the 
SHH pathway in CNS tumorigenesis, thereby providing 
insight into defective pathways and facilitating the devel-
opment of effective therapeutic interventions for CNS 
malignancies.

Methods
This narrative review aims to provide a comprehen-
sive framework of the role of the SHH pathway in CNS 
tumours. Specific inclusion and exclusion criteria were 
used to ensure a rigorous and comprehensive approach. 
The inclusion criteria consisted of full-text articles writ-
ten in English. Several databases were used, including 
PubMed/Medline, EMBASE, the Cochrane Library and 
Scopus. Key words such as ’sonic hedgehog’, ’SHH’, ’CNS 
tumours’, ’gliomas’, ’meningiomas’, ’medulloblastomas’ and 
’neuroblastomas’ were used for a comprehensive data-
base search. References cited in recent reviews on similar 
topics were also manually reviewed to identify additional 
sources that could contribute to the search strategy. Stan-
dalone abstracts, conference proceedings, letters to edi-
tors, editorials, perspectives and posters were excluded, 
with priority given to the inclusion of high quality and 
reliable evidence. In addition, the review did not limit the 
publishing dates and the number of studies to provide a 
comprehensive manuscript. It included descriptive, ani-
mal model, cohort and observational studies from both 
preclinical and clinical settings to provide a holistic per-
spective. A summary of the methodology used is shown 
in Table 1.

SHH pathway in CNS development
SHH is a glycoprotein that functions as a critical sig-
nalling molecule in the development of the neural tube 
(NT), which gives rise to the brain and spinal cord [10]. 
The NT, the embryonic precursor of the CNS, forms 
through gastrulation during early embryonic develop-
ment [11]. Defects in neural tube development (NTD) 
are among the most common birth defects in humans 
[12].

The CNS development begins with the folding of the 
posterior neural plates, guided by molecular signals from 
the notochord and prechordal mesoderm, leading to the 
formation of the NT by 3 to 4  weeks post-conception. 
Neurulation, divided into primary and secondary phases, 
involves the closure of the anterior and posterior neu-
ropores, forming the brain and spinal cord [13]. The SHH 
pathway regulates NT formation by controlling the pat-
terning of the NT and providing signals to ventral neural 
progenitors during neurogenesis [11]. Absence of SHH 
leads to serious midline defects such as holoprosenceph-
aly, with associated cardiac and genitourinary anomalies 
[14, 15]. Elevated SHH signalling is linked to exenceph-
aly, anencephaly, encephalocoele, and spina bifida, due to 
the incomplete closure of the spinal cord and backbone 
[16–18].

SHH plays a crucial role in neural stem cell (NSC) 
development. NSCs, derived from the neural crest, 
are multipotent cells capable of self-renewal and 
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differentiation into neuronal and glial subtypes [19]. Dur-
ing early brain development, NSCs in the ventral zone 
increase in number through even division, followed by 
asymmetric division during neurogenesis to produce 
NSCs and neurons. As gestation progresses, NSCs gen-
erate astrocytes, oligodendrocytes, and neurons, marking 
the end of the neurogenic phase [20].

The SHH pathway controls NSC proliferation in  vivo, 
shortening their time in the G1 and S-G2/M phases. 
Excessive activation can lead to the accumulation of qui-
escent NSCs, impairing neuronal development. Thus, 
SHH is vital for maintaining CNS homeostasis and proper 
development during injury [21]. In cerebellar develop-
ment, SHH mediates the interplay between Purkinje cells 
(PCs) and Granule Cell Progenitors (GCPs), regulating 
GCP proliferation and ensuring proper cerebellum size 
and foliation [22]. SHH also inhibits cell apoptosis and 
inflammation via the Nurr1 gene, maintaining interneu-
ron activity in the medial ganglionic eminence and aiding 
oligodendrocyte progenitor cell production [22–25].

The SHH signalling pathway components/
classifications in tumorigenesis
The canonical pathway
The canonical SHH pathway is a conserved signalling 
cascade crucial for embryonic development and tis-
sue patterning [26]. Encoded by the SHH gene, the 45-
kDa precursor protein transcribes into the SHH ligand, 
the primary signalling molecule initiating the pathway 
by binding to PTCH1 receptors [22]. PTCH1 is distrib-
uted in the primary cilia and in absence of SHH, PTCH1 
inhibits the pathway, by inhibiting another protein, SMO, 
preventing downstream signalling, maintaining the path-
way in an inactive state. When SHH binds to PTCH1, it 
leaves the cilia and its inhibition of SMO is lifted, acti-
vating a canonical SHH signalling cascade in the primary 
cilia and allowing SMO to activate downstream signalling 

components [22]. The signally pathway involves two 
steps: ciliary localization and subsequent activation. The 
interactions between PTCH1 and SMO are argued to be 
mediated by accessible (membrane) cholesterol [22].

Besides PTCH1, other SHH co-receptors, such as 
CDON, BOC, and GAS1 are essential for SHH pathway 
activation and are also involved in CNS development. 
This includes cell fate specification, axon guidance, and 
cell proliferation [22]. This cascade leads to SMO reach-
ing its major target, which is regulation of GLI family 
transcription factors, specifically GLI1, GLI2, and GLI3. 
GLI1 primarily acts as a transcriptional activator, pro-
moting the expression of target genes involved in cell 
proliferation and survival. GLI2 can function as both an 
activator and a repressor, while GLI3 generally acts as a 
repressor. When activated, GLI1 and GLI2 promote the 
expression of target genes involved in cell proliferation, 
survival, and differentiation [26].

In absence of SHH signalling, the GLI proteins are 
inhibited by Suppressor of Fused (SUFU) by sequestering 
GLI in the cytoplasm. Kinesin family member 7 (KIF7) is 
an additional protein regulating the GLI proteins activity 
and localisation in conjunction with SUFU [27]. On stim-
ulation by SHH, the SUFU-GLI complex dissolves from 
the tip of the cilia, as the GLI dissociates from SUFU and 
translocates to the nucleus, activating the SHH pathway 
[22].

The non‑canonical pathway
The non-canonical SHH pathway represents alterna-
tive signalling routes from the canonical pathway, pro-
viding additional complexity and flexibility and insight 
into cellular responses and tumorigenesis. It encom-
passes two types: (1) GLI-independent; and (2) alter-
native pathways involving GLI activity. While SMO 
plays a crucial role in the canonical pathway, the non-
canonical SHH pathway can independently activate 

Table 1 Summary of methodology

Methodology steps Description

Literature search PubMed/MEDLINE, EMBASE, Scopus and the Cochrane Library

Inclusion criteria Various study designs including experimental studies, randomised controlled trials, prospective and retrospective cohort 
studies
Studies involving both paediatric and adult populations
Studies providing raw data
Full‑text articles published in English

Exclusion criteria Non‑English studies, stand‑alone abstracts, conference proceedings, editorials, commentaries, and letters

Search terms Key words such as ’sonic hedgehog’, ’SHH’, ’CNS tumours’, ’gliomas’, ’meningiomas’, ’medulloblastomas’ and ’neuroblastomas’ 
were used for a comprehensive database search

Additional search A manual search was performed to include references from recently published procedure‑specific and disease‑specific 
reviews

Sample size requirement No strict sample size requirement
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downstream effects without SMO involvement, mainly 
through GLI activity [28]. In type 1, PTCH1 influences 
cellular processes independently of SHH, PTCH1-SMO 
interactions, or GLI transcription factors. The PTCH1 
C-terminal domain (CTD) induces apoptotic cell death 
via alternative pathways like RAS-RAF-MEK-ERK, 
PI3K-AKT-mTOR, TGF-β, and epigenetic modulation 
[26]. PTCH1 also negatively regulates cell proliferation 

by interacting with phosphorylated CCNB1, a G2/M 
checkpoint regulator [22]. Type 2 is SMO-dependent, 
and SMO has shown to not only function as a classic 
SHH signalling transducer, but is also responsible for 
activating small GTPases, such as Rac1 and RhoA and 
rearranging the actin cytoskeleton for the proper regu-
lation of cell processes, such as angiogenesis, tubulo-
genesis and synaptogenesis [22]. The SHH pathways in 
tumorigenesis have been summarised in Fig. 1.

Fig. 1 The SHH pathways in tumorigenesis and their types (canonical and non‑canonical). Image was created with https:// www. Biore nder. com. 
CNS; Central Nervous System, CDON; Cell Adhesion Associated Oncogene Regulated; BOC; Butoxycarbonyl, GAS; Growth Arrest Specific, PTCH; 
Patched, SMO; Smoothened, SUFU; Suppressor of Fused; PKA; Protein Kinase A, CTD; C‑Terminal Domain, CCNB; Cyclin B, GTPase; Guanosine 
Triphosphate, SHH; Sonic Hedgehog, RAS; Reticular Activating System, RAF; Rapidly Accelerated Fibrosarcoma, MEK; Mitogen‑Activated Protein, 
ERK; Extracellular‑Signal‑Regulated kinase, PI3K; Phosphatidylinositol‑3 Kinase, AKT; Protein Kinase B, mTOR; Mammalian Target of Rapamycin, TGF‑β; 
Transforming Growth Factor Beta

https://www.Biorender.com
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The role of SHH signalling pathway in CNS tumours
Gliomas
Gliomas, originating from glial cells in the brain and 
spine, represent a diverse group of tumours known for 
their aggressive behaviour and resistance to treatment, 
posing significant therapeutic challenges. The SHH sig-
nalling pathway, a crucial regulator of cellular prolif-
eration, differentiation, and tumorigenesis, has been 
increasingly recognized for its role in the pathogenesis 
of CNS tumours [29]. SHH signalling influences glioma 
growth and development through various mechanisms. 
The tumour stroma, mainly consisting of endothelial 
cells, adipocytes, immune cells, and cancer-associated 
fibroblasts (CAFs), secretes soluble factors that promote 
tumour metastasis and chemotherapy resistance [30, 31]. 
Recombinant human SHH N-terminal peptide (rhSHH) 
enhances HH signalling, leading to increased mRNA lev-
els of matrix metalloproteinase-2 (MMP2) and MMP9, 
which facilitate the adhesion and invasion of GBM cells 
[31].

Additionally, SHH signalling in GBM cells is signifi-
cantly amplified by Fms-related tyrosine kinase 1 (FLT1). 
Suppressing SHH signalling reduces the migration 
and invasion driven by FLT1 overexpression, whereas 
enhancing SHH signalling restores FLT1’s invasive and 
migratory capabilities [32]. FLT1, a tyrosine kinase recep-
tor that binds VEGF-A, promotes tumour growth and 
metastasis through angiogenesis [32, 33]. Moreover, 
truncated GLI1 (TGLI1), a product of SHH signalling, 
functions as an enhanced GLI1, promoting angiogenic 
heparanase expression and thereby facilitating GBM 
angiogenesis and tumour growth [34]. GLI2, another 
SHH signalling product, is stabilised by mTORC2 
through the inactivation of GSK3β and subsequent inhi-
bition of GLI2 ubiquitination, affecting GBM angiogene-
sis, metastasis, cell proliferation, and CSC’s regeneration 
[35]. GLI2 also influences both HH and Wnt pathways, 
playing a vital role in GBM stem cell (GSC) maintenance. 
GLI2 knockdown using lentiviral-mediated shRNA 
downregulates genes related to HH and Wnt signal-
ling pathways, including leucine-rich repeat-containing 
GPCR 5, inhibits tumour cell proliferation and invasive 
capacity, and induces apoptosis [35].

Furthermore in the context of gliomas, the SHH path-
way is associated with specific tumour grades. Studies 
demonstrate that the SHH pathway is active in grade 
II and III gliomas but not in grade IV de novo GBM’s. 
The pathway’s activity and responsiveness are confined 
to progenitor cells within these tumours, suggesting 
a regulatory role in maintaining the proliferative and 
undifferentiated state of glioma progenitor cells. Abnor-
mal activation of this pathway enhances the prolifera-
tive capability of grade II and III glioma cells, driving 

tumorigenesis [36, 37]. Further research has examined 
the expression of SHH pathway components in different 
glioma subtypes. Studies found higher expression levels 
of SHH-related genes in brainstem astrocytomas com-
pared to supratentorial astrocytomas and normal brain 
tissue. This differential expression suggests that enhanced 
PTCH1 expression and SHH pathway activation are 
involved in brainstem gliomas, potentially explaining the 
differences in malignant behaviour between brainstem 
and hemispheric gliomas. This indicates that the SHH 
pathway’s role in gliomagenesis may vary significantly 
depending on the tumour’s anatomical location and cel-
lular context [38].

Medulloblastoma
Medulloblastomas (MBs) are the most common malig-
nant brain tumours in children, typically originating in 
the cerebellum. They are classified into four main molec-
ular subgroups—WNT, SHH, Group 3, and Group 4—
each with distinct prognostic and clinical implications 
[39, 40]. WNT-activated MBs have the most favourable 
prognosis, with five-year survival rates close to 100%, 
making them suitable candidates for reduced-intensity 
therapy to minimise long-term side effects [39]. SHH-
activated MBs have variable outcomes influenced by 
genetic factors; TP53 mutations, for example, signifi-
cantly worsen the prognosis, particularly in high-risk 
cases, which may require intensified treatment [41]. 
Additionally, other genetic markers like MYCN and GLI2 
amplification affect outcomes in SHH MBs [41]. Group 
3 MBs, comprising about 25% of cases, have the poorest 
prognosis, especially with MYC amplification, and a high 
metastatic rate (50%), necessitating aggressive treatment 
despite associated complications [42]. Group 4 MBs 
typically display an intermediate prognosis—better than 
Group 3 but less favourable than WNT—and span all age 
groups. They often show classic histology but may occa-
sionally have large cell/anaplastic features, with poorer 
outcomes linked to FSTL5 expression [40, 43]. These 
molecular subtypes inform personalised therapy strate-
gies, aiming to enhance survival rates and reduce treat-
ment-related side effects. For instance, reduced-intensity 
therapy benefits WNT MBs, while high-risk SHH MBs 
or metastatic Group 3 MBs require more aggressive 
treatments tailored to their specific risk factors. This 
molecular classification has significantly advanced MB 
treatment, allowing for more precise, effective, and safer 
treatment planning [39, 43].

Similar to gliomas, dysregulation of the SHH signal-
ling pathway has been implicated in MB pathogenesis 
[44]. Granule cells (GCs), the most abundant neurons in 
the cerebellum, are key to coordinating afferent inputs 
and motor outputs. During embryogenesis, granule cell 
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precursors (GCPs) emerge from the upper rhombic lip 
and migrate to form the external granule layer (EGL) by 
embryonic day 13 (E13). Postnatally, these progenitors 
change shape and proliferate rapidly within the EGL, a 
process critical for proper cerebellar development. SHH, 
secreted by Purkinje cells (PCs), is a critical factor in 
GCP expansion, as evidenced by the fact that removal of 
PCs inhibits GCP proliferation and causes EGL thinning 
[45–47]. The most commonly mutated genes in the SHH 
pathway are PTCH1 (44–45%), SMO (11–14%), SUFU 
(8–11%) and GLI2 (8–11%), leading to the sequential 
activation of GLI2, the downstream target of SHH signal-
ling [48–50]. When PTCH1 is inhibited, SMO initiates 
an intracellular signalling cascade that results in GLI2 
translocation to the nucleus, where it activates the tran-
scription of target genes [51, 52]. SUFU acts as a nega-
tive regulator by repressing GLI activity, thereby affecting 
the production, trafficking and function of GLI proteins 
[53, 54]. When PTCH1 is lacking in GCPs, it triggers 
the activation of the SHH signalling pathway, leading to 
abnormal proliferation and subsequent MB formation 
[55, 56]. This is supported by the study by Yang et al. in 
which knockout of PTCH1 in mice resulted in the devel-
opment of MB [56]. Similarly, forced activation of SMO 
in PTCH1-deficient mice resulted in hyperproliferation 
of GCPs, which ultimately led to a high incidence of MB 
formation [57, 58]. Loss of function of SUFU has been 
shown to lead to MB formation. Mutation of SUFU leads 
to the formation of truncated proteins that are unable 
to export the GLI transcription factor from the nucleus 
to the cytoplasm, resulting in activation of the SHH sig-
nalling pathway [59]. Math1-Cre-mediated deletion of 
SUFU in mouse GC precursors (GCPs) showed that dele-
tion of SUFU resulted in both EGL hyperplasia and GCP 
proliferation [60].

The role of GLI1 in MB remains controversial. Some 
studies report that silencing GLI1 in MB cell lines leads 
to upregulation of target genes such as PTCH1, cyclin D2, 
plakoglobin, NKX2.2 and PAX6, suggesting a positive role 
for GLI1 in MB [61]. In addition, Insm1 and Nhlh1 have 
been identified as novel targets of HH signalling in the 
mouse cerebellum, with Nhlh1 being directly activated 
by GLI1 in cerebellar progenitor cells [62]. However, the 
role of GLI1 appears to differ depending on the type of 
brain pathology. The researchers used retroviruses to 
inject the SHH gene into the developing brains of mouse 
embryos, activating the SHH pathway specifically in the 
cerebellum. This approach resulted in 76% of the mice 
developing MBs. Interestingly, GLI1, a transcription fac-
tor previously thought to be critical for SHH-induced 
tumourigenesis, was found to be non-essential for 
tumour formation, as MBs developed even in GLI1 null 
mutant mice [63].

YAP1 has been identified as a critical effector in MB 
progression, and its up-regulation is associated with 
altered SHH signalling. YAP1 plays an essential role in 
the proliferation of cerebellar granule neuron precur-
sors (CGNPs), the cells of origin for certain MBs. It was 
localised in the nuclei of CGNPs and specifically in cells 
of the perivascular niche, where tumour-repopulating 
cells reside. Notably, YAP1 was detected even in post-
irradiation samples, suggesting its role in MB recur-
rence [64]. The interplay between SHH and insulin-like 
growth factor (IGF) signalling in MB formation has also 
been investigated. Using the RCAS/tv-a system to target 
the expression of SHH, IGF2 and activated Akt to nestin-
expressing neural precursors in mice, the researchers 
found that co-expression of SHH with IGF2 or Akt sig-
nificantly increased tumour incidence. While SHH alone 
caused tumours in 15% of the mice, the combination of 
SHH with IGF2 and Akt increased tumour incidence to 
39% and 48%, respectively [65].

