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Abstract

Significant progress has been made to identify the cells at the foundation of tumorigenesis, the 

cancer cell of origin (CCO). The majority of data points towards resident adult stem cells (ASCs) 

or primitive progenitors as the CCO for those cancers studied, highlighting the importance of stem 

cells not only as propagators but also as initiators of cancer. Recent data suggest tumor initiation at 

the CCOs can be regulated through both intrinsic and extrinsic signals and that the identity of the 

CCOs and their propensity to initiate tumorigenesis is context dependent. In this review, we 

summarize some of the recent findings regarding CCOs and solid tumor initiation and highlight its 

relation with bona fide human cancer.
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Decoding the cell of origin in cancer

Cancer is a complex disease due to the wide variety of cellular and molecular mechanisms 

associated with its initiation and progression. It is accepted that cancer cells divide and 

proliferate uncontrollably because of the accumulation of somatic mutations in normal 

tissue, which confers a selective growth advantage in the mutated progeny [1]. However, the 

cells that make up a tumor are heterogeneous; often making it difficult to determine the 

CCO, which is the normal cell that acquires the mutational load necessary to first initiate 

cancerous proliferation. Furthermore, since cancer is a transformative process, the cells 

composing advanced cancers may no longer contain morphological or molecular 

characteristics of the CCO [2]. The identity of the CCO could be critical to the generation of 

more effective treatments and preventative strategies. If CCOs can be identified and targeted 

specifically, it would be possible to stop cancer before it has a chance to undergo expansion. 

Molecular or physiological attributes specific to CCOs could be exploited to slow or block 

progression, thus avoiding treatments that simply kill dividing cells. This has led to 

significant recent efforts to define CCOs for all types of cancers, and numerous lines of 

evidence point towards ASCs as possible CCOs [3].
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It is worth noting that CCOs are likely different from cancer stem cells. CCOs are the first 

cells to initiate a tumor, but cancer stem cells exist within a growing tumor and are defined 

by their ability to propagate tumors when serially transplanted [4]. Although cancer stem 

cells have many properties and gene expression patterns similar to ASCs, it is not clear 

whether there is a direct relation between the CCOs and cancer stem cells. It is possible and 

probable that cancer stem cells evolve from cells other than CCOs after tumor initiation. 

Cancer stem cells are covered elsewhere in several important reviews [4–6]. Here, we focus 

on CCOs and discuss the intrinsic and extrinsic mechanisms that regulate their ability to 

initiate various cancers.

ASCs and CCOs: is there a link?

ASCs make for a compelling target of tumorigenesis because of several basic properties. 

First, they are long lived, and thus capable of persisting long enough to accumulate DNA 

damage. Second, ASCs in general are multipotent (sometimes unipotent), and this could 

explain the variability of cell types found within most tumors. Third, ASCs, while normally 

quiescent, do have significant self-renewal potential, which could be critical for tumor 

expansion. ASCs are also capable of giving rise to a limited number of cell types [7–11]. For 

example, intestinal stem cells are able to differentiate into all the various secretory cell types 

of the villus, but not brain or muscle cells. Finally, experimental evidence from lineage 

tracing suggests that ASCs may in fact be the CCOs in various solid tumors [3]. However, 

numerous exceptions to this theory have also been identified, where various environmental 

insults appear to influence the nature of CCOs, and these are also discussed below.

ASCs are found in many of the major adult organs and are essential for tissue homeostasis 

as well as regeneration in response to injury [12–17]. Most ASCs were discovered on the 

basis of their relative quiescence and their ability to reconstitute differentiated cell lineages 

of the tissue or organ in which they reside [8,18–22] (Figure 1). Either upon activation by 

natural turnover/cycling or in the case of regeneration due to injury, ASCs give rise to 

multilineage restricted progenitors or, as they are often called, transit amplifying cells 

