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Abstract 

The Hedgehog pathway is essential for embryonic development but also for tissue and organ 

homeostasis in adult organisms. Activation of this pathway leads to the expression of target 

genes involved in proliferation, angiogenesis and stem cell self-renewal. Moreover, abnormal 

persistence of Hedgehog signaling is directly involved in a wide range of human cancers. 

Development of novel strategies targeting the Hedgehog pathway has become a subject of 

increased interest in anticancer therapy. These data are sustained by pre-clinical studies 

demonstrating that Hedgehog pathway inhibitors could represent an effective strategy against 

a heterogeneous panel of malignancies. Limited activity in other tumor types could be 

explained by the existence of crosstalk between the Hedgehog pathway and other signaling 

pathways that can compensate for its function. This review describes the Hedgehog pathway 

in detail, with its physiological roles during embryogenesis and adult tissues, and summarizing 

the preclinical evidence on its inhibition, the crosstalk between Hedgehog and other cancer-

related pathways and finally the potential therapeutic effects of emerging compounds. 

 

Keywords: Anticancer Therapy, Embryonic development, Hedgehog signaling, Self-renewal  

ACCEPTED M
ANUSCRIP

T



3 
 

Introduction  

Despite advancements in preclinical and clinical research, cancer incidence remains in full 

view due to a range of heterogeneous risk factors including location, ethnicity, gender, dietary 

habits, genetic predisposition, environmental exposure and socio-economic factors. Therefore, 

cancer research is still one of the top research subjects,  with current interest focusing on 

personalized and targeted therapeutic approaches, novel diagnosis and prognosis methods and 

improved clinical management (1). 

The installation and development of malignant entities is governed by a high number of 

interconnected pathological signaling pathways such as the extracellular signaling Wingless-

type (Wnt) and Hedgehog (Hh) pathways, linked to direct embryonic growth and modeling and 

abnormally synchronized in cancer (2). In fact, the Hh signaling pathway is fundamental in 

regulating cell growth and differentiation, as well as maintaining homeostasis in several tissues 

and organs, by influencing the activity of stem cells in vertebrates and invertebrate organisms 

(2-4). It is well-known that stem cells possess the capacity for continuous division, being able 

to shift into different cell types through differentiation mediated by a number of cell signaling 

pathways including Wnt, Hh, and Notch (5). Sonic hedgehog (SHh), Indian hedgehog (IHh), 

and Desert hedgehog (DHh) comprise the three mammalian Hh genes playing major roles in 

designing and modeling many tissues and organs (6). Of these tissues, the Hh gene was 

characterized as an obligatory signaling protein for the specification of positional 

distinctiveness in the Drosophila embryo (7). Porter et al. (8) reported that the peptide formed 

through intramolecular cleavage and lipid modification reactions in the secretory pathway is 

responsible for the total signaling actions of the Hh gene. Zhu et al. (2) recently showed that 

the expression of  Hh canonical pathway genes, namely Smoothened (Smo) and Gli1, are 

mediated by fibroblast growth factor (bFGF) which in turn accelerates fibroblast migration. 

On the other hand, when the Hh pathway is activated in an unusual manner, it may 
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facilitate a number of tumor types, by favoring the process of tumorigenesis, and metastasis (5, 

9). Actually, cancer stem cells are quite similar to regular stem cells, in terms of their self-

renewal capacity. Several studies have demonstrated that the Hh pathway is actively involved 

in and can control self-renewal pathways within cancer stem cells, particularly in leukemia, 

other blood cancers, and breast cancer (10-12). Since a significant number of molecules 

targeting said pathway are already at the clinical testing stage, especially for the niche of 

hematological malignancies, we aimed to review the Hh signaling pathway in detail as one of 

the key targets for cancer therapy and development of more effective and promising cancer 

inhibitory strategies. Therefore, this review covers all mechanistic and functional details related 

to Hh pathway along with its inhibitors and clinical potential.  

 

Hedgehog pathway  

The Hedgehog pathway (Figure 1) derives its name from Hh gene mutant Drosophila, 

which presents a spiked phenotype resembling the animal “hedgehog” (13). The Hh proteins 

control embryonic development in vertebrates, where the signaling mechanisms mediated by 

the proteins are multiple and increasingly variable. For instance, they can act as morphogens 

(by mediating the morphogenesis process in a concentration dependent manner) or mitogens 

(by controlling cell proliferation through the mitosis process) (14). The Hh gene has three 

homologues in mammals:  IHh (Indian hedgehog), SHh (Sonic hedgehog) and DHh (Desert 

hedgehog), with Sonic hedgehog being the most studied.  

The IHh homologue is produced by the chondrocytes (cells of the cartilage) and is 

involved in controlling their differentiation with a role in regulating osteoarthritis. The 

transmembrane proteins PTCH1 (Patched 1) and Smo (Smoothened) respond to IHh and 

mediate the IHh signaling mechanism. The PTCH1 protein generally inhibits Smo in the 

absence of IHh by suppressing the downstream transcription factors Gli 1, 2 and 3 (Gli Zinc 
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finger). However, in the presence of IHh the signaling mechanism is activated and the 

inhibition of Smo by PTCH1 is relieved. Next, the expression of Gli transcription factors is 

enhanced, being further translocated within the nucleus where they enhance the transcription 

of downstream target genes (Figure 1) (15). Regulatory mechanisms can also be found at the 

Gli transcription factor level, where Gli2 and Gli3 can be found in active or inactive forms. 

Where Hh is absent, Gli3 is cleaved through proteolytic mechanisms into the Gli3R (Gli3 

repressor form), where Gli2 is further degraded. When Hh is expressed, the cleavage of Gli2 

is blocked and can be N-terminally truncated to generate an inactive form (Gli2A) (16).  

The SHh pathway (SHh is named after Sega’s jump ‘n’ run character) mainly controls the 

growth and development of the embryo and is also involved in mechanisms related to the 

central nervous system. This pathway is mediated by the signaling molecule SHh, which 

mediates the expression of transcription factors depending on its deposition in the neural tube. 

Similar to the IHh pathway, the expression of SHh, removes the inhibition of PTCH1 on Smo 

and enhances the expression of Gli transcription factors (Figure 1) (17). The activity of SHh as 

a morphogen is concentration dependent, where the signaling is specifically directed dependent 

on the concentration of the SHh protein: for instance ventral neuron, motor neuron and floor 

plate cell development takes place at low, high and very high concentrations respectively (18). 

On the other hand, the DHh pathway mediated by the DHh protein (which is expressed in the 

testis) controls the spermatogenesis process by maintaining the male germ line cell. The DHh 

pathway also operates through PTCH1 and Smo protein regulation (Figure 1) (19).  

The PTCH1 mediator has two additional homologues PTCH2 and HHIP1 (HH-

interacting protein-1), with all three proteins playing central roles in mediating the Hh ligand 

signaling which occurs during the development of the embryo (20). The Smo protein is a nodal 

point within the Hh signaling pathway, since it mediates the response associated with the Hh 

ligand. While this integral membrane protein has structural similarities with the GPCR (G-
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protein coupled receptors), there is little evidence to indicate a direct coupling with GPCR. In 

Drosophila the Smo protein accumulates in the cell membrane at the moment of Hh activation, 

while in vertebrates the protein gets internalized after activation of the pathway (21). There are 

many essential proteins which directly phosphorylate Smo, activating the protein and allowing 

for initiation of the Hh pathway, such as CK1 (Casein kinase 1) and Grk2 (G‐protein‐coupled 

receptor kinase 2) (22).  

Since the Hh signaling pathway is vital for a heterogeneous range of developmental 

processes, different transcription factors act in coordination to regulate the expression of said 

Hh protein. If any mutation occurs in these transcription factors, this will affect the expression 

of Hh proteins and result in developmental related conditions such as epilepsy, tibial 

hypoplasia, polydactyly and X-linked lissencephaly, neurological disorders and cancer (23). 

 

Hedgehog pathway in embryonic development 

It is now well established that the Hedgehog pathway solves a role as one of the essential 

signaling mechanisms for the modulation of cellular growth and differentiation during 

embryogenesis. Operating through time- and position-dependent mechanisms, this pathway 

mostly guarantees the correct size, cellular content and position achievement of organs during 

embryonic development (24).  

