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Abstract: Non-melanomatous skin cancers (NMSCs), which include basal and squamous cell 

carcinoma (BCC and SCC respectively), represent a significant burden on the population as 

well as an economic load to the health care system, yet treatments of these preventable cancers 

remain ineffective. Although primary prevention is possible through minimising sunlight 

exposure, the World Health Organisation estimates that between 2 and 3 million new cases of 

NMSCs are diagnosed each year, accounting for 1 in 3 of all newly diagnosed cancers. 

Furthermore, studies have estimated there has been a 2-fold increase in the incidence of 

NMSCs between 1960s and 1980s. The increase in cases of NMSCs as well as the lack of 

effective treatments makes the need for novel therapeutic approaches all the more necessary. 

To rationally develop more targeted treatments for NMSCs, a better understanding of the cell 

of origin, in addition to the underlying pathophysiological mechanisms that govern the 

development of these cancers, is urgent.  NMSCs are generally thought to arise from specific 

types of stem cells that become the source of clonal expansion of tumourigenic cells. Previous 

research on SCC has alluded to these stem cells being localised in the basal compartment of 

the skin, which ordinarily houses the progenitor cells that contribute towards wound healing 

and normal cell turnover of overlying epidermal skin layers. More recent research has 
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suggested that commitment to differentiation, which requires exiting the basal, progenitor-cell 

compartment, is a reversible mechanism. Genetic modifications engage differentiated cells into 

dedifferentiation, converting them into cancer-initiating cells (CICs) and thereby promoting a 

tumourigenic environment. Here we explore the most recent developments in the 

understanding of skin SCC cell of origin, and discuss a case study illustrating the loss of the 

Grainy-head like 3 (GRHL3) transcription factor in suprabasal layers, which confers a 

tendency towards tumour development and thereby challenging the “stem cell” theory of 

tumourigenesis. 
 
 
Keywords: squamous cell carcinoma (SCC), Grainyhead-like 3 (Grhl3), interfollicular 

epidermis (IFE), supra-basal epidermis, involucrin (IVL), cancer-initiating cell (CIC), cancer 

stem cell (CSC). 
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Introduction 

Non-melanoma skin cancers  
The incidence of skin cancer is rising alarmingly with rates of non-melanoma skin cancers 

(NMSCs) being up to five times that of all other cancers combined [1, 2]. Since 1960, there 

has been a 3-8% increase in the yearly incidence of NMSCs, with the highest rates seen in 

Australia and lowest rates in parts of Africa, correlating with skin type. Of these NMSCs, basal 

cell carcinoma (BCC) and squamous cell carcinoma (SCC) are the most common subtypes, 

accounting for approximately 80% of all newly diagnosed malignancies worldwide. While 

cancer dissemination is uncommon in BCC, the rates of skin SCC metastasis are significant, 

commonly spreading to local lymph nodes. Lymph node involvement correlates with poor 

prognosis, the 5-year survival rate stands at 25-40% [3]. An estimated 100 000 people are 

treated for NMSC each year in the US, of which 20-30% are SCCs. Additionally, an estimated 

2-3 million new cases of NMSCs are identified annually worldwide. SCC rates are especially 

high in patients being treated for additional malignancies, such as with the use of B-raf 

inhibitors to treat melanoma [4], or in patients that are immunosuppressed. Of particular 

susceptibility to SCC development are those also undergoing organ transplantation due to the 

immunosuppressive regiment used to prevent graft-versus-host disease [5]. 

Despite the increase in incidence of NMSCs and the poor prognosis attached to some of them, 

the impact of NMSCs remains under-recognised. Together with BCCs, SCC treatments present 

the largest economic burden of all cancers, costing in excess of $300 million annually in 

Australia alone [5],[6]. Treatments, which include electrodessication, curettage, radiotherapy, 

cryosurgery and topical medications, are often non-specific. Despite these available measures 

of combatting primary cancer growth, the high frequency of recurrence of SCC at 

corresponding or nearby locations to primary lesions creates substantial challenges to the 

management of the disease. Therefore, an understanding of the underlying pathogenesis of 

SCC with the identification of its cell of origin is critical for developing targeted strategies for 

effective SCC treatment. 

 

The skin epidermis 
The mammalian skin comprises the epidermis, a stratified squamous epithelium, and the 

underlying matrix-rich connective tissue, the dermis. Together they form a barrier to exclude 

toxins and pathogens from the body system and prevent water loss [7]. Scattered throughout 
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the skin are pilosebaceous units that contain sebaceous glands and hair follicles (HFs), 

surrounded by the interfollicular epidermis (IFE) [8].  

The epidermis is comprised of a basal layer at the interface with the dermis, and several supra-

basal cell layers that have morphologically distinct regions, namely the spinous, granular and 

cornified layers. It is within the epidermis that adult IFE cells sequentially undergo 

proliferation, migration, differentiation, and cell death. Each of these stages can generally be 

visualised by the unique and well-defined expression of various keratin proteins. Disruption of 

the balance between these four physiological processes, which can be assessed through 

aberrant expression of keratin markers, is a hallmark of cancer. Keratin-14 (K14) expression 

generally persists in the postnatal IFE cells throughout the various stages of differentiation and 

is used as an epithelial cell marker. Basal cell keratinocytes initially express Keratin-5 (K5), 

which is gradually lost as they mature into spinous cells. These spinous cells begin to express 

the keratin-1 and 10 (K1; K10) early differentiation markers, whilst maintaining expression of 

K14 throughout the maturation process. At the granular layer, keratinocytes begin to terminally 

differentiate and eventually die, modifying their protein expression pattern during a tightly 

regulated form of cell death. The terminally differentiated cells then migrate through the last 

cornified layer.   

Terminal differentiation of epidermal cells is identified by involucrin (IVL) expression that 

commences when cells migrate from the basal layers and begin to enlarge and differentiate, 

but prior to undergoing the cell-cell cross-linkage that contributes to epidermal structural 

integrity [9, 10], [11]. Within the pilosebacous units, in addition to keratin markers above, 

multiple additional markers are used to identify specific cell populations. For example, the 

transit amplifying (TA) cell compartment of the HF express Sonic hedgehog (Shh), whilst the 

HF stem cells (SCs) of the sebaceous glands and the bulge express markers such as keratin-15 

(K15), keratin-19 (K19), Scd1, CD34 and Lgr5 [12].  

 

Skin integrity is maintained through continuous renewal and repair of the epidermis, mediated 

by signalling cascades within SC and progenitor cell populations, which result in terminal 

differentiation of these self-renewing populations. While SC populations are distributed in both 

follicular and interfollicular compartments, they have distinct functions in epidermal 

homeostasis. The IFE is the source of SC whose role is for routine epidermal cell renewal in 

the absence of injury.  The HF bulge contains a reservoir of multipotent slow-cycling, label-

retaining cells (LRC) that are activated during the anagen phase of hair growth. LRC are also 

activated after wounding to facilitate repair and regeneration of both the HF and epidermis 

[13]. The HF bulge SCs give rise to TA cells, which are committed progenitors that remain 
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undifferentiated, subsequently dividing to expand the progenitor cell population whilst sparing 

continued SC division. A balance of proliferation and differentiation between stem and 

progenitor cell populations is essential for the homeostatic maintenance of continuously 

regenerating skin, with normal epidermal cell turnover occurring approximately every 2-4 

weeks [14],[15]. 

