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Abstract  

Basal cell carcinoma (BCC) is the most common cancer in the United States affecting 

millions of people annually.  The pathophysiology of BCC is multifactorial and is influenced by 

environmental factors such as ultraviolet radiation exposure and genetics.  There are common 

and aggressive subtypes of BCC, which are further characterized by their clinical appearance and 

histologic features.  The common subtypes, such as nodular and superficial BCC are slow-

growing and indolent.  In contrast, the aggressive subtypes, such as the morpheaform and 

sclerotic variants are more likely to result in local tissue destruction, but rarely metastasize.   

The molecular pathogenesis of BCC was first discovered while studying basal cell nevus 

syndrome (BCNS), an inherited syndrome, which often manifests with large numbers of BCCs at 

a young age.  BCNS researchers discovered the defective tumor suppressor gene, Patched 1, in 

the hedgehog signaling pathway that was found to underlie the pathophysiology of the syndrome 

as well as most sporadic BCCs.  From further studies, additional members of the pathway have 

also been implicated as playing an oncogenic role in the formation of BCC.   

The gold standard treatment for non-advanced BCC is surgical excision.  However, the 

focus of this review is the treatment of advanced BCCs, such as metastatic and locally advanced 

forms.  Until recently, chemotherapy and radiation were the primary treatments for non-

surgically resectable advanced BCCs.  Now, with the recent advent of hedgehog pathway 

inhibitors, innovative treatment modalities for advanced BCC are at the forefront of current 

research.   

This thesis aims to conduct a thorough review of the epidemiology, clinical presentation, 

molecular pathophysiology, and current treatments of basal cell carcinoma with an emphasis on 

the role and limitations of hedgehog pathway inhibitors.  Furthermore, the proposal of this thesis 

will reflect on the literature to hypothesize the future of advanced basal cell carcinoma treatment.   
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Epidemiology and Risk Factors 

Basal cell carcinoma (BCC) is the most common cancer in the United States, estimated to 

affect more than 3.3 million people annually.1,2  Along with squamous cell carcinoma, BCC is 

classified as a non-melanoma skin cancer (NMSC).  Due to the high prevalence and low 

mortality rates of NMSCs, they are not generally reported to cancer registries.1  Therefore, it is 

difficult to calculate accurate estimates of the incidence and prevalence of BCC within the U.S. 

population.  However, recent estimates have noted a 35% increase in the overall incidence of 

NMSC in the U.S. population in the years between 2006 to 2012.1  Additional factors, such as 

geographic influences also affect the incidence of BCC.  These discrepancies in incidence rates 

are believed to be related to a country’s latitude and the pigmentation of its people.3  Australia 

has the highest rates of BCC in the world with reported estimated incidence rates as high as 50% 

by the age of 70.3 

Basal cell carcinoma is considered a multifactorial disease with both genetic and 

environmental influences contributing to a patient’s overall risk.  Classically, phenotypic 

characteristics such as skin, eye, and hair pigmentation can increase an individual’s 

predisposition for developing BCC.  Features such as lighter skin, blue eyes and red hair are 

associated with the highest risk for skin cancer.4  Advanced age is also a major contributing 

factor, with the majority of BCC cases occurring in geriatric patients.5  However, the strongest 

individual risk factor associated with developing a BCC is a personal history of skin cancer.  In 

one 2013 meta-analysis6, the highest incidence rates for new NMSCs were associated with a 

previous personal history of a malignancy of the same type.  Those patients previously diagnosed 

with BCC were found to have a 44% increased risk for developing a future BCC.6 

Exposure to ultraviolet (UV) radiation is the major environmental factor predisposing 

patients to developing BCC.  Specifically, exposure to ultraviolet-B (UV-B) light is associated 

with the greatest influence.5  Interestingly, the relationship of UV exposure and BCC is not 

strictly cumulative as is seen with squamous cell carcinoma.  Instead, intense intermittent 

exposure can predispose an individual to increased incidence leading to the early formation of 

BCC.7  A Canadian population based case control study revealed an increased risk associated 

with recreational sun exposure in childhood and adolescence, suggesting that these life periods 

may be critical for establishing adult risk for BCC.8  In addition to age-related differences, recent 

populational studies have noted rate increases specifically among young women in Europe and 
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the United States.9  This dramatic increase has resulted in a reversal of gender propensity with a 

higher BCC incidence in women than in males among people less than 40 years old.9  One 

hypothesis for this disproportionate increase is the discrepancy in tanning bed usage by young 

women which is estimated to increase the risk of BCC by 1.5 fold.10-12  

Primary BCC lesions predominantly arise on the sun-exposed areas of the body including 

the head and neck, especially in patients over 65 years old.  However, in younger adults, BCC 

has increasingly appeared on the trunk and limbs.  This difference in location and age of first 

appearance supports the theory that high-dose intermittent UV-B exposure during activities such 

as outdoor recreation and sunbathing may be to blame.13 

Common Types of BCC  

Basal cell carcinomas can present grossly with a variety of different presentations.  While 

the classic nodular form is most common, they can also present as papules, plaques, and 

ulcerations.14  There are two main histologic types of basal cell carcinomas, which are the 

nodular and superficial subtypes.14  Both occur more frequently and are characterized by their 

benign, slow-growing, and indolent nature.15   

Nodular BCC is the most common subtype and is estimated to comprise up to 80% of all 

BCCs.16  Grossly, the tumor presents as a firm, raised, pearly or translucent nodule with 

arborizing telangiectatic blood vessels when observed using dermoscopy (Fig. 1, A).15  

