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Abstract

Early primitive stem cells have long been viewed as the cancer cells of origin (tumor initiating 

target cells) due to their intrinsic features of self-renewal and longevity. However, emerging 

evidence suggests a surprising capacity for normal committed cells to function as reserve stem 

cells upon reprogramming as a consequence of tissue damage resulting in inflammation and 

wound healing. This results in an alternative concept positing that tumors may originate from 

differentiated cells that can re-acquire stem cell properties due to genetic or epigenetic 

reprogramming. It is likely that both models are correct, and that a continuum of potential cells of 

origin exists, ranging from early primitive stem cells to committed progenitor or even terminally 

differentiated cells. A combination of the nature of the target cell and the specific types of gene 

mutations introduced determine tumor cell lineage, as well as potential for malignant conversion. 

Evidence from mouse skin models of carcinogenesis suggests that initiated cells at different stages 

within a stem cell hierarchy have varying degrees of requirement for reprogramming (e.g. 

inflammation stimuli), depending on their degree of differentiation. This article will present 

evidence in favor of these concepts that has been developed from studies of several mouse models 

of skin carcinogenesis.
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1. Introduction

One of the core questions in cancer biology relates to the identity and nature of the cancer 

“cell of origin,” the target cell in which the first oncogenic driver mutation occurs and leads 

to tumor initiation [1]. With the emerging concepts of “cancer-stem-cells”, i.e. that sub-
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population of cells with tumor-initiating capacity in serial transplantation assays, it has been 

hypothesized that the primitive early stem cells might be the cancer cells of origin, because 

of their intrinsic features of self-renewal and longevity. However, evidence for the plasticity 

of completely normal cells, demonstrating their ability to acquire stem cell characteristics 

[2] raised the possibility that more committed progenitor cells can also serve as target cells 

for initiation, as long as they maintain or can re-acquire stem cell-like features. Among the 

questions that arise in light of these new concepts, are the following: 1) do tumors arise from 

stem cells, or committed progenitor cells that require reprogramming through inflammation 

or biological stress? 2) How does the cell of origin (stem cell or committed progenitor cell) 

affect malignant potential? 3) Do cancers of different histological subtypes arise by 

reprogramming of the same target cells?

In general, cellular reprogramming refers to the concept of rewiring the epigenetic and 

transcriptional network of one cell type to that of a different cell type [3, 4]. In this review, 

we refer to “reprogramming” as those additional genetic, epigenetic, and micro-

environmental alterations that are required for target cells to initiate and maintain/propagate 

a tumor.

2. Stem cell hierarchy and malignant potential

Increasing evidence suggests a surprising role for normal committed progenitor cells as a 

backup reservoir for adult stem cells after reprogramming in response to stress conditions. 

Using a method to trace the lineage of quiescent label-retaining cells (LRCs) in vivo in the 

intestinal crypt, it has been demonstrated that upon wounding, a population of LRCs that 

normally gives rise to Paneth cells can be reprogrammed to repopulate the stem cell niche 

and contribute to the regeneration of all intestinal cell lineages [5]. Similar results have been 

obtained by lineage tracing of Bmi1-positive quiescent stem cells exposed to radiation 

damage [6]. Another study, also using in vivo lineage tracing in mice, has demonstrated that 

upon depletion of airway stem cells, differentiated luminal secretory cells can be de-

differentiated into basal stem cells [7]. This capacity of committed cells to function as 

reserve stem cells via reprogramming is very relevant to the tumor cell of origin question, as 

these studies support the idea that terminally differentiated cells can also become tumor-

initiating cells. Similarly, it has been shown that inflammatory tumor promoting 

environments mediated by enhanced NF-κB activity and subsequent Wnt pathway activation 

induced intestinal epithelial non-stem cells to acquire a stem-cell like fate and function as 

tumor-initiating cells [8]. A mouse model of brain cancer also has shown that aggressive 

glioblastoma can originate from a range of different cell types including astrocytes and 

mature neurons in the nervous system via direct reprogramming [9].