 

The renewal of the entire epidermis under normal conditions has been attributed to a single 

type of self-renewing progenitor cell [16], and it is postulated that disruption of its renewal 

mechanisms can lead to various skin diseases, including cancer. Following a similar paradigm, 

development of both BCC and SCC is argued to originate from a single type of self-renewing 

cancer-initiating cell (CIC) that is effectively either a stem or progenitor cell, which has 

acquired a mutation that “primes” or predisposes the CIC population to accumulate additional 

“hits”. The right combination of “hits” will see the CIC develop into a self-renewing cancer 

SC (CSC) leading to BCC or SCC [17]. The reason why these CICs are thought to originate 

from stem- or progenitor- cell populations, rather than differentiated cells, is because they are 

innately self-renewing and thus require only minor genetic alterations for transformation into 

CSCs.  

 

Squamous cell carcinoma of the skin 
Insights into SCC development arising from CICs or CSCs have mainly come from 

carcinogenesis studies in mouse models, especially those that use the well characterised 7,12-

dimethylbenz(a)anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA) protocol for 

carcinogenesis. This protocol utilises a two-hit principle: first, DMBA is applied to the skin to 

induce the first “hit” in the form of mutations, resulting in a CIC. This is followed by TPA to 

enforce activation of protein kinase C (PKC), which is the second “hit” that promotes tumour 

growth [18]. The DMBA/TPA protocol is commonly used to accelerate carcinogenesis in 

animal models with distinct genetic backgrounds and, as the DMBA-induced mutations are 

known to involve the Ras family of proto-oncogenes, deduction of the degree of susceptibility 

of specific genetically-characterised mice to carcinogenesis is feasible [19]. 

DMBA/TPA-induced carcinogenesis employed on the epidermis demonstrates that cancer 

initiation is an irreversible event. Murine models that are administered TPA 1 year following 

the last DMBA treatment develop cancer without significant delay, in a similar fashion to mice 

that are immediately exposed to TPA after DMBA treatment [20]. The very short latency of 

tumour formation using this protocol, regardless of when TPA is applied, indicates that the 
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underlying DMBA-induced CICs are long-lived, slow cycling cells that fail to be lost over time 

[21]. This is striking in the context of epidermal cancers as the nature of the epidermis is for 

constant renewal and shedding of cells, together with the continued cycle of growth and 

regression of the HFs.  

Elegant studies have largely focused on the HF bulge SCs due to their longevity and their 

seemingly endless capacity towards cellular expansion. This was achieved by restricting Ras 

mutations to specific cell-layer compartment, and further to this, a high malignant capacity has 

been associated with mutant Harvey-Ras (H-Ras) expression in HFs. Although it is not without 

the additional acquisition of mutations in the p53 tumour suppressor gene that these cells are 

able to give rise to SCCs. The addition of this genetic signature to TA cells arising from the 

bulge HFs does not denote the same outcome [22]. This is supported by research using ShhCre+ 

mice to specifically express the KRasG12D mutant in TA cells, which fail to initiate papilloma 

formation, in contrast to HF-specific K15Cre+ mice, where papillomas frequently manifest 

[12]. In a similar vein, it has been shown that constitutively active Smoothened (Smo) in long-

term resident progenitors found in the IFE and infundibulum correlates with BCC formation, 

whereas Smo mutants do not cause BCC in HF bulge SCs [24].  

KrasG12D-induced mutations in HF SCs lead to dysregulation of both MAPK and AKT-mTOR 

pathways in this compartment. The resulting papillomas themselves arise from keratinocyte 

hyperproliferation and cellular dedifferentiation. However, KRasG12D mutations in TA cells 

have no impact on the MAPK or AKT-mTOR pathways [22]. The absence of an abnormal 

phenotype in TA cells suggests that a mutant oncogene expression alone is not sufficient to 

generate a hyperproliferative and premalignant cell compartment with long-term renewal 

potential that could initiate cancer development. These results would indicate that the types of 

cells in which specific oncogenes are activated, whether multipotent SCs or differentiated or 

more terminally differentiated cells, determine the capacity for tumour development. 

Expression of the H-Ras mutant in the IFE leads to benign papillomas, although they are rarely 

malignant, unlike in HF SCs where H-Ras gives them a highly malignant potential [25],[26]. 

Likewise, the formation of malignant papillomas in the IFE is prominent following KRasG12D 

mutant expression indicating that squamous tumour formation is not restricted to the HF bulge 

[12]. However, constitutive Ras oncogene activation on its own does not appear to be sufficient 

to induce tumourigenesis within the IFE, and is dependent on continued administration of 

tumour promoters or on additional genetic events. One these, the concurrent loss of functional 

p53 in KRasG12D expressing SCs establishes conversion to malignancy [22], and gain-of-

function of p53R172H mutations in this context confers a poorer prognosis [27]. Both 
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carcinogen- and genetically-induced mouse skin SCC show recurrent mutations in Ras family 

with copy number alterations of p53 gene [28]. In the absence of Ras mutations, loss of p53 

can lead to hyperplasia and the appearance of markers of epithelial-mesenchymal transition. 

SCCs in this model only form following the induction of a second “hit”. Both the nature of the 

CICs and their specific oncogene activation, in addition to the contribution of the cell 

microenvironment, drive cancer progression, characterising the resulting tumour type and 

defining their malignant potential [29, 30].  

 

Despite the increasing evidence pointing to HF SCs as being the cells of origin of SCC, 

immunophenotying studies aimed at characterising SCC samples have identified markers of 

IFE SCs (α6 integrin+) in addition to HF SCs (CD100+, K15+ and K19+). This suggests that 

SCC-forming populations arises from both HF SCs and IFE SCs, although the relationship 

between the two populations in the pathogenesis of SCC is not well understood [23]. To dissect 

the contributions of these two populations of SCs to tumourigenesis, removing the IFE SC 

compartment while maintaining the HF SC compartment led to a reduction in the number of 

papillomas and SCCs compared to wild type mice, following wounding and subsequent 

administration of the tumour promoter, TPA [31]. The results of this, as well as other studies 

suggest that SCC-initiating cells arise from slow-cycling populations in both the HF and the 

IFE, and the two SC populations function independently of each other [21],[32],[33].  

 

Dedifferentiation in epidermal tumourigenesis 
Although it has been shown that HF and IFE SCs are a source of CICs, acquisition of genetic 

modifications that lead to differentiated cell populations becoming more SC-like alone have 

been shown to be insufficient for malignant transformation. This suggests that the capacity for 

malignant transformation depends heavily on the specific cell population that acquires specific 

mutation(s). Therefore, it is worth noting that the HF and IFE SCs are not the sole source of 

CICs. More differentiated cell populations can also undergo malignant transformation as a 

result of somatic mutations.  For example, tumour models in blood cancers implicate a 

committed T-cell progenitor, rather than a hematopoietic SC as previously expected, as the cell 

of origin of T-cell acute lymphoblastic leukaemia (T-ALL) [34]. 