Frequently, the tumor contains a central depression and rolled, waxy borders.  As the lesion 

progresses, it can become ulcerated and bleed with minimal trauma.  In its ulcerated state, 

nodular BCCs are colloquially referred to as “rodent ulcers.” (Fig. 1, C)15 

Histologically, nodular BCCs present as large dermal nests of hyperchromatic, basaloid 

cells with peripheral palisading.  These nests of cells are separated into lobules with connective 

tissue septa and peripheral clefting between the cell nests and myxomatous stroma.15  In higher 

grade lesions, mucin can be present throughout the mass making it appear gland-like in 

appearance (see Fig 2, B). 
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Figure 1:  Gross (above) and Dermoscopic (below) views: (A) Nodular BCC with arborizing telangiectatic vessels 
(B) Superficial BCC with arborizing micro vessels, leaf-like pigment patterning C: “Rodent ulcer” BCC with 
ulceration, annular hypopigmentation, arborizing vessels14 

 

 
Figure 2:  Nodular BCC histology:  (A) Lobules of hyperchromatic basaloid cells with peripheral palisading 
surrounded by a myxoid stroma (A, bottom arrow) separated by artefactual cleft-like spaces (B, top arrow).  Gland-
like appearance (B) with mucin (bottom arrow) (H&E, x200).15 
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The superficial form of BCC is the second most common and comprises roughly 15% of 

BCCs.16  Unlike the nodular form, it has a predisposition for the trunk (45%) and distal 

extremities (15%).16  Grossly (Fig. 1,B above), superficial lesions present as slow-growing, 

scaly, red plaques with rolled borders, fine telangiectatic vessels and central erosions.15  

Additional features can include non-structured pigment deposition sometimes resembling leaf-

like patterns and areas of hypopigmentation.14  Superficial BCCs are also prone to developing 

central ulcerations similarly to the rodent ulcer of the nodular type (Fig. 1, C).  In these cases, 

diagnosis is difficult on visual inspection alone, as it can resemble other common erythematous 

plaques such as squamous cell carcinoma, psoriasis, or eczema.  

  Histologically, superficial BCCs present with islands of basaloid cells that extend 

superficially into the dermis with a continuous attachment to the epidermis and areas of 

peripheral palisading.17  It is common for the superficial type to have multifocal projections 

extending deeply from the epidermis, which can predispose a higher risk of recurrence after 

treatment.15 

 
Figure 3:  Superficial BCC gross and histology.  (a) Superficially raised erythematous plaque with scale.  (b) Three 
discrete nests of basaloid tumor cells attached to the epidermal surface.18 

Advanced Basal Cell Carcinoma  

Advanced subtypes of BCC include micronodular, infiltrative and morpheaform 

subtypes.14  These BCC forms preferentially favor the head and neck are more likely than their 

more benign counterparts to progress to advanced BCCs (aBCC) that are locally advanced 

(laBCC) or possibly metastatic (mBCC).15  Clinical features that are associated with aggressive 
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BCC subtypes include large size (>2.5-3.0 cm diameter), location on the face, previously 

incompletely excised, aggressive histological variant and perineural or perivascular invasion.19 

Grossly, the micronodular variant consists of a poorly demarcated, indurated plaque.  

Histologically, it presents with nests of tumor cells similarly to the nodular form.  The main 

difference between the two types is the size of the basaloid cell nests, which are smaller and 

more numerous in the micronodular type.  It often invades into the dermis and in some cases, the 

subcutaneous fat.20  This deeper invasion predisposes the micronodular subtype to a higher risk 

of recurrence.20  

The infiltrative BCC presents as an ill-defined, flat, multicolored, white-red colored 

indurated plaque with fine, arborizing vessels.15,21  Dermoscopy shows shiny, white-red ill-

defined areas that are unique to this particular subtype.21  Histologically, it is characterized by 

infiltrating strands and small islands of pleomorphic basaloid cells that can invade beyond the 

dermis (See Fig. 4).15,19  There is no peripheral palisading of cells in this version and the 

surrounding stroma appears fibrous.19  According to one study, the infiltrative type also has the 

highest rate of perineural invasion resulting in over 30% of the cases.22 

 
Figure 4:  Infiltrative BCC Gross and Histology (a) Indurated plaque with scar-like areas. (b) Infiltrative tumor 
composed of irregular strands of epithelial cells in sclerotic stroma. Inset: lymphovascular invasion seen towards the 
periphery.18 

Lastly, the morpheaform subtype also known as sclerosing BCC presents as a scar-like 

sclerotic, white-yellow plaque that appears on the head and neck ~95% of the time.16  

Histologically, it is characterized by thin, elongated, strands of basaloid cells in a sclerotic, 

collagenous stroma dispersed throughout the dermis.2,16,19  This subtype comprises 2-6% of all 

BCCs.16 
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Locally advanced BCC is associated with increased morbidity secondary to invasion and 

destruction of local tissue.23  These BCCs are often found to be large in size, reoccur after being 

treated, and have invasion below the skin involving muscle, bone, cartilage or lymph nodes.  The 

prevalence of locally advanced BCC in the U.S. from 2011-2012 was estimated to affect roughly 

0.8% of all patients with BCC.24   

Basal cell carcinoma metastasis first occurs via lymphatic spread to the lymph nodes with 

secondary hematogenous spread from the affected node to the lungs and bone19,25,26.  These 

advanced forms of BCC are estimated to account for ~1-10% of all cases with metastatic 

comprising 0.0028% to 0.55% of cases.27 

Finding the Molecular Pathogenesis of BCC  

 The molecular mechanism underlying sporadic BCC was first discovered while 

researching the etiology of the genodermatosis, Basal Cell Nevus Syndrome (BCNS).  This 

genetic syndrome was first described in the literature by Gorlin and Goltz (1960) and is also 

known as Gorlin syndrome or Nevoid Basal Cell Carcinoma Syndrome.28  BCNS is an 

autosomal dominant disorder that presents with multiple developmental abnormalities, large 

numbers of basal cell carcinomas starting at a young age, and a predisposition toward other 

malignancies such as medulloblastoma.29 

The clinical features of BCNS initially lead researchers to believe that the responsible 

gene must play an important role in normal development and in continued cell growth and 

differentiation.30  In a 1992 family based linkage study of BCNS patients, it was determined that 

the etiology of the syndrome was a gene on chromosome 9q (9q22).30  Further studies would go 

on to identify a loss of function mutation of a tumor suppressor gene, Patched 1 (PTCH), a 

component of the hedgehog signaling pathway as the etiology.31  In current literature, BCNS is 

considered the result of a heterozygous mutation in the PTCH 1 gene on chromosome 9q22.32  