As a mitogen, the Sonic Hedgehog signaling pathway promotes proliferative and 

differentiation processes in specific groups of cells from ectoderm, mesoderm and endoderm 

tissues (25-28). In addition, this pathway is involved in the formation of teeth and lungs and 

midline facial development, and most importantly the induction of neural tissue by mesodermal 

notochord (29). Beside its regulatory role on cell proliferation, Sonic Hedgehog can also 

promote proliferation and survival of neural progenitor cells in the ventral spinal cord (30). 

This pathway controls different sets of homeodomain proteins in distinct progenitor cells 
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through utilization of GliA
 and GliR (31). GliA and GliR similarly affect a wide range of targets 

during Sonic Hedgehog induced development of sclerotome. Nevertheless, the way through 

which the expression of these sets of target genes is regulated is yet to be fully understood. 

Through regulating the proliferation and differentiation of chondrocytes, the Indian Hedgehog 

signaling pathway mostly controls skeletal development during embryogenesis. Additionally, 

the pathway is involved in visceral endoderm differentiation, hematopoiesis and 

vasculogenesis (32). Finally, the Schwann cell derived Desert Hedgehog signaling pathway 

results in the creation of perineurium through induction of mesenchymal cell transitions (33).  

   

Key components of the Hedgehog pathway in vertebrates 

The vital physiological roles of the Hh signaling pathway has inspired many scientists to 

investigate its key components and the interplay between them. This complicated signaling 

mechanism regulates proliferation, differentiation, and tissue patterning during embryogenesis 

and can be reactivated in adults as part of processes of repair and regeneration (34). So far, 

canonical (mediated by Gli family of transcription factors) together with non-canonical 

pathways (mediated by Gli independent mechanisms) have been proposed for Hh protein signal 

transduction which is mostly enriched in the cilia.  

Prior to secretion, all Hh proteins undergo covalent attachment of a cholesterol molecule to the 

C-terminal residue, after which Hh acyltransferase (Hhat) transfers a palmitoyl group to the 

amino termini. These lapidated morphogens are secreted to the cell surface, where they undergo 

a multimerization process; in this form they interact with Hh receptors, serving as long range 

signaling molecules (35-37). Sheddases such as the glycoprotein Scube2 (signal peptide, 

cubulin domain, epidermal growth factor-like protein 2) and glycosylphosphatidylinositol 

(GPI)-linked glypican (Gpc) heparan sulfate proteoglycans (HSPGs) have been proven to be 

regulators of Hh activity. Grobe and colleagues proposed that Gpc HSPG control the release 
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of SHh from secreting cells in preclinical models, where purified heparane sulfate has been 

found to directly trigger SHh processing (37). Other approaches have shown that Hhat, the 

enzyme responsible for the transfer of palmitate upon SHh, could function as a potent 

therapeutic target in pancreatic cancer (38). Magee and colleagues offer significant insights 

regarding Hhat activity and structure, with potential benefits for a more informed development 

of Hhat targeting agents. They reveled that the enzyme is composed of ten transmemebrane 

domains and is palmitoylated on numerous cysteines with cytosolic localization, which aids in 

structural stability. Furthermore, mutation within the catalytic domain can result in complete 

depletion of Hhat palmitoylation (39).  

Three main mechanisms have been proposed for the secretion of active forms of hedgehog 

ligands: first, construction of a multimeric molecule with lipid moieties placed on the inside, 

making a soluble Hh protein which can diffuse from the membrane; second, function of 

dispatched proteins through packaging multimeric Hh or proton promoting transportation and 

third, movement of multimeric Hh by Tout-velo dependent mechanisms (40). Subsequently, 

Hh ligands bind to their transmembrane receptors PTCH 1 and 2 or a G-protein-coupled-

receptor resembling protein (GPCR class F) named Smo (41). Specific co-receptors such as 

cell adhesion molecules may also be down-regulated by oncogenes such as (Cdo), brother of 

Cdo (Boc), and growth arrest–specific gene 1 (GAS-1), co-receptors which enhance the Hh 

ligand binding to PTCH. Contrarily, Hhip protein competes with Hh ligands for PTCH binding 

(34, 42, 43). 

 

Canonical Hedgehog signaling pathway 

The canonical signaling pathway is mainly activated by binding modified Hh ligands to their 

PTCH receptor, hindering the inhibitory effect of PTCH on Smo, and allowing Smo to enter 

the primary cilium to regulate the downstream cascade. Smo generates intracellular signals 
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which activate glioma-associated (Gli) transcription factors by modulating membrane 

associated protein complexes containing the protein kinase Fused (Fu), suppressor of Fused 

(SuFu) and the kinesin related protein costal 2 (Cos2). While the function of Fu in mammals is 

unclear, SuFu plays a significant role in regulating the stability of Gli factors in vertebrates, as 

a deficiency in these results in several development defects. SuFu forms complexes with Gli 

proteins which further accumulate in primary cilium following Hh stimulation, detaching after 

phosphorylation. These modified Gli proteins translocate from primary cilium to cytoplasm 

and from here to the nucleus,  promoting expression of Hh target genes including Hh feedback 

pathway (e.g., GLI1, PTCH1), proliferation (e.g., MYC, Cyclin-D1), angiogenesis (e.g., 

ANG1/2), apoptosis (e.g., Bcl-2), epithelial-to-mesenchymal transition (EMT) (e.g., SNAIL), 

or stem cell self-renewal (e.g., NANOG, SOX2) (18, 42, 44-46).  

The Gli family consists of three members: Gli 1, Gli 2, and Gli 3 through which the Hh target 

genes are regulated. A proteolytic process manipulates activity of Gli 3 and to some extent Gli 

2 to display a dual function, both as repressors and activators of Hh target genes. When Hh 

stimulation is absent, proteolytic events remove the transactivation domain of Gli 3 in the 

primary cilium. The Gli 3 repressor protein then translocates to the nucleus, inhibiting the 

transcription of Hh target genes. Although the mechanism of Gli activator formation is yet to 

be entirely elucidated, some studies have proposed that this may occur through deactivation of 

G-protein-coupled receptor 161 (GPCR161) in the cilium, which further inhibits Hh signaling 

through PKA and Gli 3 repressor formation (47). In contrast with Gli 2 and 3, Gli 1 is limited 

to activator functions. 

 

Non-canonical Hh signaling pathways 

Non-canonical Hh signaling pathways are generally categorized into two types: Type I or 

PTCH-dependent pathway and Type II or Smo-dependent pathway. These two types are further 
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presented in more detail:  

 

Type-I 

Type-I non-canonical signaling is dependent on PTCH1 and Hh ligands, but independent from 

Smo, and is mostly involved in processes of apoptosis and proliferation. In vitro studies have 

showed that PTCH1 has apoptosis inducing properties and functions as a dependent receptor. 

If Hh ligands are not present, PTCH1 binds to the pro-apoptotic complex of Caspase-9, a 

regulating protein for apoptosis related cell death, DRAL, and TUCAN-1 to maintain Cyclin 

B outside the nucleus. In the presence of Hh ligands, the linkage between PTCH1 and Cyclin 

B1 is disrupted and a new complex is formed between PTCH1 and G-protein receptor kinase-

2 (GRK2). This process results in nuclear translocation of Cyclin B1 and increased cell 

proliferation and survival (42) through induction genes encoding Cyclin D1 and N-Myc (42, 

48) 

Type-II 

Type-II non-canonical Hh signaling has been found to regulate actin cytoskeleton and calcium 

release in fibroblasts and neurons. The Smo and Gi protein mediated activation of the Rho 

small GTPase subfamilies including RhoA and Rac1, have been shown to be involved in 

cytoskeletal rearrangement processes. T lymphoma invasion and metastasis protein (Tiam-1), 

is a guanine exchange factor for Rac1. In response to Hh stimulation, the complex Rac1-Tiam-

1 is removed and Rac1 is further activated. Smo and Gi mediated phospholipase C-γ (PLC-γ) 

activation has been shown to result in formation of inositol 3-phosphate (IP3) which in turn 

increases intracellular calcium ions with effects upon different activities in neurons, such as 

proliferation, apoptosis, differentiation and migration (42, 47, 49-53). 

Other studies have also proposed regulatory roles for Hh proteins in axon guidance through 

activation of Src family kinases (SFK) in a Smo dependent manner. Due to the unsuccessful 
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identification of Src as a component of the canonical pathway through Hh receptors, and lack 

of phenotypes indicative of dysregulated canonical signaling in mutant mice, this regulation 

has been attributed  to the non-canonical signaling pathway (54, 55). 