These studies support the notion that tumors can originate from progenitor cells as well as 

stem cells. It is likely that there is a continuum of potential cells of origin ranging from early 

primitive stem cells to committed progenitor or even terminally differentiated cells, and the 

combination of the nature of the target cell and the specific types of gene mutations 

introduced determine their malignant potential [1]. For example, tumors that arise from early 

epidermal stem cells within the bulge region of the hair follicle might intrinsically possess 

more aggressive properties than tumors with the same genetic mutations but arising from a 
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more differentiated, committed cell type in the epidermal lineage. Conversely, initiated cells 

within the more differentiated cell compartment would have the greatest requirement for 

reprogramming, in order to facilitate self renewal and malignant progression (Fig. 1). 

Evidence in favor of these concepts has come from studies of the skin model system, as 

discussed later in more detail [10, 11].

3. Inflammation and multistage skin tumorigenesis

Inflammation is a highly complex process involving cellular and humoral components of the 

immune system that exhibit both pro- and anti-tumor properties during cancer development 

[12, 13]. Since the initial study in 1863 by Virchow [14], who observed the presence of a 

leukocytic infiltrate in tumor tissues and hypothesized a connection between the sites of 

inflammation and tumorigenesis, critical roles for inflammatory stimuli have been 

demonstrated in initiating, maintaining, and advancing tumors. These insights have led to 

various therapeutic strategies targeting inflammation for the prevention and treatment of 

cancer [12, 13, 15–18].

A critical role for inflammation in skin cancer is well characterized from studies using the 

classical two-stage DMBA/TPA chemical carcinogenesis model. This involves a single 

topical application of a mutagen, such as DMBA (7,12-dimethylbenz-[a]-anthracene) to 

introduce an initiating mutation, followed by prolonged exposure to a tumor promoter, such 

as TPA (12-O-tetradecanoyl phorbol-13-acetate) for 20 weeks. The predominant types of 

tumors that arise in this model are benign squamous papillomas, and a small portion of these 

tumors progress to malignant squamous cell carcinomas (SCCs). Some of these SCCs 

further undergo epithelial-mesenchymal transition (EMT) and become a more aggressive 

form of poorly differentiated carcinomas known as spindle cell carcinomas [19]. In the 

DMBA/TPA protocol, DMBA can form covalent adducts with the DNA of all epidermal 

target cells and causes tumor initiation commonly through a specific mutation in codon 61 

of Hras (Q61L) [20–22]. However, the initiating Ras mutation by itself is not sufficient to 

form tumors in most experimental models, emphasizing the need for a tumor promoter in the 

second stage. The type of promoter as well as the duration and frequency of the tumor 

promoter treatment profoundly affect the incidence of papillomas in two-stage 

carcinogenesis experiments [23, 24].

The tumor-promoting role of TPA in the DMBA/TPA model is not simply limited to 

stimulation of cell proliferation. TPA regulates activation of protein kinase C (PKC) 

isoforms and induces a pleiotropic tissue inflammatory reaction by the production of a wide 

range of cytokines such as Tgfβ, Tnfα and Il-1α that are crucial mediators of wound 

inflammatory responses [25–29]. This wound inflammatory reaction is critical in tumor 

promotion in that 1) other promoters that are equally potent as TPA in enhancing cell 

proliferation but without inducing cutaneous inflammation do not cause papilloma 

development, and 2) TPA treatment can be replaced by repeated wounding as well as by the 

injection of wound growth factors such as TGF-β with resultant papilloma formation [25, 

30–32].
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Skin carcinogenesis induced in the DMBA/TPA model was presumed to proceed in a linear 

fashion through distinct stages including development of inflammation-dependent benign 

papillomas, conversion into malignant squamous cell carcinomas (SCCs), and progression 

of some of SCCs to undifferentiated spindle cell carcinomas via EMT [19]. There is 

however evidence that some aggressive spindle cell carcinomas arise by a separate route that 

is distinct from the classical pathway that is heavily dependent on inflammatory stimuli and 

Hras mutation [11]. Detailed analysis of carcinomas by gene expression profiling and 

histology revealed two distinct categories representing pure SCCs or those with only a minor 

spindle cell component (Class A), or essentially pure spindle cell carcinomas (Class B). 

Unlike the Class A carcinomas, the Class B carcinomas exhibit characteristics of EMT 

including 1) up-regulation of Snai1, Zeb1 and Vimentin, 2) down-regulation of E-cadherin, 

Krt5, and Krt14, and 3) “Claudin low signature,” which denotes stem cell-like features that 

have been shown in a subset of human breast cancer [33, 34].