Meningioma
SHH pathway aberrations are also evident in meningi-
omas, tumours arising from the meninges surrounding 
the brain and spine. The SHH pathway plays a regula-
tory role in cell proliferation and survival within these 
tumours. Recent large-scale genome sequencing studies 
have revealed that approximately 5% of meningiomas 
contain activating mutations in the SHH pathway, par-
ticularly in the SUFU gene. SUFU, a negative regula-
tor of SHH signalling, is crucial for controlling pathway 
activation and is a potential therapeutic target. Studies 
emphasise the importance of genetic screening for SUFU 
mutations in families with a history of meningiomas 
[66, 67]. Further gene expression profiling studies have 
identified key genes involved in SHH pathway activa-
tion in meningiomas. Analysis of 36 meningioma speci-
mens using real-time RT-PCR revealed 16 overexpressed 
genes, including HHAT and DISP1, which facilitate HH 
ligand release. FOXM1, a GLI transcription factor target, 
showed the highest mRNA level increase, particularly in 
aggressive tumours. Additionally, SPP1 and IGF2, related 
to cell proliferation and extracellular matrix interactions, 
were notably overexpressed in higher-grade meningi-
omas [68].

Neuroblastoma
Neuroblastoma (NB), a common paediatric cancer, origi-
nates from NCCs and can affect various parts of the body, 
including the brain and spine [69]. Within NBs, auto-
crine activation of the SHH pathway has been observed, 
where the tumour cells produce the SHH ligand them-
selves. Persistent activation of the SHH pathway in NB 
cells, indicated by high levels of SHH, PTCH1, SMO, 
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and GLI2, suggests this autocrine mechanism. SHH 
binds to the PTCH1 receptor on the same cell, promot-
ing continuous pathway activation, allowing pathogenic 
cells to evade apoptosis and proliferate. In addition, the 
SHH pathway actively influences neuroblastoma activ-
ity. Immunofluorescence staining reveals intact SHH sig-
nalling in NB cells, with SHH, PTCH1, GLI1 and GLI2 
expressed in both the membrane and nucleus. This sig-
nalling pathway has a significant impact on NB by regu-
lating cell proliferation, apoptosis, tumorigenicity and the 
cell cycle through modulation of CCND1 and p21 pro-
teins. CCND1 facilitates progression from G1 to S phase 
of the cell cycle, while p21 induces G1 arrest and pre-
vents entry into S phase by inhibiting cyclin-dependent 
kinases (CDKs) [70, 71]. In addition, hypoxia-inducible 
factor-1α (HIF-1α), which promotes proliferation, migra-
tion and invasiveness of NBs, does so through the SHH 
pathway. HIF-1α expression levels are strongly correlated 
with SHH, PTCH1 and GLI1, and GLI1 knockdown sup-
presses the effects of HIF-1α on NB proliferation, migra-
tion and invasiveness [72].

MicroRNAs (miRNAs) also play a role in modulating 
SHH signalling. The miR181 family has been found to 
regulate the expression of CDON, a dependence recep-
tor for SHH. This receptor promotes apoptosis in the 
absence of the SHH ligand. Studies have shown that high 
expression of miR181 is tied to lower CDON levels and 
increased NB aggressiveness. miR181 directly targets 
and degrades the 3′ UTR of CDON mRNA, leading to a 
reduction in protein levels. This miRNA-mediated regu-
lation of CDON expression disrupts apoptotic signalling 
pathways, thereby promoting the survival and prolifera-
tion of NB cells [73].

Chondroma
Chordoma is a rare, malignant bone tumour derived from 
embryonic notochordal remnants, typically occurring in 
the bones of the skull base and spine, most commonly the 
sacrum. These tumours are difficult to treat due to their 
proximity to vital structures, resistance to radiation, and 
unresponsiveness to conventional cytotoxic chemother-
apy agents [74]. The SHH pathway, essential for chondro-
genesis and involved in cellular differentiation, growth, 
and tissue patterning during embryonic development 
[75], remains active in certain pathological conditions, 
including various tumours. Limited studies have focused 
on the SHH pathway’s role in chordoma formation and 
progression.

Research has utilised immunohistochemistry (IHC), 
genetic analysis, and in situ hybridization to detect SHH 
pathway components in cranial and spinal chordoma 
samples. These methods demonstrated overexpression 
of SHH and its downstream effectors, particularly GLI1, 

indicating active SHH signalling in chordomas. In con-
trast, these effectors are scarcely detectable in normal 
nucleus pulposus tissues [76]. RNA-Seq and NanoString 
analyses confirmed the upregulation of PTCH1 and GLI1, 
further indicating SHH pathway activation in chordomas 
[77].

Craniopharyngioma
Craniopharyngiomas (CPs) are rare, histologically benign 
but clinically aggressive tumours of the epithelium of 
Rathke’s pouch, primarily affecting the hypothalamic-
pituitary axis. They are classified into two main types: 
adamantinomatous CPs (ACPs) and papillary CPs. The 
SHH signalling pathway plays a crucial role in cell differ-
entiation and proliferation, such as in Rathke’s pouch, as 
well as in tumour cell migration [78].

Studies have investigated the role of SHH in CPs, 
detecting upregulation of SHH in human and mouse 
models [79]. In this model, SHH colocalizes in cells with 
nuclear accumulation of β-catenin, suggesting that both 
autocrine and paracrine SHH signalling contribute to 
ACP tumorigenesis. This hypothesis is supported by 
mRNA microarray gene expression analysis and targeted 
immunohistochemistry, which found overexpression of 
SHH in ACPs [78, 80]. In situ hybridization further con-
firmed significant expression of SHH pathway proteins, 
including SMO, GLI1, GLI3, and SUFU, indicating an 
active role of SHH signalling in promoting tumour cell 
proliferation and maintenance [81].

Discussions and prospects
The interplay between the SHH signalling pathway 
and other molecular signalling pathways in CNS tumours
With the WNT/beta‑catenin signalling pathway
The SHH pathway plays a critical role in embryologi-
cal processes such as cell proliferation, differentiation, 
and migration, mirroring its significance in oncogen-
esis. Studies underscore the shared molecular pathways 
regulating both normal development and tumour growth 
[82]. Initiation of the SHH canonical signalling pathway 
occurs when the SHH glycoprotein binds and deactivates 
PTCH1, releasing its inhibition on SMO, thereby indi-
rectly regulating SMO activity [83]. Subsequent inter-
nalisation and degradation of the SHH-PTCH1 complex 
enable SMO activation through phosphorylation at the 
primary cilium [83]. Phosphorylated SMO translocates 
into the primary cilium, initiating downstream signalling 
cascades that culminate in nuclear translocation of GLI 
transcription factors and subsequent expression of GLI 
target genes [84].

The Wnt signalling pathway encompasses canonical 
and non-canonical routes, each with distinct mecha-
nisms. Non-canonical Wnt pathways like the Wnt/
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Ca2 + pathway and planar cell polarity pathway func-
tion independently of β-catenin-T-cell factor/lymphoid 
enhancer-binding factor (TCF/LEF) [85]. In contrast, 
the canonical Wnt pathway (Wnt/β-catenin pathway) 
involves β-catenin translocation into the nucleus to acti-
vate target genes through TCF/LEF transcription factors, 
crucial for gene expression initiation [86]. This pathway 
consists of extracellular, membrane, cytoplasmic, and 
nuclear segments mediated by Wnt proteins (e.g., Wnt3a, 
Wnt1, Wnt5a), receptors (FZD, LRP5/6), and down-
stream components (β-catenin, DVL, GSK-3β, AXIN, 
APC, CK1), which regulate β-catenin levels and subse-
quent gene transcription [87, 88].

Implications of Wnt signalling in CNS tumours such 
as GBM, MB, meningioma, and pituitary adenomas are 
well-documented through complex pathways [48, 89–91]. 
In MB, interactions between SHH and Wnt signalling are 
evident. SHH signalling induces GLI1/2, promoting the 
expression of sFRP-1, which negatively regulates Wnt sig-
nalling by promoting cytoplasmic β-catenin accumula-
tion [92]. Moreover, GLI1 activates Wnt ligands (Wnt2b, 
Wnt4, Wnt7b), stabilising β-catenin and enhancing Wnt 
pathway activation [93]. Both pathways converge on 
N-myc, a critical molecule in MB pathogenesis regulated 
by SHH through GSK3-β inhibition, promoting N-myc 
expression and stabilisation [94, 95]. GLI3 interaction 
with β-catenin C-terminal domain reduces Wnt-medi-
ated transcriptional activity [96]. SUFU binds β-catenin, 
exporting it from the nucleus and repressing β-catenin/
TCF-mediated transcription; SUFU loss leads to SHH 
and Wnt pathway overactivity, contributing to MB prolif-
eration and differentiation failure [97].

In GBM, both canonical and non-canonical Wnt sig-
nalling pathways contribute to tumour proliferation 
and invasion by mimicking embryonic processes [98]. 
Elevated expression of canonical Wnt factors (WNT3A, 
TCF4) correlates with higher glioma grades and poor 
outcomes [99]. WNT/β-catenin signalling upregulates 
VEGF, supporting GBM angiogenesis [100]. Non-canon-
ical Wnt factors (WNT5A, FZD-2) promote NSC pro-
liferation and enhance neural differentiation, impacting 
GBM invasiveness [101, 102]. GLI1-mediated β-catenin 
stabilisation suggests a potential role of Wnt signalling in 
GBM development, warranting further investigation into 
the SHH-Wnt signalling relationship [103]. In summary, 
highlighting the intricate interactions between SHH and 
Wnt signalling pathways in CNS tumours is crucial for 
understanding their roles in tumorigenesis and identify-
ing potential therapeutic targets.

Crosstalk with the Notch pathway
Notch signalling is a critical intercellular commu-
nication mechanism initiated by binding between a 

transmembrane receptor and ligands expressed on adja-
cent cells [104]. The Notch receptor precursor undergoes 
glycosylation in the endoplasmic reticulum (ER), affect-
ing its affinity for various ligands. Following transport 
to the Golgi apparatus, proteolytic processing at S1 sites 
produces Notch extracellular subunit (NEC) and trans-
membrane/intracellular domain (NTMIC) heterodimers. 
These are then transported to the cell membrane as type I 
transmembrane proteins (NOTCH1-4 in mammals) [105, 
106].

Interaction of the Notch receptor with canonical 
ligands (DLL1, DLL4, Jagged1, Jagged2) on neighbouring 
cells exposes a cleavage site hidden by the LNR domain. 
This triggers proteolytic cleavage at the S2 site by ADAM 
10 or 17 enzymes, followed by γ-secretase-mediated 
cleavage within the endosome or at the plasma mem-
brane, releasing the Notch intracellular domain (NICD) 
[107, 108]. NICD translocates to the nucleus where it 
binds with CSL, displacing the co-inhibitory complex 
and forming a NICD/CSL/Maml complex. This complex 
enhances the expression of downstream genes, including 
the HES family, which regulate proliferation and apopto-
sis [104, 109–111].

Notch signalling synergizes with SHH signalling dur-
ing nervous system development [112] and plays a cru-
cial role in oncogenesis, including CNS tumours such as 
gliomas, MBs, meningiomas, and choroid plexus papil-
lomas [113, 114]. HES1, a downstream target of Notch 
signalling, modulates SHH signalling in glioblastoma 
by binding to N-boxes within GLI1’s first intron, sup-
pressing its expression and potentially inhibiting the 
HH cascade [115]. Mastermind-like1 (Maml1) regulates 
SHH signalling by interacting directly with GLI pro-
teins, enhancing SHH-responsive gene expression [116]. 
Additionally, Jagged1, a Notch ligand, reduces GLI2 
expression, promoting apoptosis. Reciprocally, GLI2 
downregulation reduces Jagged1 expression, highlight-
ing crosstalk between SHH and Notch pathways [117]. 
Notch signalling also affects SHH signalling by promot-
ing SHH-independent accumulation of SMO within the 
primary cilium, thereby influencing GLI3 activity and 
cilium length [118]. Moreover, the Notch pathway indi-
rectly regulates SHH signalling through molecules such 
as Akt, STAT3, and mTOR, which promote stem cell sur-
vival [119]. While direct links to CNS tumours are less 
explored, these interactions suggest Notch signalling’s 
role in promoting survival of CNS tumour cells.

In conclusion, Notch signalling’s intricate regula-
tion and crosstalk with SHH signalling contribute sig-
nificantly to CNS tumour development and progression. 
Understanding these interactions provides insights into 
potential therapeutic targets for addressing dysregulated 
cell growth in CNS malignancies.
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Relationship with the PI3K/AKT/mTOR pathway
The PI3K/AKT/mTOR (PAM) signalling pathway is piv-
otal in supporting tumour growth and progression by 
orchestrating cell cycle activities and regulating the syn-
thesis of macromolecules such as proteins, nucleotides, 
and lipids [120, 121]. Within this pathway, mTOR exists 
in two distinct complexes: mTORC1 and mTORC2, each 
comprising mTOR along with Deptor and mLST8 subu-
nits [122]. mTORC1, a component of the PAM pathway, 
becomes activated when growth factors stimulate PI3K, 
which subsequently activates AKT1. AKT1 then inhib-
its the tumour-suppressor TSC1/2 complex, releasing its 
inhibition on RHEB, thereby activating mTORC1 [123]. 
Activation of mTORC1 leads to the phosphorylation of 
ribosomal protein S6 kinase (S6K) and eukaryotic trans-
lation initiation factor 4E binding protein 1 (4E-BP1), 
which regulate mRNA translation, cell growth, and pro-
liferation. Phosphorylation of 4E-BP1 prevents its bind-
ing to eukaryotic translation initiation factor 4E (eIF4E), 
crucial for initiating mRNA translation, while non-phos-
phorylated 4E-BP1 binds tightly to eIF4E, inhibiting 
translation [124–126].

The RTK/PAM pathway is well-known for its role in 
enhancing the invasiveness of gliomas. Activation of 
mTOR by Akt phosphorylation leads to the activation 
of cyclin D1, which complexes with cyclin-depend-
ent kinase (CDK) to drive the cell cycle from G1 to S 
phase, a critical step in promoting carcinogenesis when 
cyclin D1 is overexpressed. Additionally, Akt-mediated 
phosphorylation of P27kip1 neutralises its inhibitory 
effect on CDK activity, allowing for continued cell 
growth and differentiation [120, 121]. The interac-
tion between SHH pathway and the PAM pathway has 
been demonstrated in various studies, particularly in 
GBMs. Studies on PTEN-deficient GBMs have shown 
that SHH and PI3K signalling pathways synergisti-
cally promote tumour growth and survival. Conversely, 
inhibiting both PI3K/Akt and SHH pathways results 
in tumour apoptosis and reduced growth of PTEN-
deficient GBMs in experimental models, underscoring 
the crosstalk between these pathways [127]. Similarly, 
research by Nanta et  al. demonstrates that blocking 
SHH and PAM pathways in GBM cells diminishes sur-
vival, self-renewal capacity, and expression of factors 
maintaining pluripotency, while also affecting cell pro-
liferation and epithelial-mesenchymal transition [128]. 
Despite these insights, the precise mechanistic details 
of how SHH and the PAM pathway interact in CNS 
tumours remain unclear. However, studies on esopha-
geal adenocarcinoma cells suggest that TNF-alpha 
activates GLI proteins through the mTOR pathway, 
specifically involving S6K1-mediated phosphoryla-
tion of GLI1 at Ser84 [129]. These findings provide 

mechanistic clues that similar interactions may occur 
in CNS tumours, highlighting the potential for thera-
peutic interventions targeting these pathways. Figure 2 
summarises the interaction between SHH pathway and 
other molecular signalling pathways.

The therapeutic relevance of SHH signalling pathways 
in CNS tumours
Drugs targeting SHH signalling pathway
The SHH signalling pathway plays a crucial role in the 
development and growth of various cancers. Conse-
quently, numerous therapies targeting SHH signalling 
are emerging as promising neuro-oncological treatment 
strategies. Currently, drugs that target SHH signalling 
pathways in CNS tumours can be categorised into SMO 
inhibitors, GLI inhibitors and SHH inhibitors.

SMO inhibitors Recent advancements in SHH path-
way inhibitors, such as GDC-0449 and HhAntag, have 
sparked significant interest in their therapeutic potential. 
A clinical case study highlighted GDC-0449’s efficacy in a 
26-year-old patient with metastatic MB, leading to rapid 
tumour regression and symptom relief, albeit with tran-
sient response due to secondary mutations bypassing its 
effects [130]. Molecular insights revealed abnormal SHH 
pathway activation linked to PTCH1 gene loss, under-
scoring the need for personalised treatment approaches 
[130]. Combining GDC-0449 with HhAntag, which tar-
gets SMO via multiple binding sites, shows promise in 
overcoming drug resistance, with high-dose HhAntag 
demonstrating complete tumour eradication and pro-
longed MB-free survival [131].

Cyclopamine, acting on the PTCH-SMO complex, has 
demonstrated efficacy in reducing glioma, glioblastoma, 
and MB growth in mouse models and inhibiting human 
MB cell lines in vitro [132–134]. Recent studies revealed 
that Cyclopamine not only reduces cell viability but also 
enhances temozolomide (TMZ) efficacy by inducing 
apoptosis through cleaved caspase-3 activation, along 
with upregulating stemness markers like SOX-2 and 
OCT-4 in GBM cells [135]. Mechanistically, Cyclopamine 
disrupts the SHH signalling autocrine loop, downregu-
lates BCL-2, and upregulates BAX, promoting apoptosis 
[70].

LDE-225 (Erismodegib/Sonidegib/Odomzo), a Cyclo-
pamine derivative, effectively induces cell cycle arrest 
and apoptosis across various cancers, including GBM, 
by antagonising SMO and reducing GLI protein expres-
sion, validated in mouse models [136–138]. Approved for 
locally advanced basal cell carcinoma, LDE-225 is under-
going phase 2 trials for HH pathway-activated relapsed 
MB [139]. Conversely, vismodegib (GDC-0449), another 
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SMO inhibitor, has shown mixed results, inhibiting chor-
doma growth but potentially enhancing tumour prolifer-
ation in certain contexts [23, 140].