Subsequent studies determined that the majority of sporadic BCCs (>85%) have similar 

PTCH 1 mutations as was discovered in BCNS.15  In addition to the PTCH 1 gene, several other 

components of the hedgehog pathway have also been implicated as potential oncogenes.  They 

will be covered in more detail in the following sections on the molecular pathophysiology of 

BCC.  
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Hedgehog Family of Signaling Proteins 

The hedgehog family of secreted ligands are involved in activation of the hedgehog 

signaling pathway which plays an integral role in cell proliferation, tissue patterning and cell fate 

during embryonic development.33  The gene encoding the hedgehog ligand was first discovered 

in the Drosophilia where it was found to influence pattern formation of adjacent cells within the 

developing embryo.34  There are three mammalian forms of the hedgehog ligand, sonic 

hedgehog, indian hedgehog, and desert hedgehog.   

Each individual ligand has a unique function in human development.  Sonic hedgehog is 

an important component of signal cell polarization within the developing limb bud, notochord, 

and neural tube floor plate.34  Indian hedgehog influences the development of bone and cartilage, 

and has been shown to have some overlap in function with sonic hedgehog signaling.34  Desert 

hedgehog acts in the development of germ cells in the gonads as well as in the formation of 

nerve sheaths.34  During embryonic development, the hedgehog signaling pathway is active 

throughout the organism in the regulation of various cell types during organogenesis.35  The 

sonic hedgehog pathway is the most widely expressed and implicated in the pathogenesis of 

BCC and will be the focus of this review.  

Inactive Hedgehog Pathway 

Signaling through the sonic hedgehog pathway is tightly regulated with many redundant 

checkpoints.36  In its inactive state, the pathway is inhibited by the unbound Patched (PTCH) 

receptor which is localized to the primary cilium (Fig 5., A below).  The primary cilium is a 

microtubule-based organelle that protrudes from the plasma membrane and acts as a sensor for 

extracellular signaling, including those for the HH pathway.37  PTCH acts as an inhibitor for the 

associated positive regulatory receptor, Smoothened (SMO).  PTCH directly suppresses the 

trafficking and localization of SMO to the primary cilium.35,37  SMO is a member of the G-

protein coupled receptor family and influences downstream signaling of glioma-associated 

oncogene (GLI) in its activated state.29,34   

The GLI family of zinc-finger transcription factors include, GLI1, GLI2, and GLI3.  Each 

specific factor behaves differently and can either activate or inhibit transcription depending on 

activator, organism and tissue type.34,36  In its inactive state, GLI is tethered to the cellular 
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cytoskeleton through its interaction with a multiprotein complex that includes inhibitory proteins, 

protein kinase A (PKA) and suppressor of fused (SUFU).35,37  In the inactive state, GLI proteins 

are continually cleaved by the proteasome and its truncated forms are translocated to the nucleus 

where they function as HH transcriptional repressors.36 

 

 
Figure 5:  Mechanism of the hedgehog pathway. (A) Dormant Hedgehog pathway in the absence of Hedgehog 
ligand (Hh). PTCH is localized to the cilia blocking the activation of SMO by blocking its trafficking to the cilia. 
GLI transcription factors are sequestered in the cytoplasm by PKA and SUFU inhibitors. GLI undergoes 
proteasomal cleavage and resulting repressor form translocates to the nucleus and inhibits translation of Hedgehog 
target genes.  (B) Activated Hedgehog pathway in the presence of Hh ligand.  PTCH is displaced from the cilia 
allowing for SMO trafficking and activation.  SMO activation results in downstream activation of GLI, final 
pathway effectors, that translocate to the nucleus inducing the expression of Hh target genes.37  
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Normal Activation of the Hedgehog Pathway 

The hedgehog family of ligands are synthesized as precursors and undergo 

autoproteolytic cleavage and post-translational modifications in the endoplasmic reticulum prior 

to their release from the plasma membrane.34  Binding of hedgehog ligand (Hh) to the PTCH 

receptor results in its displacement from the primary cilium (Fig 5, B above).35,37  Once the Hh-

PTCH complex is displaced, this allows for the accumulation and activation of SMO on the 

primary cilium.35,37  SMO, a g-protein coupled receptor, then initiates a signaling cascade which 

results in the activation of transcription factors and proteins involved in the cell proliferation.  

Importantly, for the hedgehog pathway, activated SMO assists in the release of GLI from its 

bound inhibitor, SUFU, resulting in its translocation into the nucleus.  Once in the nucleus, GLI 

activates additional transcription factors that will allow for cell proliferation, differentiation, and 

survival.32,35,37 

Hedgehog Pathway and the Skin 

During embryonic development of the skin, hedgehog signaling is required for hair 

formation within the growing organism.35  In adults, the hedgehog pathway is predominantly 

dormant.  However, it remains active in the regulation of stem cell homeostasis of specific tissue 

types.  In the skin, multipotent cells continue to intermittently express PTCH during their 

proliferation phases.35  These multipotent cells give rise to two lineages of cells, the epithelial 

and hair progenitors.  Epithelial progenitor cells do not express PTCH and give rise to stratified 

epithelium.  Hair progenitors continue to express PTCH during their proliferation phase and then 

later differentiate into specific hair cell populations that comprise the hair follicle.   

