
Introduction

Stem cells are defined as cells that have the ability to sustain 

themselves through the self-renewal and to generate mature 

cells of a particular tissue through differentiation. Stem Cells 

have three distinct properties:- self-renewal, the capacity to 

develop into multiple new lineages, and the potential to 

proliferate extensively. The amalgamation of these three 

properties makes stem cells unique. The property of self-

renewal is especially notable, because its role is very 

important in relevance to oncogenesis and malignancy (Reya 

et al., 2001). Many studies have been conducted since last 

few years, that the characteristics of stem cells, are found 

relevant to some types of human cancers. The increased 

ability of self-renewal by stem cells, in combination to 

growth potential of stem cells, results in a cell with a 

phenotype similar to that of a cancer cell (Jordan et al., 2006; 

Al-Hajj and Clarke, 2004). Rare types of “tumor-initiating 

cells” have been identified in cancers of the hematopoietic 

system, brain and breast (Jordan et al., 2006). It is found that 

these properties of tumor-initiating cells closely resemble to 

the features of normal stem cells.  Such types of cells are 

termed as "cancer stem cells"(Jordan et al., 2006). As normal 

and cancer stem cells has the ability to self-renew, it is 

believed that newly arising cancer cells could be implying the 
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Abstract

Stem cell biology has come of an age. During the past few years, CSCs have been increasingly found in many 

malignancies. Tumor relapse and metastasis remains major hurdle for improving overall cancer survival. CSCs 

basically have slow growth rates and are resistant to chemotherapy and/or radiotherapy. Thus, new treatment strategies 

targeting CSCs can be developed. Various stem cell maintenance pathways such as Notch, Wnt and Hedgehog are 

found to be activated in the various cancers stem cells. Hedgehog signaling is most active during the embryonic 

development and aberrant reactivation of the pathway in adult tissue can lead to development of cancer. A variety of 

cancers such as brain, gastrointestinal, lung, breast and prostate cancer shows possible signs of activation of Hedgehog 

pathway. Targeted inhibition of Hedgehog signaling can be found effective in the treatment and prevention of many 

types of human cancers. Hence, the discovery and synthesis of specific Hedgehog pathway inhibitors may have 

significant clinical implications in novel cancer therapeutics. In this review, we have discussed Hedgehog signaling and 

its activation in different types of cancers and the development of  its targeted therapies.
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same self-renewing cell division that is observed in stem cells. 

CSCs have been found to involve activation of many signaling 

pathways such as Notch, Wnt and Hedgehog for development 

and tissue homeostasis (Kaur et al., 2018). The Notch signaling 

has been found to have a major role in stem cell fate, 

differentiation and cell cycle progression. It is over-activated in 

cancer and thus helps CSCs in their maintenance (Bandhavkar, 

2016). The Wnt family of signaling molecules triggers a 

signaling cascade resulting in activation of genes involved in 

stem cell maintenance, cell survival, proliferation, motility, 

migration and fate development during development, whereas 

Wnt abberant overexpression is responsible for activation of 

Wnt-signaling activity in transforming cells, favoring stemness 

and chemotherapy resistance (Gomez-Orte et al., 2013). 

Hedgehog signaling pathway plays a major role in embryonic 

growth development and in regulation of stem cell in skin and 

intestine. The abberant activation of Hedgehog pathway 

contributes to tumorigenesis in many of the human cancers 

(Bandhavkar, 2016; Taipale and Beachy, 2001). 

There are evidences which show that pathways associated with 

cancer also regulates normal stem cell development (Reye et al., 

2001; Valent et al., 2012). Although there are many features of 

stem cells that are preserved to greater or lesser extent in cancer 

stem cells, the key issue for consideration is the presence of the 

cancer cells for its normal growth. The concept of stem cells, as 

discussed can differ in many contexts i.e acquisition of features 

related to tumor progression, such as genetic instability and drug 

resistance, associated with cancer stem cells. It is becoming 

clear that a cancer treatment that fails to eliminate cancer stem 

cells helps in possible relapse of tumor, in which it is thought that 

disease is eradicated by chemotherapy, though there are chances 

of regrowth of tumor, with a believable justification that cancer 

stem cells might not have been completely destroyed (Jordan et 

al., 2006).

Hedgehog

The Hedgehog (Hh) gene was initially discovered by 

ChrsitianeNusslein-Volhard and Eric F. Weischaus in 1980 

during the screening of mutation for Drosophila larval body 

plane (Nusslein-Volhard and Wieschaus., 1980). The name 

Hedgehog is given due to the similarity between the spikes of the 

hedgehog (Varjosalo and Taipale, 2008; Ingham and McMahon, 

2001). It is found that, the things known for this pathway has 

been derived from the studies on Drosophila, and as a result 

many of the key elements have been conserved from flies to 

humans (Hahn et al., 1996; Goodrich et al., 1996). The general 

signaling mechanism for the Hedgehog pathway is preserved 

from fly to mammal although more and distinct components are 

discovered in mammalian cells (Jia et al., 2015).

The Hedgehog signaling pathway is one of the most 

fundamental signal transduction pathways in embryonic 

development, being responsible for patterning the 

developing neural tube, axial skeleton, limbs, lungs, skin, 

hair and teeth (Bellusci et al., 1997; Hardcastle et al., 1998; 

Marigo et al., 1996). The Hedgehog signaling pathway 

plays critical role in the growth and patterning during the 

embryonic development (Kubo et al., 2004). The Hh 

signaling pathway is responsible for tissue polarity, 

patterning maintenance, and stem cell maintenance during 

embryonic development (Takebe et al., 2011). Hedgehog 

signaling is conserved in vertebrates and highly active 

during mammalian development, however, some postnatal 

organs, such as the central nervous system and the lung, 

depends on continued Hh signaling for tissue homeostasis 

and repair following injury (Merchant and Matsui, 2010).

Signal Transduction of Hedgehog

The mechanism of Hh protein processing, secretion and 

signaling appears to be more or less conserved in evolutions 

between Drosophila and higher organisms, except certain 

difficulties. Drosophila has only one Hh gene, whereas 

vertebrates have three homologues within different spatial 

and temporal distribution patterns:- Sonic Hedgehog 

(SHh), Indian Hedgehog (IHh) and Desert Hedgehog 

(DHh). In-vitro studies of these protein suggests that each 

of these goes through the same signal transduction pathway, 

and that the different hedgehog gene regulates patterning of 

different organ systems on basis of their expression of their 

unique pattern (Gupta et al., 2010; Wicking et al., 1999; 

Porter et al., 1995; Varjosalo and Taipale, 2007). The most 

widely studied among the three is SHh which is expressed 

widely throughout the developing central nervous system, 

gut, limb, teeth and hair follicle (Goodrich et al., Bellusci et 

al., 1997; Wicking et al., 1999), whereas DHh and IHh plays 

an important role in the development of germline and 

skeletal system respectively (Bitgood et al., 1996; 

Vortkamp et al., 1996).