Striking differences between the Class A and Class B carcinomas were seen by analysis of 

1) the integrity and expression of the Ink4a/Arf locus, and 2) their dependency on 

inflammation and Hras signaling, suggesting that Class B tumors may arise via a separate 

route involving distinct genetic and molecular reprogramming mechanisms. The fact that the 

Class B tumors frequently undergo loss of the Ink4a/Arf locus is notable. Three genes, p16/

Cdkn2a, p15/Cdkn2b, and p19/Arf, are encoded from the deleted regions in the Class B 

carcinomas, and p16 and p19 have been specifically implicated in hindering self-renewal of 

neural and hematopoietic stem cells and blocking direct reprogramming of somatic cells to 

iPSCs [35–37]. This is reminiscent of the mechanisms by which p53 modifies the stem-like 

state and malignant potential of target cells (discussed later).

Exposure of mice to different levels of inflammation by modulating the length of TPA 

treatment revealed a differential dependence of these two tumor classes on inflammatory 

responses. While reduced exposure to inflammation dramatically decreased overall yields of 

papillomas and Class A carcinomas, more Class B carcinomas with high frequency of 

Ink4/Arf genetic alterations were observed. Mice treated with an abbreviated duration of 

TPA treatment of 5 weeks, rather than the usual 20 weeks, showed the highest relative 

proportion of Class B to Class A carcinomas. This observation is reminiscent of the “high-

risk papillomas” reported by Hennings et al. three decades ago, which gave rise to 

carcinomas with a rather high 20% conversion rate after an abbreviated TPA treatment of 5 

weeks [38]. We conclude that most papillomas and Class A SCCs seem to have a greater 

requirement for reprogramming by exposure to inflammatory agents, while the Class B 

carcinomas, which express high levels of Cd34 and some other known bulge stem cell 

markers, have a reduced requirement for this reprogramming stimulus. Intriguingly, mutant 

Hras signaling was downregulated in Class B spindle carcinomas prompting a study of skin 

tumor development in mice lacking the Hras target gene. Despite the fact that very few 

papillomas developed in Hras-deficient mice, surprisingly, the majority of null mice 

developed Class B carcinomas, most of which harbored mutations in Kras and deletions of 

the Ink4/Arf locus. All these data suggest the Class B carcinomas do not arise from pre-

existing Class A carcinomas but utilize a novel pathway leading to malignant progression 

that is less dependent on inflammation and Hras signaling. Two possible explanations are 1) 
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the Class B tumors may undergo alternative genetic events possibly involving Ink4A at an 

early stage of carcinogenesis, or 2) the Class B tumors may arise from an early stem cell that 

does not require such extensive reprogramming by inflammatory and tumor-promoting 

stimuli (Fig. 2).

4. Inflammation and reprogramming in skin cancer

The data described above suggest a model by which Ras-driven tumors arising from early 

stem cells may require minimal inflammation-related reprogramming, whereas more 

differentiated target cells require extensive reprogramming by wounding and/or exogenous 

inflammatory stimuli (Fig. 1). Several groups have tried to model these events by targeting 

mutant Ras to different epidermal cell compartments. Overexpression of mutant Hras under 

the control of a truncated K5-promoter that targets the outer root sheath (ORS) of hair 

follicles, where stem cells are believed to reside, gave rise to malignant SCCs that are 

independent of wounding or extra TPA treatments [10]. On the other hand, expression of the 

same mutant gene in interfollicular differentiated cells resulted in the formation of 

terminally differentiating papillomas, but only at sites subject to inflammation by wounding, 

such as the base of the tail or the ear [10, 39, 40]. Moreover, these tumors were strongly 

stimulated by treatment with TPA [39, 40], but regressed once TPA was withdrawn, 

demonstrating their high dependency on chronic inflammation. These data are compatible 

with the concept that the requirement for inflammation-induced reprogramming is inversely 

correlated with the degree of differentiation of the target cells. Interestingly, the ability of 

committed lung cells to undergo reprogramming has also been reported to be inversely 

related to their stage of differentiation [7].