Furthermore, non-canonical Smo and Gi mechanisms have also been shown to be involved in 

metabolic reprogramming of mouse embryonic fibroblasts and adipocytes. The activation of 

AMP-activated protein kinase (AMPK) following activation of Smo in these cells results in a 

rapid increase in glucose uptake (56, 57). 

 

Hedgehog signaling in cancer  

Deregulation in Hh signaling has been highlighted in cancer, and one third of all 

malignancies are currently believed to be dependent on the aberrant functioning of the pathway. 

Three types of activated signaling mechanisms are currently associated with cancer 

development: Type I – ligand independent and autonomous Hh pathway, Type II – ligand 

dependent oncogenic Hh pathway (autocrine/juxtacrine mode), Type IIIa/b – ligand dependent 

oncogenic Hh pathway (paracrine or reverse paracrine mode) (58).  

The activation of Hh signaling in a ligand independent manner, defined as Type I, is 

mainly determined by the acquisition of activator mutations within Smo, or inactivation 

mutations in the negative modulators - Sufu or Ptch1. These genomic modifications allow Hh 

cascade signaling without the presence of a specific ligand (59). Patients with autosomal 

dominant disorders -  BCNS (Gorlin syndrome) – frequently display a mutation of Ptch1; these 

patients are also associated with a high risk of acquiring sporadic basal cell carcinoma (BCC) 

and other malignancies such as medulloblastomas (MBs) and meningiomas (60). Similarly, 

patients diagnosed with BCC or presence of MB had associated mutations in activators of 

inhibitors of Hh signaling (58).  

Type II – the ligand dependent oncogenic Hh pathway (autocrine/juxtacrine mode)is , 
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as the name suggests, activated upon ligand binding in a cell-autonomous manner, where 

production ligands can stimulate the activity of the cell of origin or of surrounding cells. Over-

activation of such stimulation has been reported in numerous malignancies such as pancreatic, 

esophageal and stomach cancers (61), lung (62), prostate (63), breast (64) and colorectal 

cancers (65), melanoma  (66) and glioma (67). Colorectal cancer has been associated with 

contradictory results in terms of SHh expression; some studies report increased expression, 

suggesting that secretion of SHh is an essential feature of cancer development (68, 69), while 

others concluded that the Hh pathway is inactive in this malignancy (61, 70). These 

contradictory data reports could highlight a tumor dependent context of Hh activation, where 

patient stratification could become an essential element in selection of potential experimental 

treatments.  

Type IIIa/b – the ligand dependent oncogenic Hh pathway (paracrine or reverse 

paracrine mode) is mediated by paracrine activation and is usually encountered in embryonic 

development, but also in installation and progression of cancer (58). Specifically, Hh ligands 

secreted by malignant cells activate the Ptch1 receptor found on tumor associated stromal cells; 

in turn, the stromal cells emit growth factors such as VEGF, PDGF, BMP and IGF stimulating 

the proliferation and differentiation of cancer cells (71). In special contexts, reverse paracrine 

signaling can be found in hematological malignancies, where the tumor cells are stimulated by 

Hh ligands secreted in lymph node or bone marrow stromal cells. In this case, the stromal cells 

can become a therapeutic target due to their significant involvement in the establishment of 

pro-malignant environments (72).  

 

Clinical impacts of Hedgehog inhibition  

In the past decade, strategies for inhibiting Hh signaling pathway have been studied intensively 

(Table 1) but often with contradictory results. One of the first and most studied inhibitors of 
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the tumor-promoting Hh signaling pathway has been Vismodegib (also called HhAntag691, 

and GDC-0449), a molecule that serves as a cyclopamine-competitive antagonist of Smo. This 

low molecular weight compound entered clinical trials about ten years ago and is used to treat 

some types of solid tumors (73). In 2009, Von Hoff et al. published the results of an open-label, 

multicenter (three centers), two stage phase 1 clinical trial aimed at studying the adverse effects 

of the use of Vismodegib, at three increasing doses/day (150, 270 and 540 mg) orally 

administered to 33 patients (8 women and 25 men) with metastatic (18 patients) or locally 

advanced (15 patients) basal-cell carcinoma. This kind of tumor, which is associated with 

mutations in Hh pathway signaling, is successfully treated with surgery, radio- and chemo-

therapy in the early stages. However, advanced and metastatic basal-cell carcinoma are usually 

unresponsive to standard therapies, with a median time of survival of about 8 months. The 

study showed that of 33 patients, 18 had a response, 11 presented stable conditions for about 

11 months, and four did not show any effects and progression of the disease was registered. An 

interesting point to consider is that one of these last patients did not show significant Hh 

signaling pathway activation. These results justify the failure of the therapeutic strategy in this 

case. On the contrary, two of these four patients showed an increase in the HH signaling 

pathway, suggesting that other mechanisms lay behind Vismodegib ineffectiveness. Based on 

the results of this clinical trial, the authors concluded that the use of a Hh signaling pathway 

inhibitor could be a good strategy against advanced and/or metastatic basal-cell carcinoma 

unresponsive to standard therapies (74).  

Three years later, Kaye et al. investigated the effects of Vismodegib administered to patients 

affected by epithelial ovarian carcinoma, fallopian tube carcinoma, or primary peritoneal 

carcinoma (75). These types of cancer are considered to be part of the same category of 

malignancies and are treated with the same standard therapy including surgery and 

chemotherapy (platinum agents in combination with taxane). The aim of this phase II, 
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randomized, double-blind, placebo controlled clinical trial was to investigate progression-free 

survival (PFS) following Vismodegib maintenance therapy (150 mg/day for 14 weeks after 

chemotherapy) in 104 patients (18 years or older), in which a second or third complete 

remission (that means no symptoms suggestive of persistent cancer) was achieved and 

measured by radiographic assessment (computed tomography scan of the 

chest/abdomen/pelvis). Unfortunately, the results showed that in the selected population no 

statistical differences were registered in PFS, though PFS was greater for the treated patient 

group (7.5 months) in comparison with the placebo one (5.8 months). Moreover, Hh ligand 

expression was found in only 13.5% of archival tumor tissue, suggesting that no correlation 

can be established between Hh ligand overexpression and clinical benefits. This result is in 

agreement with that reached by another placebo controlled trial conducted on patients affected 

by metastatic colorectal cancer who received Vismodegib or placebo in combination with 

bevacizumab and chemotherapy (76).     

More recently, Vismodegib was administered in combination with Gemcitabine in a pilot 

clinical trial that enrolled 23 patients affected by metastatic pancreatic adenocarcinoma. This 

type of malignancy is the most frequent form of pancreas cancer and is ranked in fourth place 

for cancer mortality in Europe and United States, with a survival rate lower than any other 

cancer. Unfortunately, surgery, radio- and chemo-therapy are frequently ineffective in 

metastatic pancreatic adenocarcinoma(77). In this single arm pilot clinical study, patients were 

given 150 mg/day of Vismodegib orally for four weeks (Cycle 1). Then, the same patients were 

treated weekly intravenously (1000 mg/m2) with a combination of Vismodegib and 

Gencitabine, for four further weeks (Cycle 2). The results showed that this combination therapy 

induced a decrease in target genes within the Hh signaling pathway (i.e. Gli1 and PTCH1). 

Nevertheless, no significant differences were found for the other parameters studied, including 

SHh, Gli1, and PTCH1 levels before and after the treatment, and no dissimilarities were found 
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in  PFS and overall survival in comparison with a sole Gemcitabine treatment in the same 

population. These results countered a negative attitude towards this type of therapy in patients 

suffering from metastatic pancreatic cancer (78). More recently, the same conclusions were 

achieved by Catenacci et al. whom reported that the combination of Vismodegib and 

Gencitabine did not lead to additional benefits (in terms of PFS and overall survival) in 

comparison with sole Gemcitabine in a randomized phase II clinical trial comprising of 106 

patients with metastatic pancreatic cancer (79). 

This same research group continued the investigation of this therapeutic strategy with the study 

of IPI-926, another Hh inhibitor, in combination with a mixture of chemotherapy drugs 

including 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX) in patients 

with advanced pancreatic cancer. In this case too, the authors concluded that while antitumor 

activity and safety were registered with this combination, they were rather skeptical about the 

development of Hh inhibitors for the treatment of pancreatic cancer (80).  