The Hh gene is found to be a secreted molecule, which is a 

precursor of N-terminal signaling unit and C-terminal 

protease domain. The precursor Hh molecule is cleaved to 

release the active signaling domain called HhNp. Now, the 

C-terminal domain of the Hh polypeptide helps in 

catalyzing an intramolecular cholesteroyl transfer resulting 

in formation of C-terminal cholesterol modified N-terminal 

Hh signaling domain. The eventual cholesterol 

modifications results in alliance of Hh with the membranes, 

thus opening the way for the final processing step, in which 

the palmitoyl group is added to the N-terminal of Hh, thus 

generating the active form of HhN. The gene Rasp plays a 

crucial role in encoding the enzyme, required for Hh 
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acylation and production of active Hh (Gupta et al., 2010; 

Varjosalo and Taipale, 2007; Porter et al., 1996).

Hh is released from the cell through the transmembrane 

transporter Dispatched after the acylation of Hh N-terminus with 

the help of the enzyme Rasp located in the endoplasmic 

reticulum (Micchelli et al., 2002). The Hh signaling cascade is 

initiated in the target cell with the Hh ligand binding to the 

Patched1 protein (PTCH). In the absence of Hh ligand , PTCH 

catalytically inhibits the activity of the seven transmembrane - 

span receptor protein called Smoothened (SMO), potentially by 

affecting its localization to the cell surface. Now, upon binding of 

the Hh to PTCH, the Hh-PTCH complex is internalized, resulting 

in the loss of PTCH activity, thus consequent activation of the 

SMO, which helps in transduction of the Hh signal to cytoplasm 

(Taipale et al., 2002). Localization of SMO helps in the initiation 

of the signaling cascade in the mammals, which leads to the 

activation of the GLI family of the zinc-finger transcription 

factors. There are total three GLI proteins act as three separate 

zinc-finger proteins - GLI1 and GLI2 as transcriptional 

activators and GLI3 as a transcriptional repressor (Altaba et al., 

2007; Corbit et al., 2005; Rubin and De Sauvage, 2006). The 

expression of GLI1 is considered to be actively dependent upon 

the Hh signaling and is thus often used as a marker of pathway 

activation (Gupta et al., 2010).

In the absence of a Hh ligand, PTCH blocks SMO activity and 

full-length GLI proteins are cleaved to create the repressor GLI , R

largely derived from GLI 3, which represses Hh target genes. Hh 

binding to PTCH alleviates the SMO inhibition, which helps in 

promoting the generation of the activator GLI , largely A

contributed by the GLI 2 and the subsequent expression of the 

target genes (Varjosalo and Taipale, 2007; Ferretti et al., 2005). 

Suppressor of fused (SUFU) acts as another negative regulator of 

the pathway by binding to Gli, both in the cytoplasm and in the 

nucleus, to prevent it from activating Hh target genes (Geng et al., 

2007).

 Hedgehog Signaling in Cancer

Abberant activation of the Hh pathway in cancers is due to two 

reasons: mutations in the pathway (ligand independent) or 

through the over expression of Hh ligand (ligand dependent) 

(Evangelista et al., 2006). Among the two reasons, three basic 

models have been proposed for Hh activity in cancer. The first to 

be discovered were Type I Hh-pathway-activating mutations, are 

considered to be ligand independent such as Basal Cell 

Carcinoma (BCC) and medullablastomas. Type II models are 

ligand dependent and have autocrine way of signaling, 

explaining that Hh is both produced and responded by the same 

tumor cells. Type III models are also ligand dependent but are 

found to have paracrine signaling, which suggests that Hh is 

produced by tumor epithelium which is received by the cells 

present in stroma, which feeds other signals back to the 

tumor to promote its growth and survival (Rubin and De 

Sauvage, 2006; Scales and De Sauvage, 2009).

Type I Hedgehog Signaling: Ligand Independent, 

Mutation driven

Hh signaling was initially linked to cancers, when 

identification of somatic PTCH mutations were found in 

patients of Gorlins syndrome (Hahn et al., 1996; Johnson et 

al., 1996). Patients diagnosed with Gorlins syndrome have a 

h igher  inc idence  ra t io  o f  deve loping  BCC,  

medulloblastoma and rhabdomyosarcoma. Further 

testament to the fact was provided by abnormal Hh activity 

observed due to the presence of PTCH or SMO mutations 

found in sporadic BCCs and medulloblastomas (Johnson et 

al., 1996; Xie et al., 1998; Pietsch et al., 1997). About 85% 

of the tumors had inactivating mutations in PTCH or 10% of 

the activating mutations in SMO were found. Other than 

PTCH and SMO mutations, many components of Hh 

pathway can be also found in cancers such as SUFU 

mutations observed in medulloblastoma, GLI1 and GLI3 

mutations related to adenocarcinoma, as well as GLI1 

mutation in glioblastoma (Merchant and Matsui, 2010; 

Taylor et al., 2002; Parsons et al., 2008). Deregulated Hh 

signaling has led to increased cell proliferation and tumor 

formation. These observations have been confirmed in the 

mouse models also. Similar to patients observed with 

Gorlin's syndrome, mice with PTCH mutations were seen 

with medulloblastoma and were with a higher risk to 

develop UV-induced BCC (Gupta et al., 2010; Azterbaum et 

al., 1999).

Type II Hedgehog Signaling: Ligand Dependent, Over-

Expression of Hh ligand

Several ligand-dependent cancers caused due to over-

expression of Hh ligands have been identified in various 

type of cancers, including lung (Watkins et al., 2003; Yuan 

et al., 2007), pancreatic (Thayer et al., 2003), upper 

gastrointestinal tract (Berman et al., 2003; Ma et al ., 2006), 

colorectal (Qualtrough et al., 2004), prostate (Karhadkar et 

al., 2004; Sanchez et al., 2004), breast (Mukherjee et al., 

2006) and melanoma (Stecca et al., 2007) tumors. In all of 

these malignancies, it was proposed that Hh was secreted in 

autocrine signaling, as Hh secreted from the tumor cell 

acted upon itself to stimulate proliferation or survival, 

leading to tumor growth (Scales and De Sauvage, 

2009).The tumors observed with these type of signaling are 

found dissimilar to BCCs or medulloblastomas as they do 

not have any mutations in Hh signaling pathway. Increased 

Hh activity has been observed either due to mutational 

activation or due to autocrine signaling, which have been 
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seen to induce the expression of genes affecting proliferation, 

cell-survival, angiogenesis and instability (Ingram et al., 2008; 

Pola et al., 2001; Regl et al., 2004).

Type III Hedgehog Signaling: Ligand Dependent, Paracrine 

Signaling

There have been reports that tumor Hh signaling may occur via 

paracrine way of signaling, and has emphasized the significance 

of Hh signaling in promoting the tumor microenvironment 

(Yauch et al., 2008; Jiang and Hui, 2008). Hh signaling is critical 

to the development and maintenance of the various epithelial 

structures such as small intestine (Ingham and McMahon, 2001; 

Theunissen and De Sauvage, 2009, Varjosalo and Taipale, 2008). 