In the epidermis, benign papillomas, rather than malignant tumours, readily form in response 

to oncogenic mutations occurring in committed cells, similar to what occurs with TA cells. For 

example, when constitutively activated Ras mutants are expressed under control of the K10 
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promoter, which is activated in early differentiated supra-basal cells of the IFE, the result is 

benign papilloma formation with no malignant phenotype [35],[36]. It is only upon concurrent 

overexpression of α6β4-integrin in the suprabasal epidermal layer that the frequency of 

papilloma formation increases following DMBA/TPA treatment [37]. This suggests that cells 

that have left the SC compartment and are undergoing differentiation are at least capable of 

developing benign tumours under the right conditions, usually requiring specific additional 

transforming events, a second or even third “hit” on top of the well-characterised Ras mutants 

to facilitate malignancy. 
 

More recent research further supports the notion that non-SC populations are in fact capable of 

initiating SCC formation. In vitro studies using viral vector transformations demonstrated that 

malignant transformation was evident in cells that have left the SC compartment, in spite of 

their more differentiated status [38]. Overall, though, compared to cells in the SC 

compartments, malignant conversion of skin papillomas arising from more differentiated cells 

to carcinomas is a relatively rare event that is characterised by alterations in the expression of 

markers including TGF-β [39], keratin 13 [40] and α6β4-integrin [41]. Benign tumours that are 

at risk of malignant conversion are primarily derived from cells located within the HF, although 

the nature of the CIC remains the major determinant of malignant potential.  

 

Grhl3 is expressed in the differentiated supra-basal compartment of the epidermis  
Research findings have since implicated the Grainyhead-like 3 (Grhl3; also known as SOM) 

gene in SCC formation arising from differentiated cells. This gene, one of three mammalian 

homologs of the Drosophila grainyhead (grh) gene, has been a focus of recent studies for its 

role in development and homeostatic maintenance of the skin barrier [42]. Grhl3 is a 

transcription factor mediating the expression of multiple target genes including structural 

proteins and lipid metabolising enzymes (e.g. Transglutaminase 1; TGase1) that regulate 

epidermal terminal differentiation and barrier formation [11],[43].  

Importantly, expression of Grhl3 is largely restricted to the somatic ectoderm/epidermis and is 

excluded from the progenitor-rich basal cell layer [43]. Heterozygote mice have no apparent 

phenotype when compared to controls, however, complete Grhl3 knockout (KO) mice do not 

survive post-natally as a result of downstream loss of TGase1 expression, which is responsible 

for the cross-linking of the protein and lipid matrix forming the epidermal barrier. This loss of 

TGase1 consequently causes aberrant epidermal barrier formation [42],[44]. Epidermal 

acidification, homeostatic maintenance and preservation of the stratum corneum organisation 
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are therefore perturbed, leading to pup dehydration and death immediately following birth 

[42],[45]. Grhl3 is also involved in wound repair regulation through the transcription of another 

target genes, RhoGEF19 [46]. Loss of Grhl3 leads to downregulation of RhoGEF19 

expression, resulting in the disruption of planar cell polarity as well as defects in directional 

cell movement to heal embryonic wounds [47].  

 

Grhl3-deficient embryos notably exhibit a cellular hyperproliferation response that is intrinsic 

to the epithelial cell, and not as a homeostatic response to aberrant barrier formation [44]. These 

epithelial cells demonstrate a loss of cell-cell contact inhibition and an increase in proliferation 

as shown by elevated proliferating cell nuclear antigen (PCNA) marker expression. 

Furthermore, the mitotic cells that usually reside towards the basal epidermal layer, where the 

HF and IFE SCs as well as the TA cells are found, become increasingly prominent in the supra-

basal layers, promoting a tumourigenic environment [48]. Pseudo-tumours form from these 

supra-basal cells when cultured in vitro, demonstrating their potential to become carcinogenic 

given the right microenvironment [48]. 

 

Interestingly, regression of the epidermal barrier does not occur in adults when Grhl3 is deleted 

using Cre expression under the epidermal-specific K14-promoter (Grhl3∆/-/K14Cre+). This Cre 

recombinase is active from postnatal day 1 (P1) onwards and thereby deletes Grhl3 expression 

efficiently after birth. Deletion of Grhl3 at P1 does not lead to barrier defect nor to death from 

dehydration. This suggests that although Grhl3 is essential for barrier establishment, it is not 

required for crucial maintenance of the epithelium [48]. Recent data indicated that another Grhl 

gene, Grhl1, is compensating for the loss of Grhl3 in adulthood, accounting for the ability of 

these conditional KO (cKO) mice to maintain an intact skin barrier [49].  

 

The role of Grhl3 in skin hyperplasia 
Grhl3-deficient embryos exhibit keratinocyte hyperproliferation [48], in addition to aberrant 

wound healing [42] and fragile skin [50], suggesting that loss of Grhl3 interferes with the 

normal differentiation program, leading to an excess of cellular proliferation. Altered cellular 

differentiation and proliferation is a common characteristic of cancers whereby malignant cells, 

in addition to increased survival, also demonstrate dysregulated cell cycle progression [51, 52]. 

On the other hand, aberrant epithelial growth, or dysplasia, is an early sign observed prior to 

tumour formation, such as following human papilloma virus (HPV) infection in, for example, 

the context of cervical cancer. These dysplastic epithelial cells, due to their accelerated growth 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


10

and proliferative capacity, are more susceptible to acquiring other genetic changes, 

predisposing them to cancer development [53].  

 

The Grhl3∆/–/K14Cre+ cKO mice show mild hyperplasia and impaired terminal differentiation, 

although they lack defects in the homeostatic maintenance of the epidermal barrier seen in 

embryonic Grhl3 KO mice [54]. Interestingly, however, these cKO mice develop more 

pronounced epidermal hyperplasia in regions of chemical injury, which correlates with 

increased expression of keratin 6 (K6), a marker for both the injury response and aberrant 

differentiation of keratinocytes [54]. Direct mechanical injury to the epidermis also increases 

K6 expression, together with keratin 10 (K10) [35],[54], an early marker of terminal 

differentiation. In the normal response to injury, Grhl3 mRNA expression markedly increases 

together with increased Grhl3-expressing cells, indicating that Grhl3 is an important factor for 

the epithelial wound repair response [54]. Taken together, these results suggest that although 

Grhl3 is not necessary for maintaining the skin barrier after birth, it is highly involved in 

postnatal epidermal repair, particularly following chemically-mediated damage that leads to an 

inflammatory response, thereby providing a link between repair mechanisms, inflammation 

and keratinocyte proliferation. 

