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The skin functions as a barrier between the organism and the surrounding environment. Direct exposure to external

stimuli and the accumulation of genetic mutations may lead to abnormal cell growth, irreversible tissue damage and

potentially favor skin malignancy. Skin homeostasis is coordinated by an intricate signaling network, and its dysregulation

has been implicated in the development of skin cancers. Wnt signaling is one such regulatory pathway orchestrating skin

development, homeostasis, and stem cell activation. Aberrant regulation of Wnt signaling cascades not only gives rise to

tumor initiation, progression and invasion, but also maintains cancer stem cells which contribute to tumor recurrence.
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1. Introduction

The skin is the largest organ and functions as a protective barrier for the host to prevent fluid loss and regulate body

temperature. It also harbors vasculature and sensory organs that transduce changes in temperature and pressure. The

skin is composed of two major layers, the epidermis and dermis, forming the outer and inner layers, respectively. The

epidermis includes the stratified epithelium, referred to as the interfollicular epidermis (IFE), and skin appendages,

including the hair follicle, sebaceous gland, and sweat gland. The IFE and the hair follicle undergo regeneration

throughout life. Constant exposure to mutagens, i.e., ultraviolet (UV) light and chemicals, can induce genetic mutations

and hyperproliferation of epidermal cells, both of which eventually contribute to the formation of skin cancer. Two major

types of non-melanoma skin cancer (NMSC) commonly found in patients are basal cell carcinoma (BCC) and squamous

cell carcinoma (SCC), which together account for more than 95% of total NMSC . As BCC and SCC share lineage with

epidermal keratinocytes, they are specifically referred as keratinocyte carcinomas . Although the risk of death from

keratinocyte carcinomas is moderate, it increases considerably if patients are immunocompromised. Thus, identifying the

drivers that induce skin tumors and understanding the molecular mechanisms responsible for tumor progression and

maintenance is critical for biomarker discovery in diagnosis, prognosis, and therapy monitoring.

Several signaling pathways that have been shown to play vital roles in development of the skin epithelium are also

implicated in the progression of keratinocyte carcinoma, including hedgehog (Hh), transforming growth factor β (TGFβ),

mitogen-activated protein kinase (MAPK/ERK) and Wnt signaling . Among them, Wnt signaling is of particularly

interest due to its complexity in intracellular signaling cascades triggered by differential Wnt ligand-receptor combinations.

Divergent roles of Wnt signaling have been discovered in multiple mammalian tissues during development and

homeostasis of adult tissues. Canonical Wnt/β-catenin signaling is a major regulatory pathway that governs

developmental processes as well as regulating maintenance and differentiation of adult stem cells (SCs) . In this

review, we summarize recent studies where the role of Wnt signaling in regulating tumor initiation and progression of

keratinocyte carcinoma has been identified.

2. Wnt Signaling in Keratinocyte Carcinomas

While genetic mutations are major factors for the development of keratinocyte carcinoma, disrupted signaling pathways

have emerged as necessary cofactors. Disruption of HF homeostasis may lead to hair loss disorders, such as alopecia

universalis, or uncontrolled HF proliferation, which may cause follicle-based tumors . Notably, aberrant activation of

Wnt/β-catenin signaling is considered as one of the main driving elements causing developmental defects and

tumorigenesis . The constitutive expression of stabilized β-catenin in skin epidermis (K14-∆Nβ-catenin) causes the

development of pilomatricomas or trichofolliculomas . In contrast, depletion of β-catenin in carcinogen-induced

SCCs results in tumor regression , indicating the essential role of β-catenin-dependent signaling in tumorigenesis.

Genome-wide RNA-interference (RNAi) screening in the developing skin epidermis has reinforced the notion that β-

catenin contributes to oncogenic growth . Furthermore, in addition to the TCF/LEF transcription factor, nuclear β-

catenin can also bind to the vitamin D receptor (VDR), which was shown to play a role in HF maintenance . Inhibition
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of β-catenin-dependent transcriptional activity by overexpressing N-terminally truncated Lef1 in mouse epidermis (K14-

∆NLef1) leads to the development of sebaceous gland (SG) tumors . Interestingly, activation of β-catenin signaling

(K14-∆Nβ-cateninER) in the absence of VDR causes development of tumors resembling BCCs . These findings

suggest that skin tumor types are specified by the interaction between β-catenin and its transcriptional effectors.