In such type of signaling, Hh ligand is secreted by the epithelium 

and is received by the mesenchymal stroma, which plays an 

important role in affecting and stimulating the proliferation. As 

soon as the Hh target genes are activated, the mesenchyme 

produces additional molecules that feed back to the epithelium 

(Pola et al., 2001; Hegde et al., 2008; Becher et al., 2008) 

Recently, there has been an alternate type of paracrine signaling 
found in Hh signaling, known as "Reverse - Paracrine 

Signaling". In this type of signaling, Hh is received from the 
stroma and is received by the tumor cells (Theunissen and De 
Sauvage, 2009). In reverse paracrine signaling model, stromal 
Hh is considered to provide the appropriate tumor 
microenvironment for supporting tumor growth (Dierks et al., 
2007). Until now, this has been observed in malignancies such as 

multiple myeloma, lymphoma and leukemia (Scales and De 
Sauvage, 2009; Becher et al., 2008; Epstein, 2008). 

Hh signaling: A Modernistic Approach for Cancer 

Many recent findings have revealed various roles of the Hh 
signaling pathway in the development and progression of various 
cancers. Many key molecules of Hh pathway such as SHh, IHh, 
DHh, PTCH1, SMO, SUFU and GLI factors plays an important 
role in the development of cancer.

The first hint, that showed the involvement of Hh pathway in 

contributing to cancer development, came with the studies, 
which described mutations in PTCH1 gene in BCC. This was 
supported by the discovery of mutations in PTCH1, SMO and 
SUFU at a higher incidence in spontaneous BCCs or 
medulloblastomas (Geng et al., 2007; Kool et al., 2008; 
Didiasova et al., 2018). 

Abberant pathway activity has also been associated with 

response to increased levels of Hh ligand, found in many 
malignancies such as multiple myelomas, gastric, breast, 
prostate and pancreatic signaling. Autocrine signaling has been 
observed in many cases of multiple myelomas and gastric cancer. 
Paracrine signaling is also observed in prostate, pancreatic and 
lung cancer (Berman et al., 2002; Li et al., 2014; Bermudez et al., 

2013). Over expression of Hh pathway components has also 

been found to be the reason for the pathway over activation 
in lung, gastric, ovarian and skin cancer (Huang et al., 2011; 

Wang et al., 2014).

The expression of GLIs is also induced in glioblastomas and 

breast cancer. Though several mechanism of Hh pathway 

activation plays a major role in cancer development and 

progression, it all comes to the level of transcription factors 

- GLIs, which performs transcriptional response to Hh 

signaling. GLI induces expression of genes which were 

involved in (i) proliferation: Cyclin D1, Cyclin D2, insulin-

like growth factor 2 (IGF2), (ii) cell survival: B-cell 

lymphoma, (iii) angiogenesis: VEGF, (iv) genetic 

instability: p53 and (v) epithelial to mesenchymal transition 

and (vi) stem cell and self-renewal (Katoh and Katoh, 2009; 

Duman-Scheel et al., 2002; Laurendeau et al., 2010).

The clear link between the Hh pathways and human 

cancers, such as BCC and medulloblastoma, has garnered 

interest in identifying small molecule Hh antagonist to 

block the pathway (Chen et al., 2002). Initial evidences 

have been observed that Hh signaling can be 

pharmacologically inhibited by cyclopamine, a steroidal 

alkaloid derived from as an active Veratrum californicum, 

compound (Binns et al., 1972). Using cyclopamine or many 

small molecule antagonists, experiments have shown the 

prospective use of the compound by targeting the pathway 

in tumors when the pathway is mutated or in tumors where 

the Hh ligand is over-expressed (Chen et al., 2002; Frank-

Kamenetsky., 2002). Cyclopamine has been observed in 

mouse xenograft models to inhibit tumor growth and 

proliferation in human orthotopic glioma, melanoma, 

colon, pancreatic and prostate cancers (Varnat et al., 2009; 

Feldmann et al., 2007; Sanchez and Altaba, 2005, Stecca et 

al., 2007, Karhadkar et al., 2004).

Initially, cyclopamine was found as a first Hh inhibitor 

which could target SMO. As a result of that Gli activation 

was inhibited. However, cyclopamine exhibited several 

undesired side effects such as skin toxicity in mouse model 

along with poor solubility and acid sensitivity, which halted 

its clinical trials for treating the patients with Hh tumors.  

Such unacceptable results of cyclopamine led to identify 

highly soluble, acid stable and potentially more suited 

compound for Hh tumors. Eventually Vismodegib (GDC-

0449) was found with high solubility and acid stability as a 

standard therapy in patients with locally advanced, 

recurrent and metastatic BCC which was approved by the 

US Food and Drug Administration (FDA) in 2012 - a SMO 

antagonist (Chahal et al., 2018; Sekulic et al., 2012). 

Vismodegib binds to the SMO which is a downstrem 

activator of the pathway and suppresses its activity.  It has 

shown the positive results in phase I and phase II clinical 
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trials in a variety of carcinomas. It is a compound of high 

permeability with low aqueous solubility. Vismodegib gets 

metabolized by CYP2C9, P glycoproteins and CYP3A4/5 and 

excreted from body by haepatic route. In patients with advanced 

stage of BCC, a daily dose of 150 mg of Vismodegib for 6 

months and longer period of time showed various side effects 

such as alopecia, muscle spasms, weight loss, vomiting, 

diarrhoea, decreased appetite and fatigue in 20-40% of the 

patients (Abidi, 2014). Hh antagonists have also shown 

promises for treatment of medulloblastoma though human 

medulloblastoma tumors have seemed to be more responsive 

(Berman et al., 2002). In subsequent clinical trials for metastatic 

BCCs, Vismodegib treatment resulted in tumor regression 

which lead to the discovery of a novel SMO mutation in the 

tumor tissue (Rudin et al., 2009; Yauch et al., 2009).   Although 

Vismodegib has shown fruitful results in the initial phases of the 

clinical trials, its long term efficiency and sensitivity needs to be 

determined in phase III clinical trials.  Additionally, these trials 

have not been conducted in Indian population for efficacy and 

safety purpose which needs be determined before application in 

the wider range of the population and other tumors also (Abidi, 

2014). Recently, phosphotidylinositol 4 phosphate (PI4P) – a 

new player of the Hh has found to play role as a pathway 

activator. The cellular level of PI4P increases upon the activation 

of the Hh pathway (Jiang et al., 2016). Additionally, PI4P was 

found essential for the normal Hh signaling because knockout of 

the inositol 5 phosphatase resulted in decrease in cellular 

response to Hh pathway (Chavez et al., 2015; Garcia-Gonzalo et 

al., 2015). A change in local ciliary membrane could make as a 

target to control the elevated levels of PI4P and thus, may 

regulate the Hh signaling. However, further  experiments in-vivo

are needed to understand the mode of action for development of 

more efficient therapies for Hh pathway dependent tumors (Wu 

et al., 2017).  

Several other SMO antagonists such as PF-04449913 (Pfizer), 

LEQ-506 (Novartis Pharmaceuticals), Itraconazole (John 

Hopkins University) - all in Phase 1 clinical trials and Vitamin 

D3 (Mastricht University Medical Centre) and BMS-833923 

(Bristol-Myers Squibb) - in Phase 2 Clinical trials , are currently 

undergoing development (Chahal et al., 2018). 