Various next-generation inhibitors like IPI-926 
(Saridegib), BMS-833923/XL139, PF-5274857, TAK-441, 
LY2940680 (Taladegib), and Itraconazole target different 

Fig. 2 The interaction between the sonic hedgehog signalling pathway and other molecular pathways. Image was created with https:// www. 
Biore nder. com. SHH; Sonic Hedgehog, HH; Hedgehog, SUFU; Suppressor Of Fused, WNT; Wingless‑Related Integrated Site, SMO; Smoothened, 
PTCH; Patched, GLI; Glioma Associated Oncogene, PKA; Protein Kinase A, sFRP; Secreted Frizzled‑Related Protein, LRP; Low‑Density Lipoprotein 
Receptor‑Related Protein, GSK; Glycogen Synthase Kinase, APC; Antigen Presenting Cell, TCF; T‑Cell Specific Transcription Factor, LEF; Lymphoid 
Enhancer‑Binding Factor, VEGF; Vascular Endothelial Growth Factor, HES; Hairy And Enhancer Of Split, CNS; Central Nervous System, MB; 
Medulloblastoma, ADAM; A Disintegrin And Metalloproteinase, MAM; Mitochondrial‑Associated Membranes, NICD; Notch Intracellular Domain, 
NECD; Notch Extracellular Domain, PIP; Phosphatidylinositol Phosphate, PDK; Pyruvate Dehydrogenase Kinase, AKT; Protein Kinase B, PI3K; 
Phosphatidylinositol 3‑kinases, TSC; Tuberous Sclerosis Complex, Rheb; Ras Homolog Enriched In Brain, mTORC; Mammalian Target Of Rapamycin 
Complex, GDP; Guanosine Diphosphate, GTP; Guanosine Triphosphate

https://www.Biorender.com
https://www.Biorender.com
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facets of SHH signalling. These compounds exhibit 
promising preclinical efficacy in SHH pathway-driven 
cancers, highlighting ongoing efforts to refine therapeu-
tic strategies [141–147]. Itraconazole, for instance, syn-
ergizes with Cyclopamine in inhibiting HH-driven MB 
proliferation [146, 147]. These developments underscore 
the complexity and potential of SHH pathway inhibition 
in treating a spectrum of cancers, necessitating contin-
ued research into optimise therapeutic outcomes.

GLI inhibitors GANT 61, a GLI antagonist, inhibits the 
DNA binding ability of GLI1 and GLI2. In vitro and in vivo 
studies have shown that GANT61 effectively reduces 
the expression of GLI1, c-MYC, MYCN, and Cyclin D1, 
leading to apoptosis in NB cells. Additionally, GANT61 
enhances the efficacy of chemotherapeutic drugs used 
in NB treatment, either additively or synergistically, and 
suppresses the growth of established NB xenografts in 
nude mice [148].

SHH inhibitors Gliomas pose significant challenges due 
to their aggressive nature; however, targeting the SHH 
pathway in GBM stem cells shows promise for thera-
peutic intervention. SHH signalling inhibitors effectively 
dismantle GBM cancer stem cells (CSCs) and prevent 
tumour recurrence by targeting SHH ligands, SMO, and 
GLI1 transcription factors at multiple points in the path-
way [149]. Experimental models, such as zebrafish stud-
ies, have underscored the oncogenic potential of SHH 
signalling in the CNS. Activation of SHH signalling in 
zebrafish CNS models led to increased tumorigenesis, 
demonstrating the oncogenic role of SMOA1 in brain and 
retinal tumours [150].

In human tumour cells, inhibition of the SHH path-
way reduces proliferation, highlighting its critical role 
in tumour growth [151]. In preclinical studies with 
orthotopic malignant glioma xenografts, pharmacologi-
cal SHH pathway inhibition significantly improved sur-
vival rates by targeting CD133 + tumour-initiating cells 
responsible for tumour initiation and maintenance [152]. 
Despite initial success, tumours eventually regrew, sug-
gesting the potential need for combination therapies 
for more effective treatment strategies. 5E1, a mono-
clonal antibody targeting the SHH ligand, inhibits MB 
growth in mouse models by preventing ligand binding 
to PTCH1. Treatment with 5E1 reduces tumour prolif-
eration, promotes tumour cell apoptosis, and enhances 
survival rates compared to cyclopamine treatment [153]. 
Although these drugs await clinical approval for CNS 
tumours, they offer promising insights for future thera-
peutic approaches. Additionally, targeting SMO, GLI, and 
SHH signalling in non-CNS tumours suggests potential 
applications in CNS tumours, underscoring the need for 

further research. Furthermore, SHH signalling interacts 
with pathways like Wnt/β-catenin, Notch, and PI3K/Akt/
mTOR, suggesting that combination therapies targeting 
these interactions could synergistically suppress tumour 
growth [154]. Comprehensive research into these inter-
actions and treatments is crucial for advancing therapeu-
tic strategies against CNS tumours.

DNA methyltransferase inhibitors The expression of 
SHH pathway components and targets in NBs is regulated 
through both transcriptional and epigenetic mechanisms. 
Promoter regions of genes like PTCH1, HHIP, and SFRP1 
can undergo methylation, impacting their expression lev-
els. Studies indicate that hypermethylation of these pro-
moters correlates with decreased expression of SHH path-
way inhibitors, thereby enhancing pathway activation. 
This epigenetic modulation contributes to the aggressive 
nature of NBs. However, treatment with DNA methyl-
transferase inhibitors has shown potential in restoring 
expression of these epigenetically silenced genes, suggest-
ing a therapeutic strategy for modulating SHH signalling 
in NBs [155]. Table 2 summarises the drugs targeting the 
SHH pathway in CNS tumours.

Challenges with drug targeting the SHH signalling pathway 
in CNS tumour therapy
Genetic mutation Genetic analysis of resistant tumours 
has revealed several mechanisms that confer resistance 
to SMO inhibitors like GDC-0449. These mechanisms 
include SMO mutations, SUFU loss, and amplification of 
GLI or HH target genes. In about 50% of resistant basal 
cell carcinomas (BCCs), SMO mutations maintain HH 
pathway activation despite inhibitor treatment. These 
mutations fall into two categories: those within the drug 
binding pocket (DBP) and those outside it (non-DBP). 
Mutations such as C469, D473, I408, V321, and W281 
within the DBP impair SMO inhibitor binding [156, 157]. 
Specifically, the D473 mutation in SMO is associated 
with GDC-0449 resistance in MB cells by disrupting the 
drug’s effective receptor binding. Studies using MB cells 
and allograft mouse models strongly support this, dem-
onstrating how D473 mutations confer GDC-0449 resist-
ance [158]. The D473Y mutation in vismodegib-resistant 
BCCs induces conformational changes in the binding site, 
disrupting the stabilising hydrogen bond network [159]. 
Computational docking studies identified other muta-
tions like W281, V321, I408, and C469, which interfere 
with vismodegib binding. For instance, the SMO-W281C 
mutation disrupts the interaction critical for drug binding 
[156]. Mutations distal to the DBP, such as T241, A459, 
S533, and G497, may also confer resistance by destabi-
lising SMO’s architecture, promoting its activation and 
reducing inhibitor affinity [156, 157].
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Non-canonical pathway activation Initially, resistance 
was linked to mutations within the canonical HH pathway. 
However, subsequent research revealed non-canonical 
HH signalling pathways, such as AP-1 and TGF-β signal-
ling, drive resistance by promoting Arhgef17 transcrip-
tion. Arhgef17 activates RhoA, leading to actin polymeri-
zation and nuclear translocation of MRTF, enhancing GLI 
transcriptional activity independently of SMO inhibition 
[160, 161]. DYRK1B, a member of the DYRK family, influ-
ences HH signalling by regulating ligand expression and 
pathway activation via autocrine mechanisms. Inhibition 
of DYRK1B reduces GLI1 expression, offering a potential 
therapeutic target for GLI1-dependent cancers resist-
ant to SMO inhibitors [162, 163]. Up-regulation of the 
insulin-like growth factor 1 receptor-phosphatidylinositol 
3-kinase (IGF-1R-PI3K) signalling pathway correlates 
with increased PI3K expression in resistant MBs, con-
tributing to resistance mechanisms [154]. Activation of 
the RAS/MAPK pathway, driven by mutations like HRAS 
(G12V) and BRAF (V600E), is significant in resistance and 
metastasis in HH-dependent cancers. These mutations 
enable cancer cells to proliferate independently of HH 
signalling, evading SMO inhibitors like LDE-225, GDC-
0449, and LEQ-506 [164].

Loss of  primary cilia A newly discovered resistance 
mechanism involves the absence of primary cilia, con-
ferring resistance to LDE-225 in MB cells. Primary cilia, 
crucial for HH pathway signal transmission, are lost 
during tumour development, unexpectedly shielding 
tumour cells from SMO inhibitors [165]. Genome-wide 

transposon mutagenesis screening in HH-dependent MB 
cells identified SUFU and oral-facial-digital syndrome 1 
(OFD1) genes as critical in this resistance mechanism. 
Mutations in OFD1 lead to cilia loss, resulting in slow-
growing, GLI2-dependent resistant tumours. In cilia-
deficient cells, only the full-length form of GLI2 (GLI2-F) 
is present, unaffected by SMO inhibitors. The absence of 
cilia disrupts GLI2 proteolytic processing, preventing the 
formation of the truncated repressor form (GLI2-R). Con-
sequently, HH signalling remains active with unprocessed 
GLI2-F, allowing cilia-deficient cells to evade drug inhibi-
tion [165].

Adverse reactions Another challenge in developing 
drugs targeting the SHH signalling pathway is the poten-
tial for adverse reactions or side effects. Currently, only 
a few drugs targeting the SHH pathway—namely GDC-
0449, LDE-225, IPI-926, LY2940680, and TAK-441—have 
documented adverse effects. GDC-0449 has been associ-
ated with muscle cramps, taste disturbances, weight loss, 
hair loss, and weakness [166]. LDE-225 side effects include 
muscle spasms, taste disorders, nausea, alopecia, and 
elevated creatine kinase levels. Although these reactions 
are often mild, long-term adverse effects can significantly 
impact patients’ quality of life and lead to drug withdrawal 
[167]. Compared to GDC-0449, patients receiving LDE-
225 reported fewer and slower-occurring adverse events 
[168]. IPI-926, LY2940680, and TAK-441 commonly 
cause fatigue, nausea, and muscle spasms, with liver dys-
function and alopecia specific to IPI-926 [169–171]. The 
adverse reactions of other drugs targeting the SHH path-

Table 2 Summary of drugs targeting the sonic hedgehog signalling pathway in central nervous system tumours

SMO; Smoothened, GLI; Glioma, SHH; Sonic Hedgehog, HH; Hedgehog, DNA; Deoxyribonucleic Acid, HhAntag; Hedgehog Signaling Antagonist, GBM; Glioblastoma, 
MB; Medulloblastoma, TMZ; Temozolomide, PTCH; Patched, mRNA; Messenger Ribonucleic Acid, SMO; Smoothened, c-MYC; Cellular Myelocytomatosis Oncogene, NB; 
Neuroblastoma, HHIP; Hedgehog-Interacting Protein, SFRP; Secreted Frizzled-Related Protein

Therapeutic agents Examples and functions

1. SMO inhibitors [130, 
132–134, 136–138, 
142–147]

GDC‑0449 (Vismodegib): Inhibits SHH pathway, showing potential in treating metastatic MB
HhAntag: Complements GDC‑0449 by blocking SMO through additional binding sites
Cyclopamine: Reduces growth rates of gliomas, GBMs, and MBs, enhances TMZ therapy by inducing apoptosis
LDE‑225 (Sonidegib): Induces cell cycle arrest and apoptosis, reduces epithelial‑mesenchymal transition in multiple cancers
IPI‑926 (Saridegib): Suppresses tumour growth in MB allograft models
BMS‑833923: Decreases GLI1 and PTCH1 mRNA expression, inhibiting proliferation
PF‑5274857: Selective SMO antagonist, effective in MB allograft models
TAK‑441: Effective against Vismodegib‑resistant SMO mutants
LY2940680 (Taladegib): Inhibits HH signalling, effective against Vismodegib‑resistant SMO mutants. Itraconazole: Inhibits SMO 
accumulation, effective in MB allograft models, synergistic with cyclopamine

2. GLI inhibitors [148] GANT 61: Inhibits DNA binding of GLI1 and GLI2, downregulates GLI1, c‑MYC, MYCN, Cyclin D1, induces apoptosis in NB cells, 
enhances effects of chemotherapeutic drugs

3. SHH inhibitors [153] Target multiple components of the SHH signalling cascade, showing effectiveness in the breakdown of GBM cancer stem cells, 
preventing tumour recurrence
‑ 5E1: Monoclonal antibody targeting SHH ligand, inhibits MB growth, reduces tumour proliferation, increases apoptosis, 
improves survival rates

4. DNA methyltrans‑
ferase inhibitors [155]

Restore epigenetically silenced SHH pathway inhibitors, such as PTCH1, HHIP, and SFRP1, suggesting potential therapeutic 
approach for modulating SHH signalling in NBs
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way have not yet been identified due to the lack of clini-
cal trials. Therefore, further research is crucial to uncover 
potential side effects and deepen our understanding of 
the safety profiles of these therapies, ultimately improving 
patient care and outcomes.

Strategies for overcoming resistance to SMO inhibitors
Several strategies have been proposed to overcome resist-
ance to drugs targeting the SHH signalling pathway. One 
approach involves the development of second-generation 
SMO inhibitors. HH003, a novel SMO inhibitor featuring 
a tetrahydropyrido(4,3-d)pyrimidine scaffold, has dem-
onstrated efficacy in blocking the SHH pathway by sup-
pressing the transcription of target genes such as GLI1 
and PTCH1, induced by pathway agonists. Both in vitro 
and in vivo studies have confirmed the anti-tumor activ-
ity of HH003, effectively inhibiting the growth of various 
cancer cells, including glioblastoma T98G and SF295 
[172]. Another promising strategy entails the use of the 
Bcl-2 homology 3 mimetic ABT-199, which can over-
come resistance caused by SMO mutations. ABT-199 
suppresses SHH signalling by acting as a competitive 
inhibitor of oxysterol, likely targeting the cysteine-rich 
domain of SMO. It has effectively reduced SMO ago-
nist (SAG)-stimulated HH activity in Light II cells with 
various SMO mutants. In MB transgenic mice harbour-
ing the SMO-W539L mutation, ABT-199 significantly 
inhibited tumour growth, whereas GDC-0449 showed no 
effect, suggesting that ABT-199 can overcome resistance 
to current SMO inhibitors caused by SMO mutations 
[173].

Additionally, combination therapies offer a viable 
strategy to combat resistance. For instance, combin-
ing AMPK activators with Vismodegib can overcome 
Vismodegib resistance and inhibit the growth of SMO-
D473G MB cells. In both mouse subcutaneous and 
intracranial models, the combination of Metformin 
and Vismodegib showed synergistic suppression of MB 
tumour growth [174]. Similarly, combining LDE-225 
with the PI3K class I inhibitor NVP-BKM120 or the 
dual PI3K/mTOR inhibitor NVP-BEZ235 has markedly 
delayed the development of resistance in MB tumours 
derived from  PTCH+ /−  p53−/− mice [154]. Moreover, 
the combination of Itraconazole and ATO has signifi-
cantly improved anti-tumor efficacy in a subcutaneous 
allograft model of  PTCH+/− ;p53−/− mice. Itraconazole 
inhibited the activity of all known SMO resistance 
mutants at levels similar to SMO-D477G, resulting in 
inhibited tumour growth and reduced tumour vol-
umes in SMO-resistant tumours [147]. These find-
ings suggest that combination therapy may represent 
the future direction for overcoming resistance to SHH 

pathway-targeting drugs. Further research is essen-
tial to identify the most effective combinations and to 
develop new drugs that can enhance treatment efficacy 
and improve patient outcomes. The challenges of tar-
geting the SHH pathway in CNS tumour therapy and 
strategies to overcome resistance to SMO inhibitors are 
summarised in Table 3.

Novel biomarkers for SHH signalling pathway activation 
in CNS tumours
Biomarkers are crucial for identifying and stratifying 
CNS tumours such as MBs and meningiomas. GAB1 has 
emerged as a significant biomarker, detectable through 
immunohistochemistry and useful in excluding HH-
independent meningiomas [175]. Additionally, GAB1 
serves as a diagnostic marker for SHH tumours, shown 
by specific reactivity of anti-GAB1 antibodies [176]. 
In SHH MB, Shih et  al. developed a risk stratification 
scheme categorising patients into high-risk, standard-
risk, and low-risk groups based on biomarkers. High- and 
standard-risk patients are identified by GLI2 amplifica-
tion, 14q loss, and leptomeningeal dissemination, with 
GLI2 amplification alone correlating with poor progno-
sis. Absence of these markers defines a low-risk group 
similar to WNT tumour patients, highlighting GLI2 and 
14q loss as reliable prognostic indicators [177].

YAP1 has emerged as a predictive marker for response 
to SMO inhibitors in SHH MB patients. Those genetically 
resistant to SMO inhibitors, particularly in the aggressive 
alpha subtype, often exhibit YAP1 overexpression. SHH-
like cell lines with TP53 mutations show enhanced SMO 
inhibitor responsiveness upon YAP1 depletion, suggest-
ing YAP1 as a therapeutic target to improve outcomes 
[178]. Combining Sonidegib and Verteporfin, which 
inhibit SMO and YAP1 respectively, shows synergistic 
effects, proposing a dual inhibition strategy for overcom-
ing resistance in SHH MB therapy [178]. GLI1 is another 
promising biomarker, particularly for predicting neu-
roblastoma (NB) severity with high MYCN expression. 
MYCN amplification is associated with more aggressive 
NB. GLI1-positive NB cases without MYCN amplifica-
tion correlate with early clinical stages and improved 
outcomes, while low GLI1 expression and MYCN ampli-
fication correlate with advanced disease and poor prog-
nosis. Only 10% of MYCN-amplified cases were positive 
for GLI1, suggesting GLI1 expression as a biomarker for 
NB differentiation and prognosis [179].