(TACs) (Figure 1). These cells divide rapidly and then differentiate to generate the bulk of 

cells required for tissue turnover or regeneration. Due to their rapid division, TACs are also 

targeted by chemotherapeutics that act on cell division pathways to kill cancer cells, most 

obviously manifested as loss of hair and intestinal cells. In most cases, TACs quickly give 

rise to terminally differentiated cells that then perform the basic functions of the tissue or 

organ [23]. This type of hierarchy is present in most tissues, although tissues such as the 

epidermis and intestine experience tissue turnover and stem cell cycling with higher 

frequency [24]. While the identity of ASCs has not been confirmed in all tissues, most 

tissues are thought to possess them, with a few notable and controversial exceptions (liver 

and pancreas). These tissues are thought to regenerate by dedifferentiation of a differentiated 

cell type back to a proliferative state. However, this is thought to only happen in cases of 

regeneration in response to tissue injury; an example being the liver, where mature 

hepatocytes revert to a proliferative state in response to hepatectomy [25–30]. Cellular 

hierarchies based on developmental potential (ability to make more differentiated progeny) 

exist in all tissues, with stem cells and terminally differentiated cells at opposite ends of the 

spectrum.
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ASCs appear to be regulated by intrinsic and extrinsic mechanisms. ASCs are intrinsically 

distinguished from their progeny on the basis of epigenetic, transcriptional, and potentially 

metabolic modes of regulation [14,31–34]. Dysregulation of these intrinsic factors such as 

the introduction of oncogenic mutations can result in cancer initiation [35]. Moreover, the 

extrinsic environment in which ASCs reside also regulates their identity and activity. ASCs 

live in specialized niches, which are often made up of several different cell types, frequently 

from different embryonic germ layers [19,36]. ASCs send and receive signals from their 

niche, such as growth factor signaling, extracellular matrix association, and mechanical 

regulation. Disruption of this signaling crosstalk or changes in the makeup of the niche can 

affect various aspects of ASC homeostasis such as the induction of ASC proliferation. Many 

of the pathways important for ASC to niche crosstalk are pathways also often aberrantly 

regulated in human cancer [9,37–39]. Below, we provide evidence for the role of ASCs as 

the CCOs of epithelial cancers including skin, intestinal, and prostate cancer.

Developmental hierarchy and cancer initiation

Tumors are heterogeneous and can display distinct phenotypic profiles such as morphology, 

gene expression, and proliferation. It has been assumed that the final morphology of the 

cells within a tumor can determine the CCO; however, cancer cells undergo a myriad of 

changes during tumor initiation to progression, suggesting that the final tumor cell may bear 

little resemblance to the CCO. Therefore, a priori, several scenarios are possible for tumor 

initiation (Figure 2A). With this realization, new lineage tracing methods have sought to 

uncover the origin of cancer from many tissues. Cell-type-specific promoters driving 

inducible Cre recombinase alleles has allowed for the prospective introduction of oncogenes 

or removal of tumor suppressors in postnatal murine models in intact tissue. These models 

are preferable to in vitro models or reconstitution/xenograft models as they contain the 

appropriate organization of the tissue and the presence of the native stromal, immune, 

lymphatic, nervous, and vascular systems. Taking advantage of lineage tracing mechanisms 

(CreER/CrePR) [40] and knock-in alleles [41] of oncogenes or floxed tumor suppressors 

[42], one can now initiate oncogenesis from particular cell types within an adult tissue by 

injection of an estrogen/progesterone antagonist. These experiments have suggested that 

pathological, retrospective studies on existing tumor tissue from human or mouse could be 

misleading when trying to identify the CCO.

The simplest interpretation of the data produced by these new prospective approaches is that 

ASCs are more likely to serve as CCOs in many cancers [3], such as those of the skin, 

prostate, intestine, and brain. Since ASCs are continuously available to maintain tissue 

homeostasis and to repopulate cellular compartments lost during injury in tissue, it has been 

speculated that only ASCs are present in the tissue for a sufficient length of time to 

accumulate the necessary genetic mutations for tumorigenic transformation and cancer 

initiation (Figure 2). Below, we discuss the current understanding of the CCOs of these 

cancers, which represent a variety of solid tumors from well-described tissues with defined 

hierarchies of differentiation potential. We propose that the CCO is context dependent and 

can change depending on intrinsic (genetic mutation and cell of origin) and extrinsic 

(homeostasis or injury/inflammation) stimuli.
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Intrinsic factors influence CCOs