Moreover, oncogenic activation of β-catenin in different epidermal SC populations results in distinct tumor types ,

implicating skin tumor heterogeneity. In addition to canonical Wnt signaling, non-canonical Wnt signaling is also implicated

in epithelial-to-mesenchymal transition (EMT), a process involved in tumor metastasis and chemo-repulsion . In the

following sections, we focus on BCC and SCC, and discuss the implications of the Wnt signaling pathways in tumor

formation and progression of these tumors.

2.1. Basal Cell Carcinoma (BCC)

BCC is the most common skin tumor in humans. The main etiological factors provoking the development of BCCs are UV

radiation, ionizing radiation, arsenic exposure, as well as traumatic injury or burn . Other factors, such as wounding,

can increase the risk of BCC development and malignancy in humans and mice . It is noteworthy that BCCs are

readily treated by means of various surgical methods at an early stage , and in some exceptional cases, BCC is

reported to undergo self-regression . However, once these lesions progress from BCC in situ to an advanced

state, they are no longer amenable to surgery or radiation therapy. In even more rare cases, the tumor cells spread to

distant sites (metastatic BCC). Although metastatic rate (<0.1%) and mortality caused by BCC is low, it may create

substantial damage to skin tissue or morbidity if neglected for prolonged periods .

BCCs can be clinically and histologically categorized into several encompassing nodular, micronodular, superficial,

infiltrative, morpheiform, and mixture variants. Thus, BCC is generally characterized based on the structure of tumor cells

similar to the basal cells of the normal epidermis, however, their molecular characteristics are more related to embryonic

hair follicle progenitors . Recently, a new molecular classification was introduced apart from clinical and

histopathological classifications. Based on the genomic profiling, BCCs are divided into three subtypes: 1) classical BCCs,

which are closely associated with the Wnt and Hh signaling pathways; 2) normal-like BCCs, notably displaying an active

fatty acid metabolism; and lastly 3) SCC-like BCCs, relying on immune-response and oxidative stress-related genes .

Here, we mainly focus on classical BCCs.

There is extensive evidence that the origin of BCC pathogenesis is predominantly triggered by dysregulation of the Hh

pathway . This could be attributable to aberrant genetic alterations that inactivate Patched 1 (PTCH1) or Suppressor

of Fused (SUFU), constitutively activate Smoothened (SMO), or lead to overexpression of Glioma associated oncogene

homolog 1 (GLI1) . In the absence of Hh, Ptch acts to prevent activity of Smo. When Hh binds to and inhibits Ptch,

Smo is activated to release inhibition of Gli by SuFu and kinesin family member 7 (Kif7), thus allowing Gli to enter the

nucleus and initiate transcriptional activation of genes that regulate cell survival, cell cycle regulation and angiogenesis

(Figure 1) . Uncontrollable activation of Hh signaling prominently promotes tumorigenesis in sporadic and

inherited BCCs. Based on recent genomic analysis, loss of PTCH1 and gain of SMO were described as causative mutant

Hh pathway genes, accounting for 90% of human BCCs . Mouse models of BCC genesis mainly rely on the

repression of Patch1 or overexpression of Gli1/2. For example, mice overexpressing Gli1 in skin epidermis (K5-Gli1)

develop several types of skin tumors, primarily hair follicle-derived tumors and BCCs , whereas Gli2 overexpression

(K5-Gli2) only causes the formation of BCCs . Thus, alterations in the expression of Hh signaling components may lead

to the development of different tumor types. Moreover, the original cell populations in skin epidermis expressing excess