More recently, using an approach combining knock-in technology and tissue-specific 

expression of targeted genes using Cre-recombinase, several groups activated an oncogenic 

endogenous Kras allele (KrasG12D) in different epithelial cell populations in an attempt to 

trace tumor cells of origin [41–45] (summarized in Table 1). Apart from the Shh-Cre, which 

is expressed in transit-amplifying (TA) matrix cell populations, expression of KrasG12D in 

epithelial cells in the follicle or interfollicular region resulted in spontaneous development of 

cystic or proliferative lesions and some papillomas, but no malignant carcinomas. Direct 

comparison of these various studies is complicated by the use of different promoters to drive 

either mutant Hras or Kras in skin epithelial compartments. There may be intrinsic 

differences between oncogenic Kras and Hras in their capacity to confer stem-like features 

on target cells, or in their patterns of expression in subsets of epithelial cells. Only some of 

these studies addressed the role of wounding or inflammation by TPA treatment on 

development of benign or malignant skin tumors [10, 39, 40, 45], and much remains to be 

done in this area. An interesting possibility is that tumors developing from different 

compartments, or driven by different Ras genes, may show changes in dependence on 

exogenous inflammatory agents.

Despite some discrepancies, the above data lead to a plausible hypothesis that different 

target cells within the epidermal lineage have varying degrees of requirement for 

reprogramming (shown as chronic inflammatory promotion here) in order to develop even 
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benign papillomas. The specific characteristics of the target cells that are intrinsically 

capable of producing papillomas that progress to carcinomas have not been identified.

5. Stem cell hierarchy and tumor type

A related but distinct question is whether tumors of different histological subtypes, but 

arising within the same tissue, have the same or different cells of origin. Basal cell 

carcinomas (BCCs) and squamous cell carcinomas (SCCs), representing two different types 

of non-melanoma skin tumors, are the commonest forms of cancer in Caucasian populations, 

but whether they come from the same target cell through acquisition of separate genetic 

events, or from completely distinct cell compartments, has been a controversial issue. 

Transgenic mouse approaches that involve activation of Ras and Sonic Hedgehog pathways 

known to be drivers of SCC and BCC development, respectively, have provided confusing 

and sometimes contradictory results. The use of various experimental strategies have led to 

the conclusions that BCCs in the mouse can arise from the hair follicle bulge region [46] 

from the interfollicular epidermis and upper infundibulum [47] or from both of these target 

cell populations [48]. Direct comparison of these results is complicated by the fact that all 

used different genetic events to activate Shh signaling (loss of Ptch, activation of Smo, or 

expression of activated Gli2 respectively), and the locations of the resulting BCCs (dorsal, 

ear, or tail skin) showed substantial variation. Parallel questions regarding the origins of 

SCCs have been addressed using keratin and other gene promoters to drive activated forms 

of Hras or Kras in various epithelial compartments [41–45] (see Table 1). These studies 

have shown that proliferative squamous lesions and papillomas, often at sites of scratching 

or wounding, can arise as a consequence of Ras activation in several distinct cell 

compartments, ranging from regions of the bulge containing stem cells (marked by Krt15 or 

Krt19 expression) to fully differentiated cell compartments (expressing K1, K10, or 

involucrin) with low proliferative capacity.

One possible conclusion from all of these targeting studies is that virtually every cell is 

capable of becoming transformed, and that no specific target cell population exists for either 

BCCs or SCCs. However, the use of tissue-specific promoters to drive expression of potent 

activated oncogenes raises a number of possible caveats. Many of these promoters are 

infamously “leaky” and may be expressed in regions outside the expected cell compartment. 

Secondly, cancer initiation by chemical or physical carcinogens entails mutational events 

involving one or more driver genes in single cells. This is a different scenario from that 

resulting from oncogene activation simultaneously in many, possibly contiguous, cells 

within an epithelial compartment. In the latter case, initiated cells may not have to out-

compete their neighbors – an important facet of “normal” initiation at the single cell level 

[49–51]. The exact locations of these single initiated cells, in particular those with the 

highest malignant potential, remain to be determined.

The observation that the hair follicle bulge as well as the interfollicular region contain 

putative cells of origin of both SCCs [10, 43, 44, 52] and BCCs [46, 48] raises the 

possibility that the stem cells in these regions may be capable of forming both tumor types. 