 

Grhl3 functions as a tumour suppressor against SCC 
C57Bl/6 mice are well known for their high resistance to chemically induced tumourigenesis, 

therefore their capacity to form tumours following administration of the well-characterised 

DMBA/TPA carcinogenesis protocol is low [48]. Grhl3∆/-/K14Cre+ mice generated on a 

C57Bl/6 background readily develop multiple papillomas, keratocanthomas (KAs) and SCCs. 

These mutant mice have an increase in both the frequency of papilloma formation and their 

progression to malignancies, with hyperplasia additionally seen in the epidermis surrounding 

these tumours following DMBA/TPA administration, reflecting the importance of Grhl3 in 

maintaining a tumour-free environment within the epidermis. Furthermore, when mice lacking 

Grhl3 are left to age without DMBA/TPA administration, all develop epidermal hyperplasia 

and spontaneous papillomas, some of which eventually progress to SCC. This demonstrates 

that Grhl3 loss alone is sufficient for tumour initiation and that its loss in the epidermis provides 

a potent stimulus for the development of spontaneous and chemically induced aggressive skin 

SCC [48]. More recently, Grhl3 has been identified as a critical tumour-suppressor in head and 

neck SCC (HNSCC), which is a heterogeneous cancer associated with poor survival outcomes 
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[55], where loss of floxed Grhl3 using the K14Cre leads to HNSCC development in the oral 

cavity of these mice [55]. 

 

Although experiments have clearly shown that mutations in members of the Ras family of 

proto-oncogenes play a role in development of SCC, and Ras mutations are prominent in about 

30% of all human cancers, they actually occur at a relatively low frequency (10-20%) in human 

SCC [56],[57]. Grhl3 levels, on the other hand, are reduced in the majority of primary human 

SCCs with up to 90% reduction in expression when compared to adjacent, normal epidermis 

[48]. The high frequency of altered Grhl3 expression in human SCC compared to Ras 

mutations suggests that investigating the consequences of Grhl3 loss may better help 

understanding the pathogenesis of SCC as well as identifying rational therapies. Our laboratory 

has identified downregulation of the phosphatase and tensin homolog (Pten) gene arising from 

the loss of Grhl3 [48]. Pten, a potent tumour suppressor gene, is a target gene of GRHL3 that 

catalyses the conversion of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to 

phosphatidylinositol (4,5)-bisphosphate (PIP2), leading to repression of the phosphoinositide-

3-kinase (PI-3K) signalling pathway.  Loss of Pten as a result of reduced of GRHL3 expression 

consequently leads to increased activity of PDK1 and AKT serine/threonine kinases, promoting 

cell survival, cell cycle progression, angiogenesis, cellular metabolism and growth of 

epidermal cells, which are all phenomena that are observed in multiple cancer types [58],[59]. 

In addition, SCCs from K14Cre+ cKO mice, which have constitutively active PI3K, do not 

harbour any mutations in Ha-, Ki-, and N- Ras [48] confirming that oncogenic pathways 

associated with Ras and Pten are mutually exclusive in skin SCC [60] (Figure 1). 

 

Mice that are heterozygous for the Pten locus (Pten+/–) have similar characteristics to those with 

Grhl3-deficient epidermis, developing hyperkeratosis (a thickened epidermal layer). 

Additionally, mice with a complete loss of Pten (Pten–/–) and a subset of Pten+/– mice 

spontaneously develop SCC as they age [48],[60]. Partial loss of Pten confers both an increase 

in the number of papillomas following DMBA/TPA application, as well as increased tumour 

progression [60]. Interestingly, carcinomas resulting from DMBA/TPA treatment of PTEN+/- 

mice seldom have the characteristic H-Ras mutation that is typically observed following 

DMBA treatment.  Instead, the mice exhibit loss of heterozygosity (LOH) at the PTEN locus, 

effectively becoming similar to PTEN–/– mice. These carcinomas effectively recapitulate what 

is observed in SCCs derived from Grhl3 cKO mice, including reduced MAPK and increased 

PI3K/Akt signalling [48, 60]. These findings, along with the fact that PTEN is a direct 

transcriptional target of GRHL3, firmly places PTEN downstream of GRHL3 and that loss of 
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either gene drives the malignant conversion of papillomas.  Thus the GRHL3-PTEN axis 

functions as a critical tumour suppressor pathway to prevent the onset of skin SCC. 

 

Our laboratory also uncovered a novel proto-oncogenic pathway that drives formation of SCC 

in human skin. MicroRNA-21 (miR-21) is found overexpressed in many human SCC cell lines 

and directly binds to the Grhl3 3’-untranslated region (3’-UTR), leading to downregulation of 

Grhl3 expression. This in turn leads to downregulation of PTEN and increased PI3K activity 

as described above [48]. Inhibition of miR-21 in human SCC cell lines rescued GRHL3 levels 

and normalised the downstream PI3K/mTOR signalling. Altered PTEN and Ras pathways are 

both evident in SCCs although, as mentioned previously, have been shown to be mutually 

exclusive pathways [60].  

 

Interestingly, loss of Grhl3 in the oral epithelium of mice does not perturb the 

PTEN/PI3K/AKT/mTOR signalling, rather leads to loss of expression of another Grhl3 target 

gene, glycogen synthase kinase-3 (Gsk3which normally phosphorylates the c-Myc 

oncogene on threonine-58 (T58), marking it for ubiquitination and degradation, thus helping 

regulate c-Myc levels and activity.  The reduction of Gsk3expression as a result of Grhl3 

loss results in the stabilisation and accumulation of c-Myc and correlates with the formation of 

aggressive HNSCC.  
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Figure 1: Schematic model proposing a differentiated cell as the cell of origin of skin SCC. 

Cancer growth of Grhl3-deficient cells is dependent on the miR-

21/GRHL3/PTEN/AKT/mTOR signalling pathway in skin SCC. 

 

The dual origin of skin SCC 
While tumours readily develop in mice following DMBA/TPA treatment, conditional deletion 

of floxed Grhl3 in the differentiated cell-rich suprabasal epidermis using a tamoxifen-inducible 

Cre recombinase driven off the IVL promoter (IVL-Cre-ERT2), confers an increased 

susceptibility to tumour formation similar to what is seen with K14Cre Grhl3 cKO mice. These 

inducible IVL-Cre driven Grhl3 cKO mice develop more tumours and at earlier time points 

than controls exposed to the same carcinogenesis protocol. This is interesting as the nature of 

tumour cell development is to revert towards a dedifferentiated state, thus becoming more like 

upstream progenitor-type cells, which are more susceptible to malignant conversion, as has 

been observed in hepatocellular carcinoma for example. Regulation of progenitor cells occurs 

through the human exosome, specifically the EXOSC9 subunit. EXOSC9 maintains this cell 

compartment through promoting Grhl3 mRNA degradation within the stem cells, thereby 

preventing premature epidermal maturation through the expression of this transcription factor, 
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and rather promote self-renewal [62]. At least two distinct histological domains form from 

suprabasal SCC tumours; the outer portion of the tumour resembles well differentiated cells 

whilst the core is poorly differentiated, a feature often correlated with tumour aggressiveness 

[61].  