Further research is necessary to identify additional bio-
markers and ensure they are accessible, cost-effective, 
and reliable in terms of specificity and sensitivity. This 
will enhance their clinical utility for diagnosis, prognosis, 
and treatment decisions.
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Study limitations
There are several important limitations that must be 
addressed in this review. Firstly, the majority of stud-
ies included are preclinical, providing valuable insights 
into the mechanisms and implications of SHH signalling 
and its interplay with other molecular pathways in CNS 
tumours. However, the clinical implications of these find-
ings remain largely speculative at this stage. Secondly, 
many of the drugs discussed are primarily studied in 
contexts other than CNS tumours, making it challeng-
ing to draw definitive clinical conclusions. While some 

clinical trials have been conducted with these drugs in 
CNS tumour settings, many have either been terminated 
early or completed only up to phase 2, resulting in limited 
understanding of their mechanisms, efficacy, safety pro-
files and adverse reactions specifically in CNS tumours. 
Furthermore, certain studies have explored drugs not 
approved for CNS tumours, yielding promising results, 
but often with small patient cohorts that may not be rep-
resentative of the broader population.

The complexity of the SHH signalling pathway and 
its interactions with other pathways in CNS tumours 

Table 3 Summary of challenges with drug targeting in the sonic hedgehog signalling pathway in central nervous system tumour 
therapy and strategies for overcoming resistance to smoothened inhibitors

SMO; Smoothened, GLI; Glioma, HH; Hedgehog, SUFU; Suppressor Of Fused, BCC; Basal Cell Carcinoma AP; Activator Protein 1,TGF-B; Transforming Growth Factor 
Beta, DYRK1B; Dual Specificity Tyrosine-Phosphorylation-Regulated Kinase 1B, IGF; Insulin-Like Growth Factor, PI3K; Phosphatidylinositol 3-Kinase, MAPK; Mitogen-
Activated Protein Kinase, OFD; Orofaciodigital syndrome type 1, PTCH; Patched, SAG; Smoothened Agonist, AMPK; Activated Protein Kinase, MB; Medulloblastoma, 
ATO; Arsenic Trioxide, mTOR; Mammalian Target of Rapamycin

Challenges/strategies Description

Challenges

 Genetic mutations [156–158] Analysis of resistant tumours has revealed various genetic mutations that cause resistance 
to SMO inhibitors like GDC‑0449. These include mutations in SMO, loss of SUFU, and amplifica‑
tion of GLI or HH target genes. Around 50% of resistant BCCs have SMO mutations that continue 
to activate the HH signalling pathway despite treatment. These mutations can occur in the DBP 
or other regions, affecting drug binding and causing resistance

 Non‑canonical pathway activation [154, 160–164] Resistance can also result from non‑canonical HH signalling pathways, such as AP‑1 and TGF‑
β, which enhance GLI transcriptional activity independently of SMO inhibition by promoting 
Arhgef17 transcription. DYRK1B regulates ligand expression and pathway activation via auto‑
crine mechanisms. Increased IGF‑1R‑PI3K signalling pathway activity and RAS/MAPK pathway 
activation are also linked to resistance, enabling cancer cells to grow independently of the HH 
signalling pathway and evade SMO inhibitors

 Loss of primary cilia [165] Another mechanism of resistance involves the loss of primary cilia, which contain key compo‑
nents of the HH pathway. Cilia loss during tumour development protects tumour cells from SMO 
inhibitors. Mutations in the OFD1 gene lead to cilia loss, resulting in tumours dependent on GLI2 
activity. In cells without cilia, only the full‑length form of GLI2 (GLI2‑F) remains, ensuring continu‑
ous, low‑level HH signalling activity and allowing cells to evade drug effects

 Adverse reactions and side effects [166, 168–170] Targeting the SHH signalling pathway with drugs can cause adverse reactions or side effects. 
Known side effects for drugs like GDC‑0449, LDE‑225, IPI‑926, LY2940680, and TAK‑441 include 
muscle cramps, taste disturbances, weight loss, hair loss, weakness, muscle spasms, nausea, 
alopecia, and elevated creatine kinase levels. Although often mild, these reactions can signifi‑
cantly impact patients’ quality of life and lead to drug discontinuation. Further research is needed 
to identify potential side effects and improve understanding of these therapies’ safety profiles

Strategies for overcoming resistance

 Second‑generation SMO
inhibitors [172]

HH003, a new SMO inhibitor with a tetrahydro‑pyrido(4,3‑d)pyrimidine scaffold, effectively blocks 
the SHH pathway by suppressing the transcription of target genes like GLI1 and PTCH1. In vitro 
and in vivo studies have shown that HH003 inhibits the growth of various cancer cells, includ‑
ing glioblastoma T98G and SF295, making it a promising second‑generation SMO inhibitor

 Bcl‑2 homology 3 mimetic ABT‑199 [173] ABT‑199 overcomes resistance caused by SMO mutations by acting as a competitive inhibitor 
of oxysterol, likely targeting the cysteine‑rich domain of SMO. It effectively reduces SMO agonist 
(SAG)‑stimulated HH activity in Light II cells with various SMO mutants. In MB transgenic mice 
with the SMO‑W539L mutation, ABT‑199 significantly inhibited tumour growth, indicating its 
potential to bypass resistance to current SMO inhibitors due to SMO mutations

 Combination therapy [147, 154, 174] Combining AMPK activators with Vismodegib can overcome resistance and inhibit the growth 
of SMOD473G MB cells. In mouse models, the combination of Metformin and Vismodegib 
showed synergistic suppression of MB tumour growth. Additionally, combining LDE‑225 
with PI3K class I inhibitor NVP‑BKM120 or dual PI3K/mTOR inhibitor NVP‑BEZ235 delayed resist‑
ance development in MB tumours. The combination of Itraconazole and ATO also improved 
anti‑tumor efficacy in SMO‑resistant tumours. These combination therapies have shown promise 
in inhibiting tumour growth and reducing tumour volumes
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remains poorly understood, necessitating further 
research to bridge these knowledge gaps. Given the 
dynamic nature of SHH interactions with various cellu-
lar pathways, this review may not comprehensively cover 
all recent discoveries or emerging insights into how these 
interactions influence disease progression and therapeu-
tic responses. Additionally, the diverse characteristics 
among different cancer types and within CNS tumours 
pose challenges in fully capturing their heterogeneity, 
potentially limiting the applicability of findings across all 
clinical contexts. Addressing these limitations will not 
only enhance our understanding of the SHH signalling 
pathway and its therapeutic implications in CNS tumours 
but also facilitate the development of more effective 
treatments that leverage cellular regulatory mechanisms 
and interactions with other molecular signalling path-
ways, ultimately improving clinical outcomes.

Conclusion
In conclusion, The SHH signalling pathway plays a cru-
cial role in the proliferation and growth of certain CNS 
tumours. Understanding the molecular mechanisms of 
SHH signalling is essential for developing improved ther-
apeutic strategies that suppress this pathway and enhance 
treatment outcomes. Future research should focus on 
exploring combination therapies, identifying new molec-
ular targets, and potentially exploring the benefits of gene 
editing technologies to optimise treatment modalities 
for patients with CNS tumours. Additionally, investigat-
ing genetic variations within SHH signalling tumours 
can provide valuable insights for personalised medi-
cine, allowing for tailored treatments and reducing the 
risk of resistance. A greater emphasis should be placed 
on understanding the interplay between SHH signalling 
and other molecular pathways in CNS tumours including 
aspects of the tumour immune microenvironment. This 
knowledge is critical for unlocking the full therapeutic 
potential of medication-directed therapy and translating 
these findings into clinical practice. By addressing these 
areas, we can move closer to developing more effec-
tive and personalised treatments for SHH-related CNS 
tumours, ultimately improving patient outcomes.

Abbreviations
HH  Hedgehog
SHH  Sonic Hedgehog
CNS  Central nervous system
IDH  Intradialytic hypotension
TERT  Telomerase reverse transcriptase
TREM  Triggering receptor expressed on myeloid cells
TME  Tumour microenvironment
PTCH  Patched
SMO  Smoothened
NT  Neural tube
NTD  Neural tube development
NSC  Neural stem cells
NPC  Neural progenitor cells

PC  Purkinje cell
GCP  Granule cell progenitor
KIF  Kinesin family member
SUFU  Suppressor of fused
GBM’s  Glioblastoma multiformes
CTD  C‑terminal domain
CSC’s  Cancer stem cells
CGNP’s  Cerebellar granule neuron precursors
IGF’s  Insulin‑like growth factors
YAP  Yes‑associated protein
GB  Glioblastoma
NB  Neuroblastoma
MB  Medulloblastoma
ISX  Isoxazole
HDAC’s  Histone deacetylases
miRNA  Micro‑ribonucleic acid
IHC  Immunohistochemistry
RFS  Recurrence‑free survival
OS  Overall survival
CP’s  Craniopharyngiomas
ACP’s  Adamantinomatous craniopharyngiomas
MB  Medulloblastoma
EGL  External granule layer
GPCR  G‑protein coupled receptor
TCF/LEF  T‑cell factor/lymphoid enhancer‑binding factor
CK  Casein kinase
RCAS  Replication‑competent avian sarcoma
TVA  Tumor virus A
APC  Adenomatous polyposis coli
GSK  Glycogen synthase kinase
FZD  Frizzled
PNET  Primitive neuroectodermal tumor
VEGF  Vascular endothelial growth factor
ER  Endoplasmic reticulum
CDON  Cell adhesion molecule‑related/downregulated by oncogenes
NEC  Notch extracellular subunit
NEXT  Notch extracellular truncation
NICD  Notch intracellular domain
MAML  Mastermind‑like
TMZ  Temozolomide
sFRP  Secreted frizzled‑related protein
PAX  Paired box protein
INSM  Insulinoma
NHLH  Nescient helix‑loop‑helix
HHAT  Hedgehog acyltransferase
DISP  Dispatched
FOXM  Forkhead box M
SPP  Secreted phosphoprotein
PCR  Polymerase chain reaction
HDAC  Histone deacetylase
BCC  Basal cell carcimoa
PNET  Primitive neuroectodermal tumour
CAF  Cancer‑associated fibroblast
rhSHH  Recombinant human Sonic hedgehog
FLT  Fms‑related tyrosine kinase
MMP  Matrix metalloproteinase

Acknowledgements
Not applicable.

Author contributions
Conceptualisation: WAA and AB‑J. Material preparation, data collection, 
analysis, and writing of the first draft: WAA, AB‑J, JSHK, KNM, VS, SLR, ANAB, 
PAN‑B, JP, MHS, TA‑R, and OA. Writing and approval of the final draft of the 
manuscript: WAA, AB‑J, JSHK, KNM, VS, SLR, ANAB, PAN‑B, JP, MHS, TA‑R, and 
OA. Visualisations: VS. Supervision: WAA and OA.

Funding
The authors declare that no funds, grants, or other support were received dur‑
ing the preparation of this manuscript.



Page 17 of 22Wireko et al. Molecular Brain           (2024) 17:83  

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Ethics approval is not applicable. No original data from new patients were 
collected, consent to participate is not applicable.

Consent for publication
Consent for publication is not applicable.

Competing interests
The authors have no relevant financial or non‑financial interests to disclose.

Author details
1 Faculty of Medicine, Sumy State University, Sumy 40007, Ukraine. 2 School 
of Medicine, University College Dublin, Belfield, Dublin 4, Ireland. 3 School 
of Medicine, College of Medical & Veterinary Life Sciences, University of Glas‑
gow, Glasgow, UK. 4 School of Medicine, Dentistry & Biomedical Sciences, 
Queen’s University Belfast, Belfast, UK. 5 Department of Neurosurgery, Stanford 
University, Stanford, CA, USA. 6 School of Medicine, Lancaster University, 
Lancaster, UK. 7 University of Ghana Medical School, Accra, Ghana. 8 Depart‑
ment of Neurosurgery, Hannover Medical School, Carl‑Neuberg‑Strasse 1, 
30625 Hannover, Germany. 

Received: 13 August 2024   Accepted: 4 November 2024

References
 1. Wanis HA, Møller H, Ashkan K, Davies EA. The incidence of major sub‑

types of primary brain tumors in adults in England 1995–2017. Neuro 
Oncol. 2021;23(8):1371–82. https:// doi. org/ 10. 1093/ neuonc/ noab0 76.

 2. Riano I, Bravo P, Bravo LE, Garcia LS, Collazos P, Carrascal E. Incidence, 
mortality, and survival trends of primary CNS tumors in Cali, Colombia, 
from 1962 to 2019. JCO Glob Oncol. 2020;6:1712–20. https:// doi. org/ 10. 
1200/ GO. 20. 00368.

 3. Ferlay J, Colombet M, Soerjomataram I, Parkin DM, Piñeros M, Znaor 
A, Bray F. Cancer statistics for the year 2020: an overview. Int J Cancer. 
2021. https:// doi. org/ 10. 1002/ ijc. 33588.

 4. Kristensen BW, Priesterbach‑Ackley LP, Petersen JK, Wesseling P. Molecu‑
lar pathology of tumors of the central nervous system. Ann Oncol. 
2019;30(8):1265–78. https:// doi. org/ 10. 1093/ annonc/ mdz164.

 5. Zhong J, Xing X, Gao Y, Pei L, Lu C, Sun H, Lai Y, Du K, Xiao F, Yang Y, 
Wang X, Shi Y, Bai F, Zhang N. Distinct roles of TREM2 in central nervous 
system cancers and peripheral cancers. Cancer Cell. 2024;42(6):968‑984.
e9. https:// doi. org/ 10. 1016/j. ccell. 2024. 05. 001.

 6. Carballo GB, Honorato JR, de Lopes GPF, Spohr TC. A highlight on Sonic 
Hedgehog pathway. Cell Commun Signal. 2018;16(1):11. https:// doi. 
org/ 10. 1186/ s12964‑ 018‑ 0220‑7.

 7. Powter B, Jeffreys SA, Sareen H, Cooper A, Brungs D, Po J, Roberts T, 
Koh ES, Scott KF, Sajinovic M, Vessey JY, de Souza P, Becker TM. Human 
TERT promoter mutations as a prognostic biomarker in glioma. J 
Cancer Res Clin Oncol. 2021;147(4):1007–17. https:// doi. org/ 10. 1007/ 
s00432‑ 021‑ 03536‑3.

 8. Wang J, Cui B, Li X, Zhao X, Huang T, Ding X. The emerging roles of 
Hedgehog signaling in tumor immune microenvironment. Front Oncol. 
2023;13:1171418. https:// doi. org/ 10. 3389/ fonc. 2023. 11714 18.

 9. Jha NK, Chen WC, Kumar S, Dubey R, Tsai LW, Kar R, Jha SK, Gupta PK, 
Sharma A, Gundamaraju R, Pant K, Mani S, Singh SK, Maccioni RB, Datta 
T, Singh SK, Gupta G, Prasher P, Dua K, Dey A, Sharma C, Mughal YH, 
Ruokolainen J, Kesari KK, Ojha S. Molecular mechanisms of develop‑
mental pathways in neurological disorders: a pharmacological and 
therapeutic review. Open Biol. 2022;12(3): 210289. https:// doi. org/ 10. 
1098/ rsob. 210289.

 10. Yu K, McGlynn S, Matise MP. Floor plate‑derived sonic hedgehog 
regulates glial and ependymal cell fates in the developing spinal cord. 

Development. 2013;140(7):1594–604. https:// doi. org/ 10. 1242/ dev. 
090845.

 11. Placzek M, Briscoe J. Sonic hedgehog in vertebrate neural tube devel‑
opment. Int J Dev Biol. 2018;62(1):225–34. https:// doi. org/ 10. 1387/ ijdb. 
17029 3jb.

 12. Cheng C, Cong Q, Liu Y, Hu Y, Liang G, Dioneda KMM, Yang Y. Yap 
controls notochord formation and neural tube patterning by integrat‑
ing mechanotransduction with FoxA2 and Shh expression. Sci Adv. 
2023;9(24):eadf6927. https:// doi. org/ 10. 1126/ sciadv. adf69 27.

 13. Bhandari J, Thada PK. Neural tube disorders. In: StatPearls. Treasure 
Island: StatPearls Publishing. 2024.

 14. Komada M. Sonic hedgehog signaling coordinates the proliferation and 
differentiation of neural stem/progenitor cells by regulating cell cycle 
kinetics during development of the neocortex. Congenit Anom (Kyoto). 
2012;52(2):72–7. https:// doi. org/ 10. 1111/j. 1741‑ 4520. 2012. 00368.x.

 15. Loo CKC, Pearen MA, Ramm GA. The role of Sonic Hedgehog in human 
holoprosencephaly and short‑rib polydactyly syndromes. Int J Mol Sci. 
2021;22(18):9854. https:// doi. org/ 10. 3390/ ijms2 21898 54.

 16. Greene ND, Copp AJ. Neural tube defects. Annu Rev Neu‑
rosci. 2014;37:221–42. https:// doi. org/ 10. 1146/ annur 
ev‑ neuro‑ 062012‑ 170354.

 17. Murdoch JN, Copp AJ. The relationship between sonic Hedgehog sign‑
aling, cilia, and neural tube defects. Birth Defects Res A Clin Mol Teratol. 
2010;88(8):633–52. https:// doi. org/ 10. 1002/ bdra. 20686.

 18. Briscoe J, Thérond PP. The mechanisms of Hedgehog signalling 
and its roles in development and disease. Nat Rev Mol Cell Biol. 
2013;14(7):416–29. https:// doi. org/ 10. 1038/ nrm35 98.

 19. Achilleos A, Trainor PA. Neural crest stem cells: discovery, properties and 
potential for therapy. Cell Res. 2012;22(2):288–304. https:// doi. org/ 10. 
1038/ cr. 2012. 11.

 20. Juliandi B, Abematsu M, Nakashima K. Epigenetic regulation in neural 
stem cell differentiation. Dev Growth Differ. 2010;52(6):493–504. https:// 
doi. org/ 10. 1111/j. 1440‑ 169X. 2010. 01175.x.

 21. Daynac M, Tirou L, Faure H, Mouthon MA, Gauthier LR, Hahn H, Boussin 
FD, Ruat M. Hedgehog controls quiescence and activation of neural 
stem cells in the adult ventricular‑subventricular zone. Stem Cell 
Reports. 2016;7(4):735–48. https:// doi. org/ 10. 1016/j. stemcr. 2016. 08. 016.