If this were the case, what are the main determinants of tumor cell fate? As is often the case, 

studies of normal epidermal lineage selection during mouse development provide some 
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important clues. The roles of the Wnt-β-catenin signaling in promoting Hair Follicle (HF) 

lineage differentiation during development have been well characterized [53–55], and a 

study by Jahoda and colleagues has suggested a critical antagonistic function for EGFR/Ras 

signaling in specifying interfollicular epidermis (IFE) lineage at the expense of hair follicle 

development [56]. First, they showed that increased levels of EGFR and KGF ligands 

promoted epidermal differentiation while inhibiting hair follicle formation. Consistent with 

these findings, gene expression analysis of KGF and HBEFG-treated embryonic skin 

demonstrated that while genes involved in epidermal differentiation such as S100a18, 

S100a6, loricrin, and keratin 6A, were rapidly induced, Shh signaling factors including Shh, 

Gli1, Ptch2, which are implicated in hair follicle morphogenesis were downregulated [56]. 

This interesting observation illustrates an important concept in developmental biology: 

positive activators of one cell fate decision simultaneously inhibit the alternative pathway 

[57]. These data suggest a model in which the nature of the first genetic alteration in this 

stem cell at the pre-lineage selection stage might determine the fate of resulting tumors (Fig. 

3). Activation of the Ras pathway mimics the effect of Egf/Hbegf in commitment to the 

epidermal squamous lineage, while at the same time inhibiting activation of the alternative 

cell fate by the Shh pathway. Experimental evidence in favor of this model came from 

analysis of the opposing effects of the patched gene (Ptch) in BCC and SCC formation. The 

Ptch gene is a well-known suppressor of the Shh pathway and loss of function of Ptch 

promotes BCC formation in a mouse model resembling human BCC development [58, 59]. 

Paradoxically, genetic mapping in mouse models of SCCs identified a variant of PtchFVB 

that promotes the development of SCCs arising from the epidermal lineage, synergizing with 

the chemically induced initiating Hras mutation [60, 61]. Mechanistically, over-expression 

of the PtchFVB variant appears to influence cell fate commitment at the initiation stage and 

reinforce the commitment to the epidermal lineage that is stimulated by activation of Ras/

Egfr signaling. We conclude that genetic alterations in the Ras and Shh pathways in stem 

cells have critical and antagonistic roles in determining tumor lineage selection, which 

closely resembles the process of normal skin epithelial lineage selection during 

development.

Oncogenic alterations have also been proposed to determine specific lineage phenotypes in 

other tumor types, possibly through epigenetic reprogramming. This has been particularly 

nicely demonstrated for leukemia mouse models, where the identity of the driver oncogene, 

when expressed in haematopoietic stem cells, determines the lineage of the resulting tumor 

cells [62].

6. Role of p53 in reprogramming target cells

p53 is an extensively characterized tumor-suppressor that plays a central role in multiple 

cellular pathways including apoptosis, senescence, cell cycle arrest, and DNA damage 

repair. Recently, an emerging role for p53 in regulating cell differentiation, stem cell 

reprogramming, and self-renewal has suggested the intriguing possibility that p53 also 

functions in reprogramming of cancer target cells, a role that goes beyond its classically 

known functions in preserving genome integrity.
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In DMBA/TPA-mediated skin carcinogenesis, the loss or mutation of Trp53 is coupled with 

progression of benign papilliomas to malignant SCCs [63]. Kemp et al. showed that when 

Trp53−/− mice were subjected to the DMBA/TPA protocol, while the yield of papillomas 

was reduced, malignant carcinomas arose more rapidly and with an extremely high 

malignant conversion rate approaching 50% [64]. Usually, only 3 to 10% of benign 

papillomas progress to SCCs from most strains of wild-type mice. Thus, p53 functions in the 

stage of malignant progression. The studies of KrasG12D-driven skin tumorigenesis 

described above, surprisingly, reported no spontaneous progression to carcinomas in any of 

these models. However, simultaneous loss of Trp53 by Cre-mediated recombination led to 

development of malignant SCCs from different epithelial populations (derived from target 

cells expressing K5, K14, K15, and K19, see Table 1). This common effect of p53 loss on 

target cells at different stages of the epidermal lineage is surprising, and raises questions as 

to the mechanisms by which this conversion takes place.