The developmental origins for each hierarchy could yield insight into the mechanisms by 

which tumors arise from ASCs, because the same dominant signaling pathways that specify 

cell fate also play important roles in ASC homeostasis [7,35]. Indeed, developmental 

pathways including Wnt, Tgfβ, Bmp, Shh, Fgf, and Notch signaling, have all been 

implicated in the development of epithelial tissues, and for many, also in the homeostasis 

and proportion of ASCs and their progeny [9,37,43–53]. Gain or loss of function in these 

pathways often disrupts the balance between ASCs and their progeny and can act as drivers 

of tumor initiation. ASCs from epithelial tissue share similar regulatory schemes and routes 

to tumor initiation, therefore, it could be that each of them also shares defense mechanisms 

to prevent aberrant growth, and that lessons learned in one could be applicable to all. The 

degree to which authentic tumor initiation is caused by an imbalance of these pathways to 

maintain homeostasis versus more dramatic genetic alterations (activation of oncogenes, loss 

of tumor suppressors) has only been explored experimentally in murine models. However, 

correlative evidence from genome sequencing in human tumors suggests the possibility that 

disruption of these pathways could lead to excess proliferation that is then exacerbated by 

oncogene expression or loss of tumor suppressors [54–64].

We discuss several examples of how the accumulation of oncogenic mutations and aberrant 

signaling of developmental pathways can promote tumor formation in a cell-type-dependent 

manner. Furthermore, we discuss the emerging concept of stem cell quiescence as a barrier 

to tumorigenesis suggesting intrinsic cell cycle dependent changes may also regulate tumor 

initiation.

Oncogenic mutations in ASCs initiate cutaneous squamous cell carcinoma (SCC)

Conflicting retrospective pathological studies and experimental evidence have made it 

difficult to define the CCO of cutaneous SCC. Since it is pathologically defined by the 

presence of squamous cells, or terminally differentiated cells from the interfollicular 

epidermis, and not from the hair follicle, it was assumed that SCC arose from differentiated 

cells of the interfollicular epidermis, and not from the ASC population nor from hair 

follicles. By contrast, experimental evidence implicated cells of the hair follicle in SCC 

initiation [65–67]: the rate of tumor formation was affected by depilation, or hair removal 

[68]; and deletion of a hair follicle stem cell specific gene (CD34) affected tumor initiation 

[69].

Therefore, the question remained, does oncogenic mutation in ASCs or TACs of the hair 

follicle result in SCC? First, it is important to point out the convention that it takes multiple 

genetic hits to create bona fide cancer [70–72]. In murine models, the consensus is 2–3 hits, 

while in human settings, it is thought that at least three hits are required to transform cells. 

Of course, genetic background (sensitizing alleles [73]), injury, and inflammation can all 

affect the number of hits that lead to individual tumors, but regardless, cells do implement 

defense mechanisms to avoid transformation. Loss of defense mechanisms such as tumor 

suppressors alone is insufficient to drive cancer, and typically, a proliferative stimulus is 

also required [74]. Recent lineage tracing revealed that the expression of oncogenic Kras 

(KrasG12D) and the conditional deletion of tumor suppressor p53 in hair follicle ASCs 
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(through the use of the K15-CrePR allele) resulted in the initiation of tumors, while no 

tumors were observed in its descendent TACs (through the use of the Shh–CreER allele), 

which were also exposed to the same oncogenic mutation [75,76]. Furthermore, the coupling 

of DMBA/TPA chemical carcinogenesis to lineage tracing demonstrated that the vast 

majority of SCC tumors derived from hair follicle ASCs, even when all cells of the 

epidermis received a carcinogenic insult [77]. Together, these data suggest not only that 

SCC can arise from the hair follicle, but that the cells with the greatest developmental 

capacity, in this case ASCs, can serve as CCOs.

Mutation of developmental pathways in ASCs results in basal cell carcinoma (BCC)

BCC is often characterized by aberrant Sonic Hedgehog (SHH) signaling. Indeed, the loss of 

SHH pathway component Patched (Ptch1) is found in 30–60% of human BCCs, while 

activated Smoothened (Smo) is found in 10–20% of human BCCs [78]. SHH signaling has 

been observed to regulate ASCs and is involved in the maintenance of tissue homeostasis. 