 22. Wang W, Shiraishi R, Kawauchi D. Sonic Hedgehog signaling in cerebel‑
lar development and cancer. Front Cell Dev Biol. 2022;29(10): 864035. 
https:// doi. org/ 10. 3389/ fcell. 2022. 864035.

 23. Yang C, Qi Y, Sun Z. The role of Sonic Hedgehog pathway in the devel‑
opment of the central nervous system and aging‑related neurodegen‑
erative diseases. Front Mol Biosci. 2021;8(8): 711710. https:// doi. org/ 10. 
3389/ fmolb. 2021. 711710.

 24. Yang C, Li S, Li X, Li H, Li Y, Zhang C, Lin J. Effect of sonic hedgehog on 
motor neuron positioning in the spinal cord during chicken embryonic 
development. J Cell Mol Med. 2019;23(5):3549–62. https:// doi. org/ 10. 
1111/ jcmm. 14254.

 25. Kuhn NF, Purdon TJ, van Leeuwen DG, Lopez AV, Curran KJ, Daniyan AF, 
Brentjens RJ. CD40 ligand‑modified chimeric antigen receptor T cells 
enhance antitumor function by eliciting an endogenous antitumor 
response. Cancer Cell. 2019;35(3):473‑488.e6. https:// doi. org/ 10. 1016/j. 
ccell. 2019. 02. 006.

 26. Pietrobono S, Gagliardi S, Stecca B. Non‑canonical hedgehog signal‑
ing pathway in cancer: activation of gli transcription factors beyond 
smoothened. Front Genet. 2019;12:10. https:// doi. org/ 10. 3389/ fgene. 
2019. 00556.

 27. Humke EW, Dorn KV, Milenkovic L, Scott MP, Rohatgi R. The output of 
hedgehog signaling is controlled by the dynamic association between 
suppressor of fused and the gli proteins. Genes Dev. 2010;24(7):670–82. 
https:// doi. org/ 10. 1101/ gad. 19029 10.

 28. Robbins DJ, Fei DL, Riobo NA. The Hedgehog signal transduction 
network. Sci Signal. 2012. https:// doi. org/ 10. 1126/ scisi gnal. 20029 06.

 29. Jing J, Wu Z, Wang J, et al. Hedgehog signaling in tissue homeostasis, 
cancers, and targeted therapies. Sig Transduct Target Ther. 2023;8:315. 
https:// doi. org/ 10. 1038/ s41392‑ 023‑ 01559‑5.

 30. Chang L, Zhao D, Liu HB, Wang QS, Zhang P, Li CL, Du WZ, Wang HJ, 
Liu X, Zhang ZR, Jiang CL. Activation of sonic hedgehog signaling 
enhances cell migration and invasion by induction of matrix metal‑
loproteinase‑2 and ‑9 via the phosphoinositide‑3 kinase/AKT signaling 
pathway in glioblastoma. Mol Med Rep. 2015;12(5):6702–10. https:// 

https://doi.org/10.1093/neuonc/noab076
https://doi.org/10.1200/GO.20.00368
https://doi.org/10.1200/GO.20.00368
https://doi.org/10.1002/ijc.33588
https://doi.org/10.1093/annonc/mdz164
https://doi.org/10.1016/j.ccell.2024.05.001
https://doi.org/10.1186/s12964-018-0220-7
https://doi.org/10.1186/s12964-018-0220-7
https://doi.org/10.1007/s00432-021-03536-3
https://doi.org/10.1007/s00432-021-03536-3
https://doi.org/10.3389/fonc.2023.1171418
https://doi.org/10.1098/rsob.210289
https://doi.org/10.1098/rsob.210289
https://doi.org/10.1242/dev.090845
https://doi.org/10.1242/dev.090845
https://doi.org/10.1387/ijdb.170293jb
https://doi.org/10.1387/ijdb.170293jb
https://doi.org/10.1126/sciadv.adf6927
https://doi.org/10.1111/j.1741-4520.2012.00368.x
https://doi.org/10.3390/ijms22189854
https://doi.org/10.1146/annurev-neuro-062012-170354
https://doi.org/10.1146/annurev-neuro-062012-170354
https://doi.org/10.1002/bdra.20686
https://doi.org/10.1038/nrm3598
https://doi.org/10.1038/cr.2012.11
https://doi.org/10.1038/cr.2012.11
https://doi.org/10.1111/j.1440-169X.2010.01175.x
https://doi.org/10.1111/j.1440-169X.2010.01175.x
https://doi.org/10.1016/j.stemcr.2016.08.016
https://doi.org/10.3389/fcell.2022.864035
https://doi.org/10.3389/fmolb.2021.711710
https://doi.org/10.3389/fmolb.2021.711710
https://doi.org/10.1111/jcmm.14254
https://doi.org/10.1111/jcmm.14254
https://doi.org/10.1016/j.ccell.2019.02.006
https://doi.org/10.1016/j.ccell.2019.02.006
https://doi.org/10.3389/fgene.2019.00556
https://doi.org/10.3389/fgene.2019.00556
https://doi.org/10.1101/gad.1902910
https://doi.org/10.1126/scisignal.2002906
https://doi.org/10.1038/s41392-023-01559-5
https://doi.org/10.3892/mmr.2015.4229


Page 18 of 22Wireko et al. Molecular Brain           (2024) 17:83 

doi. org/ 10. 3892/ mmr. 2015. 4229. (Epub 2015 Aug 18. Erratum in: Mol 
Med Rep. 2015 Nov;12(5):7815).

 31. Martinez‑Outschoorn UE, Lin Z, Ko YH, Goldberg AF, Flomenberg N, 
Wang C, Pavlides S, Pestell RG, Howell A, Sotgia F, Lisanti MP. Under‑
standing the metabolic basis of drug resistance: therapeutic induction 
of the Warburg effect kills cancer cells. Cell Cycle. 2011;10(15):2521–8. 
https:// doi. org/ 10. 4161/ cc. 10. 15. 16584.

 32. Jiang K, Wang YP, Wang XD, Hui XB, Ding LS, Liu J, Liu D. Fms related 
tyrosine kinase 1 (Flt1) functions as an oncogene and regulates glio‑
blastoma cell metastasis by regulating sonic hedgehog signaling. Am J 
Cancer Res. 2017;7(5):1164–76.

 33. Hamerlik P, Lathia JD, Rasmussen R, Wu Q, Bartkova J, Lee M, Moudry P, 
Bartek J Jr, Fischer W, Lukas J, Rich JN, Bartek J. Autocrine VEGF‑VEGFR2‑
neuropilin‑1 signaling promotes glioma stem‑like cell viability and 
tumor growth. J Exp Med. 2012;209(3):507–20. https:// doi. org/ 10. 1084/ 
jem. 20111 424.

 34. Zhu H, Carpenter RL, Han W, Lo HW. The GLI1 splice variant TGLI1 
promotes glioblastoma angiogenesis and growth. Cancer Lett. 
2014;343(1):51–61. https:// doi. org/ 10. 1016/j. canlet. 2013. 09. 014.

 35. Tanigawa S, Fujita M, Moyama C, Ando S, Ii H, Kojima Y, Fujishita T, 
Aoki M, Takeuchi H, Yamanaka T, Takahashi Y, Hashimoto N, Nakata S. 
Inhibition of Gli2 suppresses tumorigenicity in glioblastoma stem cells 
derived from a de novo murine brain cancer model. Cancer Gene Ther. 
2021;28(12):1339–52. https:// doi. org/ 10. 1038/ s41417‑ 020‑ 00282‑5.

 36. Ehtesham M, Sarangi A, Valadez J, et al. Ligand‑dependent activa‑
tion of the hedgehog pathway in glioma progenitor cells. Oncogene. 
2007;26:5752–61. https:// doi. org/ 10. 1038/ sj. onc. 12103 59.

 37. Meng‑ye Z. Sonic hedgehog signaling pathway in tumorigenesis of 
glioma. Acad J Second Mil Univ. 2012. https:// doi. org/ 10. 3724/ sp.j. 1008. 
2012. 00553.

 38. Xin Y, Hao SY, Tian YJ, Zhang JT, Wu Z, Wan H, Li JH, Jiang J, Zhang LW. 
Expression and significance of sonic hedgehog signaling pathway‑
related components in brainstem and supratentorial astrocytomas. 
Chin Med J (Engl). 2011;124(21):3515–20.

 39. Sidaway P. Medulloblastoma: prognostic subtypes revealed. 
Nat Rev Clin Oncol. 2021;18:131–131. https:// doi. org/ 10. 1038/ 
s41571‑ 021‑ 00478‑0.

 40. Northcott PA, Korshunov A, Pfister SM, Taylor MD. The clinical implica‑
tions of medulloblastoma subgroups. Nat Rev Neurol. 2012;8:340–51. 
https:// doi. org/ 10. 1038/ nrneu rol. 2012. 78.

 41. Sursal T, Ronecker JS, Dicpinigaitis AJ, Mohan AL, Tobias ME, Gandhi 
CD, Jhanwar‑Uniyal M. Molecular stratification of medulloblastoma: 
clinical outcomes and therapeutic interventions. Anticancer Res. 
2022;42:2225–39. https:// doi. org/ 10. 21873/ antic anres. 15703.

 42. Kijima N, Kanemura Y. Molecular classification of medulloblastoma. 
Neurol Med Chir (Tokyo). 2016;56(11):687–97. https:// doi. org/ 10. 2176/ 
nmc. ra. 2016‑ 0016.

 43. Pérez‑Pineda PL, Ortiz‑Butrón R, Pérez‑De Marcos JC, Hernez‑Regino 
LM, Zapata‑Tarrés MM, Torres‑EspMcondola LM. Genetic markers as 
predictors for response to treatment and possible therapeutic targets 
in medulloblastoma. CNS Neurol Disord Drug Targets. 2022. https:// doi. 
org/ 10. 2174/ 18715 27321 66622 05091 41030.

 44. Romer J, Curran T. Targeting medulloblastoma: small‑molecule inhibi‑
tors of the Sonic Hedgehog pathway as potential cancer therapeutics. 
Can Res. 2005;65(12):4975–8. https:// doi. org/ 10. 1158/ 0008‑ 5472. 
CAN‑ 05‑ 0481.

 45. Hatten ME, Heintz N. Mechanisms of neural patterning and specifica‑
tion in the developing cerebellum. Annu Rev Neurosci. 1995;18:385–
408. https:// doi. org/ 10. 1146/ annur ev. ne. 18. 030195. 002125.

 46. Wang VY, Rose MF, Zoghbi HY. Math1 expression redefines the rhombic 
lip derivatives and reveals novel lineages within the brainstem and cer‑
ebellum. Neuron. 2005;48(1):31–43. https:// doi. org/ 10. 1016/j. neuron. 
2005. 08. 024.

 47. Smeyne RJ, Chu T, Lewin A, Bian F, Sanlioglu S, Kunsch C, Lira SA, 
Oberdick J. Local control of granule cell generation by cerebellar 
Purkinje cells. Mol Cell Neurosci. 1995;6(3):230–51. https:// doi. org/ 
10. 1006/ mcne. 1995. 1019. (Erratum.In:MolCellNeurosci.2006May‑
Jun;32(1‑2):215.S‑Crisman,S[correctedtoSanlioglu,S]).

 48. Northcott PA, Buchhalter I, Morrissy AS, Hovestadt V, Weischenfeldt 
J, Ehrenberger T, Gröbner S, Segura‑Wang M, Zichner T, Rudneva VA, 
Warnatz H‑J, Sidiropoulos N, Phillips AH, Schumacher S, Kleinheinz K, 

Waszak SM, Erkek S, Jones DTW, Worst BC, Kool M. The whole‑genome 
landscape of medulloblastoma subtypes. Nature. 2017;547(7663):311–
7. https:// doi. org/ 10. 1038/ natur e22973.

 49. Skowron P, Farooq H, Cavalli FMG, Morrissy AS, Ly M, Hendrikse LD, 
Wang EY, Djambazian H, Zhu H, Mungall KL, Trinh QM, Zheng T, Dai S, 
Stucklin ASG, Vladoiu MC, Fong V, Holgado BL, Nor C, Wu X, Abd‑Rabbo 
D. The transcriptional landscape of Shh medulloblastoma. Nat Com‑
mun. 2021. https:// doi. org/ 10. 1038/ s41467‑ 021‑ 21883‑0.

 50. Kool M, Jones DTW, Jäger N, Northcott PA, Pugh TJ, Hovestadt V, 
Piro RM, Esparza LA, Markant SL, Remke M, Milde T, Bourdeaut F, 
Ryzhova M, Sturm D, Pfaff E, Stark S, Hutter S, Şeker‑Cin H, Johann P, 
Bender S. Genome sequencing of SHH medulloblastoma predicts 
genotype‑related response to smoothened inhibition. Cancer Cell. 
2014;25(3):393–405. https:// doi. org/ 10. 1016/j. ccr. 2014. 02. 004.

 51. Pak E, Segal RA. Hedgehog signal transduction: key players, oncogenic 
drivers, and cancer therapy. Dev Cell. 2016;38(4):333–44. https:// doi. 
org/ 10. 1016/j. devcel. 2016. 07. 026.

 52. Sasaki H, Nishizaki Y, Hui C, Nakafuku M, Kondoh H. Regulation of Gli2 
and Gli3 activities by an amino‑terminal repression domain: implication 
of Gli2 and Gli3 as primary mediators of Shh signaling. Development. 
1999;126(17):3915–24. https:// doi. org/ 10. 1242/ dev. 126. 17. 3915.

 53. Vaillant C, Monard D. SHH pathway and cerebellar development. Cere‑
bellum. 2009;8(3):291–301. https:// doi. org/ 10. 1007/ s12311‑ 009‑ 0094‑8.

 54. Huse JT, Holland EC. Targeting brain cancer: advances in the molecular 
pathology of malignant glioma and medulloblastoma. Nat Rev Cancer. 
2010;10(5):319–31. https:// doi. org/ 10. 1038/ nrc28 18.

 55. Schüller U, Heine VM, Mao J, Kho AT, Dillon AK, Han YG, Huillard E, Sun 
T, Ligon AH, Qian Y, Ma Q, Alvarez‑Buylla A, McMahon AP, Rowitch DH, 
Ligon KL. Acquisition of granule neuron precursor identity is a critical 
determinant of progenitor cell competence to form Shh‑induced 
medulloblastoma. Cancer Cell. 2008;14(2):123–34. https:// doi. org/ 10. 
1016/j. ccr. 2008. 07. 005.

 56. Yang ZJ, Ellis T, Markant SL, Read TA, Kessler JD, Bourboulas M, Schüller 
U, Machold R, Fishell G, Rowitch DH, Wainwright BJ, Wechsler‑Reya RJ. 
Medulloblastoma can be initiated by deletion of patched in lineage‑
restricted progenitors or stem cells. Cancer Cell. 2008;14(2):135–45. 
https:// doi. org/ 10. 1016/j. ccr. 2008. 07. 003.

 57. Hatton BA, Villavicencio EH, Tsuchiya KD, Pritchard JI, Ditzler S, Pullar B, 
Hansen S, Knoblaugh SE, Lee D, Eberhart CG, Hallahan AR, Olson JM. 
The Smo/Smo model: hedgehog‑induced medulloblastoma with 90% 
incidence and leptomeningeal spread. Cancer Res. 2008;68(6):1768–76. 
https:// doi. org/ 10. 1158/ 0008‑ 5472. CAN‑ 07‑ 5092.

 58. Dey J, Ditzler S, Knoblaugh SE, Hatton BA, Schelter JM, Cleary MA, 
Mecham B, Rorke‑Adams LB, Olson JM. A distinct smoothened 
mutation causes severe cerebellar developmental defects and 
medulloblastoma in a novel transgenic mouse model. Mol Cell Biol. 
2012;32(20):4104–15. https:// doi. org/ 10. 1128/ MCB. 00862‑ 12.

 59. Taylor M, Liu L, Raffel C, et al. Mutations in SUFU predispose to medul‑
loblastoma. Nat Genet. 2002;31:306–10. https:// doi. org/ 10. 1038/ ng916.

 60. Jiwani T, Kim JJ, Rosenblum ND. Suppressor of fused controls cerebel‑
lum granule cell proliferation by suppressing Fgf8 and spatially regulat‑
ing gli proteins. Development. 2020. https:// doi. org/ 10. 1242/ dev. 
170274.

 61. Shahi M, Afzal M, Sinha S, Eberhart C, Rey J, Fan X, Castresana J. Regula‑
tion of sonic hedgehog‑GLI1 downstream target genes PTCH1, cyclin 
D2, plakoglobin, PAX6 and NKX2.2 and their epigenetic status in medul‑
loblastoma and astrocytoma. BMC Cancer. 2010;10:614–614. https:// 
doi. org/ 10. 1186/ 1471‑ 2407‑ 10‑ 614.

 62. Smaele E, Fragomeli C, Ferretti E, Pelloni M, Pò A, Canettieri G, Coni S, 
Marcotullio L, Greco A, Moretti M, Rocco C, Pazzaglia S, Maroder M, 
Screpanti I, Giannini G, Gulino A. An integrated approach identifies 
Nhlh1 and Insm1 as Sonic Hedgehog‑regulated genes in developing 
cerebellum and medulloblastoma. Neoplasia. 2008;10(1):89–98. https:// 
doi. org/ 10. 1593/ NEO. 07891.

 63. Weiner H, Bakst R, Hurlbert M, Ruggiero J, Ahn E, Lee W, Stephen D, 
Zagzag D, Joyner A, Turnbull D. Induction of medulloblastomas in mice 
by Sonic Hedgehog, independent of Gli1. Can Res. 2002;62(22):6385–9.