One straightforward explanation stems from the well known tumor-suppressive roles of p53; 

when classical functions of p53 in apoptosis, senescence, and cell cycle arrest are all 

withdrawn, increased genomic instability may greatly accelerate malignant tumor 

progression. An alternative mechanism may reflect the emerging roles of p53 in stem cell 

regulation, cell differentiation, and epidermal lineage selection. It has been suggested that 

loss of p53 empowers a differentiated cell to restore stem-like features and also that absence 

of p53 can increase stem cell numbers in various tissue systems [65–69]. This occurs as p53 

normally regulates asymmetric division to generate one daughter cell with a stem-cell fate 

(“self-renewal”) and another that differentiates, but loss of p53 results in symmetric stem 

cell division to give rise to two identical daughter stem cells [70]. Trp53−/− mice have 

higher numbers of mammary stem cells that can form mammospheres in vitro and in vivo, 

conceivably because p53 favors asymmetric divisions of stem cells, thereby limiting their 

numbers and promoting cell differentiation [66, 67]. Similarly, in epidermis, loss of p53 may 

also increase numbers of bulge stem cells or may allow committed progenitor cells to adopt 

a more stem-like state, leading to expansion of the population of target cells carrying high 

malignant potential that may give rise to SCCs.

In support of these concepts, several groups have demonstrated that p53 functions as a 

barrier to direct reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) 

via its effects on cell cycle arrest and apoptosis [35, 71–74]. Of particular interest is the role 

of a miRNA family activated by p53 that has been shown to modulate diverse cellular 

processes including stem cell reprogramming and development. For example, p53-mediated 

induction of miR-34s provides a blockade for somatic reprogramming [75–78]. Genetic 

ablation of miR-34s, including miR-34a and miR-34b/c, was shown to enhance 

reprogramming efficiency for iPSCs generation. The mechanisms by which miR-34s 

functions may not be entirely through cell cycle control, because suppression of 

reprogramming by miR-34a was also partially due to repression of a number of 

reprogramming transcription factors such as Nanog, Sox2, and N-myc [77]. Furthermore, 

p53-activated miR-34a targets β-catenin and suppresses canonical Wnt signaling [79]. 

Similarly, a negative impact of p53 on trans-activation of Wnt pathway genes has been 
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previously reported, and p53 also induced SIAH, an E3 ligase that targets β-catenin for 

proteasome-mediated degradation [80–82].

This miR-34a-dependent and -independent suppression of Wnt-β-catenin signaling by p53 

should affect the known activity of Wnt signaling in regulation of stem cell self-renewal in 

several tissue systems [83, 84], and as discussed earlier, the Wnt-β-catenin pathway is 

critical in making cell fate decisions at the early stage of epidermal lineage selection [53, 

55]. These data overall suggest that p53 plays a role in promotion of the epidermal lineage 

during the stage of cell fate choice and that loss of p53 confers stem cell plasticity to this 

differentiating target cell population.

A comparable argument may be possible for BCC development in the context of p53 loss. It 

has been reported that BCC formation is much more efficient when Ptch1 is deleted in 

combination with loss of p53 using K14-Cre-ER (where target cells are mostly in the 

interfollicular epidermis) compared to K15-Cre-PR1 (target cells are the bulge stem cells) 

[46]. Given that K15-representing cells in the bulge area already possess stem cell features, 

the effects of loss of p53 on conferring stem-like characters to this population of target cells 

for BCC formation is relatively minimal compared to the expected effects on the K14-

positive IFE target cells. Altering p53 functions may be amongst the most powerful means 

of reprogramming the malignant potential of target cells. The combination of two potent 

genetic events at an early stage of carcinogenesis, such as Ras mutation and loss of p53, may 

abrogate the need for additional reprogramming effects including inflammation.

7. Concluding remarks

Studies of multistage carcinogenesis in the skin have provided many of the concepts of 

initiation, promotion and progression that are operative in most forms of human cancer. 

These models have identified causal roles for specific genes at particular stages of 

carcinogenesis in ways that would not have been possible using human samples. Since 

mouse skin is also the most widely studied solid tissue model of normal stem cell 

organization, it seems likely that this model will continue to provide us with information that 

will be critical for understanding the origins of cancer stem cells from normal stem cells or 

reprogrammed differentiated progenitors in response to tissue damage.
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Figure 1. A continuum of potential cells of origin for skin cancer
Stem cells with high self-renewal capacity produce, by asymmetrical division, a new stem 

cell and a more differentiated one (progenitor cell) with higher proliferative rate but low or 

absent self-renewal capability. Alternatively, stem cells can undergo a symmetrical division 

to generate two new stem cells or two more-differentiated ones. More differentiated cells 

(transit amplifying cells) are more numerous within the tissue and can progressively lead to 

different lineages by differentiating into specialized cells that maintain the tissue. In skin, 

cells within the bulge region of the hair follicle have a high stem-cell self-renewal capacity 

and high malignant potential, and therefore initiating mutations in the bulge stem cells can 

give rise to papillomas or carcinomas without extensive cellular reprogramming. 