 

Both K14 and IVL-Cre cKO mice also develop SCC, although preliminary data has shown that 

SCCs formed in cKO mice have complete loss of Grhl3 within the tumour, unlike the 

surrounding epidermis that yet contains residual Grhl3 expression following the somewhat 

leaky deletion of Grhl3 using the tamoxifen-inducible Cre-Lox system. cKO tumours also 

exhibit reduced Pten expression yet there is no alteration in self renewal markers including 

Sox-2, Oct-4, c-Myc and Nanog (unpublished data) suggesting that the mechanism of SCC 

formation corresponds to the previously characterised constitutive activation of the 

PI3K/mTOR/AKT signalling pathway, and not through activation of self-renewal pathways. 

Together, these results provide support towards the possibility of a non-SC origin of SCCs. 

 

A differentiated cell could be the cancer cell of origin? 
Epithelial-to-mesenchymal transition (EMT) has most commonly been described in the context 

of embryogenesis and development, whereby epithelial cells transition to a more primitive 

mesenchymal phenotype. These mesenchymal-like cells acquire properties of multipotent SCs, 

with a gain in SC marker expression as well as invasive and migratory abilities, in addition to 

losing their cell-cell adhesion capabilities and cell polarity. Furthermore, EMT has been used 

to explain tumour development and invasion because mesenchymal cells possess many similar 

phenotypes as tumour cells. As this transition is able to create cells that have SC-like properties, 

it is possible that loss of Grhl3 may lead to induction of an EMT in differentiated suprabasal 

epithelial cells, thus facilitating the tumourigenic properties observed. 

 

Ectopic expression of Twist and Snail in immortalised human mammary epithelial cells can 

lead to EMT [63]. Twist is a transcription factor whose targets are genes such as PAR1, which 

are known to confer invasive, migratory and SC like properties, while Snail is a suppressor of 

E-cadherin, which is thought to be a suppressor of metastasis. The mesenchymal-like cells that 

arose from the mammary epithelial cells not only displayed fibroblast-like properties, but also 

exhibited properties that were associated with both normal and neoplastic mammary SCs. This 

adaptation therefore provides a potential pathway whereby differentiated cells can develop the 

SC-like capacity of CICs.  
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Despite the turnover rate of epidermal cells approximating 2-4 weeks [14], tamoxifen-inducible 

IVL-Cre (IVL-Cre-ERT2) mice, which delete floxed Grhl3 in suprabasal cells demonstrated 

that the Grhl3-deficient cells can be maintained within the mouse epidermis for up to 16 weeks 

following the beginning of the tamoxifen (4-OHT) induction protocol in normal skin (Figure 

2). Constitutive K14Cre cKO mice, which show efficient Grhl3 deficient cells, were used as 

positive controls. In this case, the initial loss of Grhl3 leads to perturbation of the normal 

proliferative and differentiation capacity of the suprabasal cell population. Additionally, the 

long “dwell time” of these pre-malignant Grhl3 deficient cells means that there is more time 

for them to acquire the additional “hits” that leads to malignant conversion and SCC.  

 

Although these findings have thus far indicated that Grhl3-deficient differentiated cells may be 

the cells of origin of SCC, an elegant study has identified a small population of IVL-expressing 

cells in the basal cell compartment by lineage tracing [64]. As these cells are progenitors, it is 

possible that the prolonged persistence of Grhl3-deficient cells observed through to 16 weeks 

in 4-OHT-treated IVL-Cre-ERT2+ mice could be due to the survival of these long lived basal 

cell progenitor populations rather than the longevity of differentiated cells. Previous research 

has shown that approximately 10% of all basal cells exhibit expression of differentiation 

markers which may indicate that they are cells that are committed to leave the basal cell 

compartment for differentiation [65]. Further work comparing partial and complete loss of 

Grhl3 under the IVL-Cre promoter will address whether activation of these cell populations 

contributes to long-lived Grhl3 deficiency. 

 
Figure 2: Genomic PCR showing Grhl3 deletion in the epidermis of Grhl3Δ/–/K14Cre 

(constitutive Cre expression) and Grhl3FL/–/IVL-CreERT2 (4-OHT-induced) mice. Left panel 

is a positive control. Middle and right panels show deletion at 3 days, 1, 4, 8 and 16 weeks post 

4-OHT inductions of IVL-Cre demonstrating a similar ratio of deleted cells (Δ) at 1w and 16w. 
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This suggests that deletion of a Grhl3 floxed allele (FL/–) generates long-lived cells (Δ/–) in 

suprabasal layers of the epidermis (normal tissue renewal is 2-4 weeks).  

 

Conclusions 
Increasing evidence in the literature is supporting the differentiated cells for having a cancer 

cell-of-origin potential. Under specific genetic circumstances, these committed cells can revert 

to a CIC status with a longevity advantage, giving rise to cancer if excessively exposed to 

tumourigenic events– including HPV infection, inflammatory signalling and the exposure to 

sun ultraviolet radiation (Figure 1). Following confirmation of the identity of the cell of origin, 

the ultimate aim will be to characterise it in the context of human SCC in order to develop 

targeted therapies for effective treatment. Chemotherapeutic agents including cisplatin, 

ifosfamide and docetaxel have shown some efficacy in skin and HNSCC, and although 

combination therapy is also effective, toxicity resulting from this treatment is substantial [66]. 

The current scope for SCC treatments, which include curettage, electrodessication, excision or 

cryosurgery, is non-specific and thus carries a high economic burden. 

 

A substantial amount of literature has recognised that even among CSCs, there lies a great deal 

of heterogeneity. Studies on HNSCC, for example, have identified heterogeneity within 

tumours through differential expression of the CD44 cell surface glycoprotein, where cells 

expressing this factor also had increased expression of the BMI-1 gene that has been shown to 

play roles in self-renewal and tumourigenesis [67]. Moreover, tumour microenvironment can 

also influence heterogeneity via non-genomic factors including expression of metabolites and 

gradients of various cytokines and growth factors that also have an impact on the effectiveness 

of drugs used to treat the tumours. For example, a recent study has shown that differential TGF-

β signalling within SCCs influences tumour drug responses, including resistance to cisplatin, 

which is one of the most widely used anti-cancer drugs [68].  

 

By establishing a genetic signature for various SCCs (for example, loss of Pten versus loss of 

Gsk3b), and understanding how different signatures respond to different treatments, patients 

can be stratified according to their tumour genotype in order to receive drugs that are specific 

to their tumour status. Additionally, therapies aimed at the CIC, and subsequently, the CSC 

will enable elimination of potential resistant tumour cell populations. In the case of the CIC, 

the benefits of eliminating a population of pre-malignant cells before they develop into full-

blown tumours would be enormous. This is because the slow-growing CIC and CSC 
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populations are intrinsically more resistant to conventional therapy and can eventually lead to 

refractory scenario where the tumour no longer responds to treatment. Thus eliminating the 

CIC and CSC populations will potentially allow the bypassing of acquired drug resistance in 

response to therapy for SCCs of the skin but also for more heterogeneous and aggressive SCCs, 

such as HNSCC.  