The binding of SHH to the receptor Ptch1 results in its repression and activation of Smo, 

which promotes the nuclear translocation of Gli transcription factors, consequently 

increasing the self-renewal capacity of some ASCs [10].

BCC was thought to derive from the hair follicle due its cellular similarity to the hair follicle 

[78]. However, using an inducible Cre allele, driven by either a basal keratinocyte promoter 

(Keratin 14), a hair follicle TAC promoter (Shh), or a hair follicle stem cell promoter 

(Keratin 15) to drive expression of activated Smo, it was found that cells adjacent to the 

follicle but within the interfollicular epidermis were the CCOs (Table 1) [79]. Coupled with 

careful temporal analysis, it was demonstrated that BCC tumors first initiate at the junction 

between follicles and the interfollicular epidermis. By contrast, another group suggested that 

hair follicle stem cells are the CCO for BCC in a model that used heterozygous loss of 

function in Ptch1 via either the Keratin 15 or Keratin 14 Cre and ionizing radiation as a 

mutagen [80]. However, the additional loss of p53 in the interfollicular epidermis facilitated 

initiation of BCC from this site. Additionally, a recent finding suggested that both 

interfollicular and hair follicle stem cells could give rise to BCC using a variety of lineage 

drivers (K15, Lgr5, K5, and K14) and a different oncogenic allele [81]. A constitutively 

active allele of the Gli2 transcription factor, which mimics the activation of the Shh 

pathway, led to the formation of two different BCC subtypes from either the interfollicular 

epidermis or the hair follicle [81]. While it is possible that the differences lay in the 

sensitivity of various cell types to the dose of pathway activation, these results, coupled with 

those from SCC experiments demonstrate that mutation in an appropriate cell of origin can 

lead to specific cancer subtypes. Whether the same is true for murine models of tumor 

initiation in other tissues is not yet clear, as so far, most models have only shown one 

particular cell type to be the cell of origin in a given tissue.

Two populations of CCOs in the intestine

Recent lineage tracing experiments in the small intestine have produced a variety of models 

for the identity of ASCs. There appear to be at least two candidates for ASCs in the 

intestinal crypt; one at the base between Paneth cells, called the crypt base columnar cells 

(CBCs), and the other roughly four cells up from the bottom of the crypt, named the +4 
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cells. The CBCs are marked by Lgr5, whereas the +4 cells are labeled by Bmi1. A variety of 

lineage tracing and lineage ablation protocols have been used to resolve the stem cell 

hierarchy in these crypts (Table 1) [32,33,82–91]. It seems that the Lgr5/CD133+ CBCs are 

important in normal homeostasis of the villus, dividing once a day, whereas the +4 Bmi1+ 

cells are a reserve stem cell population that can replenish the CBCs after injury [33,90]. 

Furthermore, ASCs residing in the base of the crypt give rise to a TAC population found 

higher up in the crypt, which in turn gives rise to a variety of differentiated cell types that 

populate the villus. With regard to tumorigenesis, both Lgr5/CD133+ CBCs and Bmi1+ +4 

cells are capable of acting as CCOs in adenoma initiation, when Apc is conditionally 

deleted, whereas TACs residing further up the villus appear to be less sensitive to 

transformation, at least in undisturbed intestinal epithelium [33,82,87,92,93]. As APC is a 

critical scaffold for components of the Wnt signaling pathway, this is also further evidence 

where cancer can exploit a developmental signaling or cell fate pathway to drive 

transformation [94].

Prostate cancer: luminal or basal origin?

Models for both murine and human prostate cancer have produced conflicting conclusions 

within the field as to whether the CCO is of basal or luminal origin. Debate has arisen as to 

whether the stem cells of the prostate reside in either the basal or luminal populations 

[31,95–101]. Using a broader range of lineage tracing alleles, it was suggested that a 

multipotent population arises from the basal population, while separate unipotent 

progenitors populate the neuroendocrine and luminal pools [102]. The lack of a consensus 

on the identity of ASCs of the prostate has also clouded the interpretation of CCO studies 

for the prostate.