 

Natural and synthetic inhibitors of Hedgehog pathway  

Natural compounds have emerged as potent therapeutic alternatives or adjutants for 

different types of cancer (81-84). Several natural and synthetic compounds have been proposed 

as being effective as Hh pathway inhibitors, many of them targeting the Smo receptor. In this 

context, several synthetic drugs that target Smo have been developed, including the 

aformentioned Vismodegib (GDC-0449), which is still in the clinical trial phase for advanced 

and metastatic basal cell carcinoma (85). Another Hh pathway inhibitor, Erismodegib 

(Sonidegib, NVP-LDE225), inhibits the proliferation, migration and/or invasion of renal cell 

carcinoma cells (RCC) by reducing the activation of proteins and acting as a Smo antagonist 

(86). An orally bioavailable Smo antagonist, BMS-833923 (XL139), yielded a significant 

decrease in cellular proliferation and tumor growth in preclinical testing (in vitro and in vivo) 
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(87, 88). 

LEQ506, TAK-441 and NVP-LEQ506 possess varying levels of in vitro and in vivo 

effects (89-91) through the same principle - smoothened antagonists. On the other hand, a 

benzimidazole derivative Hh antagonist, showed the strongest efficacy in animal models (92, 

93). IPI-926 (a Smo antagonist) in conjunction with gemcitabine, demonstrated a decrease in 

fibrotic reaction (34, 94). In cell viability assays, another compound,  robotnikinin, was found 

to act as a Hh pathway inhibitor by binding the amino terminal region of SHh (SHhN) (95, 96). 

Taladegib (LY2940680) was reported to restrain Smo-resistant mutant cells (97) and 

Itraconazole showed the capability to bind the Smo receptor and inhibit its accumulation in the 

cilium (98). A member of the aminoproline group of compounds, CUR61414, reduced tumor 

growth through binding of Smo and inhibition of the Hh signaling pathway (92). PF-04449913 

was identified as a selective Hh signaling antagonist that binds to Smo and blocks signal 

transduction, reducing tumor growth in in vivo colorectal and pancreatic cancer models when 

used in combination with other anticancer agents (88, 99). 

Cyclopamine, a steroidal alkaloid type secondary metabolite from Veratrum 

californicum Durand (Melanthiaceae), serves as an anti-Hh constituent blocking the activation 

of Smo  (96, 100). According to previous studies, cyclopamine was shown to inhibit the 

development of human hepatocellular carcinomas in vitro and in vivo via inhibition of SHh 

signaling (98, 101-103). Moreover, cyclopamine effectively targeted cancer stem cells (CSCs) 

from pancreatic and breast cancers as well as glioblastoma and multiple myeloma (104-106). 

Due to the poor oral bioavailability and specificity of the compound, other cyclopamine-

derivatives have been investigated to target Smo and inhibit Hh signaling (107). Thus, an orally 

bioavailable Smo antagonist drug, Saridegib (IPI-926), a semi-synthetic cyclopamine 

derivative, was developed to treat metastatic solid tumors and BCC (108).  

More recently, inhibitors of Gli transcription factors have gained momentum over the 
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Smo antagonists. Lack of specificity, drug resistance and possible side effects of Smo 

antagonists were the main reasons for this shift. Direct and indirect Gli inhibitors, epigenetic 

drugs and Gli-regulated signaling inhibitors are strategies for Gli-dependent output. Common 

traits of direct Gli inhibitors is their inhibition capacity on Hh target gene expression Sufu−/− 

cells (109). 

Gli-antagonists, namely GANT-58 and GANT-61, were identified from cellular 

screening assays (109). The Gli inhibitory action of arsenic trioxide  (As2O3) was also 

demonstrated through regulation of transcriptional activity without changing the DNA binding 

capacity (98, 110, 111), a fact that highlighted its therapeutic use against malignant diseases 

associated with SHh pathway activation (86, 97). Imiquimod constitutes an additional example 

of a Gli modulator by interfering with the activity of toll like receptor (TLR) 7 and TLR8 as an 

agonist, further stimulating PKA via adenosine receptors (ADORAs). Finally, PKA activation 

facilitates Gli2 phosphorylation and further degradation (112). Nanoquinacrine (NQC) acts by 

stimulating the expression of Gli inhibitors and through destabilization of Gli1-DNA binding, 

contributing to impaired Gl1 dependent tumor development and proliferation (113). RU-SKI 

43 was associated with inhibiting pancreatic cancer cell proliferation  in preclinical studies, 

also reducing Gli1 activation due to direct inhibition of Hedgehog acyltransferase (Hhat) – an 

enzyme with processing roles in SHh. Indirect effects were also shown on Akt and mTOR 

pathways that accentuated the antiproliferative function of the small molecule (38). 

Targeting the Hh pathway seems to be a promising therapeutic option for multiple types 

of cancer; however, as in the case of numerous other drugs, there is the possibility of acquisition 

of drug resistance or mutation within the therapeutic target. A potent perspective in inhibiting 

Hh signaling could be represented by concomitant targeting of different spots within the 

pathway (eg. simultaneous inhibition of Smo and Gli) by using combination therapeutics, 

decreasing the chances of alternative pathway activation and installation of drug resistance. 
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Moreover, a combination strategy could significantly decrease the necessary doses for both 

agents; since Hh signaling is an essential process for turnover of various stem cells – e.g. bone 

marrow and skin – we are still unaware of its long term effect upon healthy entities and overall 

function of the organism. Moreover, due to the incipient character of the clinical testing, there 

are no data on the long terms effect of Hh inhibitors and eventual toxicity (114, 115)). In these 

terms, a combination strategy of different Hh inhibitors for differential targets within the 

pathway could significantly decrease the downsides of current monotherapeutic perspectives.   

The inhibition of Gli transcription factors can occur via various mechanisms and can 

also be modulated by natural compounds (116). These compounds have the advantage of 

reduced toxicity and long term side effects, and minimal impact upon healthy cells. However, 

their mechanisms of action are not as strict as in the case of small molecule inhibitors designed 

for specific targeting of an aberrant molecule. There are currently a limited number of studies 

that focus on the association of natural derivatives with specific targets within Hedgehog 

signaling, although their identification could have a significant impact in possible adjuvant 

therapeutic options (117).    

An isoflavone type secondary metabolite, Glabrescione B (GlaB), from Derris 

glabrescens (Benth.) J.F. Macbr. from the family Fabaceae, was found to possess the capacity 

to bind the Gli1 zinc finger domain and to further block DNA binding capacity (118). 

Pyrvinium, an anthelmintic drug approved by the FDA, was shown to possess strong inhibitory 

action on the Hedgehog pathway (119).  FN1-8 was demonstrated to be active against diverse 

cancer cells characterized by Gli activation, including colon, pancreatic and prostate 

malignancies (120). Natural compounds, namely zerumbone, physalin, staurosporinone and 

arcyriaflavin C, were characterized as molecules with Gli transcription inhibition activity 

(121). Zerumbone, the main compound of Zingiber zerumbet (L.) Sm. (Zingiberaceae) extract, 

enhanced apoptosis and inhibited invasion of cancer cells, revealing antitumor effects when 
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administrated in leukemia and breast, liver, lung and pancreatic cancers via inhibition of Gli1 

and Gli2,  as well as SHh signaling gene-mediated transcription  (121-125). Among the other 

natural Hh inhibitors there is curcumin, a very well-known agent with anti-cancer effects from 

the same plant family, Zingiberaceae. It is derived from the plant Curcuma longa L. and has 

been investigated as a cancer preventive agent in recent years (126, 127). This compound was 

reported to inhibit prostate cancer cell growth by inhibiting SHh signaling via downregulation 

of SHh pathway proteins, as well as enhancing the antitumor activity of cisplatin and �-rays 

(128, 129). Moreover, genistein, one of the soy isoflavones from Glycine max (L.) Merr. 

(Fabaceae), was shown to display high antiproliferative action in breast, prostate, gastric, 

bladder  colon and skin cancer cells (130). Genistein inhibited prostate cancer cell growth and 

exerted anti-CSC effect via inhibition of  SHh signaling (128, 131). 

Resveratrol, a polyphenolic compound obtained from Vitis vinifera L. (Vitaceae) and 

Polygonum cuspidatum Siebold & Zucc. (Polygonaceae), was associated with the ability to  

inhibit human cancer cell proliferation including  chronic myeloid leukemia (CML) cells and 

reduce carcinogenesis in vivo through inhibition of the SHh pathway and mediation of Bcr-Abl 

expression (128, 132-134). 