The level of hedgehog signaling is mediated by GLI2 in a dose dependent manner and is 

crucial to the activity of the cell lines.  For example, loss of hedgehog signaling ceases cell 

proliferation while over-signaling can result in the formation of Basal Cell Carcinomas.35  Both 

PTCH and SMO have been implicated in the pathogenesis of BCC.   As previously mentioned, a 

loss of function mutation in PTCH is the primary aberrant gene underlying the pathogenesis of 

Basal Cell Nevus Syndrome and is thought to comprise 85-95% of sporadic BCC mutations.38-40  

In addition to the loss of function mutation in PTCH regulation, activating mutations in 

Smoothened are believed to comprise 10% to 20.6% of sporadic BCC mutations.38-40  
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Unregulated activation of SMO results in the subsequent upregulation of glioma-associated 

oncogene, GLI, which has been found to be abundantly expressed in BCCs.  

BCC Treatments: Surgical excision, the gold standard 

Surgical therapy is considered the mainstay treatment modality for non-advanced BCC.26  

Surgical treatments for BCC in order of most to least efficacious include Mohs micrographic 

surgery, complete surgical excision, and curettage and electrodessication.26  Each treatment 

modality has its own advantages and disadvantages.  Selection of appropriate therapy should take 

into account recurrence rates, preservation of function, patient expectations, and potential 

adverse effects.26  The goal of surgical excision includes the resection of the BCC with healthy 

margins ensuring complete removal.  In addition, the resulting morbidity associated with the 

surgery must also be considered and this includes deformity and loss of function to the area and 

structures involved.41   

Mohs micrographic surgery (MMS) is the most efficacious of excisional treatments and 

has the overall lowest rate of recurrence.   MMS is a combination of surgery and pathology in 

which the surgeon excises the lesion of concern then acts as pathologist to determine if the 

resection is complete with clear margins.42   Indications for Mohs surgery include tumors greater 

than 2cm in size, advanced or aggressive subtypes, lesions located in specific areas of the body, 

immunocompromised patients, or for recurrent BCCs.42  MMS is highly effective with 5-year 

recurrence rates as low as 1-3% in primary treatment and 5.6% in recurrent lesions.42  

 In comparison, standard surgical resection of BCC has a 5-year recurrence rate of 8-10% 

in primary treatment and 17.4% for recurrent lesions.42  The procedure is generally performed in 

office under local anesthetic with 4mm clinical margins resected around the lesion.43  Once 

excised, the tissue is evaluated by a pathologist for clearance of surgical margins.  If the margins 

are clear of pathology, then no further treatment is indicated.  However, if the margins are 

positive and contain residual tumor, then additional excision or MMS is indicated.42 

 Electrodessication and curettage (E&C) is another method for treating BCCs that is fast 

and low cost.  The procedure works through the electrocautery destruction of the lesion and its 

subsequent removal by curettage.  Its primary disadvantage when compared to MMS and 

standard excision is the inability to assess adequate margin clearance through histologic 

evaluation.  Additionally, E&C should not be used to treat lesions in terminal hair bearing areas 
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due to possible extension of the tumor into the follicular structure and are at a higher risk of 

recurrence.  Terminal hair bearing areas are defined as locations in which the hair is course and 

thick such as the scalp, male facial hair, pubic hair, and armpit hair.  The 5-year recurrence rates 

for E&C range from 3-9%43 and are dependent on the characteristics of the lesion. 

Although surgical excision is the most effective and is curative in most cases, it is not always the 

best option for treatment.  Multiple factors should be taken into consideration in the surgical 

evaluation of a BCC including tumor size, location, non-continuous growth, invasive features, 

difficulty to treat, recurrence, treatment risks, functional and cosmetic outcomes, patient values 

and expectations, and comorbid patient conditions.41 

Non-surgical treatment of BCC 

Non-surgical treatment options for BCC include cryotherapy and topical treatments such 

as imiquimod and 5-fluorouracil (5-FU).  These non-surgical options are generally indicated for 

non-aggressive, smaller lesions.  This is especially true for 5-FU and imiquimod, which are FDA 

approved for the treatment of superficial BCCs.43 

Imiquimod 5% cream works by modulating the immune response through the 

upregulation of toll-like receptor (TLR) 7.44  The stimulation of TLR-7 results in the activation 

of dendritic cells in the skin which produce cytokines such as interferon-a (IFN-a) and tumor 

necrosis factor-a (TNF-a).45  These cytokines both attract and activate natural killer cells that 

act in the destruction of neoplastic cells as part of the innate immune system response.  An 

additional byproduct of immune activation is the enhanced proliferation of B-cells, which are 

part of the body’s humoral response.44  In a 2014 study comparing imiquimod to surgical 

resection, imiquimod treatment was found to be 84% effective when compared to surgical 

resection which was found to be 98% effective at 3 years.46 

5-Fluorouracil is a pyrimidine analog that acts as an antimetabolite interfering with DNA 

synthesis.47  Its mechanism of action is through inhibition of the enzyme, thymidylate synthase, 

which blocks the conversion of deoxyuridine to thymidine nucleotides.47  Prevention of this 

conversion results in a reduction in DNA synthesis, decreased proliferation and cell death.47  5-

FU exerts its greatest effects in cells with high mitotic rates, such as neoplastic cells.  In its 5% 

formulation, it has been approved by the FDA for use in the treatment of superficial BCC.47  The 
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most common side effects associated with 5-FU include erythema, blistering, tissue necrosis, 

skin erosions, pruritus, and burning.47  

Cryotherapy through the application of a cryogen directly to a lesion acts by causing local 

destruction to the area through freezing.48  Liquid nitrogen is commonly the cryogen of choice 

and has a boiling point of -195.6°C (-320.1°F).48  The quick freezing of tissue results in ice 

crystal formation within the cells leading to vascular thrombosis and stasis resulting in the 

release of electrolytes and toxins from damaged cells.48,49  The target temperature for treating a 