Similar to the discrepancies observed for SCC/BCC, much of the debate regarding CCOs for 

prostate cancer centers on the fact that prostate tumors typically adopt a morphology 

consistent with a luminal origin, while experimental data often point towards a basal source 

for CCOs. Human prostatic epithelial transplantation studies, which do not include a native 

stromal and immune component, indicated a basal CCO with MYC, AKT or ERG as 

oncogenic drivers. By contrast, genetically modified mouse models that used Pten deletion 

implicated both basal and luminal cells as CCOs, depending on the targeting alleles and 

tumorigenic strategies used [100–103]. In addition, one study showed that initiation from 

human basal cells generates transformed luminal-like cells that are able to propagate the 

tumor [95]. Together, these results suggest that the identity of the CCO for prostate cancer 

could be dependent on cellular, genetic, and environmental contexts, and further work will 

be needed to address whether differences exist between human and mouse models systems 

or whether the differences are caused by nonequivalent cell-intrinsic and cell-extrinsic 

stimuli.

Heterogeneity of tumor initiators and tumor phenotypes

The experimental models described here have proven to yield important insights into tumor 

initiation and CCOs. However, there are technical limitations to these models that ignore the 

heterogeneity of bona fide cancer initiation. Tumors are thought to be initiated in a clonal 

fashion as a result of mutations in individual cells surrounded by relatively normal cells, 
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therefore, it is postulated that the heterogeneity observed in many tumors is due to either 

subtle variations across seemingly homogenous CCO populations; the multipotency of a 

single CCO; the adaptation to selective pressures within the tumor during progression, or by 

the resulting inflammation that typically accompanies tumor formation (discussed below). 

New data also suggests another possibility: interactions between individual tumor-initiating 

clones lead to diverse phenotypes [104]. The conditional or inducible Cre alleles used in the 

experimental designs described above allow for targeting of oncogenic hits to individual 

cells, but it is difficult to then observe the various events associated with tumor progression. 

In addition, if observations are not made until high grade tumors are formed, it is difficult to 

determine whether the tumors observed arose clonally or from several adjacent cells. 

Therefore, these models cannot easily identify the source of tumor heterogeneity. 

Alternatively, tumor initiation followed by careful lineage tracing can reveal the existence of 

specialized tumor-propagating cells, or cancer stem cells [105,106]. In addition, this type of 

protocol has also shown that tumor-propagating cells tend to expand over time in at least one 

malignant cancer model [107]. As murine models of cancer initiation increase in 

sophistication, it is likely that some combination of clonal lineage trace coupled with bar-

coding could reveal the source of tumor heterogeneity. For now, the heterogeneity of 

phenotypes observed in many murine models could be a technical limitation that creates 

confounding interpretations and unnecessary controversies.

Intrinsic quiescence of ASCs as a tumor suppressor

Another key aspect of ASC biology that could potentially influence their propensity to 

initiate tumors relates to their inherent quiescence. In the hair follicle, ASCs go through 

synchronized waves of proliferation at the start of hair cycles to regenerate the bottom of the 

follicle and make a new hair shaft [47,108–110]. They then return to quiescence until the 

next hair cycle, which can take several weeks. As a result, ASCs in the hair follicle are only 

proliferative for brief periods. Recent work showed that when these cells are quiescent, they 

are unable to respond to the induction of the oncogene Ras and/or removal of the tumor 

suppressor p53 [111]. These data demonstrate that cellular quiescence suppresses tumor 

growth, which is dependent on the tumor suppressor Pten, as deletion of Pten alone had no 

effect on the hair cycle. Simply, activation of the hair cycle by normal mechanisms can act 

as an additional tumor-promoting insult to ASCs that have already accumulated genetic hits. 

The hair cycle is controlled by a variety of signaling pathways that converge on the stem cell 

niche. Some of these signals are local (Wnt, BMP, Fgf, Tgfβ), while others are systemic 

(hormones) [108,110,112]. This quiescent state may help explain why sun-exposed skin 

does not continually generate new tumors or papillomas despite the presence of Ras 

mutations, as regulation of these pathways serves to maintain the appropriate activation state 

of this stem cell population (inhibitory: Bmp and Fgf18; stimulatory: Wnt and Tgfβ) 

[37,113–118].