Norcantharidin is a demethylated analog derived from cantharidin which was isolated 

from Mylabris phalerata Pall. and was reported to induce cell anoikis and apoptotic processes, 

also inhibiting the invasion, angiogenesis and metastasis processes (135, 136) and combating 

the installation of  mutidrug resistance through inhibition of SHh signaling and  expression of 

downstream multidrug resistance genes (128).  

Epigallocatechin-3-gallate (EGCG) from Camellia sinensis (L.) Kuntze (Theaceae),  

was reported to possess inhibitory abilities upon the SHh pathway, inducing apoptosis and 

suppressing proliferation in human chondrosarcoma cells (137). In addition, EGCG was 

demonstrated to reduce prostate cancer cell growth via suppression of Gli1 transcript (128) and 
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self-renewal abilities of pancreatic CSCs by inhibiting the SHh pathway components and Gli 

transcriptional activity (138). 

Withaferin A and its derivatives from the leaves of Withania somnifera were identified 

as Gli1-mediated transcriptional inhibitors. The compounds displayed cytotoxic effects on Hh 

signaling-positive cancer cell lines including DU145, MCF7 and PANC-1 by suppressing 

target proteins within the Hh signaling pathway, Hh ligand receptor PTCH and anti-apoptosis 

protein BCL-2. In addition, Withaferin A showed inhibitory action on the formation of the 

Gli1-DNA complex  (139). 

Berberine, an isoquinoline alkaloid isolated from Berberis species, inhibits Hh 

signaling through modulation of Smo, most probably through direct targeting. A similar 

mechanism of action was found for Vitamin D3, which was found to bind Smo at the same site 

with cyclopamine, further inhibiting Hh signaling (117).  

Even if the classical concept associates Gli inhibition with beneficial effects in cancer 

treatment, more insights are required on the mechanisms involved before progressing into 

clinical trials. Specifically, impairment of the Hh/Gli pathway could sustain the progression of 

disease, as this pathway is involved in repair and regeneration processes. For example, 

inhibition of Hh signaling in bladder cancer stroma resulted in accelerated progression of the 

malignancy (140). Also, there are several other natural agents considered to have activity upon 

Hh signaling; these potential compounds were extensively reviewed by Bao et al. (117).  

Epigenetic drugs, such as HDAC inhibitors, regulate gene expression by affecting the 

activity of histone or DNA modifying enzymes and their associated transcriptional response 

(141). BET bromodomain protein inhibition is another epigenetic approach for blocking the 

Hedgehog pathway at the downstream level. For instance, JQ1 has been developed as a 

selective inhibitor of BET bromodomains, showing inhibitory ability upon cell viability and 

proliferation in vitro and in vivo  in models of  Smo-antagonist resistant medulloblastoma (142, 
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143). 

 

SHh crosstalk with TGF/SMAD signaling 

Based on the insights gleaned from research over the course of decades, it has become evident 

that cancer cells and bone microenvironments interact with each other through various 

signaling molecules (144). Cancer cells produce angiogenic factors and bone resorbing factors 

which significantly enhance the proliferation of cancer cells within the bone 

microenvironment. More excitingly, the bone tissue acts as a repository for growth factors, 

such as bone morphogenetic proteins (BMPs) and transforming growth factor (TGF)-β. BMP-

4 was noted to upregulate the SHh mRNA in prostate cancer CWR22 cells, an event that 

induces osteoblastic lesions when injected into tibia of immunodeficient animal models. BMP-

4, BMP-6 and BMP-9 upregulated SHh mRNA expression in LNCaP cells in a dose dependent 

manner, though the effects of BMP-4 and BMP-6 were more pronounced that the ones 

associated with BMP-9. Mechanistically it was shown that BMP-4 increases SHh production 

through SMAD4 modulation in prostate cancer cells (144). As expected, BPM-4 mediated 

increase in SHh was notably reduced in SMAD4 silenced LNCaP cells. BMPs were reported 

as being involved in osteoblastic differentiation of stromal cells, and treatment of stromal 

MC3T3-E1 cells with SHh considerably increased the BMP-responsive reporter activity 

induced by BMP-4. SHh markedly increased BMP signaling in MC3T3-E1 cells by enhancing 

the expression levels of BMP signaling modulators. SHh significantly upregulated activin 

receptor and SMAD1 expression in MC3T3-E1 cells. Furthermore, BMP-4 mediated 

phosphorylation of the C-terminal region of SMAD1 increased notably in MC3T3-E1 cells 

treated with SHh (144). Yet another important observation was that LNCaP cells produced 

SHh in response to BMPs. Moreover, BMPs and BMP-induced SHh worked synergistically 

and facilitated the osteoblastic differentiation of MC3T3-E1 cells. BMP-4 also inhibited the 
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growth of LNCaP  in  monoculture conditions. However, when MC3T3-E1 cells were co-

cultured with LNCaP, BMP-4 mediated growth inhibition was abolished. Surprisingly, BMP-

4 promoted LNCaP growth, suggesting that MC3T3-E1 cells supported growth and/or survival 

of LNCaP cells (144). 

 

SHh crosstalk with PDGFR 

Treatment of BRAF (V600E) metastatic melanoma with BRAF inhibitors is challenging due 

to acquired and intrinsic drug resistance. It has previously been convincingly determined that 

the use of BRAF inhibitors triggers SHh pathway activation with consequences on the  

upregulation of PDGFRα (Platelet-derived growth factor receptor α) (145). Due to activation 

of the SHh pathway in BRAF inhibitor treated melanoma cells, SHh inhibitors were tested. 

Data clearly suggested that SHh and BRAF inhibitors synergistically inhibit SHh and PDGFRα 

in melanoma cells. SHh inhibitor (40 mg/kg/day) enhanced the efficacy of vemurafenib to 

inhibit tumor growth of M21 cells in SCID mice (145).   

PDGRFα was noted to be significantly downregulated in sulforaphane administered 

xenografted mice. Gli1 and Gli2 were also observed to be repressed in mice xenografted with 

pancreatic cancer stem cells (146). 

 

Notch signaling 

The notch signaling pathway participates in multiple cell processes including differentiation, 

proliferation, and survival (147). Notch genes encode transmembrane receptors which have 

been shown to be upregulated together with their ligands in many types of cancer (148, 149). 

A well-established crosstalk between Notch signaling and the Hedgehog pathway has been 

reported by various authors in breast, multipotent mesodermal, glioblastoma and in prostate 

cancer cells with acquired resistance to docetaxel (150-153). It has been suggested that Notch 
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can directly suppresses the Hedgehog pathway via the repressive transcription factor Hes1, by  

inhibiting Gli1 transcription (153). In an in vivo animal model of ovarian cancer, Jagged1, a 

Notch ligand, reduced tumor growth partially through a crosstalk mechanism  with the Gli2 

mediator (154). 

It has been reported that CD133+ glioma stem cells are resistant to temozolomide (TMZ) 

therapy (155). Dose dependent TMZ treatment of CD133+ cells enhanced activities of the 

Notch and SHh pathways (156). Moreover, 500 μmol/L TMZ induced a significant 

upregulation of Gli1, HES1 and HES5 transcripts. A considerably higher apoptotic rate was 

noted in CD133+ cells in response to parallel treatment with GSI-1 (Notch inhibitor), 

cyclopamine (SHh pathway inhibitor) and TMZ (156).  

 

Crosstalk with different molecules 

WW domain containing oxidoreductase gene (WOX1) is a tumor suppressor that is frequently 

downregulated in glioblastoma cells. There was a significantly enhanced response to radiation 

therapy in glioblastoma cells reconstituted with WOX1. Another interesting finding of this 

research was that use of signaling inhibitor sensitized WOX1 expressing glioblastoma cells to 

radiation therapy (157).  

The Integrin Beta-4 (ITGB4)/ FAK signaling axis plays a contributory role in regulation of 

migration and invasion of ovarian cancer cells induced by SHh. There was a 3-fold increase in 

ITGB4 in SHh treated ovarian SKOV3 cancer cells (158). GANT61, an inhibitor of Gli1 and 

Gli2 was noted to be effective against SKOV3 cancer cells. ITGB4 was markedly reduced in 

cells treated with GANT61. Phosphorylation of FAK (Focal adhesion kinase) at 397th tyrosine 

residue was notably enhanced in SKOV3 cells stimulated with SHh. However, despite 

stimulation with SHh, treatment of SKOV3 cells with an anti-ITGB4 blocking antibody 

dramatically reduced FAK (Tyr397) phosphorylation (158). GANT61 (25 mg/kg, three times 
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per week) significantly reduced tumor growth in mice subcutaneously implanted with SKOV3 

cells (158).   