Alternatively, papillomas might be derived from cells within the interfollicular epidermis, 

either the basal stem-cell population that still has some self-renewal capacity or from the 

transit amplifying or even suprabasal cells. However, target cells within the more 

differentiated cell compartment would have greater requirements for reprogramming such as 

inflammation, loss of p53, or loss of Ink4/Arf, in order to facilitate self renewal and 

malignant progression
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Figure 2. Models of the possible origins of Class A and Class B carcinomas
Class B carcinomas may not arise from pre-existing Class A carcinomas but utilize a novel 

pathway leading to malignant progression that is less dependent on inflammation and Hras 

signaling. Class A and Class B carcinomas could have the same cell of origin but diverge at 

an early stage (e.g. loss of Ink4/Arf), giving rise to different kinds of premalignant lesions 

(papilloma and high-risk premalignant lesion, respectively). Conversely, Class A and Class 

B carcinomas could have two completely different cells of origin in the skin and types of 

Ras mutations may also be different depending on the nature of target cells.

Song and Balmain Page 15

Semin Cancer Biol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The effect of specific genetic pathways on tumor-cell fate
The nature of the first genetic alteration in a single target-cell population within the bulge 

stem-cell region at the pre-lineage selection stage might determine the fate of resulting 

tumors. Activation of each of the pathways (RAS/MAPK or PTCH/SHH signaling) in a 

bulge stem cell promotes either epidermal (Epi) differentiation or hair follicle (HF) 

formation, and may further induce the formation of particular tumor types (squamous-cell 

carcinomas or basal-cell carcinomas, respectively).

Song and Balmain Page 16

Semin Cancer Biol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Song and Balmain Page 17

T
ab

le
 1

M
od

el
s 

of
 r

as
-d

ri
ve

n 
sk

in
 c

ar
ci

no
ge

ne
si

s 
ta

rg
et

in
g 

di
ff

er
en

t e
pi

de
rm

al
 c

el
l p

op
ul

at
io

ns

T
ra

ci
ng

 c
el

ls
 o

f 
or

ig
in

s 
fo

r 
SC

C
s 

ha
s 

be
en

 a
tte

m
pt

ed
 u

si
ng

 k
er

at
in

 a
nd

 o
th

er
 g

en
e 

pr
om

ot
er

s 
by

 ta
rg

et
in

g 
on

co
ge

ni
c 

H
ra

s 
or

 K
ra

s 
in

 d
if

fe
re

nt
 e

pi
th

el
ia

l c
om

pa
rt

m
en

ts
. T

he
 r

ol
e 

of
 w

ou
nd

in
g/

in
fl

am
m

at
io

n 
ha

s 

be
en

 a
dd

re
ss

ed
 b

y 
so

m
e 

of
 th

es
e 

st
ud

ie
s 

[1
0,

 3
9,

 4
0,

 4
5]

, b
ut

 n
ot

 a
ll.

 O
nl

y 
si

m
ul

ta
ne

ou
s 

ac
tiv

at
io

n 
of

 K
ra

sG
12

D
 a

nd
 lo

ss
 o

f 
T

rp
53

 b
y 

C
re

-m
ed

ia
te

d 
re

co
m

bi
na

tio
n 

le
d 

to
 d

ev
el

op
m

en
t o

f 
m

al
ig

na
nt

 S
C

C
s 

fr
om

 

ce
ll 

po
pu

la
tio

ns
 e

xp
re

ss
in

g 
K

5,
 K

14
, K

15
, a

nd
 K

19
 [

42
–4

4]
.