Hh Signaling inhibitors have been also found which blocks the 

signaling by interaction between Hh ligand and PTCH receptor. 

5E1, a monoclonal antibody blocks the binding of Hh to PTCH 

and reduces the growth of breast, and GI tumors. It has also been 

used to inhibit growth of medulloblastoma in mouse models. 

However, animal models have shown a reduced tumor 

proliferation, increased tumor cell apoptosis and are found to 

have a better survival compared to cyclopamine-treated mice 

(Maun et al., 2010; Coon et al., 2010; Chang et al., 2013). Yet, it 

has not reached human trials. Robotnikinin is also found to have 

positive results on blocking Hh pathway by binding to Shh 

ligand (Stanton et al., 2009; Laukkanen and Domenica, 

2016). 

Considering, development of resistance for Vismodegib via 

SMO mutation, efforts were put to target the GLI which 

identified compounds (GANT 58 & GANT 56) to inhibit the 

transcription mediated by GLI (Akyla & Peppelenbosch, 

2018). Additionally, arsenic trioxide (ATO) is an approved 

FDA inhibitor of GLI1 and GLI2 transcription factors. ATO 

has also been found playing a major role in increasing 

apoptosis, reducing tumor cell growth and decreasing SHh 

target genes in osteosarcoma, acute promyelocytic leukemia, 

malignant pleural mesothelioma, malignant rhabdosarcoma, 

prostate, and colon cancer cell lines and xenograft models 

(Bansal et al., 2015; Cai et al., 2015; Kerl et al., 2014; 

Nakamura et al., 2013; Yang et al., 2013; You et al., 2014). It 

has been shown to inhibit GLI-dependent growth in 

medulloblastomas mouse models and block GLI2 

accumulation in primary cilia (Beauchamp et al., 2011). 

These drugs may become a boon in the future for the patients 

carrying chemoresistant tumors and poor prognosis.  

However, it is necessary to keep in mind while designing a 

novel compounds that such compounds must not disturb the 

Patched-dependent Smoothened-independent non-canonical 

signaling.

There have been other combination therapies also, which is 

suggestive of providing a more effective treatment strategy 

than a monotherapy. There have been many cross-talks 

between various pathways such as Wnt and Notch and 

combination therapies along with radiotherapy are under 

preclinical trials or clinical studies (Filbin et al., 2013; Ma et 

al., 2013). 

In addition to this, the different levels of Hh signaling 

pathway can be blocked via developing anti SHh-antibody 

could be an area to explore the research (Merchant et al., 

2017).   

Summary and Conclusion

Deregulated Hh signaling is associated with tumor growth 

and proliferation. It increases tumor aggressiveness and 

raises the frequency of metastasis. Targeting CSC via 

modification of the Hh pathway – an embryonic 

developmental signaling pathway holds the promise of 

preventing disease relapses. From the studies till now, it is 

very clear that there are various issues still to be solved out 

regarding the role of Hh signaling pathway in human cancers, 

including the precise mechanisms of signal transduction, the 

exact mode of signaling between tumor cells and the 

microenvironment, and the role of signaling cascade in the 

regulation of CSCs.  However, the study of this pathway is in 
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its infancy, informative molecular biomarkers that interrogate 

pathway activity and predict efficacy are necessary to yield 

mature products for cancer patients.

Conflicts of interest: Nil

References

Abidi A. 2014. Hedgehog signaling pathway: a novel target for 

cancer therapy: vismodegib, a promising therapeutic option 

in treatment of basal cell carcinomas. Indian journal of 

pharmacology, 46(1):3.

Akyala AI, Peppelenbosch MP. 2018. Gastric cancer and 

Hedgehog signaling pathway: emerging new 

paradigms. Genes & cancer, 9(1-2):1.

Al-Hajj M, Clarke MF. 2004. Self-renewal and solid tumor 

stem cells. Oncogene, 23(43):7274.

Altaba AR, Mas C, Stecca B. 2007. The Gli code: an 

information nexus regulating cell fate, stemness and 

cancer. Trends in cell biology, 17(9):438-447.

Aszterbaum M, Beech J, Epstein Jr EH. 1999. September. 

Ultraviolet radiation mutagenesis of hedgehog pathway 

genes in basal cell carcinomas. Journal of Investigative 

www.ajpp.in

Figure 1. Hedgehog Signaling Pathway: In the absence of Hh ligand,Figure 1(a), PTCH1 binds to SMO, thus preventing its 

translocation to cilium. This leads to sequestration of GLI in cytoplasm, their association with negative regulator, resulting into 

subsequent cleavage into GLI repressor form, which blocks Hh gene transcription. Whereas in the presence of Hh ligand Figure 

1(b), SMO inhibition by PTCH1 does not takes place, and SMO translocates to cilium, preventing GLI cleavage. GLI proteins 

get dissociated from SUFU, resulting into activation of GLI activator form, which then transports to nucleus, and helps in 

expressing target Hh gene.    

Hh Pathway Targets Malignancies References 

PTCH Basal Cell Carcinomas, Medulloblastoma, 

Rhabdomyosarcoma 

Geng et al., 2007; Kool et al., 2008; Tostar et al., 

2006 

SMO Basal Cell Carcinomas, Medulloblastoma, 

Triple negative  breast cancer 

Geng et al., 2007; Kool et al., 2008; Tao et al., 2011 

SUFU Medulloblastoma, Rhabdomyosarcoma Taylor et al., 2002; Tostar et al., 2006 

GLI1 Pancreatic Adenocarcinoma, Glioblastoma, 

Triple Negative Breast Cancer 

Parsons et al., 2008; Tao et al., 2011 

GLI3 Pancreatic Adenocarcinoma Parsons et al., 2008 

Hh ligand Lung Cancer, Pancreatic Cancer, Upper GI 

tract cancer, Colorectal Cancer, Prostate 

Cancer, Breast Cancer, Melanoma Cancer 

Watkins et al., 2003;  Thayer et al., 2003; Berman et 

al; 2003; Ma et al., 2006; Qualtrough et al., 2004; 

Karhadkar et al., 2004; Sanchez et al., 2004; 

Mukherjee et al., 2006; Stecca et al., 2007 

 

Table 1. Various Hh signaling pathway molecules as targets in various cancers

Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              540



Dermatology Symposium Proceedings (Vol. 4, No. 1, pp. 41-

45): Elsevier.

Bandhavkar S. 2016. Cancer stem cells: a metastasizing menace. 
Cancer medicine, 5(4):649-655.

Bansal N, Farley NJ, Wu L, Lewis J, Youssoufian H, Bertino JR. 
2015. Darinaparsin inhibits prostate tumor–initiating cells 
and Du145 xenografts and is an inhibitor of Hedgehog 
signaling. Molecular Cancer Therapeutics ,14(1):23-30.