These results also suggest that the regulatory mechanisms that affect the hair cycle could, as 

a result, affect tumor initiation [47,108,110,118,119]. Furthermore, it is possible that studies 

implicating particular genes or signaling pathways in tumor initiation such as Ras, could 

have indirectly impacted tumor initiation by affecting the hair cycle instead. Indeed, loss of 

Pten by itself did not affect initiation or progression of the hair cycle, but instead affected 
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the sensitivity of the ASCs to Ras activation [111]. Whether the dependence on hair cycle 

status is specific for Ras-induced tumors remains unclear because a wide variety of genetic 

hits have been implicated in SCC and head and neck SCC [57,58]. Whether ASCs in other 

tissues are also similarly refractory to transformation and tumor initiation due to tumor 

suppression mediated by quiescence remains to be determined.

Extrinsic factors influence CCO

While intrinsic factors such as the ones discussed above can determine the CCO of many 

epithelial cancers, recent evidence has suggested that extrinsic factors such as injury, 

inflammation, and signals from the stem cell niche can also reprogram cells to become 

CCOs. These findings suggest other cells beyond ASCs can also act as CCOs under varying 

conditions. We discuss the role of these extrinsic factors on redefining the CCO of epithelial 

cancer.

Does inflammation or injury reprogram TACs or differentiated cells to initiate tumors?

It is unclear whether acute or chronic inflammation is necessary for, or coincident to, tumor 

initiation (Figure 2B). In support of a role for inflammation, many cancers have been also 

associated with chronic inflammatory diseases or wounds [120–123]. If inflammation is a 

necessary component in tumor initiation, animal models that do not take inflammation into 

account might have fewer experimental variables to contend with, but could also fail to 

accurately model disease as it occurs in human tissues.

As previously mentioned, cells of the interfollicular epidermis are considered the CCO for 

BCC [79]; however, several reports suggest that the CCO for BCC can change when skin is 

sensitized by inflammation or injury [124–126]. It has been known for some time that hair 

follicle stem cells (HFSCs) can migrate out of the follicle towards interfollicular wounds to 

facilitate healing [127,128]. This phenomenon can complicate the interpretation of lineage 

tracing experiments as it impairs the ability to identify the origin of cells that reconstitute a 

wound site. Using strategies employing Smo activation, Ptch1 inactivation, or Gli1 

overexpression in the hair follicle stem cell population, it was shown that injury can enable 

HFSCs to act as CCOs for BCC [124,126]. When the Shh pathway is activated during 

wound healing, tumorigenesis is initiated, even from HFSCs which are normally refractive 

to tumorigenesis at lower doses of Shh. Similarly, differentiated endocrine cells of the 

pancreas are able to change fate and serve as CCOs for pancreatic ductal adenocarcinoma 

when experimental chronic pancreatic injury is induced [129]. In the intestine, inflammation 

and injury also disrupt the basic hierarchy and expand the pool of possible CCOs 

[34,91,130–133]. In particular, a recent report demonstrated that the activation of the pro-

inflammatory nuclear factor (NF)-κb pathway increased the relative dose of oncogenic Wnt 

stimulation by stabilizing β-catenin, the obligatory signal transducer for the Wnt pathway. 

This significantly enhanced downstream Wnt signaling, causing robust dedifferentiation of 

terminally differentiated villus cells expressing markers of stem cells, which were able to 

generate intestinal adenomas[132]. This study suggests inflammation could alter the CCOs 

by inducing cell identity changes and imparting stem cell characteristics on TACs or 

differentiated cells [132,134]. To support this finding, mice treated with infectious bacteria 
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showed prostatic inflammation, which resulted in the differentiation of basal cells towards 

the luminal lineage [135].

The possibility that inflammation can reprogram cell fate could confound the ability to relate 

results from murine models to actual human tumors, where inflammation is always 

associated with either tumor initiation or progression. Whether authentic human CCOs are 

redefined by inflammation or injury will remain unclear until more suitable models are 

generated.

Regulation of tumorigenesis by the stem cell niche

While much of the focus on the origins of epithelial tumors has been on ASCs and cell 

intrinsic tumorigenic stimuli, it is important to consider the potential contribution of the 

niche where these cells reside (Figure 2C). It is possible that alterations in paracrine 

signaling from niche cells could enhance, enable, or alter the CCO during tumor initiation 

from ASCs. Indeed, recent studies confirm that epithelial tumors can be generated through 

cell-extrinsic means via the microenvironment. Significantly, both gain and loss of function 

experiments for various signaling modifiers within the niche has uncovered profound trans 

effects on epithelial tumorigenesis [136,137].