 

Crosstalk between Hedgehog inhibition and other signaling pathways 

The Hedgehog pathway is a highly evolutionarily conserved signaling pathway (159). In 

mammals, this pathway controls embryonic development but can also be over-activated in a 

wide diversity of human cancers, with great importance in the self renewal capacity of cancer 

stem-like cells (160). The downstream activation of Gli transcription factors leads to the 

transcription of gene products that promote cell proliferation, cell renewal and survival (Figure 

2) (161). Given the important role of this pathway in some cancers, the inhibition of the 

Hedgehog pathway is a potential and promising target for anticancer therapy. While the 

Hedgehog pathway contributes to tumorigenesis, many other pathways are involved in the 

sustenance of the carcinogenesis related processes, suggesting that the combined inhibition of 

the Hedgehog pathway and connected signaling pathways would be a better and effective 

strategy against some types of cancer. 

Crosstalk between Hedgehog signaling and a wide range of other signaling pathways has been 

evidenced. One of the most investigated connections consists of functional association of the 

Hh signaling with epidermal growth factor receptor (EGFR), as this latter is involved in the 

activation of many other signaling pathways such as phosphoinositide 3-kinase 

(PI3K)/AKT/mTOR, mitogen-activated protein kinases (MAPKs), signal transducer and 

activator of transcription (STAT), SRC/FAK pathway or phospholipase C (162). Through its 

downstream effects, EGFR signaling regulates a broad spectrum of biological processes such 

as cell proliferation and survival. Aberrant activation of EGFR signaling is directly linked with  

the development and growth of tumor cells (162, 163). A wide range of in vitro studies have 

shown that Hedgehog and EGFR pathways synergize in the stimulation of cell proliferation 
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and invasion. Indeed, alteration of at least one of the two signaling pathways is found in about 

one-third of all cancers; moreover, deregulation of both in the same tumor is common (46). For 

example, cooperation between both pathways has been evidenced in neural stem cells, in 

medulloblastoma cells, in HaCaT keratinocytes and in prostate cancer cells (164-167). 

Cooperation between EGFR signaling and Hedgehog has been highlighted via induction of the 

RAS/RAF/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase 

(ERK) signaling (168, 169). In an in vivo animal human model of non small-cell lung cancer 

(NSCLC) with acquired resistance to EGFR-inhibitors, Hedgehog signaling demonstrated a 

significant role in mediating the resistance to the inhibitors, via favoring of the epithelial to 

mesenchymal transition (EMT) (170). This cooperation was also found in head and neck 

squamous cell cancer (HNSCC) where significant reduction in cell proliferation and colony 

formation was reported after dual targeting of EGFR and Hedgehog pathways (171). 

The RAS/RAF/MEK/ERK pathway is a central controller of cell proliferation and survival and, 

consequently, alterations to some of its components lead to hyperactivation of the pathway, an 

event related to numerous types of cancer (172). High rates of alterations to this pathway are 

found in leukemia, colorectal, pancreatic and lung cancers (173). Moreover, synergistic 

activation of both RAS/RAF/MEK/ERK and Hedgehog pathways are reported in a diverse 

spectrum of malignancies (173). Experimental evidence shows that co-activation of both 

pathways resulted in the formation of pancreatic intraepithelial neoplasias in a transgenic 

mouse model (174). In another study, mice lacking Gli1 presented a reduced progression of 

KRAS-induced pancreatic preneoplastic lesions (175). In pancreatic cancer cells, KRAS was 

shown to be capable of Hedgehog pathway activation via MEK/ERK1/2, increasing the levels 

and the transcriptional activity of Gli1 levels. This activation was blocked by siRNA targeted 

towards KRAS inhibition, or by pharmacological inhibition of MEK (176). In addition, many 

studies have provided evidence of crosstalk between aberrant activation of the Hedgehog 
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pathway and ERK1/2 in different types of cancer (see (177) for review). 

The PI3K/AKT/mTOR signaling pathway constitutes an important mechanisms that regulates 

numerous cellular processes such as growth, proliferation, differentiation and apoptosis (178). 

Consequently, deregulation of this pathway favors the survival of cancer cells and their 

proliferation and progression into cancer (179). Additionally, treatment of HeLa cells with 

rapamycin, an inhibitor of mTORC1, has been shown to regulate nuclear localization and 

transcriptional activity of Gli3, suggesting a crosstalk between PI3K/AKT/mTOR and 

Hedgehog signaling  (180). A synergistic relationship was also reported between both pathways 

in embryonic development and in Hedgehog-dependent tumors (181). Cooperation between 

PI3K/AKT and Hedgehog pathways has been shown to promote cancer cell survival, 

proliferation and metastasis in esophageal (182, 183), pancreatic (3, 184), soft-tissue sarcoma 

(185), or biliary tract cancer cells (186). Another interesting study on immunohistochemical 

analysis of primary human gastric tumor biopsies found that activation of the Hedgehog 

pathway was directly correlated with lymph node metastasis through PI3K/Akt interaction 

(187). 

The Wnt/β-catenin signaling pathway is involved in determination of cell fate and organ 

development during embryonic growth, but also participates in the regulation of tissue renewal 

in adults (188). Alterations of the Wnt/β-catenin pathway and its components have been related 

to carcinogenesis mechanisms (189-191). Moreover, signaling interference between Wnt and 

Hedgehog pathways has been found in gastric and prostatic cancer cells (192, 193). An over-

expression of Gli1 in endometrial cancer cell lines leads to an increased expression of nuclear 

β-catenin, evidencing a direct interaction of Gli1 with β-catenin (194). However, a great 

heterogeneity in gene expression and interactions in the activation of Wnt and Hedgehog 

pathways was found in stage III serous ovarian cancer (195). These data suggest that such 

variability could be one of the main causes for drug resistance in this type of cancer. 
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In addition to these signaling pathways, other pathways could also synergistically interact with 

the Hedgehog signaling pathway in different types of cancer. Among these signaling pathways, 

the androgen receptor (196), hypoxia inducible factor (HIF)-1 (197), interleukin (IL)-6/IL-

6r/gp130 (198) or transforming growth factor-beta TGFβ (199) pathways bear particular 

mention. 

 

Trickier aspects of Hedgehog inhibitionResults obtained in preclinical experiments represent 

evidence that stands at the base of the claims that the Hedgehog signaling forms a pivotal 

component in the onset, pathogenesis, self-renewal, and chemotherapy resistance in several 

typologies of human cancers. Therefore, the main associated  proteins (SHh, Smo, and Gli1/2) 

have been characterized as key targets for the development of novel and targeted cancer 

therapeutics. Actually many SHh-SMO-Gli pathway inhibitors have been investigated in 

preclinical investigations and clinical trials, and this is of particular interest as both downstream 

effectors (Smo and Gli1/2) could be activated by SHh-independent stimuli. The safety of 

Hedgehog signaling inhibition has been reported in several studies (200-206), where nearly all 

patients treated showed at least one treatment-emergent adverse effect, most of them mild or 

moderate, with a high incidence rate (95–100%) across studies, due to the inhibition of the 

Hedgehog pathway in normal tissues. Commonly observed adverse effects in patients include 

muscle spasms, weight loss, ageusia/dysgeusia, asthenia, and alopecia. While these adverse 

effects are of mild or moderate intensity, their long-term nature can lead to a substantial 

decrease in quality of life, leading to cases of discontinuation of the treatment, and in some 

cases even interruption. For instance, muscle spasms (with mild or moderate intensity) can 

occur in any location, but these occur more frequently at the level of the lower leg and foot, 

with high incidence in elderly individuals and are also more frequent at night (207). These 

effects are due to the activation of non-canonical Smo/Ca2+/AMPK signaling and inhibition of 
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the canonical Smo signaling pathway, with an increase of Ca2+ influx in the cells and 

subsequent contractions (57). The inhibition of the Hedgehog pathway also has a fundamental 

role in the differentiation and maintenance of taste buds (208, 209). In fact, Vismodegib-treated 

patients report taste disturbances in ~ 50-71% of the cases, due to a decrease in the number of 

SHh-expressing type IV taste cells (210) critical for the differentiation of taste bud in adults. 