Hh signaling also determine the phenotype of developed BCCs. For instance, over-activation of Gli2 in IFE gives rise to

superficial BCC-like tumors, whereas HFSCs overexpressing Gli2 develop nodular BCC-like tumors . Apart from IFE

and HFs, innervated progenitors within mechanosensory niches were shown to be another plausible cell population that

contributes to the development of BCCs .
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Figure 1. Crosstalk of signaling pathways in the pathogenesis of BCC. The main driver of BCC development is the

dysregulation of Hedgehog signaling and Wnt/β-catenin signaling whereby the PTCH, SMO, SUFU, and CTNNB1 (a gene

encoding for β-catenin) are frequently mutated in human BCCs. Mutated Ptch loses its grip on Smo that subsequently

leads to its activation. Aberrant activation of Smo releases inhibition of Gli from SuFu and Kif7, thus allowing nuclear

translocation of Gli. Aberrant Gli activity induces the expression of genes that regulate the cell cycle, cell survival and

development of BCC. In addition, Gli induces Snail leading to the inhibition of E-cadherin, which in turn results in the

accumulation of free β-catenin and its translocation to the nucleus. Alternatively, inactivation of SuFu and Kif7 leads to the

accumulation and nuclear translocation of stabilized β-catenin which in turn facilitates BCC genesis. BCC, basal cell

carcinoma; Gli, Glioma associated oncogenic homolog; Kif7, kinesin family member 7; Ptch, Patched; Smo, Smoothened;

SuFu, Suppressor of Fused.

The development and progression of tumors are orchestrated by a network of intricate signaling pathways. In addition to

Hh signaling, ample scientific evidence indicates that the Wnt/β-catenin signaling pathway participates in tumorigenesis of

BCCs. Of note, constitutive expression of Wnt mediators, e.g., Wnt1, 2, 5A, 11, 13, and 16 and β-catenin, facilitates the

progression of BCCs . As reported previously, nearly 30% of human BCC samples exhibited an accumulation of β-

catenin in the nucleus , and nuclear β-catenin in BCCs mainly resides at the tumor periphery . In addition, BCCs

which exhibit nuclear β-catenin display significantly higher proliferation rates . Along this line, 25% of BCC samples

contain the missense mutations in the third exon of the β-catenin gene , which is considered as a notable characteristic

of hair follicle-related skin carcinoma . Mutations in exon 3 of CTNNB1 (the gene encoding for β-catenin), particularly

at Ser 33, 37 and Thr 41, perturb the phosphorylation sites for GSK3β, which leads to stabilization of β-catenin and in turn

elevates Wnt/β-catenin signaling in favor the event of tumorigenesis . As mentioned earlier, activation of β-catenin in

the absence of VDR in mouse epidermis results in the development of undifferentiated tumors resembling BCCs .

Moreover, transcriptional profiling of adult epidermis expressing constitutively active SmoM2 shows that adult tumor-

initiating cells are reprogramed into an embryonic hair follicle progenitor-like fate, in which Wnt/β-catenin signaling is

highly activated. Depletion of β-catenin in adult epidermis expressing SmoM2 prevents embryonic reprograming and skin

tumorigenesis . Indeed, during skin development, β-catenin-dependent signaling directs the embryonic ectoderm to a

HF-like fate , and over-activated β-catenin induces de novo HFs in adult epidermis . Hence, β-catenin represents

as a cardinal target in BCC arising from a HF-related origin.

Crosstalk between Hh and Wnt signaling pathways have been recently implicated in the pathogenesis of BCCs. Several

genomic studies have indicated that genes encoding for components involved in both Hh and Wnt signaling are commonly

altered in human BCCs . It was shown that SuFu negatively regulates β-catenin signaling  and acts as a common

regulator of Hh and Wnt signaling during Xenopus development . Simultaneous inactivation of SuFu and Kif7 in adult

epidermis results in the formation of BCCs that display increased nuclear β-catenin , reinforcing negative regulation of

SuFu in β-catenin-dependent signaling. Moreover, overexpression of human GLI1 in frog epidermis induces BCC-like

epidermal tumors which show specific upregulation of Wnt genes . During epithelial transformation, Gli1 is able to

induce the translocation of cytoplasmic β-catenin to the nucleus through modulation of E-cadherin . Most recently,

transcriptional profile of residual BCCs, which survive after treatment with Hh signaling inhibitor, reveals that Wnt signaling

modulates cell identity of residual BCCs which may contribute to tumor relapse . As a summary, in addition to the Hh

pathway, dysregulation of Wnt/β-catenin signaling seems to be common during BCC development.