 

Acknowledgments 

Dr Andrew Cuddihy is supported by a grant from the Peter Mac Foundation. Dr Charbel Darido 

is a Victorian Cancer Agency (VCA) Mid-Career Research Fellow (CR_16/5985) and a 

previous Fellow of the VCA Clare Oliver Memorial Fellowship (COF11_04). Projects 

associated with this Review were supported by grants from the Australian National Health and 

Medical Research (NHMRC, APP1049870, APP1106697) and by a grant from The 

Association for International Cancer Research (AICR, 11-0060). 

 

Conflicts of Interest  

The authors declare no conflict of interest. 

 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


18

References 
1. Lomas, A.; Leonardi-Bee, J.; Bath-Hextall, F., A systematic review of worldwide 

incidence of nonmelanoma skin cancer. Br J Dermatol 2012, 166, (5), 1069-80. 
2. Point, K., Cite as: Basal cell carcinoma, squamous cell carcinoma (and related lesions)–

a guide to clinical management in Australia. Cancer Council Australia and Australian 
Cancer Network, Sydney. 2008. 2008. 

3. Cherpelis, B. S.; Marcusen, C.; Lang, P. G., Prognostic factors for metastasis in 
squamous cell carcinoma of the skin. Dermatol Surg 2002, 28, (3), 268-73. 

4. Sufficool, K. E.; Hepper, D. M.; Linette, G. P.; Hurst, E. A.; Lu, D.; Lind, A. C.; 
Cornelius, L. A., Histopathologic characteristics of therapy-associated cutaneous 
neoplasms with vemurafenib, a selective BRAF kinase inhibitor, used in the treatment 
of melanoma. J Cutan Pathol 2014, 41, (7), 568-75. 

5. Stasko, T.; Brown, M. D.; Carucci, J. A.; Euvrard, S.; Johnson, T. M.; Sengelmann, R. 
D.; Stockfleth, E.; Tope, W. D.; International Transplant-Skin Cancer, C.; European 
Skin Care in Organ Transplant Patients, N., Guidelines for the management of 
squamous cell carcinoma in organ transplant recipients. Dermatol Surg 2004, 30, (4 Pt 
2), 642-50. 

6. Staples, M. P.; Elwood, M.; Burton, R. C.; Williams, J. L.; Marks, R.; Giles, G. G., 
Non-melanoma skin cancer in Australia: the 2002 national survey and trends since 
1985. Med J Aust 2006, 184, (1), 6-10. 

7. Boehnke, K.; Falkowska-Hansen, B.; Stark, H. J.; Boukamp, P., Stem cells of the 
human epidermis and their niche: composition and function in epidermal regeneration 
and carcinogenesis. Carcinogenesis 2012, 33, (7), 1247-58. 

8. Radtke, F.; Raj, K., The role of Notch in tumorigenesis: oncogene or tumour 
suppressor? Nat Rev Cancer 2003, 3, (10), 756-67. 

9. Watt, F. M., Involucrin and other markers of keratinocyte terminal differentiation. The 
Journal of investigative dermatology 1983, 81, (1 Suppl), 100s-3s. 

10. Sumitomo, S.; Kumasa, S.; Iwai, Y.; Mori, M., Involucrin expression in epithelial 
tumors of oral and pharyngeal mucosa and skin. Oral Surg Oral Med Oral Pathol 1986, 
62, (2), 155-63. 

11. Yu, Z.; Lin, K. K.; Bhandari, A.; Spencer, J. A.; Xu, X.; Wang, N.; Lu, Z.; Gill, G. N.; 
Roop, D. R.; Wertz, P.; Andersen, B., The Grainyhead-like epithelial transactivator 
Get-1/Grhl3 regulates epidermal terminal differentiation and interacts functionally with 
LMO4. Dev Biol 2006, 299, (1), 122-36. 

12. Lapougea, G. l.; Youssef, K. K.; Vokaerb, B.; Achouric, Y.; Michauxa, C.; 
Sotiropouloua, P. A.; Blanpain, C. d., Identifying the cellular origin of squamous skin 
tumors. 2011. 

13. Tumbar, T.; Guasch, G.; Greco, V.; Blanpain, C.; Lowry, W. E.; Rendl, M.; Fuchs, E., 
Defining the epithelial stem cell niche in skin. Science 2004, 303, (5656), 359-63. 

14. Blanpain, C.; Fuchs, E., Epidermal stem cells of the skin. Annu Rev Cell Dev Biol 2006, 
22, 339-73. 

15. Cangkrama, M.; Ting, S. B.; Darido, C., Stem cells behind the barrier. Int J Mol Sci 
2013, 14, (7), 13670-86. 

16. Clayton, E.; Doupe, D. P.; Klein, A. M.; Winton, D. J.; Simons, B. D.; Jones, P. H., A 
single type of progenitor cell maintains normal epidermis. Nature 2007, 446, (7132), 
185-9. 

17. Lobo, N. A.; Shimono, Y.; Qian, D.; Clarke, M. F., The biology of cancer stem cells. 
Annu Rev Cell Dev Biol 2007, 23, 675-99. 

18. Abel, E. L.; Angel, J. M.; Kiguchi, K.; DiGiovanni, J., Multi-stage chemical 
carcinogenesis in mouse skin: fundamentals and applications. Nat Protoc 2009, 4, (9), 
1350-62. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


19

19. Quintanilla, M.; Brown, K.; Ramsden, M.; Balmain, A., Carcinogen-specific mutation 
and amplification of Ha-ras during mouse skin carcinogenesis. Nature 1986, 322, 
(6074), 78-80. 

20. Van Duuren, B. L.; Sivak, A.; Katz, C.; Seidman, I.; Melchionne, S., The effect of aging 
and interval between primary and secondary treatment in two-stage carcinogenesis on 
mouse skin. Cancer Res 1975, 35, (3), 502-5. 

21. Morris, R. J.; Fischer, S. M.; Slaga, T. J., Evidence that a slowly cycling subpopulation 
of adult murine epidermal cells retains carcinogen. Cancer Res 1986, 46, (6), 3061-6. 

22. White, A. C.; Tran, K.; Khuu, J.; Dang, C.; Cui, Y.; Binder, S. W.; Lowry, W. E., 
Defining the origins of Ras/p53-mediated squamous cell carcinoma. Proc Natl Acad 
Sci U S A 2011, 108, (18), 7425-30. 

23. Adhikary, G.; Grun, D.; Kerr, C.; Balasubramanian, S.; Rorke, E. A.; Vemuri, M.; 
Boucher, S.; Bickenbach, J. R.; Hornyak, T.; Xu, W.; Fisher, M. L.; Eckert, R. L., 
Identification of a population of epidermal squamous cell carcinoma cells with 
enhanced potential for tumor formation. PLoS One 2013, 8, (12), e84324. 