Beauchamp EM, Ringer L, Bulut G, Sajwan KP, Hall MD, Lee 
YC, Peaceman D, Ozdemirli M, Rodriguez O, Macdonald 
TJ, Albanese C, Toretsky JA, Uren A. 2011. Arsenic trioxide 
inhibits human cancer cell growth and tumor development in 
mice by blocking Hedgehog/GLI pathway. The Journal of 
Clinical Investigation, 121(1):148-160.

Becher OJ, Hambardzumyan D, Fomchenko EI, Momota H, 
Mainwaring L, Bleau AM, Katz AM, Edgar M, Kenney AM, 
Cordon-Cardo Carlos, Blasberg RG, Holland EC. 2008. Gli 
activity correlates with tumor grade in platelet-derived 
growth factor–induced gliomas. Cancer research, 
68(7):2241-2249.

Berman DM, Karhadkar SS, Hallahan AR, Pritchard JI, Eberhart 
CG, Watkins DN, Chen JK, Cooper MK, Taipale J, Olson 
JM,  Beachy PA. 2002. Medulloblastoma growth inhibition 
by hedgehog pathway blockade. Science, 297(5586):1559-
1561.

Berman DM, Karhadkar SS, Maitra A, De Oca RM, Gerstenblith 
MR, Briggs K, Parker AR, Shimada Y, Eshleman JR, Watkins 
DN, Beachy PA. 2003. Widespread requirement for 
Hedgehog ligand stimulation in growth of digestive tract 
tumours. Nature 425(6960):846.

Bermudez O, Hennen E, Koch I, Lindner M, Eickelberg O. 2013. 
Gli1 mediates lung cancer cell proliferation and Sonic 
Hedgehog-dependent mesenchymal cell activation. PloS 
ONE 8(5):e63226.

Binns W, Keeler RF, Balls LD. 1972. Congenital Deformities in 
Lambs, Calves, and Goats Resulting from Maternal 
Ingestion of Veratrum californicum; Hare Lip, Cleft Palate, 
Ataxia, and Hypoplasia of Metacarpal and Metatarsal Bones. 
Clinical Toxicology, 5(2):245-261.

Bitgood MJ, Shen L, McMahon AP. 1996. Sertoli cell signaling 
by Desert hedgehog regulates the male germline. Current 
Biology, 6(3):298-304.

Cai X, Yu K, Zhang L, Li Y, Li Q, Yang Z, Shen T, Duan L, Xiong 
W, Wang W. 2015. Synergistic inhibition of colon carcinoma 
cell growth by Hedgehog-Gli1 inhibitor arsenic trioxide and 
phosphoinositide 3-kinase inhibitor LY294002. 
OncoTargets and Therapy, 8:877.

Chahal KK, Parle M, Abagyan R. 2018. Hedgehog pathway and 
smoothened inhibitors in cancer therapies. Anti-cancer 

drugs, 29(5):387-401.

Chang Q, Foltz WD, Chaudary N, Hill RP & Hedley DW. 
2013. Tumor–stroma interaction in orthotopic primary 
pancreatic cancer xenografts during hedgehog pathway 
inhibition. International Journal of Cancer 133(1): 225-
234.

Chávez M, Ena S, Van Sande J, de Kerchove d'Exaerde A, 
Schurmans S, Schiffmann SN. 2015.  Modulation of 
Ciliary Phosphoinositide Content Regulates Trafficking 
and Sonic Hedgehog Signaling Output. Development 
Cell, 34(3):338-350.

Chen JK, Taipale J, Cooper MK, Beachy PA. 2002. 
Inhibition of Hedgehog signaling by direct binding of 
cyclopamine to Smoothened. Genes & Development, 
16(21):2743-2748.

Coon V, Laukert T, Pedone CA, Laterra J, Kim KJ, Fults DW. 
2010. Molecular therapy targeting Sonic hedgehog and 
hepatocyte growth factor signaling in a mouse model of 
medulloblastoma. Molecular Cancer Therapeutics, 
9(9):2627-2636.

Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DY, 
Reiter JF. 2005. Vertebrate Smoothened functions at the 
primary cilium. Nature 437(7061):1018.

Didiasova M, Schaefer L, Wygrecka M, Sanda T. 2018. 

Targeting GLI Transcription Factors in Cancer. 

Molecules 23(5).

Dierks C, Grbic J, Zirlik K, Beigi R, Englund NP, Guo GR, 

Veelken H, Engelhardt M, Mertelsmann R, Kelleher JF, 

Warmuth M, Schultz P. 2007. Essential role of stromally 

induced hedgehog signaling in B-cell malignancies. 

Nature medicine, 13(8):944.

Duman-Scheel M, Weng L, Xin S, Du W. 2002. Hedgehog 

regulates cell growth and proliferation by inducing 

Cyclin D and Cyclin E. Nature 417(6886):299.

Epstein EH. 2008. Basal cell carcinomas: attack of the 

hedgehog. Nature Reviews Cancer, 8(10):743.

Evangelista M, Tian H, de Sauvage FJ. 2006. The hedgehog 

signaling pathway in cancer. Clinical Cancer Research, 

12(20):5924-5928.

Feldmann G, Dhara S, Fendrich V, Bedja D, Beaty R, 

Mullendore M, Karikari C, Alvarez H, Iacobuzio-

Donahue C, Jimeno A, Matsui W, Maitra A, Gabrielson 

KL. 2007. Blockade of hedgehog signaling inhibits 

pancreatic cancer invasion and metastases: a new 

paradigm for combination therapy in solid cancers. 

Cancer research, 67(5):2187-2196.

Ferretti E, de Smaele E, Di Marcotullio L, Screpanti I , 

Gulino A. 2005.  Hedgehog checkpoints in 

www.ajpp.in

Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              541



medulloblastoma: The chromosome 17p deletion paradigm. 

Trends Mol Med, 11(12):537-545.

Filbin MG, Dabral SK, Pazyra-Murphy MF, Ramkissoon S, 
Kung AL, Pak E, Chung J, Theisen MA, Yoko F, Sun Y, 
Shulman DS, Redjal N, Tabak B, Beroukhim R, Wang Q, 
Zhao J, Dorsch M, Buonamici S, Ligon KL, Kelleher JF, 
Segal RA, Sun Y. 2013. Coordinate activation of Shh and 
PI3K signaling in PTEN-deficient glioblastoma: new 
therapeutic opportunities. Nature Medicine, 19(11):1518.

Frank-Kamenetsky M, Zhang XM, Bottega S, Guicherit O, 
Wichterle H, Dudek H, Bumcrot D, Wang FY, Jones S, 
Shulok J, Porter JA, Rubin LL. 2002. Small-molecule 
modulators of Hedgehog signaling: identification and 
characterization of Smoothened agonists and antagonists. 
Journal of Biology, 1(2):10.

Garcia-Gonzalo FR, Phua SC, Roberson EC, Garcia G, Abedin 
M, Schurmans S, Inoue T, Reiter JF. 2015. Phosphoinositides 
Regulate Ciliary Protein Trafficking to Modulate Hedgehog 
Signaling. Development Cell. 34(4):400-409.