2.2. Squamous Cell Carcinoma (SCC)
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SCC is recognized based on the tumor lesion composed of both proliferative basal cell and differentiated squamous cell

layers. Epithelia arising from different parts of the body may develop different types of SCCs, including cutaneous SCC

(cSCC), lung SCC (lSCC), and head and neck SCC (HNSCC). Each type of SCC has characteristics that can be

distinguished by multidimensional genome-wide analyses . One of the unique features for cSCC and HNSCC is their

high degree of cellular heterogeneity . As lSCC and HNSCC have been extensively discussed elsewhere 

, we mainly focus on cSCC in this review.

The incidence of cSCC is increasing remarkably each year due to a string of causative risk factors, including UV light from

sun exposure, human papilloma virus (HPV) infection, chronic injury, arsenic exposure, immunosuppression, and

inflammation . Among these, UV light exposure is considered the most important accounting for 80–90% of identified

cSCCs . These prevailing factors promote the transformation of precancerous lesions, AK, to SCC in situ, invasive

cSCC, and eventually metastatic SCC, as a consequence of multistep carcinogenesis. The malignancy of cSCC is

favored by the accumulation of genetic and epigenetic alterations, viral pathogenesis, non-coding RNAs and dysregulation

of signaling pathways . The prognostic biomarkers of cSCCs can be determined by genetic, epigenetic, transcriptomic

or proteomic analysis. These analyses provide invaluable information that hold the key for the selection of therapeutic

intervention and for establishing comprehensive molecular landscapes of cSCC as future diagnostic biomarkers. The high

rate of mortality and morbidity remains as a major concern attributed to the late diagnosis, ineffective treatment, relapse,

and metastasis.

The main mutations of human cSCC are found in TP53, CDKN2A, RAS, PTEN, EGFR, and genes encoding for NOTCH

receptors . Around 75% of human cSCCs contain loss-of-function mutations in NOTCH1 or NOTCH2 . In

addition to the genes mentioned above, mutations of the telomerase reverse transcriptase (TERT) promoter are also

found commonly in both human SCCs and BCCs . Decades ago, in order to mimic SCC development in mice, a two-

stage chemical carcinogenesis protocol, involving a single application of 7,12-Dimethylbenzanthracene (DMBA) followed

by a repeated treatment with 12-O-Tetradecanoylphorbol-13-acetate (TPA), was exploited in murine models. DMBA

administration causes the formation of DNA adducts, and successive treatment with TPA leads to sustained hyperplasia

. It is known that treatment with DMBA/TPA creates an accumulation of mutations in several critical genes, notably

in H-Ras (A182T) , and provokes the progression of papilloma to malignant tumor, e.g., cSCC. Genetic alterations in

genes encoding for RAS family members have been identified in a significant proportion of human tumors. More recently

a genetic mouse model carrying oncogenic K-Ras(G12D) was widely utilized to study the process of tumorigenesis .

In adult epidermis, K-Ras(G12D) activation under the control of cell type-specific promoters allowed the origin for SCC

formation to be defined. For instance, in combination with Tp53 deletion, K-Ras(G12D) activation in IFE basal cells or

HFSCs, but not in transient amplifying HF matrix cells, led to the development of SCCs . Although transformation by

oncogenic RAS is an important event, RAS mutations only account for approximately 8–20% of human SCCs .

Additional mutations in tumor suppressor genes, e.g., TP53 or TP63 , are required to drive the malignancy of

SCCs.

As previously described for BCCs, the cellular origin of SCCs affects the phenotype of the tumor. For instance, SCCs

derived from the IFE are well-differentiated, whereas SCCs developing from the HFSCs frequently undergo EMT . In

addition to cell origin, the status of the originating cell also impacts on tumor formation. It has been shown that quiescent

HFSCs are refractory to initiating tumors driven by activation of K-RAS(G12D) and Tp53 depletion . Other than gene

mutations, dysregulation of signaling pathways has also been implicated in mouse skin tumorigenesis . In mouse

SCCs, dysregulation of the PI3K/AKT signaling pathway, known to regulate a wide-range cellular functions, such as cell

proliferation and apoptosis , is commonly found in RAS-induced tumors derived from HFSCs .