Another side effect of Vismodegib treatment is alopecia, which occurs in ~46-66% of the 

patients and has a longer time to onset (at least 2 months after the start of treatment) and it is 

related to the follicles being prevented from transition to the anagen phase after shedding of 

hair in the telogen phase. 

Despite significant progress within the development of synthetic Hh inhibitors, 

acquisition of drug resistance remains a stringent issue. Independent studies have observed 

these mechanisms in their attempt to inhibit Smo activity (211-213). Therefore, several 

preclinical and clinical tests have revealed the appearance of drug-refractory tumors that 

provide new perspectives on the development of Hh inhibition based strategies. Specifically, 

within the first clinical tests, there was a case of a significant initial response from a MB patient 

treated with Vismodegib that presented tumor relapse within a short time period (90). 

Subsequent molecular characterizations revealed the presence of a de novo Smo missense 

mutation (D473H) that impeded the binding of the drug to the actual target; this mutation has 

no further effect on the actual pathway (213). This initial observation stimulated additional 

investigations, where the acquisition of Vismodegib resistance was shown to mainly rely on 

Smo mutations that hamper drug binding, and other genomic modifications that results in Sufu 

loss of function of Gli2 activation (214, 215). Similar mechanisms were also shown for 

sonidegib resistant tumors (mutations within Smo and Gli2 gain of function) in preclinical 

models (216). Cross-resistance was encountered for different Smo antagonists in vitro and in 

clinical trials (215, 217). An important role in the efficiency of Hh inhibitors is also attributed 
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to intra-tumor heterogeneity, where cells can differ in their response in concordance with their 

genomic pattern and translated molecules for targeting (214).  

Besides modifications of direct targets, drug resistance can occur due to feedback 

mechanisms represented by alterations of outside pathways. PI3K-mTOR signaling was found 

to be overexpressed in sonidegib resistant tumors compared to sensitive ones (216). BRD4 

(218), aPKC-ɩ/λ (219), and PDE4 (220) were identified as potent supplementary targets in 

reducing acquired resistance to Smo inhibitors.  

These mechanisms underline the importance of patient stratification, the inclusion of 

the tumor heterogeneity aspects into studies and the implementation of drug combinations that 

will limit the acquired resistance or activation of alternative compensatory mechanisms.  

 

Conclusion and future prospectsThe Hh pathway is highly repressed in most tissues in adults, 

although it can be reactivated in situations of tissue repair and/or regeneration. Moreover, in 

case of aberrant expression, the proliferative activity of the Hh pathway can play a significant 

role in the development and progression of many types of cancer. Diverse studies have 

highlighted the utility of inhibition of the Hh pathway against various malignancies; although 

the results have not always been satisfactory or conclusive. The complexity and heterogeneity 

of the pathways implicated in the development and progression of cancer, and the existence of 

an interrelationship and cross-talk mechanism between them, significantly limits the utility of 

single specific Hh inhibitors. Further research for the development of new inhibitors of the Hh 

pathway and additional clinical studies combining Hh inhibitors with other molecules 

impairing activity upon additional interconnected pathways may extend the therapeutic range 

of Hh related therapy in a  therapeutic cancer perspective. 

 

Take-home message 
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Cancer is a growing issue in today's population, associated, among other factors, with the 

increase in life expectancy. Although cancer research has progressed immensely, a great deal 

of knowledge, especially that related to molecular mechanics, is still required in order to 

develop novel, targeted and superior effective therapies. The search for new therapeutic targets 

that allow the cure or the delay of malignant progression represents a key point that must be 

addressed by science. The Hh pathway may appear to be a promising candidate for some types 

of cancer, however, we are still far from finding effective therapies with minimal side effects 

but potent malignant impairing ability. The low specificity and the existence of significant side 

effects of many anticancer agents make it important to look for other options such as natural 

products that are better tolerated by the population segment at risk and are to be proven to be 

effective. 
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Figure 1. Overview of the Hedgehog Pathway. Under normal conditions, the PTCH 1 

inhibits the Smo protein; In the presence of the Hh ligands (IHh, SHh and DHh), the 

inhibition of SMO is relieved and the translocation of Gli initiates the transcription of target 

genes. [PTCH1- patched 1; Smo- smoothened; Gli-glioma-associated transcription factors; 

IHh- Indian hedgehog; SHh- Sonic hedgehog; DHh- Desert hedgehog] 
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Figure 2. Hedgehog signaling cross-talk in cancer. The activation of Gli transcription factors 

can occur through canonical or non-canonical, respectively Smo-dependent and Smo-

independent mechanisms, transforming these molecules in central points in Hedgehog 

signaling. In cancer, Gli become molecular hubs due to the crosstalk with different pathways 

that conclude in cell survival, proliferation, EMT, stem cell self renewal, angiogenesis and 

genetic instability.  
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Table 1. Active agents against the Hedgehog pathway 

Therapeutic 

compound 

Hedgehog 

pathway 

target 

Pathology Effects Ref 

Vismodegib 
(GDC-0449) 

Smoothened 

(Smo) 

Solid tumors 

(clinical trial) 

Tolerance: good; 

Recommended dose: 150 

mg/d; Tumor response: in 20 

patients out of 68; Responsive 

pathology: advanced basal cell 

carcinoma (BCC) 

(221) 

Vismodegib 
(GDC-0449) 

combined with 

gemcitabine 

Gli1, PTCH1  Metastatic 

pancreatic 

adenocarcinoma 

 

Gli1 (95.6% patients) and 

PTCH1 (82.6% patients)  

downregulation; inhibited 

fibrosis (45.4%); no changes 

in cancer stem cells; GDC-

0449 in combination with 

gemcitabine have not shown 

an superior action compared to 

gemcitabine  

(222) 

NVP-LDE225 

(Erismodegib) 

Smoothened 

(Smo) 

Renal cell 

carcinoma 

(RCC) 

Superior affects in 

combination with everolimus 

or sunitinib than in 

monotherapeutic approaches; 

Reduced migration and 

invasion in vitro and in vivo; 

Decreased proliferation in 

vitro and in vivo; Effects 

observed even in SuR cells 

(sunitinib-resistant); Impaired 

paxillin expression; In vivo: 

reduced lung metastatic 

potential and increased 

survival    

(223) 

Cyclopamine Smoothened 

(Smo) 

Cholangiocarcin

oma (CCC) 

Increased PTCH1, Gli1, and 

SHh in patients tissue 

samples; Reduced EGI-1 cells 

proliferation after BMS-

833923 treatment, not so 

significant with Cyclopamine; 

Inhibition of Gli1 and PTCH1 

expression in vitro after BMS-

833923 treatment; Decreased 

tumor growth in vivo after 

BMS-833923 and gemcitabine 

combination, but only with 

slight differences on 

expression of the target genes; 

(224) 

BMS-833923 

BMS-833923 

combined with 

gemcitabine ACCEPTED M
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Superior effects in the case of 

the combined treatment than 

in the monotherapeutic 

strategy; No side effects   

GDC-0449 Smoothened 

(Smo) 

Medulloblastoma 

(case report)  

Patient clinical characteristics: 

26-year-old man, 

medulloblastoma confirmed at 

22 years old, initial treatment: 

resection, irradiation and 

treatment with carboplatin, 

etoposide, cyclophosphamide, 

and vincristine, recurrence  

after 2 years; GDC-0449 

treatment results: reduction of 

specific symptoms and also 

tumor, but with transitory 

characteristics; mutation of 

PTCH1 gene before treatment   

(225) 

NVP-LEQ506 Smoothened 

(Smo) 

Medulloblastoma Second generation inhibitor 

with activity on D473H cell 

line – mutant Smo (cell line 

isolated from the patient with 

recurrence after vincristine 

treatment – patient presented 

in the upper rows of the table); 

Active also in animal models 

of medulloblastoma - Ptch+/− 

Hic−/−  

(226) 

HhAntag Smoothened 

(Smo) 

Medulloblastoma Experimental model: 

Ptc1+/−p53−/− 

medulloblastoma mice; 

Inhibition of SHh pathway; 

Suppression of Gli1, Sfrp1, 

Math1, and Ptc2 expression; 

no changes in wt Ptc1 

expression; significant 

reduction of the tumor mass 

and increased cancer free 

survival   

(227) 