24. Youssef, K. K.; Van Keymeulen, A.; Lapouge, G.; Beck, B.; Michaux, C.; Achouri, Y.; 
Sotiropoulou, P. A.; Blanpain, C., Identification of the cell lineage at the origin of basal 
cell carcinoma. Nat Cell Biol 2010, 12, (3), 299-305. 

25. Brown, K.; Strathdee, D.; Bryson, S.; Lambie, W.; Balmain, A., The malignant capacity 
of skin tumours induced by expression of a mutant H-ras transgene depends on the cell 
type targeted. Curr Biol 1998, 8, (9), 516-24. 

26. Li, S.; Park, H.; Trempus, C. S.; Gordon, D.; Liu, Y.; Cotsarelis, G.; Morris, R. J., A 
keratin 15 containing stem cell population from the hair follicle contributes to 
squamous papilloma development in the mouse. Mol Carcinog 2013, 52, (10), 751-9. 

27. Caulin, C.; Nguyen, T.; Lang, G. A.; Goepfert, T. M.; Brinkley, B. R.; Cai, W. W.; 
Lozano, G.; Roop, D. R., An inducible mouse model for skin cancer reveals distinct 
roles for gain- and loss-of-function p53 mutations. J Clin Invest 2007, 117, (7), 1893-
901. 

28. Nassar, D.; Latil, M.; Boeckx, B.; Lambrechts, D.; Blanpain, C., Genomic landscape of 
carcinogen-induced and genetically induced mouse skin squamous cell carcinoma. 
Nature medicine 2015, 21, (8), 946-54. 

29. Rofstad, E. K., Microenvironment-induced cancer metastasis. Int J Radiat Biol 2000, 
76, (5), 589-605. 

30. Rofstad, E. K.; Danielsen, T., Hypoxia-induced metastasis of human melanoma cells: 
involvement of vascular endothelial growth factor-mediated angiogenesis. Br J Cancer 
1999, 80, (11), 1697-707. 

31. Argyris, T. S.; Slaga, T. J., Promotion of carcinomas by repeated abrasion in initiated 
skin of mice. Cancer Res 1981, 41, (12 Pt 1), 5193-5. 

32. Lapouge, G.; Youssef, K. K.; Vokaer, B.; Achouri, Y.; Michaux, C.; Sotiropoulou, P. 
A.; Blanpain, C., Identifying the cellular origin of squamous skin tumors. Proceedings 
of the National Academy of Sciences of the United States of America 2011, 108, (18), 
7431-6. 

33. Morris, R. J.; Coulter, K.; Tryson, K.; Steinberg, S. R., Evidence that cutaneous 
carcinogen-initiated epithelial cells from mice are quiescent rather than actively 
cycling. Cancer Res 1997, 57, (16), 3436-43. 

34. McCormack, M. P.; Young, L. F.; Vasudevan, S.; de Graaf, C. A.; Codrington, R.; 
Rabbitts, T. H.; Jane, S. M.; Curtis, D. J., The Lmo2 oncogene initiates leukemia in 
mice by inducing thymocyte self-renewal. Science 2010, 327, (5967), 879-83. 

35. Bailleul, B.; Surani, M. A.; White, S.; Barton, S. C.; Brown, K.; Blessing, M.; Jorcano, 
J.; Balmain, A., Skin hyperkeratosis and papilloma formation in transgenic mice 
expressing a ras oncogene from a suprabasal keratin promoter. Cell 1990, 62, (4), 697-
708. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


20

36. Greenhalgh, D. A.; Rothnagel, J. A.; Quintanilla, M. I.; Orengo, C. C.; Gagne, T. A.; 
Bundman, D. S.; Longley, M. A.; Roop, D. R., Induction of epidermal hyperplasia, 
hyperkeratosis, and papillomas in transgenic mice by a targeted v-Ha-ras oncogene. 
Mol Carcinog 1993, 7, (2), 99-110. 

37. Owens, D. M.; Romero, M. R.; Gardner, C.; Watt, F. M., Suprabasal alpha6beta4 
integrin expression in epidermis results in enhanced tumourigenesis and disruption of 
TGFbeta signalling. J Cell Sci 2003, 116, (Pt 18), 3783-91. 

38. Barrandon, Y.; Morgan, J. R.; Mulligan, R. C.; Green, H., Restoration of growth 
potential in paraclones of human keratinocytes by a viral oncogene. Proc Natl Acad Sci 
U S A 1989, 86, (11), 4102-6. 

39. Glick, A. B.; Kulkarni, A. B.; Tennenbaum, T.; Hennings, H.; Flanders, K. C.; O'Reilly, 
M.; Sporn, M. B.; Karlsson, S.; Yuspa, S. H., Loss of expression of transforming growth 
factor beta in skin and skin tumors is associated with hyperproliferation and a high risk 
for malignant conversion. Proc Natl Acad Sci U S A 1993, 90, (13), 6076-80. 

40. Nischt, R.; Roop, D. R.; Mehrel, T.; Yuspa, S. H.; Rentrop, M.; Winter, H.; Schweizer, 
J., Aberrant expression during two-stage mouse skin carcinogenesis of a type I 47-kDa 
keratin, K13, normally associated with terminal differentiation of internal stratified 
epithelia. Mol Carcinog 1988, 1, (2), 96-108. 

41. Tennenbaum, T.; Yuspa, S. H.; Grover, A.; Castronovo, V.; Sobel, M. E.; Yamada, Y.; 
De Luca, L. M., Extracellular matrix receptors and mouse skin carcinogenesis: altered 
expression linked to appearance of early markers of tumor progression. Cancer Res 
1992, 52, (10), 2966-76. 

42. Ting, S. B.; Caddy, J.; Hislop, N.; Wilanowski, T.; Auden, A.; Zhao, L. L.; Ellis, S.; 
Kaur, P.; Uchida, Y.; Holleran, W. M.; Elias, P. M.; Cunningham, J. M.; Jane, S. M., 
A homolog of Drosophila grainy head is essential for epidermal integrity in mice. 
Science 2005, 308, (5720), 411-3. 

43. Kudryavtseva, E. I.; Sugihara, T. M.; Wang, N.; Lasso, R. J.; Gudnason, J. F.; Lipkin, 
S. M.; Andersen, B., Identification and characterization of Grainyhead-like epithelial 
transactivator (GET-1), a novel mammalian Grainyhead-like factor. Dev Dyn 2003, 
226, (4), 604-17. 

44. Ting, S. B.; Caddy, J.; Wilanowski, T.; Auden, A.; Cunningham, J. M.; Elias, P. M.; 
Holleran, W. M.; Jane, S. M., The epidermis of grhl3-null mice displays altered lipid 
processing and cellular hyperproliferation. Organogenesis 2005, 2, (2), 33-5. 

45. Fluhr, J. W.; Kao, J.; Jain, M.; Ahn, S. K.; Feingold, K. R.; Elias, P. M., Generation of 
free fatty acids from phospholipids regulates stratum corneum acidification and 
integrity. J Invest Dermatol 2001, 117, (1), 44-51. 