BCC is -50 to -60°C which is considered to be the freezing point of the skin, and is 

recommended for treating neoplastic lesions.48,49   

The advantages to cryotherapy are its safety, simplicity, low cost, and excellent cosmetic 

outcome.  However, there is a large array of recurrence rates estimated to range from 1% to 

39%.43  The large range is thought to be due to lack of uniformity regarding patient and tumor 

selection, follow-up, and differences in cryotherapy operator technique.43  It is not indicated for 

treatment of lesions in terminal hair bearing areas, as well as in large, aggressive, or recurrent 

BCCs.43 

Recurrence of BCC after non-surgical treatment occurs in up to 12% of lesions and is 

associated with several factors including tumor size and location.19  BCCs in the H-zone and M-

zone of the face are up to 90% more likely to reoccur.19  The H-zone of the face refers to the 

central face, periorbital areas, eyelids, eyebrows, nose, lips, chin mandible, pre and post auricular 

skin, temple, and ears.26  

Photodynamic therapy in the treatment of BCC 

 Photodynamic therapy (PDT) for the treatment of BCC consists of the applied 

combination of photosensitizing agents and specific wavelengths of light to neoplastic lesions.45  

The two most commonly used photosensitizers are 5-aminolevulinic (ALA) and its methyl ester, 

methyl aminolevulinate (MAL).  ALA is an endogenous porphyrin intermediate in the heme 

synthesis pathway.50  MAL is highly lipophilic and has been shown to have a greater penetrance 

and selectivity for neoplastic tissue than ALA.51  When applied to BCCs, ALA and MAL 

preferentially localize within the neoplastic epidermal cells and are converted into photosensitive 

protoporphyrin IX, which is the immediate precursor to heme. 
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 The mechanism of photosensitization in neoplastic cells treated with ALA or MAL relies 

on the function of the heme synthesis pathway occurring in the cell mitochondria and cytoplasm.  

A brief overview of the pathway will be covered to give a better understanding of the mechanism 

of photosensitization in PDT therapy.   

There are two main substrates in the pathway, glycine and succinyl-CoA, which are 

combined with the help of ALA-synthase to form endogenous ALA. (see Fig. 6)  This initial 

reaction is the rate-limiting step.  Once ALA is formed, subsequent intermediate steps in the 

reaction continue toward the formation of heme, a main substrate in the production of 

hemoglobin.  Normally, the formation of ALA is highly regulated with heme providing negative 

feedback regulation on the pathway.  However, inhibition can be overcome with the addition of 

exogenous ALA or MAL, as seen in photosensitization.   

Several studies have noted a difference in the enzymatic activity within neoplastic cells 

versus healthy cells underlying the selectivity of PDT in targeting cancerous cells52.  The two 

affected enzymes of note are porphobilinogen deaminase (PBGD) and ferrochelatase (FC).  In 

neoplastic cells, PBGD activity is increased and FC activity is decreased, which results in a 

disproportionate increase in accumulated protoporphyrin IX within treated cells (see Fig. 6).52,53 
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Figure 6:  Heme synthesis pathway in photodynamic therapy.  The heme synthesis pathway starts with the rate-
limiting formation of aminolevulinic acid (ALA) from glycine and succinyl-CoA precursors in the mitochondria 
(designated by blue boxes). In photodynamic therapy, exogenous ALA or MAL is added (green box) to the cycle 
overcoming normal negative feedback by adequate heme production.  The addition of exogenous ALA or MAL 
pushes the cycle toward the production of the photosensitive intermediate, protoporphyrin IX (designated by sun 
icons) in the mitochondria (blue box).  Neoplastic cells exhibit abnormal enzymatic activity (denoted by red text) 
resulting in increased photosensitization through the production of protoporphyrin IX to photodynamic therapy. 
 

Additionally, while topical ALA and MAL can penetrate as deep as the dermis, 

protoporphyrin IX accumulation mainly occurs in the epidermal cells.52  Therefore, 

photosensitization offers a treatment tailored to epidermal neoplasms.  It is hypothesized that this 

mechanism inevitably spares the dermis from photodamage and scarring from treatment leading 

to excellent cosmetic outcomes.52,54 

Light selection for use in PDT treatment is important and is traditionally within the blue 

or red spectrum.  The “optical window” of tissue is considered to fall within the range of 600-

1000nm and the depth of penetrance is between 8-10mm.52  Treatment recommendations 
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emphasize matching the wavelength of the light with the absorption profile of the 

photosensitizer.45  For example, when paired with ALA, blue light can be used to treat BCCs that 

are more superficial.43  Conversely, red light is recommended for treatment of nodular BCCs due 

to its longer wavelength and ability to penetrate tissue more deeply.45  Red light is best paired 

with MAL as a photosensitizing agent.43  

A 2006 study by Angell-Petersen et. al.50, showed that MAL application induced a 

buildup of fluorescence around 635nm, which was consistent with the photo illumination profile 

of protoporphyrin IX.  Their study supported the standard treatment dose and incubation time for 

MAL (160mg/g with 3-hour incubation).  With increasing incubation times, it was determined 

that treatment areas became less precise, with irritation of surrounding normal tissue occurring 

secondary to oversaturation of photosensitizing agents.  Additionally, at lower concentrations of 

MAL, lower protoporphyrin concentration developed within the neoplastic cells, and a less 

robust response was seen. 