Dysregulation of Wnt signaling, including Wnt/β-catenin and β-catenin-independent Wnt/Ca  signaling, emerges as a

major cause of cSCC development and progression . Genetic alterations in Wnt-related ligands, receptors or

mediators were identified in human cSCCs using various genomic profiling approaches. The first comparative genomic

hybridization analysis indicated amplification of chromosome arms 7q, 8q, 11q, and 17q, which

containing WNT and FZD genes, in cSCCs . This finding was reinforced by microarray analysis revealing that WNT5A

and FZD6 are both upregulated as unique gene signatures in human cSCCs . Recently, genomic profiling of 122

human cSCC samples identified clinically relevant genomic alterations (CRGAs) showing that the key mutations in cSCCs

not only include truncations of TP53 (85.2%), CDKN2A (61.5%), and NOTCH1 (42.6%), but also alterations in Wnt-related

genes, LRP1B (22.1%) and APC (8.2%) . In addition, another genomic study of cSCC supports the previous genomic

profiling studies in which Wnt signaling was one of the common mutated pathways in human cSCCs .

The potential role of Wnt antagonists, SFRPs and Dkks, in tumorigenesis has drawn interest. Several lines of studies

indicated that SFRP1, which destabilizes β-catenin by interfering with Wnt-Fzd interactions, was downregulated in human
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SCC samples . Accordingly, hypermethylation of several SFRP genes, including SFRP1, 2, 4, and 5, have been

identified in cSCC tumors and recognized as critical prognostic determinants for cSCCs . Although hypermethylated

SFRP genes could have caused hyper-activation of Wnt signaling that might contribute to cSCC, mechanisms of how

SFRPs modulate skin cancer pathogenesis will require further investigation. In addition to SFRPs, Dkk proteins, known as

negative regulators of canonical Wnt signaling, could also potentially serve as bona fide tumor suppressors. Accompanied

by elevated β-catenin expression levels, downregulation of Dkk1 was seen in human cSCCs . A decrease in Dkk3

expression was also detected in cSCCs. Overexpression of Dkk3 in SCC cells significantly reduced proliferation and

migration , suggesting that Dkk3 has inhibitory effects on SCC development.

Aberrant accumulation of β-catenin protein or its presence in the nucleus in tumor cells is a common characteristic of

SCCs . Wnt/β-catenin signaling plays dual roles in both regulating normal SC self-renewal and

maintenance and in cancer stem cells (CSCs). As discussed previously, depletion of β-catenin in carcinogen-induced

SCCs halts tumor progression and eventually results in tumor regression, suggesting roles in maintenance of cutaneous

CSCs . This paradigm is in agreement with the idea that CSC-like properties in cSCC could be induced by aberrant

expression of microRNA (miRNA) by activated canonical Wnt signaling . Furthermore, it has been shown that tumor

volume in a xenograft model of human cSCCs could be dampened upon β-catenin knockdown , underscoring the

causal relationship between β-catenin and cell proliferation of cSCCs. These notions were based on a number of earlier

studies showing that activation of β-catenin signaling, either by impairment of Notch , inactivation of Presenilin 1 

or activation of ROCK  caused an increase in the expression of cyclin D1 subsequently led to hyperproliferation

(Figure 2). Conversely, aberrant expression of genes involved in cell cycle control can trigger the onset of skin

tumorigenesis through activation of Wnt/β-catenin signaling. The cyclin-dependent kinase inhibitor 2A and 2B (CDNK2AB)

locus, genes encoding for tumor suppressors p16 (INK4A), p14 (ARF), and p15 (INK4B) that inhibit cell cycle progression,

is frequently lost in wide-range of tumors. A recent study indicated that loss of CDKN2ab allows development of SCC in

the presence of active Wnt7b in a 129P2 mouse background . Cell division cycle 20 (CDC20), another crucial cell

cycle regulatory molecule, is commonly increased in cSCCs. Downregulation of CDC20 inhibits Wnt/β-catenin signaling,

thereby suppressing the proliferation of cSCC cells and promoting apoptosis . Taken together, these studies highlight

the importance of Wnt signaling in regulating tumor cell proliferation and maintaining CSC phenotypes, both of which

promote the SCC progression and aggressiveness.