Geng L, Cuneo KC, Cooper MK, Wang H, Sekhar K, Fu A,  
Hallahan DE.  2007. Hedgehog signaling in the murine 
melanoma microenvironment. Angiogenesis, 10(4):259-
267.

Gómez-Orte E, Sáenz-Narciso B, Moreno S, Cabello J. 2013. 
Multiple functions of the non-canonical Wnt pathway. 
Trends in Genetics, 29(9):545-553.

Goodrich LV, Johnson RL, Milenkovic L, McMahon JA, Scott 
MP. 1996. Conservation of the hedgehog/patched signaling 
pathway from flies to mice: induction of a mouse patched 
gene by Hedgehog. Genes & Development, 10(3):301-312.

Gupta S, Takebe N, LoRusso P. 2010. Targeting the Hedgehog 
pathway in cancer. Therapeutic Advances in Medical 
Oncology 2(4): 237-250.

Hahn H, Wicking C, Zaphiropoulos PG, Gailani MR, Shanley S, 
Chidambaram A, Vorechovsky I, Holmberg E, Unden AB, 
Gillies S, Smyth I, Pressman C, Leffell DJ, Gerrard B, 
Goldstein AM, Dean M, Toftgard R, Chenevix-Trench G, 
Wainwright B, Bale A. E, Negus K. 1996. Mutations of the 
human homolog of Drosophila patched in the nevoid basal 
cell carcinoma syndrome. Cell, 85(6):841-851.

Huang S, Yang L, An Y, Ma X, Zhang C, Xie G, Chen Z, Xie J, 
Zhang H. 2011. Expression of hedgehog signaling molecules 
in lung cancer. Actahistochemica, 113(5):564-569.

Ingham PW, McMahon AP. 2001. Hedgehog signaling in animal 
development: paradigms and principles. Genes & 
Development, 15(23):3059-3087.

Ingram WJ, McCue KI, Tran TH, Hallahan AR, Wainwright BJ. 
2008. Sonic Hedgehog regulates Hes1 through a novel 
mechanism that is independent of canonical Notch pathway 

signalling. Oncogene,  27(10):1489.

Jia Y, Wang Y, Xie J. 2015. The Hedgehog pathway: role in 
cell differentiation, polarity and proliferation. Archives 
of Toxicology, 89(2):179-191.

Jiang J and Hui CC. 2008. Hedgehog signaling in 
development and cancer. Developmental Cell 15(6): 
801-812.

Jiang K, Liu Y, Fan J, Zhang J, Li XA, Evers BM, Zhu H, Jia 
J. 2016. PI (4)P  promotes phosphorylation and 
conformational change of Smoothened through 
interaction with its C-terminal tail. PLoS Biology, 
14(2):e1002375.

Johnson RL, Rothman AL, Xie J, Goodrich LV, Bare JW, 
Bonifas JM, Quinn AG, Myers RM, Cox DR, Epstein Jr 
EH, Scott MP. 1996. Human homolog of patched, a 
candidate gene for the basal cell nevus syndrome. 
Science, 272(5268):1668-1671.

Jordan CT, Guzman ML, Noble M. 2006. Cancer stem cells. 

New England Journal of Medicine, 355(12):1253-1261.

Karhadkar SS, Bova GS, Abdallah N, Dhara S, Gardner D, 

Maitra A, Isaacs JT, Berman DM, Beachy PA. 2004. 

Hedgehog signalling in prostate regeneration, neoplasia 

and metastasis. Nature, 431(7009): 707.

Katoh Y, Katoh M. 2009. Hedgehog target genes: 

mechanisms of carcinogenesis induced by aberrant 

hedgehog signaling activation. Current Molecular 

Medicine, 9(7):873-886.

Kaur G, Sharma P, Dogra N, Singh S. 2018. Eradicating 

Cancer Stem Cells: Concepts, Issues, and Challenges. 

Current Treatment Options in Oncology, 19(4):20.

Kerl K, Moreno N, Holsten T, Ahlfeld J, Mertins J, 

Hotfilder, M, Kool M, Bartelheim K, Schleicher S, 

Handgretinger R, Meistermerst M, Fruhwald MC, 

Schüller U. 2014. Arsenic trioxide inhibits tumor cell 

growth in malignant rhabdoid tumors in vitro and in 

vivo by targeting over-expressed Gli1. International 

Journal of Cancer, 135(4):989-995.

Kool M, Koster J, Bunt J, Hasselt NE, Lakeman A, Van 

Sluis P, Troost D, Schouten van-Meeteren N, Caron HN, 

Cloos J, Ylstra B, Grajkowska W, Hartmann W, Pietsch 

T, Ellison D, Clifford SC, Versteeg R, Mršić A. 2008. 

Integrated genomics identifies five medulloblastoma 

subtypes with distinct genetic profiles, pathway 

signatures and clinico-pathological features. PloS one, 

3(8): e3088.

Kubo M, Nakamura M, Tasaki A, Yamanaka N, Nakashima 

H, Nomura M, Kuroki S, Katano M. 2004. Hedgehog 

signaling pathway is a new therapeutic target for 

www.ajpp.in

Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              542



www.ajpp.in

patients with breast cancer. Cancer Research, 64(17):6071-

6074.

Laukkanen M, Domenica Castellone M. 2016. Hijacking the 

Hedgehog pathway in cancer therapy. Anti-Cancer Agents 

in Medicinal Chemistry (Formerly Current Medicinal 

Chemistry-Anti-Cancer Agents), 16(3):309-317.

Laurendeau I, Ferrer M, Garrido D, D'Haene N, Ciavarelli P, 

Basso A, Vidaud M, Bieche I, Salmon I, Szijan I. 2010. Gene 

expression profiling of the hedgehog signaling pathway in 

human meningiomas. Molecular Medicine, 16(7-8):262.

Li X, Wang Z, Ma Q, Xu Q, Liu H, Duan W, Lei J, Ma J, Wang 

X, Lv S, Li W, Guo J, Guo K, Zhang D, Wu E, Xie K, Han L. 

2014. Sonic hedgehog paracrine signaling activates stromal 

cells to promote perineural invasion in pancreatic cancer. 

Clinical Cancer Research, 20(16):4326-4338.

Ma J, Tian L, Cheng J, Chen Z, Xu B, Wang L, Li C, Huang Q. 

2013. Sonic hedgehog signaling pathway supports cancer 

cell growth during cancer radiotherapy. PLoS One, 8(6): 

e65032.

Ma X, Sheng T, Zhang Y, Zhang X, He J, Huang S, Chen K, 

Sultz J, Adegboyega PA, Zhang H, Xie J. 2006. Hedgehog 

signaling is activated in subsets of esophageal cancers. 

International Journal of Cancer, 118(1):139-148.

Marigo V, Davey RA, Zuo Y, Cunningham JM, Tabin CJ. 1996. 

Biochemical evidence that patched is the Hedgehog 

receptor. Nature, 384(6605):176.

Maun HR, Wen X, Lingel A, de Sauvage FJ, Lazarus RA, Scales 

SJ, Hymowitz SG. 2010. Hedgehog pathway antagonist 

5E1 binds hedgehog at the pseudo-active site. Journal of 

Biological Chemistry, 285(34):26570-26580.