46. Caddy, J.; Wilanowski, T.; Darido, C.; Dworkin, S.; Ting, S. B.; Zhao, Q.; Rank, G.; 
Auden, A.; Srivastava, S.; Papenfuss, T. A.; Murdoch, J. N.; Humbert, P. O.; Parekh, 
V.; Boulos, N.; Weber, T.; Zuo, J.; Cunningham, J. M.; Jane, S. M., Epidermal wound 
repair is regulated by the planar cell polarity signaling pathway. Dev Cell 2010, 19, (1), 
138-47. 

47. Dworkin, S.; Jane, S. M.; Darido, C., The planar cell polarity pathway in vertebrate 
epidermal development, homeostasis and repair. Organogenesis 2011, 7, (3), 202-8. 

48. Darido, C.; Georgy, S. R.; Wilanowski, T.; Dworkin, S.; Auden, A.; Zhao, Q.; Rank, 
G.; Srivastava, S.; Finlay, M. J.; Papenfuss, A. T.; Pandolfi, P. P.; Pearson, R. B.; Jane, 
S. M., Targeting of the tumor suppressor GRHL3 by a miR-21-dependent proto-
oncogenic network results in PTEN loss and tumorigenesis. Cancer Cell 2011, 20, (5), 
635-48. 

49. Cangkrama, M.; Darido, C.; Georgy, S. R.; Partridge, D.; Auden, A.; Srivastava, S.; 
Wilanowski, T.; Jane, S. M., Two Ancient Gene Families Are Critical for Maintenance 
of the Mammalian Skin Barrier in Postnatal Life. J Invest Dermatol 2016, 136, (7), 
1438-48. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


21

50. Shwayder, T.; Akland, T., Neonatal skin barrier: structure, function, and disorders. 
Dermatol Ther 2005, 18, (2), 87-103. 

51. Alam, M.; Ratner, D., Cutaneous squamous-cell carcinoma. N Engl J Med 2001, 344, 
(13), 975-83. 

52. Kroemer, G.; Pouyssegur, J., Tumor cell metabolism: cancer's Achilles' heel. Cancer 
Cell 2008, 13, (6), 472-82. 

53. Burd, E., Human Papillomavirus and cervical cancer. 2003. Clinical Microbiology. 
54. Gordon, W. M.; Zeller, M. D.; Klein, R. H.; Swindell, W. R.; Ho, H.; Espetia, F.; 

Gudjonsson, J. E.; Baldi, P. F.; Andersen, B., A GRHL3-regulated repair pathway 
suppresses immune-mediated epidermal hyperplasia. J Clin Invest 2014, 124, (12), 
5205-18. 

55. Georgy, S. R.; Cangrakrama, M.; Srivastava, S.; Partridge, D.; Auden, A.; Dworkin, S.; 
McLean, C. A.; Jane, S. M.; Darido, C., Identification of a novel proto-oncogenic 
network in head and neck squamous cell carcinoma. Journal of the National Cancer 
Institute 2015. 

56. Boukamp, P., Non-melanoma skin cancer: what drives tumor development and 
progression? Carcinogenesis 2005, 26, (10), 1657-67. 

57. van der Schroeff, J. G.; Evers, L. M.; Boot, A. J.; Bos, J. L., Ras oncogene mutations 
in basal cell carcinomas and squamous cell carcinomas of human skin. J Invest 
Dermatol 1990, 94, (4), 423-5. 

58. Asano, T.; Yao, Y.; Zhu, J.; Li, D.; Abbruzzese, J. L.; Reddy, S. A., The PI 3-kinase/Akt 
signaling pathway is activated due to aberrant Pten expression and targets transcription 
factors NF-kappaB and c-Myc in pancreatic cancer cells. Oncogene 2004, 23, (53), 
8571-80. 

59. Altomare, D. A.; Testa, J. R., Perturbations of the AKT signaling pathway in human 
cancer. Oncogene 2005, 24, (50), 7455-64. 

60. Mao, J. H.; To, M. D.; Perez-Losada, J.; Wu, D.; Del Rosario, R.; Balmain, A., 
Mutually exclusive mutations of the Pten and ras pathways in skin tumor progression. 
Genes Dev 2004, 18, (15), 1800-5. 

61. Yano, H.; Iemura, A.; Fukuda, K.; Mizoguchi, A.; Haramaki, M.; Kojiro, M., 
Establishment of two distinct human hepatocellular carcinoma cell lines from a single 
nodule showing clonal dedifferentiation of cancer cells. Hepatology 1993, 18, (2), 320-
7. 

62. Mistry, D. S.; Chen, Y.; Sen, G. L., Progenitor function in self-renewing human 
epidermis is maintained by the exosome. Cell Stem Cell 2012, 11, (1), 127-35. 

63. Mani, S. A.; Guo, W.; Liao, M. J.; Eaton, E. N.; Ayyanan, A.; Zhou, A. Y.; Brooks, 
M.; Reinhard, F.; Zhang, C. C.; Shipitsin, M.; Campbell, L. L.; Polyak, K.; Brisken, C.; 
Yang, J.; Weinberg, R. A., The epithelial-mesenchymal transition generates cells with 
properties of stem cells. Cell 2008, 133, (4), 704-15. 

64. Mascre, G.; Dekoninck, S.; Drogat, B.; Youssef, K. K.; Brohee, S.; Sotiropoulou, P. 
A.; Simons, B. D.; Blanpain, C., Distinct contribution of stem and progenitor cells to 
epidermal maintenance. Nature 2012, 489, (7415), 257-62. 

65. Schweizer, J.; Kinjo, M.; Furstenberger, G.; Winter, H., Sequential expression of 
mRNA-encoded keratin sets in neonatal mouse epidermis: basal cells with properties 
of terminally differentiating cells. Cell 1984, 37, (1), 159-70. 

66. Specenier, P. M.; Van Den Brande, J.; Schrijvers, D.; Huizing, M. T.; Altintas, S.; 
Dyck, J.; Van Den Weyngaert, D.; Van Laer, C.; Vermorken, J. B., Docetaxel, 
ifosfamide and cisplatin (DIP) in squamous cell carcinoma of the head and neck. 
Anticancer Res 2009, 29, (12), 5137-42. 

67. Prince, M. E.; Sivanandan, R.; Kaczorowski, A.; Wolf, G. T.; Kaplan, M. J.; Dalerba, 
P.; Weissman, I. L.; Clarke, M. F.; Ailles, L. E., Identification of a subpopulation of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369


22

cells with cancer stem cell properties in head and neck squamous cell carcinoma. Proc 
Natl Acad Sci U S A 2007, 104, (3), 973-8. 

68. Oshimori, N.; Oristian, D.; Fuchs, E., TGF-beta promotes heterogeneity and drug 
resistance in squamous cell carcinoma. Cell 2015, 160, (5), 963-76. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2017                   doi:10.20944/preprints201705.0108.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2017, 18, 1369; doi:10.3390/ijms18071369

http://dx.doi.org/10.20944/preprints201705.0108.v1
http://dx.doi.org/10.3390/ijms18071369