Figure 2. Wnt signaling pathways in cSCC. Canonical and non-canonical Wnt signaling participates in the maintenance of

CSC, tumor progression, migration and EMT. Reduction of SFRPs and Dkks leads to activation of canonical Wnt

signaling. Porcupine, an enzyme from the ER is needed for post-translational modification of Wnts to enable their

transport and secretion. Other intricate factors, e.g., loss of E-cadherin or Presenillin-1, inhibition of Notch signaling and

ROCK activation could modulate β-catenin signaling and activate genes involved in several cellular processes, including

cell proliferation and CSC maintenance. For non-canonical Wnt signaling, interaction between Wnt5a and ROR2

facilitates EMT and invasive properties of cancer cells. Wnt5a is also required to activate PKCα and for STAT3

phosphorylation leading to tumorigenesis. ER, Endoplasmic reticulum; PKCα, protein kinase Cα; ROR2, receptor tyrosine

kinase-like orphan receptor 2; STAT3, signal transducer and activator of transcription 3.
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Apart from β-catenin, TCF7L1 (also known as TCF3), a binding partner for β-catenin, is known to contribute to tumor

prevalence and progression in the pathogenesis of several cancers . Motif-based analysis of human and mouse

tissues identified TCF7L1 as one of the transcription factors whose targets are prominently altered during the progression

from normal skin to SCCs . A recent study provided evidence for a tumor-promoting role of TCF7L1 in skin.

Overexpression of TCF7L1 increased tumor incidence, promoted tumor growth, and enhanced migration independent of

β-catenin . In addition to TCF7L1, Wnt genes are also commonly dysregulated in diverse tumor cells, including

prostate, ovarian, colon, and skin cancers . Upregulation of Wnt5a is clearly observed in human cSCC.

Wnt5a is of major importance in maintaining the tumor phenotype in human SCCs , implying that Wnt5a serves

as an oncogenic driver in skin cancer. It was reported that oncogenic signals mediated by Wnt5a were acquired via

activation of PKCα and STAT3 phosphorylation, but not through Wnt/β-catenin pathway . As mentioned above,

immunosuppressed organ transplant recipients are more prone to SCCs . One plausible factor is the elevated risk of

HPV infection among immunosuppressed populations as compared to the immunocompetent patients . Interestingly,

vaccination against HPV successfully reduces the incidence of SCC in immunocompetent patients . One study

demonstrated that the presence of HPV induces the development of skin carcinomas in mice upon exposure to UV or

wounding . In addition, transcriptome analysis of HPV-driven mouse cSCCs indicated that transcripts encoding for Wnt

ligands and Porcupine, a protein required for Wnt secretion, were highly upregulated in cSCCs. Inhibition of Porcupine by

a small molecule inhibitor reduced the initiation and progression of HPV-driven cSCC .

In addition to cSCC maintenance and progression, β-catenin has an impact on tumor metastasis via EMT, in which E-

cadherin-bound β-catenin is released from cell membranes and an increased pool of cytoplasmic β-catenin may enter the

nucleus to trigger β-catenin-dependent signaling . This notion is supported by studies showing that

suppression of E-cadherin expression accelerates SCC progression by increasing invasion . Besides canonical

Wnt signaling, non-canonical Wnt ligand and receptor, Wnt5a, and ROR2, were shown to be required for Snail-mediated

EMT and invasive properties of cancer cells . In agreement, upregulated Wnt5 at the leading edge of SCCs suggests

the contribution of Wnt5a-dependent signaling to tissue invasion by SCCs . Together, these analyses and findings

provide insights into the contribution of Wnt signaling to cSCC pathogenesis.
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