 As previously mentioned, the combination of photosensitizer and light results in the 

formation of cytotoxic reactive oxygen species within the photosensitized cells.  However, the 

mechanism leading to cell death has not been fully elucidated.  Several studies have 

hypothesized that protoporphyrin XI primarily accumulates within the mitochondria and when it 

is exposed to targeted therapeutic light, mitochondrial damage occurs resulting in irreversible 

cellular damage and apoptosis.52   

In addition to its direct cytotoxic effects, PDT also acts through inflammation induced 

stimulation of the immune response.  A 2005 study by Korbelik et. al.55 discovered increased 

upregulation of heat shock proteins (HSP) on the surface of cells treated with PDT.  Heat shock 

proteins are considered a part of damage associated molecular patterns (DAMPs) that play an 

important role in surveillance of the innate immune system.  For example, in normal cell 

conditions HSPs are sequestered by the cell providing an “all is well” signal to the innate 

immune system.  However, when there is perceived damage to the cell either through infection 

or inflammation, such as in the case of PDT treatment, HSPs are released to the cell surface 

signaling a distress call to the immune system.   This call for help in turn activates the immune 

system and its associated cells and cytokines.   

It is theorized that this resulting secondary immune response acts synergistically with the 

cytotoxic effect of the primary PDT.  When compared to other treatments for BCC, side effects 
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associated with PDT are minimal and include pain and swelling immediately following the 

procedure.  

Treatment of advanced BCCs  

Many advanced or locally advanced (laBCC) BCCs are considered inoperable.41  Surgical 

contraindications for these lesions include reoccurrence after 2+ attempts at surgical excision and 

anticipated morbidity or deformity resulting from surgery (i.e. removal of a facial structure such 

as a nose, eyelid, ear, facial nerve etc.).41  All recurrent and previously radiated BCCs are 

considered advanced and are at high risk of further disease progression.43  

Until recently, radiotherapy was one of the only treatment options for non-operable or 

recurrent aBCC.  However, due to the risks of long-term sequelae resulting from radiation 

therapy, its use was not recommended in patients younger than 60 years old or in patients with 

comorbid conditions.   

There are several chemotherapeutic agents that are used in the treatment of BCC.  The 

most commonly used agent is cisplatin, a platinum-based derivative.  Mechanistically, cisplatin 

acts as a systemic cytotoxic agent through the crosslinking of DNA ceasing further mitosis and 

cell division.56  The most commonly associated side effects with cisplatin are nausea, vomiting, 

nephrotoxicity, ototoxicity, and myelosuppression.56  

Small molecule Hedgehog pathway inhibitors 

In 2012, the United States Food and Drug Administration (FDA) approved vismodegib, a 

first-generation, small molecule hedgehog pathway inhibitor.  It is approved for the treatment of 

recurrent, locally advanced or metastatic BCC in patients that are not candidates for surgical or 

radiation therapies.57  Mechanistically, vismodegib works to arrest the hedgehog pathway 

through the direct inhibition of the g-protein coupled receptor, Smoothened (SMO).  Since the 

development of vismodegib in 2012, other SMO inhibitors have also been approved for the 

treatment of advanced BCC, including sonidegib in 2015.58 

The history of the development of the hedgehog pathway inhibitors came from an 

outbreak of cyclopia and holoprosencephaly among newborn lambs in the early 1970s.40  This 

phenomenon occurred secondary to the ingestion of corn lilies, containing a compound called 



23 
 

cyclopamine.40  Through further research into the pathogenesis, it was discovered that the 

mechanism of action of cyclopamine was suppression of the hedgehog pathway through the 

direct inhibition of SMO.  There are severe side effects associated with cyclopamine that prevent 

its use as a potential therapeutic agent.  However, its mechanism was the basis for the 

development of subsequent SMO inhibitors. 

As previously discussed, up to 90% of sporadic BCCs result from a loss of function 

mutation in the hedgehog pathway tumor suppressor, PTCH.  This mutation leads to the aberrant 

upregulation of the hedgehog pathway and subsequent neoplastic growth.  Additional mutations 

can occur with similar effects such as a gain of function mutation in the proto-oncogene, SMO, 

leading to distal activation of the pathway.  Hedgehog inhibitors, like vismodegib and sonidegib, 

work through the direct inhibition of SMO which suppresses the downstream inactivation of the 

pathway.  

 In addition to direct suppression, a 2015 experiment by Otsuka et. al.59, evaluated the 

secondary immune system response associated with vismodegib treatment.  After 4 weeks of 

treatment, they found that inhibition of the hedgehog pathway led to the secondary upregulation 

of MHC I expression and downregulation of the primary cilia on neoplastic BCC cells.  

Additionally, the cytokine profile in the tumor cells changed from an immunosuppressive 

expression to an immune supportive response with an influx of antigen presenting cells (APCs), 

CD4+, and CD8+ cells into the immediate area surrounding the tumor.  The upregulation of 

MHC I expression is important because neoplastic cells frequently employ mechanisms such as 

the downregulation of MHC I receptor expression to evade immune system detection.60  The 

downregulation of mutated or tumor related antigens on MHC-I receptors is thought to be one 

mechanism allowing for the dysregulated growth and proliferation of neoplastic cells.61 

In the phase II ERIVANCE study62 of 63 patients with laBCC and 33 patients with 

mBCC, vismodegib showed tumor response rates of 43% in laBCC and 30% in mBCC.  Average 

tumor response time was observed within 2 months of treatment initiation and up to 10 months 

after the start of treatment.63  Complete response occurred in 21% of patients.  In the phase 2 

BOLT trial of sonidegib, the FDA-approved 200mg dosage had a tumor response of 56% in 

laBCC and 7.7% in mBCC.64  In comparison, a 2016 pooled analysis of vismodegib treatment 

studies by Jacobson et. al.65, the mean objective response rate of vismodegib in patients with 
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laBCC was 64.7% with a complete response rate of 31.1%.  The average response rate seen in 

patients with mBCC was 33.6% with an average complete response rate of 3.9%.  

The most prominent limitations of treatment with SMO inhibitors are the adverse effects 

associated with the drugs as a class, which include muscle spasms and cramps, alopecia, 

dysgeusia, weight loss, fatigue, nausea, anorexia, and diarrhea.57,62  According to the vismodegib 

phase II study, these adverse effects occurred in more than 30% of patients.62  A recent 2018 

study by Girard et. al.66 observed that muscle spasms and cramps often appeared on average 2 

months after treatment initiation and were not well-tolerated by patients with many citing it as a 

factor in discontinuation of treatment.  This observation was consistent with reported rates of up 

to 28.2%65 of patients citing adverse effects as the reason for discontinuation of their treatment.  