Merchant AA, Matsui W. 2010. Targeting Hedgehog- a cancer 

stem cell pathway. Clinical Cancer Research, 16(12):3130-

3140.

Merchant JL, Ding L. 2017.  Hedgehog Signaling Links 

Chronic Inflammation to Gastric Cancer Precursor Lesions. 

Cellular and Molecular Gastroenterology and Hepatology, 

3:201-210.

Micchelli CA, Selva E, Mogila V, Perrimon N. 2002. Rasp, a 

putative transmembrane acyltransferase, is required for 

Hedgehog signaling. Development 129(4):843-851.

Mukherjee S, Frolova N, Sadlonova A, Novak Z, Steg A, Page 

G, Welch DR, Lobo-Ruppert SM,  Ruppert M, Johnson MR, 

Frost AR. 2006. Hedgehog signaling and response to 

cyclopamine differs in epithelial and stromal cells in benign 

breast and breast cancer. Cancer Biology & Therapy, 5(6): 

674-683.

Nakamura S, Nagano S, Nagao H, Ishidou Y, Yokouchi M, 

Abematsu M, Yamamoto T, Komiya S, Setoguchi T. 2013. 

Arsenic trioxide prevents osteosarcoma growth by 

inhibition of GLI transcription via DNA damage 

accumulation. PLoS One 8(7): e69466.

Nüsslein-Volhard C, Wieschaus E. 1980. Mutations 

affecting segment number and polarity in Drosophila. 

Nature, 287(5785):795.

Parsons DW, Jones S, Zhang X, Lin J. CH, Leary RJ, 

Angenendt P, Mankoo P, Carter H, Siu IM, Gallia GL, 

McLendon R, Rasheed BA, Keir S, Nikolskaya T, 

Nikolsky Y, Busam DA, Tekleab H, Diaz Jr. LA, 

Hartigan J, Smith DR, Strausberg RL, Nagahashi Marie 

SK, Oba Shinjo SM, Yan H, Riggins GJ, Bigner DD, 

Karchin R, Papadopoulos N, Parmigiani G, Vogelstein 

B, Velculescu VE, Kinzler KW, Olivi A. 2008. An 

integrated genomic analysis of human glioblastoma 

multiforme. Science 321(5897):1807-1812.

Pietsch T, Waha A, Koch A, Kraus J, Albrecht S, Tonn J, 

Sorenson N, Berthold F, Henk B, Schmandt N, Von 

Deimling A, Wainwright B, Chenevix Trench G, 

Wiestler OD, Wicking C, Wolf HK. 1997. 

Medulloblastomas of the desmoplastic variant carry 

mutations of the human homologue of Drosophila 

patched. Cancer Research, 57(11):2085-2088.

Pola R, Ling LE, Silver M, Corbley MJ, Kearney M, 

Pepinsky RB, Shapiro R, Taylor FR, Baker DP, Asahara 

T, Isner JM. 2001. The morphogen Sonic hedgehog is an 

indirect angiogenic agent upregulating two families of 

angiogenic growth factors. Nature Medicine, 7(6):706.

Porter JA, Von Kessler DP, Ekker SC, Young KE, Lee JJ, 

Moses K & Beachy PA. 1995. The product of hedgehog 

autoproteolytic cleavage active in local and long-range 

signalling. Nature 374(6520): 363-366.

Porter JA, Young KE, Beachy PA. 1996. Cholesterol 

modification of hedgehog signaling proteins in animal 

development. Science 274(5285):255-259.

Qualtrough D, Buda A, Gaffield W, Williams AC, Paraskeva 

C. 2004. Hedgehog signalling in colorectal tumour cells: 

induction of apoptosis with cyclopamine treatment. 

International Journal of Cancer, 110(6):831-837.

Regl G, Kasper M, Schnidar H, Eichberger T, Neill GW, 

Philpott MP, Esterbauer H, Hauser-Kronberger C, 

Frischauf AM, Aberger F. 2004. Activation of the BCL2 

promoter in response to Hedgehog/GLI signal 

transduction is predominantly mediated by GLI2. 

Cancer Research, 64(21):7724-7731.

Reya T, Morrison SJ, Clarke MF & Weissman IL. 2001. 

Stem cells, cancer, and cancer stem cells. Nature 

414(6859): 105.

Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              543



Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              544

Rubin LL, de Sauvage FJ. 2006. Targeting the Hedgehog 

pathway in cancer. Nature reviews Drug discovery 

5(12):1026.

Rudin CM, Hann CL, Laterra J, Yauch RL, Callahan CA, Fu L, 

Holcomb T, Stinson J, Gould SE, Coleman B, Von Hoff 

DD, de Sauvage FJ, Low JA , Lo Russo PM. 2009. 

Treatment of medulloblastoma with hedgehog pathway 

inhibitor GDC-0449. New England Journal of Medicine, 

361(12):1173-1178.

Sanchez P, I Altaba AR. 2005. In vivo inhibition of 

endogenous brain tumors through systemic interference of 

Hedgehog signaling in mice. Mechanisms of 

Development, 122(2):223-230.

Sanchez P, Hernández AM, Stecca B, Kahler AJ, DeGueme 

AM, Barrett A, Beyna M, Datta MW, Datta S & i Altaba 

AR. Inhibition of prostate cancer proliferation by 

interference with SONIC HEDGEHOG-GLI1 signaling, 

2004, Proceedings of the National Academy of Sciences of 

the United States of America, 101(34):12561-12566.

Scales SJ & de Sauvage FJ. 2009. Mechanisms of Hedgehog 

pathway activation in cancer and implications for therapy. 

Trends in Pharmacological Sciences, 30(6): 303-312.

Sekulic A, Migden MR, Oro AE, Dirix L, Lewis KD, 

Hainsworth JD, Solomon JA, Yoo S, Arron ST, 

Friedlander PA,  Rudin CM, Chang AL S, Low JA, 

Mackey HM, Yauch RL, Graham RA, Reddy JC, 

Hauschild A, Marmur E. 2012. Efficacy and safety of 

vismodegib in advanced basal-cell carcinoma. New 

England Journal of Medicine, 366(23):2171-2179.

Stanton BZ, Peng LF, Maloof N, Nakai K, Wang X, Herlihy 

KM, Duffner JL, Taveras KM, Hyman JM, Lee SW, 

Koehler AN, Fox JL, Mandinova A, Schreiber SL, Chen 

JK. 2009. A small molecule that binds Hedgehog and 

blocks its signaling in human cells. Nature Chemical 

Biology, 5(3):154.

Stecca B, Mas C, Clement V, Zbinden M, Correa R, Piguet V, 

Beerman F & i Altaba AR. Melanomas require 

HEDGEHOG-GLI signaling regulated by interactions 

between GLI1 and the RAS-MEK/AKT pathways, 2007, 

Proceedings of the National Academy of Sciences 

104(14): 5895-5900.

Taipale J, Beachy PA. 2001. The Hedgehog and Wnt 

signalling pathways in cancer. Nature 411(6835):349.