 64. Fernández‑L A, Northcott PA, Dalton J, Fraga C, Ellison D, Angers S, Tay‑
lor MD, Kenney AM. YAP1 is amplified and up‑regulated in hedgehog‑
associated medulloblastomas and mediates Sonic hedgehog‑driven 

https://doi.org/10.3892/mmr.2015.4229
https://doi.org/10.4161/cc.10.15.16584
https://doi.org/10.1084/jem.20111424
https://doi.org/10.1084/jem.20111424
https://doi.org/10.1016/j.canlet.2013.09.014
https://doi.org/10.1038/s41417-020-00282-5
https://doi.org/10.1038/sj.onc.1210359
https://doi.org/10.3724/sp.j.1008.2012.00553
https://doi.org/10.3724/sp.j.1008.2012.00553
https://doi.org/10.1038/s41571-021-00478-0
https://doi.org/10.1038/s41571-021-00478-0
https://doi.org/10.1038/nrneurol.2012.78
https://doi.org/10.21873/anticanres.15703
https://doi.org/10.2176/nmc.ra.2016-0016
https://doi.org/10.2176/nmc.ra.2016-0016
https://doi.org/10.2174/1871527321666220509141030
https://doi.org/10.2174/1871527321666220509141030
https://doi.org/10.1158/0008-5472.CAN-05-0481
https://doi.org/10.1158/0008-5472.CAN-05-0481
https://doi.org/10.1146/annurev.ne.18.030195.002125
https://doi.org/10.1016/j.neuron.2005.08.024
https://doi.org/10.1016/j.neuron.2005.08.024
https://doi.org/10.1006/mcne.1995.1019
https://doi.org/10.1006/mcne.1995.1019
https://doi.org/10.1038/nature22973
https://doi.org/10.1038/s41467-021-21883-0
https://doi.org/10.1016/j.ccr.2014.02.004
https://doi.org/10.1016/j.devcel.2016.07.026
https://doi.org/10.1016/j.devcel.2016.07.026
https://doi.org/10.1242/dev.126.17.3915
https://doi.org/10.1007/s12311-009-0094-8
https://doi.org/10.1038/nrc2818
https://doi.org/10.1016/j.ccr.2008.07.005
https://doi.org/10.1016/j.ccr.2008.07.005
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.1158/0008-5472.CAN-07-5092
https://doi.org/10.1128/MCB.00862-12
https://doi.org/10.1038/ng916
https://doi.org/10.1242/dev.170274
https://doi.org/10.1242/dev.170274
https://doi.org/10.1186/1471-2407-10-614
https://doi.org/10.1186/1471-2407-10-614
https://doi.org/10.1593/NEO.07891
https://doi.org/10.1593/NEO.07891


Page 19 of 22Wireko et al. Molecular Brain           (2024) 17:83  

neural precursor proliferation. Genes Dev. 2009;23(23):2729–41. https:// 
doi. org/ 10. 1101/ gad. 18245 09.

 65. Rao G, Pedone C, Valle L, Reiss K, Holland E, Fults D. Sonic hedgehog 
and insulin‑like growth factor signaling synergize to induce medullo‑
blastoma formation from nestin‑expressing neural progenitors in mice. 
Oncogene. 2004;23:6156–62. https:// doi. org/ 10. 1038/ sj. onc. 12078 18.

 66. Huang SY, Yang JY. Chapter 25‑targeting the sonic hedgehog pathway 
in brain cancers: advances, limitations, and future directions. In: Newton 
HB, editor. Handbook of brain tumor chemotherapy, molecular thera‑
peutics, and immunotherapy. 2nd ed. Amsterdam: Academic Press; 
2018. p. 347–59. https:// doi. org/ 10. 1016/ B978‑0‑ 12‑ 812100‑ 9. 00025‑5.

 67. Aavikko M, Li SP, Saarinen S, Alhopuro P, Kaasinen E, Morgunova E, Aal‑
tonen LA. Loss of SUFU function in familial multiple meningioma. Am J 
Hum Genetics. 2012;91(3):520–6. https:// doi. org/ 10. 1016/j. ajhg. 2012. 07. 
023.

 68. Laurendeau I, Ferrer M, Garrido D, et al. Gene expression profiling of 
the Hedgehog signaling pathway in human meningiomas. Mol Med. 
2010;16:262–70. https:// doi. org/ 10. 2119/ molmed. 2010. 00005.

 69. Pudela C, Balyasny S, Applebaum MA. Nervous system: embryonal 
tumors: neuroblastoma. Atlas Genet Cytogenet Oncol Haematol. 
2020;24(7):284–90. https:// doi. org/ 10. 4267/ 2042/ 70771.

 70. Xu L, Wang X, Wan J, Li T, Gong X, Zhang K, Yi L, Xiang Z, Xu M, Cui H. 
Sonic Hedgehog pathway is essential for neuroblastoma cell prolifera‑
tion and tumor growth. Mol Cell Biochem. 2012;364(1–2):235–41. 
https:// doi. org/ 10. 1007/ s11010‑ 011‑ 1222‑6.

 71. Gartel AL, Serfas MS, Tyner AL. p21–negative regulator of the cell cycle. 
Proc Soc Exp Biol Med. 1996;213(2):138–49. https:// doi. org/ 10. 3181/ 
00379 727‑ 213‑ 44046.

 72. Chen S, Zhang M, Xing L, Wang Y, Xiao Y, Wu Y. HIF‑1α contributes to 
proliferation and invasiveness of neuroblastoma cells via SHH signaling. 
PLoS ONE. 2015. https:// doi. org/ 10. 1371/ journ al. pone. 01211 15.

 73. Gibert B, Delloye‑Bourgeois C, Gattolliat C, Meurette O, Guernevel 
S, Fombonne J, Ducarouge B, Lavial F, Bouhallier F, Creveaux M, 
Negulescu A, Bénard J, Janoueix‑Lerosey I, Harel‑Bellan A, Delattre O, 
Mehlen P. Regulation by miR181 family of the dependence receptor 
CDON tumor suppressive activity in neuroblastoma. J Natl Cancer Inst. 
2014;106(11):318.

 74. Ahmed AT, Abdel‑Rahman O, Morsy M, Mustafa K, Testini P, Aleem IS, 
et al. Management of sacrococcygeal chordoma. Spine (Philadelphia, 
Pa 1976). 2018;43(19):E1157–69.

 75. Enomoto‑Iwamoto M, Nakamura T, Aikawa T, Higuchi Y, Yuasa T, Yama‑
guchi A, et al. Hedgehog proteins stimulate chondrogenic cell differen‑
tiation and cartilage formation. J Bone Miner Res. 2000;15(9):1659–68. 
https:// doi. org/ 10. 1359/ jbmr. 2000. 15.9. 1659.

 76. Yang C, Yong L, Liang C, Li Y, Ma Y, Wei F, et al. Genetic landscape and 
ligand‑dependent activation of sonic hedgehog‑Gli1 signaling in chor‑
domas: a novel therapeutic target. Oncogene. 2020;39(24):4711–27.

 77. Bai J, Shi J, Zhang Y, Li C, Xiong Y, Koka H, et al. Gene expression profiling 
identifies two chordoma subtypes associated with distinct molecular 
mechanisms and clinical outcomes. Clin Cancer Res. 2022;29(1):261–70.

 78. Hölsken A, Sill M, Merkle J, Schweizer L, Buchfelder M, Flitsch J, et al. 
Adamantinomatous and papillary craniopharyngiomas are character‑
ized by distinct epigenomic as well as mutational and transcriptomic 
profiles. Acta Neuropathol Commun. 2016;4(1):1.

 79. Andoniadou CL, Gaston‑Massuet C, Reddy R, Schneider RP, Blasco MA, 
Tissier PL, et al. Identification of novel pathways involved in the patho‑
genesis of human adamantinomatous craniopharyngioma. Acta Neuro‑
pathol. 2012;124(2):259–71. https:// doi. org/ 10. 1007/ s00401‑ 012‑ 0957‑9.

 80. Gump JM, Donson AM, Birks DK, Amani VM, Rao KK, Griesinger AM, et al. 
Identification of targets for rational pharmacological therapy in child‑
hood craniopharyngioma. Acta Neuropathol Commun. 2015;3(1):30.

 81. Gomes DC, Jamra SA, Leal LF, Colli LM, Campanini ML, Oliveira RS, et al. 
Sonic Hedgehog pathway is upregulated in adamantinomatous crani‑
opharyngiomas. Eur J Endocrinol. 2015;172(5):603–8.

 82. Reya T, Morrison S, Clarke M, et al. Stem cells, cancer, and cancer stem 
cells. Nature. 2001;414:105–11. https:// doi. org/ 10. 1038/ 35102 167.

 83. Denef N, Neubüser D, Perez L, Cohen SM. Hedgehog induces opposite 
changes in turnover and subcellular localization of patched and 
smoothened. Cell. 2000;102(4):521–31. https:// doi. org/ 10. 1016/ s0092‑ 
8674(00) 00056‑8.

 84. Blotta S, Jakubikova J, Calimeri T, Roccaro AM, Amodio N, Azab AK, 
Foresta U, Mitsiades CS, Rossi M, Todoerti K, Molica S, Morabito F, Neri 
A, Tagliaferri P, Tassone P, Anderson KC, Munshi NC. Canonical and 
noncanonical Hedgehog pathway in the pathogenesis of multiple 
myeloma. Blood. 2012;120(25):5002–13. https:// doi. org/ 10. 1182/ 
blood‑ 2011‑ 07‑ 368142.

 85. Niehrs C. The complex world of WNT receptor signalling. Nat Rev Mol 
Cell Biol. 2012;13(12):767–79. https:// doi. org/ 10. 1038/ nrm34 70.

 86. Nusse R, Clevers H. Wnt/β‑catenin signaling, disease, and emerging 
therapeutic modalities. Cell. 2017;169(6):985–99. https:// doi. org/ 10. 
1016/j. cell. 2017. 05. 016.

 87. Reyes M, Flores T, Betancur D, Peña‑Oyarzún D, Torres V. Wnt/β‑
catenin signaling in oral carcinogenesis. Int J Mol Sci. 2020;21:4682.

 88. Muñoz‑Castañeda JR, Rodelo‑Haad C, Pendon‑Ruiz de Mier MV, 
Martin‑Malo A, Santamaria R, Rodriguez M. Klotho/FGF23 and Wnt 
signaling as important players in the comorbidities associated with 
chronic kidney disease. Toxins. 2020;12(3):185.

 89. Latour M, Her NG, Kesari S, Nurmemmedov E. WNT signaling as a 
therapeutic target for glioblastoma. Int J Mol Sci. 2021;22(16):8428. 
https:// doi. org/ 10. 3390/ ijms2 21684 28.

 90. Watson MA, Gutmann DH, Peterson K, Chicoine MR, Kleinschmidt‑
DeMasters BK, Brown HG, Perry A. Molecular characterization of 
human meningiomas by gene expression profiling using high‑den‑
sity oligonucleotide microarrays. Am J Pathol. 2002;161(2):665–72. 
https:// doi. org/ 10. 1016/ S0002‑ 9440(10) 64222‑8.

 91. Gaston‑Massuet C, Andoniadou CL, Signore M, Jayakody SA, Charolidi 
N, Kyeyune R, Vernay B, Jacques TS, Taketo MM, Le Tissier P, Dattani 
MT, Martinez‑Barbera JP. Increased Wingless (Wnt) signaling in pitui‑
tary progenitor/stem cells gives rise to pituitary tumors in mice and 
humans. Proc Natl Acad Sci USA. 2011;108(28):11482–7. https:// doi. 
org/ 10. 1073/ pnas. 11015 53108.

 92. He J, Sheng T, Stelter AA, Li C, Zhang X, Sinha M, Luxon BA, Xie J. Sup‑
pressing Wnt signaling by the Hedgehog pathway through sFRP‑1. 
J Biol Chem. 2006;281(47):35598–602. https:// doi. org/ 10. 1074/ jbc. 
C6002 00200.

 93. Li X, Deng W, Lobo‑Ruppert SM, Ruppert JM. Gli1 acts through snail 
and E‑cadherin to promote nuclear signaling by beta‑catenin. Onco‑
gene. 2007;26(31):4489–98. https:// doi. org/ 10. 1038/ sj. onc. 12102 41.

 94. Kenney AM, Cole MD, Rowitch DH. Nmyc upregulation by sonic 
hedgehog signaling promotes proliferation in developing cerebellar 
granule neuron precursors. Development. 2003;130(1):15–28. https:// 
doi. org/ 10. 1242/ dev. 00182.

 95. Thomas WD, Chen J, Gao YR, Cheung B, Koach J, Sekyere E, Norris 
MD, Haber M, Ellis T, Wainwright B, Marshall GM. Patched1 deletion 
increases N‑Myc protein stability as a mechanism of medulloblas‑
toma initiation and progression. Oncogene. 2009;28(13):1605–15. 
https:// doi. org/ 10. 1038/ onc. 2009.3.

 96. Ulloa F, Itasaki N, Briscoe J. Inhibitory Gli3 activity negatively 
regulates Wnt/beta‑catenin signaling. Curr Biol. 2007;17(6):545–50. 
https:// doi. org/ 10. 1016/j. cub. 2007. 01. 062.

 97. Taylor MD, Zhang X, Liu L, Hui CC, Mainprize TG, Scherer SW, 
Wainwright B, Hogg D, Rutka JT. Failure of a medulloblastoma‑
derived mutant of SUFU to suppress WNT signaling. Oncogene. 
2004;23(26):4577–83. https:// doi. org/ 10. 1038/ sj. onc. 12076 05.

 98. Rheinbay E, Suvà ML, Gillespie SM, Wakimoto H, Patel AP, Shahid M, 
Oksuz O, Rabkin SD, Martuza RL, Rivera MN, Louis DN, Kasif S, Chi AS, 
Bernstein BE. An aberrant transcription factor network essential for 
Wnt signaling and stem cell maintenance in glioblastoma. Cell Rep. 
2013;3(5):1567–79. https:// doi. org/ 10. 1016/j. celrep. 2013. 04. 021.

 99. Denysenko T, Annovazzi L, Cassoni P, Melcarne A, Mellai M, Schiffer 
D. WNT/β‑catenin signaling pathway and downstream modula‑
tors in low‑ and high‑grade glioma. Cancer Genomics Proteomics. 
2016;13(1):31–45.

 100. Olsen JJ, Pohl SÖ, Deshmukh A, Visweswaran M, Ward NC, Arfuso F, 
Agostino M, Dharmarajan A. The role of Wnt signalling in angiogen‑
esis. Clin Biochem Rev. 2017;38(3):131–142x.

 101. Lange C, Mix E, Rateitschak K, Rolfs A. Wnt signal pathways and neu‑
ral stem cell differentiation. Neurodegener Dis. 2006;3(1–2):76–86. 
https:// doi. org/ 10. 1159/ 00009 2097.

https://doi.org/10.1101/gad.1824509
https://doi.org/10.1101/gad.1824509
https://doi.org/10.1038/sj.onc.1207818
https://doi.org/10.1016/B978-0-12-812100-9.00025-5
https://doi.org/10.1016/j.ajhg.2012.07.023
https://doi.org/10.1016/j.ajhg.2012.07.023
https://doi.org/10.2119/molmed.2010.00005
https://doi.org/10.4267/2042/70771
https://doi.org/10.1007/s11010-011-1222-6
https://doi.org/10.3181/00379727-213-44046
https://doi.org/10.3181/00379727-213-44046
https://doi.org/10.1371/journal.pone.0121115
https://doi.org/10.1359/jbmr.2000.15.9.1659
https://doi.org/10.1007/s00401-012-0957-9
https://doi.org/10.1038/35102167
https://doi.org/10.1016/s0092-8674(00)00056-8
https://doi.org/10.1016/s0092-8674(00)00056-8
https://doi.org/10.1182/blood-2011-07-368142
https://doi.org/10.1182/blood-2011-07-368142
https://doi.org/10.1038/nrm3470
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.3390/ijms22168428
https://doi.org/10.1016/S0002-9440(10)64222-8
https://doi.org/10.1073/pnas.1101553108
https://doi.org/10.1073/pnas.1101553108
https://doi.org/10.1074/jbc.C600200200
https://doi.org/10.1074/jbc.C600200200
https://doi.org/10.1038/sj.onc.1210241
https://doi.org/10.1242/dev.00182
https://doi.org/10.1242/dev.00182
https://doi.org/10.1038/onc.2009.3
https://doi.org/10.1016/j.cub.2007.01.062
https://doi.org/10.1038/sj.onc.1207605
https://doi.org/10.1016/j.celrep.2013.04.021
https://doi.org/10.1159/000092097


Page 20 of 22Wireko et al. Molecular Brain           (2024) 17:83 

 102. Kim Y, Hong M, Do IG, Ha SY, Lee D, Suh YL. Wnt5a, Ryk and Ror2 expres‑
sion in glioblastoma subgroups. Pathol Res Pract. 2015;211(12):963–72. 
https:// doi. org/ 10. 1016/j. prp. 2015. 10. 001.

 103. Zinke J, Schneider FT, Harter PN, Thom S, Ziegler N, Toftgård R, Plate KH, 
Liebner S. β‑Catenin‑Gli1 interaction regulates proliferation and tumor 
growth in medulloblastoma. Mol Cancer. 2015;14:1–9.

 104. Bray SJ. Notch signalling in context. Nat Rev Mol Cell Biol. 
2016;17(11):722–35. https:// doi. org/ 10. 1038/ nrm. 2016. 94.

 105. Kovall RA, Gebelein B, Sprinzak D, Kopan R. The Canonical notch signal‑
ing pathway: structural and biochemical insights into shape, sugar, 
and force. Dev Cell. 2017;41(3):228–41. https:// doi. org/ 10. 1016/j. devcel. 
2017. 04. 001.

 106. Gordon WR, Vardar‑Ulu D, Histen G, Sanchez‑Irizarry C, Aster JC, Black‑
low SC. Structural basis for autoinhibition of Notch. Nat Struct Mol Biol. 
2007;14(4):295–300. https:// doi. org/ 10. 1038/ nsmb1 227. (Epub 2007 
Apr 1. Erratum in: Nat Struct Mol Biol. 2007 May;14(5):455).

 107. Groot AJ, Vooijs MA. The role of adams in Notch signaling. Adv Exp Med 
Biol. 2012;727:15–36. https:// doi. org/ 10. 1007/ 978‑1‑ 4614‑ 0899‑4_2.