Longitudinal follow-up of complete response rate of vismodegib from the ERIVANCE 

study found a median duration of response of 7.6 months.62  In comparison, the sonidegib BOLT 

study showed a median duration of response of 15.7 months.64  This data indicates that 

discontinuation of treatment can result in disease relapse or progression of aBCC in some 

patients.  From this data, it is difficult to determine if SMO inhibitor therapy must be continued 

to maintain response or if the drugs could be curative with long-term therapy.  However, long-

term treatment is a challenging endeavor for many patients due to the increased side effects 

negatively affecting compliance. 

Developing Resistance to SMO Inhibitors 

Drug resistance is a major challenge to many targeted cancer therapies, and the same is 

true of hedgehog inhibitors.  Resistance is often defined as primary or secondary and relates to 

the underlying mechanism.  For SMO inhibitors, several primary and secondary causes have 

been hypothesized.  However, this review will focus predominantly on the secondary acquired 

forms of resistance.  

Primary resistance in advanced BCC pertains to genetic characteristics that provide a 

protective mechanism against the drug.  Advanced BCCs that have primary resistance do not 

respond to initial drug treatment.  In the vismodegib ERIVANCE study, non-response 

corresponded to a <30% reduction in tumor size for aBCC.62  Recent studies evaluating potential 

mechanisms for primary resistance in advanced BCCs have highlighted potential variants or 
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mutations in downstream genes such as SUFU or Myc63 and other factors resulting in 

upregulation of downstream effectors in the HH signaling cascade, such as GLI.67 

In contrast, secondary resistance is defined as tumor regrowth occurring after an initial 

response to the treatment.  The first instance of secondary vismodegib resistance occurred in a 

patient with metastatic medulloblastoma who initially had a robust treatment response that later 

evolved into disease progression.68  Genetic analysis confirmed that secondary resistance 

occurred due to an acquired mutation in SMO that disrupted the drug-binding pocket.68  Recent 

studies have reported secondary resistance rates of up to 20% in advanced BCCs treated with 

vismodegib.69 

In a 2014 case report by Brinkhuizen et. al.70, daily vismodegib used to treat a large 15cm 

infiltrating BCC on a patient initially resulted in complete tumor regression.  However, after 20 

weeks of treatment, multiple nodules began to appear in the previous tumor field.  It was 

discovered through genetic analysis that the resistant nodules had two different, novel missense 

mutations in SMO, conferring secondary resistance to vismodegib treatment.  

In a 2016 study by Danial et. al.71 on treatment of advanced BCC with acquired 

resistance, it was discovered that BCC mutations in or near the drug-binding pocket of SMO 

initially treated with vismodegib provided a secondary resistance to sonidegib.  Thus, 

highlighting the likelihood that BCCs resistant to treatment with one hedgehog pathway inhibitor 

would continue to grant resistance to subsequent SMO targeted therapies. 

Latest advances in hedgehog inhibitor research 

Current cutting-edge research for the treatment of advanced BCC with SMO inhibitors 

has focused on employing several different strategies in an effort to improve treatment response 

and duration.  Several studies on prolonging treatment duration with SMO inhibitors have 

emphasized adverse side effect reduction through intermittent dosing and drug holidays.  The 

2014 MIKIE trial72, examined the treatment of multiple BCCs associated with two different 

dosing schedules of vismodegib.  There were two treatment groups, A and B.  The A group 

employed scheduled vismodegib daily dosing for 12 weeks followed by 8 weeks of placebo then 

repeating for 3 cycles.  Group B had 24 weeks of daily vismodegib treatment followed by 

alternating cycles of 8 weeks of placebo and 8 weeks of vismodegib for 3 cycles.  Group B had a 

higher number of side effects than group A, and as a result, had less treatment adherence.  Both 
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groups showed tumor response in patients who adhered to the treatment.72  However, increased 

associated side effects led to eventual treatment discontinuation and disease progression.  

Additional studies focused on overcoming acquired SMO class resistance have 

emphasized the development of inhibitors more resistant to drug-binding pocket mutations.  

Experimental drugs in current development are focused on structures that will bind SMO in 

distinct locations that are different to the site of current inhibitors.67  Along the same line, several 

studies are researching the potential repurposing of existing antifungal drugs, such as 

itraconazole and posaconazole with similar hedgehog pathway inhibition properties, but have 

different structures and binding locations.67 

Recent drug development has focused on creating novel drugs to target additional 

downstream components of the hedgehog pathway such as GLI.  Current GLI inhibitors in 

production have been used in other disease applications, such as prostate cancer in the murine 

model.67  In addition, studies into conjugate therapies include arsenic trioxide, an anti-leukemia 

drug, which was also found to inhibit GLI transcription factors.73  A study on the combination of 

itraconazole and arsenic trioxide in pleural mesothelioma cells was found to decrease the 

expression of GLI1 leading to inhibition of cell cycle progression and induced apoptosis.74  

Many of the sources referenced in this review emphasized the need for research into the 

combination of treatment modalities, such as combining surgical and non-surgical pre-existing 

treatments or pharmaceutical and surgical strategies.  Several recent cases and studies have 

shown promising results through the combination of SMO inhibitors and surgical and non-

surgical treatments.  

For instance, a 2018 case report by Franco et. al.75 on the combination of fractionated 

radiation therapy with concurrent vismodegib showed a complete tumor response at 6 months.  