Taipale J, Cooper MK, Maiti T, Beachy PA. 2002. Patched acts 

catalytically to suppress the activity of Smoothened. 

Nature 418(6900):892.

Takebe N, Harris PJ, Warren RQ, Ivy SP. 2011. Targeting 

cancer stem cells by inhibiting Wnt, Notch, and Hedgehog 

pathways. Nature reviews Clinical oncology, 8(2):97.

Tao Y, Mao J, Zhang Q, Li L. 2011. Overexpression of 

Hedgehog signaling molecules and its involvement in 

triple-negative breast cancer. Oncology letters, 

2(5):995-1001.

Taylor MD, Liu L, Raffel C, Hui CC, Mainprize TG, Zhang 

X, Agatep R, Chiappa S, Gao L, Lowrance A, Goldstein 

AM, Stavrou T, Scherer SW, Dura WT, Wainwright B, 

Squire JA, Rutka JT, Hogg D, Hao A. 2002. Mutations in 

SUFU predispose to medulloblastoma. Nature Genetics, 

31(3):306.

Thayer SP, di Magliano MP, Heiser PW, Nielsen CM, 

Roberts DJ, Lauwers GY, Qi YP, Gysin S, Fernandez del-

Castillo C, Yagnik V, McMahon M, Warshaw AL, 

Hebrok M, Antoniu B. 2003. Hedgehog is an early and 

late mediator of pancreatic cancer tumorigenesis. 

Nature, 425(6960):851.

Theunissen JW, de Sauvage FJ. 2009. Paracrine Hedgehog 

signaling in cancer. Cancer Research, 69(15):6007-

6010.

Tostar U, Malm CJ, Meis-Kindblom JM, Kindblom LG, 

Toftgård R, Undén AB. 2006. Deregulation of the 

hedgehog signalling pathway: a possible role for the 

PTCH and SUFU genes in human rhabdomyoma and 

rhabdomyosarcoma development. The Journal of 

Pathology, 208(1):17-25

Valent P, Bonnet D, de Maria R, Lapidot T, Copland M, Melo 

JV, Chomienne C, Ishikawa F, Schuringa JJ, Stassi G, 

Hermann H, Soulier J, Roesch A, Schuuurhuis GJ, 

Wohrer S, Arock M, Zuber J, Cerny-Reiterer S, Johnsen 

HE, Andreeff M, Eaves C, Huntly B. 2012. Cancer stem 

cell definitions and terminology: the devil is in the 

details. Nature Reviews Cancer, 12(11):767

Varjosalo M, Taipale J. 2007. Hedgehog signaling. Journal 

of cell science, 120(1):3-6.

Varjosalo M, Taipale J. 2008. Hedgehog: functions and 

mechanisms. Genes & Development, 22(18):2454-

2472.

Varnat F, Duquet A, Malerba M, Zbinden M, Mas C, Gervaz 

P, i Altaba AR. 2009. Human colon cancer epithelial cells 

harbour active HEDGEHOG‐GLI signalling that is 

essential for tumour growth, recurrence, metastasis and 

stem cell survival and expansion. EMBO Molecular 

Medicine, 1(6-7):338-351.

Von Hoff DD, LoRusso PM, Rudin CM, Reddy JC, Yauch 

RL, Tibes R, Weiss GJ, Borad MJ, Hann CL, Brahmer 

JR, Mackey HM, Lum BL, Darbonne WC, Marsters Jr. 

JC, de Sauvage FJ, Low JA. 2009. Inhibition of the 

www.ajpp.in



Asian Journal of Pharmacy and Pharmacology 2018; 4(5): 535-545                                              545

Hedgehog pathway in advanced basal-cell carcinoma. New 

England Journal of Medicine, 361(12):1164-72.

Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin 

CJ. 1996. Regulation of rate of cartilage differentiation by 

Indian hedgehog and PTH-related protein. Science, 

273(5275):613-622.

Wang ZS, Shen Y, Li X, Zhou CZ, Wen YG, Jin YB, Li JK. 2014. 

Significance and prognostic value of Gli-1 and Snail/E-

cadherin expression in progressive gastric cancer. Tumor 

Biology, 35(2):1357-1363.

Watkins DN, Berman DM, Burkholder SG, Wang B, Beachy PA, 

Baylin SB. 2003. Hedgehog signalling within airway epithelial 

progenitors and in small-cell lung cancer. Nature 

422(6929):313.

Wicking C, Smyth I, Bale A. 1999. The hedgehog signalling 

pathway in tumorigenesis and development. Oncogene 

18(55):7844.

Wu F, Zhang Y, Sun B, McMahon AP, Wang Y. 2017. Hedgehog 

signaling: from basic biology to cancer therapy. Cell Chemical 

Biology, 24(3):252-280.

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, 

Lam C, Hynes M, Goddard A, Epstein Jr EH, de Sauvage FJ, 

Rosenthal A. 1998. Activating Smoothened mutations in 

sporadic basal-cell carcinoma. Nature, 391(6662): 90.

Yang D, Cao F, Ye X, Zhao H, Liu X, Li Y, Shi C, Wang H, Zhou J. 

2013. Arsenic trioxide inhibits the Hedgehog pathway which is 

aberrantly activated in acute promyelocytic leukemia. 

Actahaematologica, 130(4):260-267.

Yauch RL, Dijkgraaf GJ, Alicke B, Januario T, Ahn CP, Holcomb 

T, Pujara K, Stinson J, Callahan CA, Tang T, Kan Z, Seshagiri 

S, Hann CL, Gould SE, Low JA, Rudin CM, de Sauvage FJ, 

Bazan JF. 2009. Smoothened mutation confers resistance to a 

Hedgehog pathway inhibitor in medulloblastoma. Science, 

326(5952):572-574.

Yauch RL, Gould SE, Scales SJ, Tang T, Tian H, Ahn CP, Marshall 

D, Fu L, Januario T, Kallop D, Kotkow K, Marsters Jr JC, 

Rubin LL, Nannini-Pepe M. 2008. A paracrine requirement for 

hedgehog signalling in cancer. Nature, 455(7211):406.

You M, Varona-Santos J, Singh S, Robbins DJ, Savaraj N, Nguyen 

DM. 2014. Targeting of the Hedgehog signal transduction 

pathway suppresses survival of malignant pleural 

mesothelioma cells in vitro. The Journal of Thoracic and 

Cardiovascular Surgery, 147(1):508-516.

Yuan Z, Goetz J. A, Singh S, Ogden SK, Petty WJ, Black CC 

Mermoli VA, Dmitrovsky E, Robbins DJ. 2007. Frequent 

requirement of hedgehog signaling in non-small cell lung 

carcinoma. Oncogene, 26(7):1046.

Abbreviations

ATO : Arsenic Trioxide

BCC : Basal Cell Carcinoma

CSCs : Cancer Stem Cells

DHh : Desert Hedgehog

FDA : Food and Drug Administration

Hh : Hedgehog

IHh : Indian Hedgehog

PTCH1: Patched 1 protein

SHh : Sonic Hedgehog 

SMO1 : Smoothened1 protein

www.ajpp.in