 108. Lu P, Bai XC, Ma D, Xie T, Yan C, Sun L, Yang G, Zhao Y, Zhou R, Scheres 
SHW, Shi Y. Three‑dimensional structure of human γ‑secretase. Nature. 
2014;512(7513):166–70. https:// doi. org/ 10. 1038/ natur e13567.

 109. Gomez‑Lamarca MJ, Falo‑Sanjuan J, Stojnic R, Abdul Rehman S, 
Muresan L, Jones ML, Pillidge Z, Cerda‑Moya G, Yuan Z, Baloul S, Valenti 
P, Bystricky K, Payre F, O’Holleran K, Kovall R, Bray SJ. Activation of the 
notch signaling pathway in vivo elicits changes in CSL nuclear dynam‑
ics. Dev Cell. 2018;44(5):611‑623.e7. https:// doi. org/ 10. 1016/j. devcel. 
2018. 01. 020.

 110. Sprinzak D, Blacklow SC. Biophysics of notch signaling. Annu Rev 
Biophys. 2021;6(50):157–89. https:// doi. org/ 10. 1146/ annur ev‑ bioph 
ys‑ 101920‑ 082204.

 111. Iso T, Kedes L, Hamamori Y. HES and HERP families: multiple effectors of 
the Notch signaling pathway. J Cell Physiol. 2003;194(3):237–55.

 112. Jacobs CT, Huang P. Complex crosstalk of Notch and Hedgehog 
signalling during the development of the central nervous sys‑
tem. Cell Mol Life Sci. 2021;78(2):635–44. https:// doi. org/ 10. 1007/ 
s00018‑ 020‑ 03627‑3.

 113. Ignatova TN, Kukekov VG, Laywell ED, Suslov ON, Vrionis FD, Steindler 
DA. Human cortical glial tumors contain neural stem‑like cells express‑
ing astroglial and neuronal markers in vitro. Glia. 2002;39(3):193–206. 
https:// doi. org/ 10. 1002/ glia. 10094.

 114. Purow BW, Haque RM, Noel MW, Su Q, Burdick MJ, Lee J, Sundaresan T, 
Pastorino S, Park JK, Mikolaenko I, Maric D, Eberhart CG, Fine HA. Expres‑
sion of Notch‑1 and its ligands, delta‑like‑1 and Jagged‑1, is critical for 
glioma cell survival and proliferation. Cancer Res. 2005;65(6):2353–63. 
https:// doi. org/ 10. 1158/ 0008‑ 5472. CAN‑ 04‑ 1890.

 115. Katoh Y, Katoh M. Hedgehog signaling pathway and gastrointestinal 
stem cell signaling network. Int J Mol Med. 2006;18(6):1019–23.

 116. Quaranta R, Pelullo M, Zema S, Nardozza F, Checquolo S, Lauer DM, 
Bufalieri F, Palermo R, Felli MP, Vacca A, Talora C, Di Marcotullio L, Screp‑
anti I, Bellavia D. Maml1 acts cooperatively with gli proteins to regulate 
sonic hedgehog signaling pathway. Cell Death Dis. 2017;8(7): e2942. 
https:// doi. org/ 10. 1038/ cddis. 2017. 326.

 117. Steg AD, Katre AA, Goodman B, Han HD, Nick AM, Stone RL, Coleman 
RL, Alvarez RD, Lopez‑Berestein G, Sood AK, Landen CN. Targeting 
the notch ligand JAGGED1 in both tumor cells and stroma in ovarian 
cancer. Clin Cancer Res. 2011;17(17):5674–85. https:// doi. org/ 10. 1158/ 
1078‑ 0432. CCR‑ 11‑ 0432.

 118. Stasiulewicz M, Gray SD, Mastromina I, Silva JC, Björklund M, Seymour 
PA, Booth D, Thompson C, Green RJ, Hall EA, Serup P, Dale JK. A con‑
served role for Notch signaling in priming the cellular response to Shh 
through ciliary localisation of the key Shh transducer Smo. Develop‑
ment. 2015;142(13):2291–303. https:// doi. org/ 10. 1242/ dev. 125237.

 119. Androutsellis‑Theotokis A, Leker RR, Soldner F, Hoeppner DJ, Ravin 
R, Poser SW, Rueger MA, Bae SK, Kittappa R, McKay RD. Notch 
signalling regulates stem cell numbers in vitro and in vivo. Nature. 
2006;442(7104):823–6. https:// doi. org/ 10. 1038/ natur e04940.

 120. Vadlakonda L, Pasupuleti M, Pallu R. Role of PI3K‑AKT‑mTOR and Wnt 
signaling pathways in transition of G1‑S phase of cell cycle in cancer 
cells. Front Oncol. 2013;12(3):85.

 121. Von Achenbach C, Weller M, Kaulich K, Gramatzki D, Zacher A, Fabbro 
D, Reifenberger G, Szabó E. Synergistic growth inhibition mediated by 

dual PI3K/mTOR pathway targeting and genetic or direct pharmaco‑
logical AKT inhibition in human glioblastoma models. J Neurochem. 
2020;153(4):510–24.

 122. Tafur L, Kefauver J, Loewith R. Structural insights into TOR signaling. 
Genes (Basel). 2020;11(8):885. https:// doi. org/ 10. 3390/ genes 11080 885.

 123. Steelman LS, Stadelman KM, Chappell WH, Horn S, Bäsecke J, Cervello 
M, Nicoletti F, Libra M, Stivala F, Martelli AM, McCubrey JA. Akt as a 
therapeutic target in cancer. Expert Opin Ther Targets. 2008;12(9):1139–
65. https:// doi. org/ 10. 1517/ 14728 222. 12.9. 1139.

 124. Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes Dev. 
2004;18(16):1926–45. https:// doi. org/ 10. 1101/ gad. 12127 04.

 125. Altomare DA, Testa JR. Perturbations of the AKT signaling pathway in 
human cancer. Oncogene. 2005;24(50):7455–64. https:// doi. org/ 10. 
1038/ sj. onc. 12090 85.

 126. Jozwiak J. Hamartin and tuberin: working together for tumour suppres‑
sion. Int J Cancer. 2006;118(1):1–5. https:// doi. org/ 10. 1002/ ijc. 21542.

 127. Gruber Filbin M, Dabral S, Pazyra‑Murphy M, et al. Coordinate activa‑
tion of Shh and PI3K signaling in PTEN‑deficient glioblastoma: new 
therapeutic opportunities. Nat Med. 2013;19:1518–23. https:// doi. org/ 
10. 1038/ nm. 3328.

 128. Nanta R, Shrivastava A, Sharma J, et al. Inhibition of sonic hedgehog 
and PI3K/Akt/mTOR pathways cooperate in suppressing survival, 
self‑renewal and tumorigenic potential of glioblastoma‑initiating 
cells. Mol Cell Biochem. 2019;454:11–23. https:// doi. org/ 10. 1007/ 
s11010‑ 018‑ 3448‑z.

 129. Wang Y, Ding Q, Yen CJ, Xia W, Izzo JG, Lang JY, Li CW, Hsu JL, Miller SA, 
Wang X, Lee DF, Hsu JM, Huo L, Labaff AM, Liu D, Huang TH, Lai CC, Tsai 
FJ, Chang WC, Chen CH, Wu TT, Buttar NS, Wang KK, Wu Y, Wang H, Ajani 
J, Hung MC. The crosstalk of mTOR/S6K1 and Hedgehog pathways. Can‑
cer Cell. 2012;21(3):374–87. https:// doi. org/ 10. 1016/j. ccr. 2011. 12. 028.

 130. Rudin C, Hann C, Laterra J, Yauch R, Callahan C, Fu L, Holcomb T, Stinson 
J, Gould S, Coleman B, LoRusso P, Hoff D, Sauvage F, Low J. Treatment of 
medulloblastoma with hedgehog pathway inhibitor GDC‑0449. N Engl 
J Med. 2009;361(12):1173–8. https:// doi. org/ 10. 1056/ NEJMo a0902 903.

 131. Romer J, Kimura H, Magdaleno S, Sasai K, Fuller C, Baines H, Connelly M, 
Stewart C, Gould S, Rubin L, Curran T. Suppression of the Shh pathway 
using a small molecule inhibitor eliminates medulloblastoma in 
Ptc1(+/‑)p53(‑/‑) mice. Cancer Cell. 2004;6(3):229–40. https:// doi. org/ 10. 
1016/J. CCR. 2004. 08. 019.

 132. Berman DM, Karhadkar SS, Hallahan AR, Pritchard JI, Eberhart CG, Wat‑
kins DN, Chen JK, Cooper MK, Taipale J, Olson JM, Beachy PA. Medul‑
loblastoma growth inhibition by hedgehog pathway blockade. Science. 
2002;297(5586):1559–61. https:// doi. org/ 10. 1126/ scien ce. 10737 33.

 133. Dahmane N, Sánchez P, Gitton Y, Palma V, Sun T, Beyna M, Weiner H, 
Ruiz i Altaba A,. The Sonic Hedgehog‑gli pathway regulates dorsal 
brain growth and tumorigenesis. Development. 2001;128(24):5201–12. 
https:// doi. org/ 10. 1242/ dev. 128. 24. 5201.

 134. Scales SJ, de Sauvage FJ. Mechanisms of Hedgehog pathway activa‑
tion in cancer and implications for therapy. Trends Pharmacol Sci. 
2009;30(6):303–12. https:// doi. org/ 10. 1016/j. tips. 2009. 03. 007.

 135. Carballo GB, Matias D, Ribeiro JH, Pessoa LS, Arrais‑Neto AM, Spohr TC. 
Cyclopamine sensitizes glioblastoma cells to temozolomide treatment 
through Sonic hedgehog pathway. Life Sci. 2020;257: 118027. https:// 
doi. org/ 10. 1016/j. lfs. 2020. 118027.

 136. Pan S, Wu X, Jiang J, Gao W, Wan Y, Cheng D, Han D, Liu J, Englund NP, 
Wang Y, Peukert S, Miller‑Moslin K, Yuan J, Guo R, Matsumoto M, Vattay 
A, Jiang Y, Tsao J, Sun F, Pferdekamper AC, Dodd S, Tuntland T, Maniara 
W, Kelleher JF 3rd, Yao YM, Warmuth M, Williams J, Dorsch M. Discovery 
of NVP‑LDE225, a potent and selective smoothened antagonist. ACS 
Med Chem Lett. 2010;1(3):130–4. https:// doi. org/ 10. 1021/ ml100 0307.

 137. Fu J, Rodova M, Nanta R, Meeker D, Van Veldhuizen PJ, Srivastava RK, 
Shankar S. NPV‑LDE‑225 (Erismodegib) inhibits epithelial mesenchymal 
transition and self‑renewal of glioblastoma initiating cells by regulat‑
ing miR‑21, miR‑128, and miR‑200. Neuro Oncol. 2013;15(6):691–706. 
https:// doi. org/ 10. 1093/ neuonc/ not011.

 138. Nanta R, Kumar D, Meeker D, Rodova M, Van Veldhuizen PJ, Shankar 
S, Srivastava RK. NVP‑LDE‑225 (Erismodegib) inhibits epithelial–mes‑
enchymal transition and human prostate cancer stem cell growth in 
NOD/SCID IL2Rγ null mice by regulating Bmi‑1 and microRNA‑128. 
Oncogenesis. 2013. https:// doi. org/ 10. 1038/ oncsis. 2013.5.

https://doi.org/10.1016/j.prp.2015.10.001
https://doi.org/10.1038/nrm.2016.94
https://doi.org/10.1016/j.devcel.2017.04.001
https://doi.org/10.1016/j.devcel.2017.04.001
https://doi.org/10.1038/nsmb1227
https://doi.org/10.1007/978-1-4614-0899-4_2
https://doi.org/10.1038/nature13567
https://doi.org/10.1016/j.devcel.2018.01.020
https://doi.org/10.1016/j.devcel.2018.01.020
https://doi.org/10.1146/annurev-biophys-101920-082204
https://doi.org/10.1146/annurev-biophys-101920-082204
https://doi.org/10.1007/s00018-020-03627-3
https://doi.org/10.1007/s00018-020-03627-3
https://doi.org/10.1002/glia.10094
https://doi.org/10.1158/0008-5472.CAN-04-1890
https://doi.org/10.1038/cddis.2017.326
https://doi.org/10.1158/1078-0432.CCR-11-0432
https://doi.org/10.1158/1078-0432.CCR-11-0432
https://doi.org/10.1242/dev.125237
https://doi.org/10.1038/nature04940
https://doi.org/10.3390/genes11080885
https://doi.org/10.1517/14728222.12.9.1139
https://doi.org/10.1101/gad.1212704
https://doi.org/10.1038/sj.onc.1209085
https://doi.org/10.1038/sj.onc.1209085
https://doi.org/10.1002/ijc.21542
https://doi.org/10.1038/nm.3328
https://doi.org/10.1038/nm.3328
https://doi.org/10.1007/s11010-018-3448-z
https://doi.org/10.1007/s11010-018-3448-z
https://doi.org/10.1016/j.ccr.2011.12.028
https://doi.org/10.1056/NEJMoa0902903
https://doi.org/10.1016/J.CCR.2004.08.019
https://doi.org/10.1016/J.CCR.2004.08.019
https://doi.org/10.1126/science.1073733
https://doi.org/10.1242/dev.128.24.5201
https://doi.org/10.1016/j.tips.2009.03.007
https://doi.org/10.1016/j.lfs.2020.118027
https://doi.org/10.1016/j.lfs.2020.118027
https://doi.org/10.1021/ml1000307
https://doi.org/10.1093/neuonc/not011
https://doi.org/10.1038/oncsis.2013.5


Page 21 of 22Wireko et al. Molecular Brain           (2024) 17:83  

 139. Sekulic A, Migden MR, Oro AE, Dirix L, Lewis KD, Hainsworth JD, Solo‑
mon JA, Yoo S, Arron ST, Friedlander PA, Marmur E, Rudin CM, Chang 
AL, Low JA, Mackey HM, Yauch RL, Graham RA, Reddy JC, Hauschild A. 
Efficacy and safety of vismodegib in advanced basal‑cell carcinoma. N 
Engl J Med. 2012;366(23):2171–9. https:// doi. org/ 10. 1056/ NEJMo a1113 
713.

 140. Carreno G, Boult JKR, Apps J, Gonzalez‑Meljem JM, Haston S, Guiho R, 
et al. SHH pathway inhibition is protumourigenic in adamantinomatous 
craniopharyngioma. Endocr Relat Cancer. 2019;26(3):355–66.

 141. Tremblay MR, Lescarbeau A, Grogan MJ, Tan E, Lin G, Austad BC, Yu LC, 
Behnke ML, Nair SJ, Hagel M, White K, Conley J, Manna JD, Alvarez‑Diez 
TM, Hoyt J, Woodward CN, Sydor JR, Pink M, MacDougall J, Campbell 
MJ, Cushing J, Ferguson J, Curtis MS, McGovern K, Read MA, Palombella 
VJ, Adams J, Castro AC. Discovery of a potent and orally active hedge‑
hog pathway antagonist (IPI‑926). J Med Chem. 2009;52(14):4400–18. 
https:// doi. org/ 10. 1021/ jm900 305z.

 142. Rohner A, Spilker ME, Lam JL, Pascual B, Bartkowski D, Li QJ, Yang AH, 
Stevens G, Xu M, Wells PA, Planken S, Nair S, Sun S. Effective targeting 
of Hedgehog signaling in a medulloblastoma model with PF‑5274857, 
a potent and selective smoothened antagonist that penetrates the 
blood‑brain barrier. Mol Cancer Ther. 2012;11(1):57–65. https:// doi. org/ 
10. 1158/ 1535‑ 7163. MCT‑ 11‑ 0691.

 143. Ohashi T, Oguro Y, Tanaka T, Shiokawa Z, Tanaka Y, Shibata S, Sato Y, 
Yamakawa H, Hattori H, Yamamoto Y, Kondo S, Miyamoto M, Nishihara 
M, Ishimura Y, Tojo H, Baba A, Sasaki S. Discovery of the investigational 
drug TAK‑441, a pyrrolo[3,2‑c]pyridine derivative, as a highly potent and 
orally active hedgehog signaling inhibitor: modification of the core 
skeleton for improved solubility. Bioorg Med Chem. 2012;20(18):5507–
17. https:// doi. org/ 10. 1016/j. bmc. 2012. 07. 034.

 144. Bender MH, Hipskind PA, Capen AR, Cockman M, Credille KM, Gao H, 
Bastian JA, Clay JM, Lobb KL, Sall DJ, Thompson ML. Identification and 
characterization of a novel smoothened antagonist for the treat‑
ment of cancer with deregulated hedgehog signaling. Cancer Res. 
2011;71(8):2819.

 145. Wang C, Wu H, Katritch V, Han GW, Huang XP, Liu W, Siu FY, Roth BL, 
Cherezov V, Stevens RC. Structure of the human smoothened receptor 
bound to an antitumour agent. Nature. 2013;497(7449):338–43. https:// 
doi. org/ 10. 1038/ natur e12167.

 146. Kim J, Tang JY, Gong R, Kim J, Lee JJ, Clemons KV, Chong CR, Chang KS, 
Fereshteh M, Gardner D, et al. Itraconazole, a commonly used antifun‑
gal that inhibits hedgehog pathway activity and cancer growth. Cancer 
Cell. 2010;17:388–99.

 147. Kim J, Aftab BT, Tang JY, Kim D, Lee AH, Rezaee M, Kim J, Chen B, King 
EM, Borodovsky A, et al. Itraconazole andarsenic trioxide inhibit Hedge‑
hog pathway activation and tumor growth associated with acquired 
resistance to smoothened antagonists. Cancer Cell. 2013;23:23–34.

 148. Wickström M, Dyberg C, Shimokawa T, Milosevic J, Baryawno N, 
Fuskevåg OM, Larsson R, Kogner P, Zaphiropoulos PG, Johnsen JI. 
Targeting the hedgehog signal transduction pathway at the level of 
GLI inhibits neuroblastoma cell growth in vitro and in vivo. Int J Cancer. 
2013;132(7):1516–24. https:// doi. org/ 10. 1002/ ijc. 27820.

 149. Liu J. Targeting the Sonic Hedgehog signaling pathway of cancer stem 
cells to treat glioblastoma. Int J Biomed Sci. 2022. https:// doi. org/ 10. 
59566/ ijbs. 2022. 18054.