Notably, the combination therapy was employed on a patient with an extensively infiltrating and 

ulcerating laBCC that was deemed too large for surgical intervention.  At 6 months, signs of the 

ulcerated tumor had resolved and the residual wound completely healed.  A limitation of the 

study was that post-treatment histologic clearance was not performed.  It was noted that in 

radiation treatment methodology, biopsies are reserved for cases of incomplete response. 
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Discussion: Where do we go from here? 

With the increasing frequency of SMO resistance, new therapeutic strategies are being 

researched and employed in an effort to find the best BCC treatment in terms of tumor response, 

side effect profile, and outcome.   As previously discussed throughout this review, SMO 

inhibitors like vismodegib and sonidegib are at the forefront of approved treatments for locally 

advanced and metastatic BCC.  However, the major drawbacks of single agent treatment with 

SMO inhibitors are their associated side effects and acquired resistance.  Although the side effect 

profile associated with SMO inhibitors is mostly of chronic low-grade severity, several studies 

have emphasized that long-term treatment is often required for continued response.  However, 

treatment is often discontinued secondary to worsening of side effects, leading to disease 

reoccurrence or progression. 

In recent years, several strategies for counteracting resistance and improving tolerance of 

SMO inhibitor treatment have been employed including intermittent dosing and drug holidays.  

These strategies are aimed at increasing the length of treatment while decreasing side effect 

frequency and severity.  Unfortunately, neither strategy has been shown to successfully prolong 

the length of treatment without sacrificing clinical efficacy or adequately reducing side effect 

onset or severity.  Based on these outcomes, it seems unlikely that SMO inhibitors as a solo 

therapy will fulfill the role of curative single treatment for advanced BCC.  

 In addition to strategies to prolong treatment duration, pharmaceutical research has 

focused on the production of novel drugs targeting secondary factors in the hedgehog pathway.  

This avenue of research holds some promise with regards to potential combination drug therapies 

such as an SMO inhibitor paired with a GLI or SUFU inhibitor.  Combination therapies are often 

employed in situations where secondary or acquired drug resistance plays a major role, such as 

observed with retroviral mutations in HIV infection.  However, the downside of focusing solely 

on the factors of a single pathway is the possibility of additional genetic components contributing 

to the origin and proliferation of BCCs including tumor suppressors from other pathways, such 

as p53. 

 With the limitations of single therapy SMO inhibitor therapy in mind, there are a few 

promising advanced BCC treatment strategies on the horizon.  One immediate strategy is the 

development of combination therapies for BCC including surgical and non-surgical 

interventions.  These combo therapies are promising because they do not focus on one method of 
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treatment.  Instead, they seek to combine synergistic modalities using one modality as an 

adjuvant to boost the second treatment’s efficacy.  Also, since these novel combinations often 

have completely different mechanisms of action, it is less likely for an acquired secondary 

resistance to manifest in response to both therapies.  

 One promising 2018 pilot study by Rizzo et. al.76, on the use of vismodegib and 

photodynamic therapy for the treatment of multiple nodular BCCs, resulted in a complete 

response of fully treated lesions.  The study treatment protocol consisted of 90 days of daily 

vismodegib combined with 3 monthly sessions of ALA, red-light PDT treatments.  There were 4 

participants with 19 total nodular BCCs.  Participants who completed the study tolerated PDT 

sessions well and had excellent cosmetic resolution of their BCCs (n=15) secondary to treatment.  

All patients in the study reported experiencing at least 1 SMO-inhibitor associated side effect.  

One patient discontinued treatment secondary to leg cramps.  The major limitations of the study 

were small sample size and limited data on duration of response.  

The synthesis of a SMO inhibition and photodynamic therapy is a novel two-pronged 

approach in the treatment of BCC.  From the robust results of the 2018 study by Rizzo, et. al.76, 

there is likely an underlying synergistic mechanism shared by the two treatment modalities that 

is yet to be fully elucidated.  Importantly, in this combination therapy, vismodegib was used as 

an adjuvant for photodynamic therapy.  As an adjuvant drug, vismodegib, was able to be given 

for a much shorter course of 3 months rather than prolonged or indefinitely as a solo-agent.  

Although there was one study participant who discontinued treatment secondary to side effects.  

Other study subjects reported experiencing  adverse reaction that they considered to be tolerable 

and were able to complete the study therapy.  

While this study was not focused on the treatment of advanced BCC, the treatment of 

nodular BCC with photodynamic therapy is not considered a standard therapy.  In general, 

photodynamic therapy is indicated for the treatment of superficial BCC and has limited efficacy 

in the treatment of the nodular subtype due to the increased thickness of the tumor.  With its 

increased efficacy when combined with adjuvant therapy, photodynamic therapy has potential 

for the treatment of advanced BCC.  However, larger studies will be needed to confirm the 

efficacy and clinical duration of treatment for this novel combination therapy. 

Lastly, as the costs associated with genetic testing and mapping continue to decrease, the 

rise of precision medicine for the treatment of advanced BCC is becoming a greater possibility.  
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As discussed throughout this review, a good proportion of BCCs can be tied back to a single 

common tumor suppressor gene mutation, Patch.  However, this does not account for subtle 

differences in a BCC lineage such as another gain of function mutation in a pathway component 

downstream from Patched or Smoothened.  Additionally, abberant functioning of a genetic 

component outside the hedgehog pathway, such as another suppressor like p53, could cause 

disease progression in a patient that could otherwise be cured with an SMO inhibitor.  Through 

genetic mapping of the patient and individual BCCs for lineage, targeted therapies can be 

devised that can cover many or all of the genetic bases.  However, looking forward, it is still 

difficult to distinguish what precision medicine for the treatment of BCCs will eventually 

encompass. 

In conclusion, basal cell carcinoma is the most common cancer in the world affecting 

millions of people every year.  A great majority of these patients will be affected by the indolent, 

slow-growing, nodular and superficial forms, for which surgical excision continues to be the 

gold standard treatment.  However, for patients with the aggressive locally advanced or 

metastatic forms, there are several promising novel treatments on the horizon. 
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