IPI-926 and 

gemcitabine 

Smoothened 

(Smo) 

Pancreatic ductal 

adenocarcinoma 

(PDA) 

Enhanced delivery of 

gemcitabine concluded with 

transitory stabilization of the 

disease  

(228) 

Robotnikinin Sonic 

Hedgehog 

(SHh) 

Human skin cells 

and tissue  

Inhibitory action on SHh 

signaling; No activity in in 

vitro models lacking Ptc1 

receptor; Inhibition of 

(229) 
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Gli1/Gli2;  

Itraconazole Smoothened 

(Smo) 

Medulloblastoma Hh impairing; No activity on 

the biosynthesis of 

cholesterol; Inhibitory action 

mediated by low density 

lipoprotein; Different 

inhibitory mechanism on Smo 

than one encountered in the 

case of cyclopamine 

administration; Tumor growth 

inhibition in vivo  

(230) 

CUR61414 Smoothened 

(Smo) 

Basal cell 

carcinoma 

(BCC) 

Inhibition of Hh signaling in 

cells characterized by inactive 

Ptch-1 (common model for 

BCC); Impairment of basaloid 

lesions, including the UV 

induced ones in mouse skin  

(231) 

PF-04449913 Smoothened 

(Smo) 

Advanced 

tumors (clinical 

trial) 

Good tolerance response from 

patients in the range of 80 to 

320 mg once daily; No severe 

adverse effects; >80% Gli1 

inhibition in skin tissue; 

34.8% of patients were 

characterized by stable 

disease, but no tested subject 

was associated with partial or 

complete response  

(232) 

Medulloblastoma

, colon and 

pancreatic cancer  

Significant tumor regression 

in Ptch1+/-p53 mouse model 

of medulloblastoma and also 

in PDX models for the same 

pathology (dose dependent 

action; Inhibition of Gli1 

expression and additional 

related target genes; Tumor 

regression in combination 

with chemotherapy in PDX 

models of colon and 

pancreatic cancer (63% and 

73% inhibition). 

(233) 

Hematological 

malignancies 

(clinical trial)  

Previous experimental model: 

PDX of CD34+ imatinib-

resistant chronic myeloid 

leukemia (CML) cells - 

inhibition of leukemic stem 

cell maintenance; Significant 

effects upon all malignancies 
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studied; G1/2 severity adverse 

side effects;    

IPI-926 

(Saridegib) 

Smoothened 

(Smo) 

Solid tumors 

(clinical trial)  

*IPI-926 – cyclopamine 

derivate with superior 

properties; Previous studies – 

efficient in B837Tx 

medulloblastoma allograft 

model, SCLC tumors and 

pancreatic cancer models; 

Range of tolerated doses: 20- 

160 mg; Most responsive 

patients: BCC ones; No 

hematological toxicities, no 

severe side effects;  

(235) 

GANT61 and 

GANT58 

GLI Hepatocarcinom

a, leukemia; 

pancreatic 

adenocarcinoma, 

prostate 

carcinoma  

Dose dependent interference 

with GLI1/2 transcription; 

GANT61 – impairment of 

GLI1/2 expression (HEK293 

cells); Administration of 

GANT inhibitors in Sufu−/− 

cells resulted in reduction of 

Gli1 and Hip1 transcript 

levels (no effects when 

cyclopamine was 

administrated) and also Hip1 

protein level; Specificity for 

Hh signaling; Inhibited colony 

formation in NIH 3T3 cells; 

PANC1 and 22Rv1 cells 

treated with GANT resulted in 

GLI1 and PTCH expression 

reduction (not the case of 

cyclopamine); Significant 

inhibition of cell growth in  

PANC1 and 22Rv1 cells 

(GLI1-positive); Restrictive 

inhibition in GLI1 low cells: 

HepG2 and Jurkat; In vivo 

inhibition of tumor growth in 

xenograft model of prostate 

cancer  

(236) 

Glabrescione B 

(GlaB) 

Gli1 zinc 

finger 

Medulloblastoma Inhibition of Gli1 in Smo−/− 

MEF cells with induced Gli1 

expression; Direct structural 

inhibition of Gli1; 

Suppression of Hh signaling 

and implicit growth of 

cerebellum-derived normal 
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progenitors in a Gli1 

dependent manner (in vitro 

and in vivo); Inhibition of 

medulloblastoma cell growth 

in vitro and in vivo   

Pyrvinium Casein 

Kinase-1α 

(CK1α) 

Medulloblastoma Inhibition of Hh signaling in 

stimulated cells (Light-II 

cells) concomitant with 

reduction of Gli1 and Ptch1; 

Reduced proliferation in 

primary cerebellar granular 

precursor cells; Inhibition of 

Hh in a Gli1 and Gli2 

dependent manner (increased 

degradation of Gli TFs) 

mediated by CK1α; Growth 

inhibition of medulloblastoma 

model (Ptch+/− derived 

medulloblastoma allograft) 

(238) 

FN1-8 Gli/TAF9 Lung cancer Inhibited Gli-mediated 

transcription activity (both 

Gli1/Gli2 and Gli/TAF9 

dependent); *Increased Gli1/2 

leveles in NSCLC tissue 

samples; Impairment of lung 

cancer cell proliferation; 

Inhibition of Gli function after 

TGFβ stimulation, not the case 

for cyclopamine; Reduced 

proliferation in a deficient 

Smo pancreatic cell line 

(BXPC3); not so accentuated 

effects in a mutant Smo 

pancreatic cell line with 

unaltered SHh pathway 

(CFPAC); Inhibition of tumor 

growth in an animal model of 

lung cancer (subcutaneous 

tumors - H460 and A549 cell 

lines)  

(239) 

Genistein Gli1 Prostate cancer  Reduction of cell growth - 

most potent effects within a 

total of seven tested botanical 

agents; Inhibition of Hh 

signaling through reduction of 

Gli1 transcript levels; 

Reduction of SHh-stimulated 

Gli reporter activity 
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Prostate cancer Inhibition of cancer stem cells 

properties toghther with the 

formation of tumorsphere; 

Significant reduction of tumor 

parameters in vivo and 

survival in combination with 

docetaxel; Inhibition of SHh-

stimulated Gli1 reporter 

activity; Impairment of Gli1 

expression at both transcript 

and protein level; Decrease in 

CD44 levels (CSCs marker)  

(241) 

Curcumin Gli1 Prostate cancer Reduction of cell growth; 

Inhibition of Hh signaling 

through reduction of Gli1 

transcript levels – most 

efficient within a total of 

seven tested botanical agents; 

Reduction of SHh-stimulated 

Gli reporter activity  

(240) 

 Medulloblastoma Reduction of SHh–Gli1 

network; Reduced protein 

level of SHh combined with 

reduced Gli1 and PTCH1; 

Inhibitory effect on β-catenin, 

phosphorylated Akt and NF-

κB with consequences on C-

myc, N-myc, and Cyclin D1 

levels; Increased apoptosis via 

Bcl-2 

(242) 

Resveratrol Gli1 Prostate cancer Reduction of cell growth; 

Inhibition of Hh signaling 

through reduction of Gli1 

transcript levels - most potent 

effects within a total of seven 

tested botanical agents 

(240) 

EGCG Gli1 Prostate cancer Reduction of cell growth; 

Reduction of SHh-stimulated 

Gli reporter activity 

(240) 

Ptch and Gli-

1 

Chondrosarcoma In vitro experimental model: 

SW1353 and CRL-7891 cells; 

Decreased growth and cell 

proliferation after EGCG 

administration; Increased 

apoptosis as shown by the 

morphological and structural 

parameters; Stimulation of 
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Bax expression and inhibition 

of Bcl-2; No effects on 

Caspase-3; Downregulation of 

Ptch and Gli-1 transcript 

levels, effects present also at 

the protein level;  

Smo, Gli1 

and Gli2 

Pancreatic cancer  Inhibition of Nanog, c-Myc 

and Oct-4 expression; 

reduction of CSCs self-

renewal properties; Increased 

apoptosis correlated with the 

expression of Bcl-2 and XIAP 

and Caspase-3 markers; 

Downregulation of Smo, Gli1 

and Gli2 and also of Gli 

transcriptional activity; 

Reduced migration through 

impairment of epithelial to 

mesenchymal markers: Snail, 

Slug and ZEB1 

(244) 
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