 150. Ju B, Chen W, Spitsbergen J, Lu J, Vogel P, Peters J, Wang Y, Orr B, Wu 
J, Henson H, Jia S, Parupalli C, Taylor M. Activation of Sonic hedgehog 
signaling in neural progenitor cells promotes glioma development in 
the zebrafish optic pathway. Oncogenesis. 2014. https:// doi. org/ 10. 
1038/ oncsis. 2014. 10.

 151. Altaba A, Stecca B, Sánchez P. Hedgehog‑gli signaling in brain tumors: 
stem cells and paradevelopmental programs in cancer. Cancer Lett. 
2004;204(2):145–57. https:// doi. org/ 10. 1016/ S0304‑ 3835(03) 00451‑8.

 152. Sarangi A, Valadez J, Zieber S, Abel T, Thompson R, Cooper M. Targeted 
inhibition of the Hedgehog pathway in established malignant glioma 
xenografts enhances survival. Oncogene. 2009;28:3468–76. https:// doi. 
org/ 10. 1038/ onc. 2009. 208.

 153. Coon V, Laukert T, Pedone CA, Laterra J, Kim KJ, Fults DW. Molecular 
therapy targeting Sonic hedgehog and hepatocyte growth factor 
signaling in a mouse model of medulloblastoma. Mol Cancer Ther. 
2010;9(9):2627–36. https:// doi. org/ 10. 1158/ 1535‑ 7163. MCT‑ 10‑ 0486.

 154. Buonamici S, Williams J, Morrissey M, Wang A, Guo R, Vattay A, Hsiao 
K, Yuan J, Green J, Ospina B, Yu Q, Ostrom L, Fordjour P, Anderson DL, 
Monahan JE, Kelleher JF, Peukert S, Pan S, Wu X, Maira SM, García‑
Echeverría C, Briggs KJ, Watkins DN, Yao YM, Lengauer C, Warmuth 
M, Sellers WR, Dorsch M. Interfering with resistance to smoothened 
antagonists by inhibition of the PI3K pathway in medulloblastoma. Sci 
Transl Med. 2010;2(51):51ra70. https:// doi. org/ 10. 1126/ scitr anslm ed. 
30015 99.

 155. Shahi MH, Afzal M, Sinha S, Eberhart CG, Rey JA, Fan X, Castresana 
JS. Human hedgehog interacting protein expression and promoter 
methylation in medulloblastoma cell lines and primary tumor 
samples. J Neurooncol. 2011;103(2):287–96. https:// doi. org/ 10. 1007/ 
s11060‑ 010‑ 0401‑8.

 156. Sharpe HJ, Pau G, Dijkgraaf GJ, Gerrit J, Basset‑Seguin N, Modrusan Z, 
Januario T, Durham AB, Dlugosz AA, Haverty PM, et al. Genomic analysis 
of smoothened inhibitor resistance in basal cell carcinoma. Cancer Cell. 
2015;27:327–41.

 157. Atwood SX, Sarin KY, Whitson RJ, Li JR, Kim G, Rezaee M, Ally MS, Kim J, 
Yao C, Chang ALS, et al. Smoothened variants explain the majority of 
drug resistance in basal cell carcinoma. Cancer Cell. 2015;27:342–53.

 158. Yauch RL, Dijkgraaf GJ, Alicke B, Januario T, Ahn CP, Holcomb T, Pujara 
K, Stinson J, Callahan CA, Tang T, Bazan JF, Kan Z, Seshagiri S, Hann CL, 
Gould SE, Low JA, Rudin CM, de Sauvage FJ. Smoothened mutation 
confers resistance to a Hedgehog pathway inhibitor in medulloblas‑
toma. Science. 2009;326(5952):572–4. https:// doi. org/ 10. 1126/ scien ce. 
11793 86.

 159. Pricl S, Cortelazzi B, Dal Col V, Marson D, Laurini E, Fermeglia M, Licitra 
L, Pilotti S, Bossi P, Perrone F. Smoothened (SMO) receptor mutations 
dictate resistance to vismodegib in basal cell carcinoma. Mol Oncol. 
2015;9:389–97.

 160. Yao CD, Haensel D, Gaddam S, Patel T, Atwood SX, Sarin KY, Whitson RJ, 
McKellar S, Shankar G, Aasi S, et al. AP‑1 and TGFß cooperativity drives 
non‑canonical Hedgehog signaling in resistant basal cell carcinoma. 
Nat Commun. 2020;11:5079.

 161. Whitson RJ, Lee A, Urman NM, Mirza A, Yao CY, Brown AS, Li JR, Shankar 
G, Fry MA, Atwood SX, Lee EY, Hollmig ST, Aasi SZ, Sarin KY, Scott MP, 
Epstein EH Jr, Tang JY, Oro AE. Noncanonical hedgehog pathway 
activation through SRF‑MKL1 promotes drug resistance in basal cell 
carcinomas. Nat Med. 2018;24(3):271–81. https:// doi. org/ 10. 1038/ nm. 
4476.

 162. Lauth M, Bergström A, Shimokawa T, Tostar U, Jin Q, Fendrich V, Guerra 
C, Barbacid M, Toftgård R. DYRK1B‑dependent autocrine‑to‑paracrine 
shift of Hedgehog signaling by mutant RAS. Nat Struct Mol Biol. 
2010;17(6):718–25. https:// doi. org/ 10. 1038/ nsmb. 1833.

 163. Mao J, Maye P, Kogerman P, Tejedor FJ, Toftgard R, Xie W, Wu G, Wu D. 
Regulation of Gli1 transcriptional activity in the nucleus by Dyrk1. J 
Biol Chem. 2002;277(38):35156–61. https:// doi. org/ 10. 1074/ jbc. M2067 
43200.

 164. Zhao X, Ponomaryov T, Ornell KJ, Zhou P, Dabral SK, Pak E, Li W, 
Atwood SX, Whitson RJ, Chang AL, Li J, Oro AE, Chan JA, Kelleher JF, 
Segal RA. RAS/MAPK activation drives resistance to smo inhibition, 
metastasis, and tumor evolution in shh pathway‑dependent tumors. 
Cancer Res. 2015;75(17):3623–35. https:// doi. org/ 10. 1158/ 0008‑ 5472. 
CAN‑ 14‑ 2999‑T.

 165. Zhao X, Pak E, Ornell KJ, Pazyra‑Murphy MF, MacKenzie EL, Chadwick 
EJ, Ponomaryov T, Kelleher JF, Segal RA. A transposon screen identifies 
loss of primary cilia as a mechanism of resistance to SMO inhibitors. 
Cancer Discov. 2017;7(12):1436–49. https:// doi. org/ 10. 1158/ 2159‑ 8290. 
CD‑ 17‑ 0281.

 166. Calzavara Pinton P, Licitra L, Peris K, Santoro A, Ascierto PA. Vismodegib 
in the treatment of basal cell carcinoma: indications for clinical practice. 
Future Oncol. 2015;11(9):1429–35. https:// doi. org/ 10. 2217/ fon. 15. 20.

 167. Jain S, Song R, Xie J. Sonidegib: mechanism of action, pharmacology, 
and clinical utility for advanced basal cell carcinomas. Onco Targets 
Ther. 2017;16(10):1645–53. https:// doi. org/ 10. 2147/ OTT. S1309 10.

 168. Gutzmer R, Loquai C, Robert C, Dréno B, Guminski A, Lewis K, Arntz 
R, Martelli S, Squittieri N, Kheterpal M. Key clinical adverse events 
in patients with advanced basal cell carcinoma treated with son‑
idegib or vismodegib: a post hoc analysis. Dermatol Ther (Heidelb). 
2021;11(5):1839–49. https:// doi. org/ 10. 1007/ s13555‑ 021‑ 00588‑8.

https://doi.org/10.1056/NEJMoa1113713
https://doi.org/10.1056/NEJMoa1113713
https://doi.org/10.1021/jm900305z
https://doi.org/10.1158/1535-7163.MCT-11-0691
https://doi.org/10.1158/1535-7163.MCT-11-0691
https://doi.org/10.1016/j.bmc.2012.07.034
https://doi.org/10.1038/nature12167
https://doi.org/10.1038/nature12167
https://doi.org/10.1002/ijc.27820
https://doi.org/10.59566/ijbs.2022.18054
https://doi.org/10.59566/ijbs.2022.18054
https://doi.org/10.1038/oncsis.2014.10
https://doi.org/10.1038/oncsis.2014.10
https://doi.org/10.1016/S0304-3835(03)00451-8
https://doi.org/10.1038/onc.2009.208
https://doi.org/10.1038/onc.2009.208
https://doi.org/10.1158/1535-7163.MCT-10-0486
https://doi.org/10.1126/scitranslmed.3001599
https://doi.org/10.1126/scitranslmed.3001599
https://doi.org/10.1007/s11060-010-0401-8
https://doi.org/10.1007/s11060-010-0401-8
https://doi.org/10.1126/science.1179386
https://doi.org/10.1126/science.1179386
https://doi.org/10.1038/nm.4476
https://doi.org/10.1038/nm.4476
https://doi.org/10.1038/nsmb.1833
https://doi.org/10.1074/jbc.M206743200
https://doi.org/10.1074/jbc.M206743200
https://doi.org/10.1158/0008-5472.CAN-14-2999-T
https://doi.org/10.1158/0008-5472.CAN-14-2999-T
https://doi.org/10.1158/2159-8290.CD-17-0281
https://doi.org/10.1158/2159-8290.CD-17-0281
https://doi.org/10.2217/fon.15.20
https://doi.org/10.2147/OTT.S130910
https://doi.org/10.1007/s13555-021-00588-8


Page 22 of 22Wireko et al. Molecular Brain           (2024) 17:83 

 169. Jimeno A, Weiss GJ, Miller WH Jr, Gettinger S, Eigl BJ, Chang AL, Dunbar 
J, Devens S, Faia K, Skliris G, Kutok J, Lewis KD, Tibes R, Sharfman 
WH, Ross RW, Rudin CM. Phase I study of the Hedgehog pathway 
inhibitor IPI‑926 in adult patients with solid tumors. Clin Cancer Res. 
2013;19(10):2766–74. https:// doi. org/ 10. 1158/ 1078‑ 0432. CCR‑ 12‑ 3654.

 170. Bendell J, Andre V, Ho A, Kudchadkar R, Migden M, Infante J, Tiu RV, 
Pitou C, Tucker T, Brail L, Von Hoff D. Phase I study of LY2940680, a Smo 
antagonist, in patients with advanced cancer including treatment‑
naïve and previously treated basal cell carcinoma. Clin Cancer Res. 
2018;24(9):2082–91. https:// doi. org/ 10. 1158/ 1078‑ 0432. CCR‑ 17‑ 0723.

 171. Goldman J, Eckhardt SG, Borad MJ, Curtis KK, Hidalgo M, Calvo E, Ryan 
DP, Wirth LJ, Parikh A, Partyka J, Faessel H, Gangolli E, Stewart S, Rosen 
LS, Bowles DW. Phase I dose‑escalation trial of the oral investigational 
Hedgehog signaling pathway inhibitor TAK‑441 in patients with 
advanced solid tumors. Clin Cancer Res. 2015;21(5):1002–9. https:// doi. 
org/ 10. 1158/ 1078‑ 0432. CCR‑ 14‑ 1234.

 172. Chen Q, Zhang H, Wu M, Wang Q, Luo L, Ma H, Zhang X, He S. Discov‑
ery of a potent hedgehog pathway inhibitor capable of activating 
caspase8‑dependent apoptosis. J Pharmacol Sci. 2018;137(3):256–64. 
https:// doi. org/ 10. 1016/j. jphs. 2018. 07. 001.

 173. Wang J, Zhang Y, Huang WJ, Yang J, Tang WG, Huang TM, Tan WF. 
ABT‑199 inhibits Hedgehog pathway by acting as a competitive 
inhibitor of oxysterol, rather as a BH3 mimetic. Acta Pharmacol Sin. 
2021;42(6):1005–13. https:// doi. org/ 10. 1038/ s41401‑ 020‑ 00504‑4.

 174. Gampala S, Zhang G, Chang CJ, Yang JY. Activation of AMPK sensi‑
tizes medulloblastoma to vismodegib and overcomes vismodegib‑
resistance. FASEB Bioadv. 2021;3(6):459–69. https:// doi. org/ 10. 1096/ fba. 
2020‑ 00032.

 175. Boetto J, Lerond J, Peyre M, Tran S, Marijon P, Kalamarides M, Bielle F. 
GAB1 overexpression identifies hedgehog‑activated anterior skull base 
meningiomas. Neuropathol Appl Neurobiol. 2021;47(6):748–55. https:// 
doi. org/ 10. 1111/ nan. 12740.

 176. Ellison DW, Dalton J, Kocak M, Nicholson SL, Fraga C, Neale G, Ken‑
ney AM, Brat DJ, Perry A, Yong WH, Taylor RE, Bailey S, Clifford SC, 
Gilbertson RJ. Medulloblastoma: clinicopathological correlates of SHH, 
WNT, and non‑SHH/WNT molecular subgroups. Acta Neuropathol. 
2011;121(3):381–96. https:// doi. org/ 10. 1007/ s00401‑ 011‑ 0800‑8.

 177. Shih DJ, Northcott PA, Remke M, Korshunov A, Ramaswamy V, Kool 
M, Luu B, Yao Y, Wang X, Dubuc AM, Garzia L, Peacock J, Mack SC, Wu 
X, Rolider A, Morrissy AS, Cavalli FM, Jones DT, Zitterbart K, Faria CC, 
Schüller U, Kren L, Kumabe T, Tominaga T, Shin Ra Y, Garami M, Hauser P, 
Chan JA, Robinson S, Bognár L, Klekner A, Saad AG, Liau LM, Albrecht S, 
Fontebasso A, Cinalli G, De Antonellis P, Zollo M, Cooper MK, Thompson 
RC, Bailey S, Lindsey JC, Di Rocco C, Massimi L, Michiels EM, Scherer SW, 
Phillips JJ, Gupta N, Fan X, Muraszko KM, Vibhakar R, Eberhart CG, Fou‑
ladi M, Lach B, Jung S, Wechsler‑Reya RJ, Fèvre‑Montange M, Jouvet A, 
Jabado N, Pollack IF, Weiss WA, Lee JY, Cho BK, Kim SK, Wang KC, Leon‑
ard JR, Rubin JB, de Torres C, Lavarino C, Mora J, Cho YJ, Tabori U, Olson 
JM, Gajjar A, Packer RJ, Rutkowski S, Pomeroy SL, French PJ, Kloosterhof 
NK, Kros JM, Van Meir EG, Clifford SC, Bourdeaut F, Delattre O, Doz FF, 
Hawkins CE, Malkin D, Grajkowska WA, Perek‑Polnik M, Bouffet E, Rutka 
JT, Pfister SM, Taylor MD. Cytogenetic prognostication within medul‑
loblastoma subgroups. J Clin Oncol. 2014;32(9):886–96. https:// doi. org/ 
10. 1200/ JCO. 2013. 50. 9539.

 178. Alencastro Veiga Cruzeiro G, de Almeida Magalhães T, Ribeiro de 
Sousa G, Bonfim Silva R, de Alberto Oliveira JuniorBiagi C, Ferreira das 
Chagas P, de Gomes Paula Queiroz R, Alberto Scrideli C, Gonzaga Tone 
L, Terci Valera E. YAP1 is a potential predictive molecular biomarker for 
response to SMO inhibitor in medulloblastoma cells. Cancers (Basel). 
2021;13(24):6249. https:// doi. org/ 10. 3390/ cance rs132 46249.

 179. Souzaki R, Tajiri T, Souzaki M, Kinoshita Y, Tanaka S, Kohashi K, Oda Y, 
Katano M, Taguchi T. Hedgehog signaling pathway in neuroblastoma 
differentiation. J Pediatr Surg. 2010;45(12):2299–304. https:// doi. org/ 10. 
1016/j. jpeds urg. 2010. 08. 020.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1158/1078-0432.CCR-12-3654
https://doi.org/10.1158/1078-0432.CCR-17-0723
https://doi.org/10.1158/1078-0432.CCR-14-1234
https://doi.org/10.1158/1078-0432.CCR-14-1234
https://doi.org/10.1016/j.jphs.2018.07.001
https://doi.org/10.1038/s41401-020-00504-4
https://doi.org/10.1096/fba.2020-00032
https://doi.org/10.1096/fba.2020-00032
https://doi.org/10.1111/nan.12740
https://doi.org/10.1111/nan.12740
https://doi.org/10.1007/s00401-011-0800-8
https://doi.org/10.1200/JCO.2013.50.9539
https://doi.org/10.1200/JCO.2013.50.9539
https://doi.org/10.3390/cancers13246249
https://doi.org/10.1016/j.jpedsurg.2010.08.020
https://doi.org/10.1016/j.jpedsurg.2010.08.020

	Sonic hedgehog signalling pathway in CNS tumours: its role and therapeutic implications
	Abstract 
	Introduction
	Methods
	SHH pathway in CNS development
	The SHH signalling pathway componentsclassifications in tumorigenesis
	The canonical pathway
	The non-canonical pathway

	The role of SHH signalling pathway in CNS tumours
	Gliomas
	Medulloblastoma
	Meningioma
	Neuroblastoma
	Chondroma
	Craniopharyngioma

	Discussions and prospects
	The interplay between the SHH signalling pathway and other molecular signalling pathways in CNS tumours
	With the WNTbeta-catenin signalling pathway
	Crosstalk with the Notch pathway
	Relationship with the PI3KAKTmTOR pathway

	The therapeutic relevance of SHH signalling pathways in CNS tumours
	Drugs targeting SHH signalling pathway
	SMO inhibitors 
	GLI inhibitors 
	SHH inhibitors 
	DNA methyltransferase inhibitors 

	Challenges with drug targeting the SHH signalling pathway in CNS tumour therapy
	Genetic mutation 
	Non-canonical pathway activation 
	Loss of primary cilia 
	Adverse reactions 

	Strategies for overcoming resistance to SMO inhibitors

	Novel biomarkers for SHH signalling pathway activation in CNS tumours

	Study limitations
	Conclusion
	Acknowledgements
	References