G
en

es
ta

rg
et

ed
H

ra
s,

 T
g

L
SL

-K
ra

s-
G

12
D

P
ro

m
ot

er
s 

us
ed

K
1,

 K
10

K
5

L
ri

g1
IN

V
K

14
K

5
K

15
K

19

R
ep

re
se

nt
at

iv
e

ce
ll 

po
pu

la
ti

on
s

Su
pr

ab
as

al
la

ye
r 

of
 I

FE
O

R
S 

of
 H

F
Ju

nc
tio

na
l

zo
ne

Su
pr

ab
as

al
la

ye
r 

of
 I

FE
,

B
as

al
 la

ye
r 

(K
5-

lik
e)

B
as

al
 c

el
ls

 o
f

H
F,

 I
FE

,
se

ba
ce

ou
s

gl
an

ds

B
as

al
 c

el
ls

 o
f

IF
E

 a
nd

 O
R

S 
of

H
F

B
ul

ge
B

ul
ge

W
ou

nd
in

g/
T

P
A

us
ed

Y
es

Y
es

Y
es

N
o*

N
o*

Y
es

*
N

o*
N

o*

P
ap

ill
om

a
(d

or
sa

l)
de

ve
lo

pm
en

t
Y

es
Y

es
Y

es
Y

es
Y

es
**

Y
es

Y
es

Y
es

In
fl

am
m

at
io

n
de

pe
nd

en
cy

W
ou

nd
in

g/
T

PA
-d

ep
en

de
nt

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
W

ou
nd

in
g

-d
ep

en
de

nt

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
?

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
?

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
?

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
?

W
ou

nd
in

g/
T

PA
-i

nd
ep

en
de

nt
?

T
rp

53
 f

lo
x/

fl
ox

us
ed

N
o

N
o

N
o

N
o

Y
es

Y
es

Y
es

Y
es

C
ar

ci
no

m
a

de
ve

lo
pm

en
t

N
o,

N
ot

 te
st

ed
 w

ith
T

rp
53

 f
/f

Y
es

,
N

ot
 te

st
ed

 w
ith

T
rp

53
 f

/f

N
o,

N
ot

 r
ep

or
te

d
w

ith
 T

rp
53

 f
/f

N
o,

N
ot

 r
ep

or
te

d
w

ith
 T

rp
53

 f
/f

Y
es

,
w

ith
 T

rp
53

 f
/f

Y
es

,
w

ith
 T

rp
53

 f
/f

,
w

ith
 T

rp
53

R
17

2H
/f

Y
es

,
w

ith
 T

rp
53

 f
/f

Y
es

,
w

ith
 T

rp
53

 f
/f

R
ef

er
en

ce
s

B
ai

ll
eu

l e
t a

l.
19

90
G

re
en

ha
lg

h 
et

al
. 1

99
3

[3
9,

 4
0]

B
ro

w
n 

et
 a

l.,
19

98
[1

0]

P
ag

e 
et

 a
l.

20
13

[4
5]

L
ap

ou
ge

 e
t a

l.,
20

11
[4

4]

L
ap

ou
ge

 e
t a

l.,
20

11
L

ap
ou

ge
 e

t a
l.,

20
12

[4
4,

 8
5]

C
au

li
n 

et
 a

l.,
20

07
[4

2]

W
hi

te
 e

t a
l.,

20
11

L
ap

ou
ge

 e
t a

l.,
20

11
[4

3,
 4

4]

L
ap

ou
ge

 e
t a

l.,
20

11
[4

4]

T
g;

 T
ra

ns
ge

ni
c 

ov
er

ex
pr

es
si

on
, L

SL
; L

ox
-S

to
p-

L
ox

, I
N

V
; I

nv
ol

uc
ri

n,
 I

F
E

; I
nt

er
fo

lli
cu

lla
r 

E
pi

de
rm

is
, H

F
; H

ai
r 

Fo
lli

cl
e,

 O
R

S;
 O

ut
er

 R
oo

t S
he

at
h,

 f
/f

; f
lo

x/
fl

ox

* Se
ns

iti
vi

ty
 to

 a
dd

iti
on

al
 w

ou
nd

in
g/

in
fl

am
m

at
io

n 
ha

s 
no

t b
ee

n 
ad

dr
es

se
d.

**
T

he
 p

re
ci

se
 lo

ca
tio

ns
 o

f 
th

es
e 

pa
pi

llo
m

as
 h

av
e 

no
t b

ee
n 

de
sc

ri
be

d 
in

 d
et

ai
l.

Semin Cancer Biol. Author manuscript; available in PMC 2016 June 01.