In the prostate, several studies manipulated the activity of signaling pathways both known to 

play roles in development and cancer in the mesenchyme surrounding the epithelia. Notably, 

inactivation of the transforming growth factor (TGF)-β receptor, overexpression of 

fibroblast growth factor ( FGF)10 or overexpression of Hmga2 in the mesenchyme can lead 

to benign tumorigenesis from the epithelium [138–140]. In each of these cases, perturbation 

of the mesenchyme led to dramatic hyperplasia of the epithelium, presumably through the 

secretion of factors that facilitate tumorigenesis: loss of TGFβ signaling induced hepatocyte 

growth factor; activation of FGF10 increased androgen receptor signaling in the adjacent 

epithelium; and Hmga2 overexpression in the mesenchyme induced Wnt signaling in the 

epithelium (Figure 2C). It is important to note that these studies did not propose that 

aberrant signaling from the mesenchyme altered the identity of the CCO ; only that 

activation of CCOs in the adjacent epithelium was enhanced. These data suggest that the 

niche or mesenchyme surrounding CCOs should be considered, because environmental 

signals emanating from these cells could shift the identity, activation, or signaling within the 

CCO. As a result, these data also imply that xenograft models of cancer could be influenced 

by the grafting location or niche into which cells are delivered. In the case of the prostate 

aggregation model pioneered by Witte and colleagues, the key to the experimental design is 

combining epithelial and mesenchymal cells into the graft. However, dissociation and 

transplantation of tissue likely induces a heretofore-unknown degree of inflammation. These 

results emphasize the importance of models that allow for investigation of cancer initiation 

in situ, in intact tissues that retain species-specific stromal components, but for studies of 

human cancers, this is a necessary trade-off.

Concluding remarks

Taken together, it is evident that ASC populations are often more susceptible to tumor 

initiation than the TAC and differentiated cell populations. It is also clear, however, that the 
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choice of tumorigenic mutation used, the relative activity of the cell sustaining the 

tumorigenic load, and the cell extrinsic context can highly influence the CCO and course of 

cancer initiation and progression. As we formulate a better picture of the rules regarding 

how a tumor first develops using experimental variables, the future challenge will be to 

determine which of these processes are the most relevant or occur most often during the 

initiation of human cancers. These studies have been and continue to be instrumental in 

furthering our understanding of how cancer develops, which cannot be determined or well 

inferred from examination of end-point human tumors. Better understanding of cancer 

origins will provide the tools to develop better diagnostic tests that can detect cancer 

development at earlier stages, which will improve overall survival.

Current and future research is centered on how to best refine the CCO, the nature of 

oncogenic mutations, and the context into which tumors arise. For the skin, researchers have 

access to a wide variety of inducible, cell-type-specific alleles to target various cell types. 

However, as lineage tracing becomes more sophisticated, it may become clear that stem cell 

niches could contain multiple types of stem cells that may be targeted by more specific 

promoters [17,141–143]. In fact, it is possible that much of the confounding data generated 

for CCOs could be resolved with more specific targeting tools.

Furthermore, the wealth of sequencing data on human tumor samples has revealed an 

alarming number of mutations present in cancers [55,57,58,144–148]. Many of the newly 

identified mutations are related to the regulation of the epigenome or chromatin biology 

[148–150]. Since many of these enzymes have only recently been identified and 

characterized, it is not clear how these mutations directly affect tumor initiation or 

progression. In addition, the nature of these mutations can be difficult to discern, such as 

whether they represent gain or loss of function alleles. These mutations should be explored 

to understand human cancer by more than simple induction or deletion. These mutations will 

need to be introduced at the genetic level by gene replacement on various genetic 

backgrounds to understand whether they represent drivers or mediators of either tumor 

initiation or progression. These experiments could be facilitated by recent technologies that 

allow for facilitated gene editing over homologous recombination (e.g. Crispr/Cas9 and 

TALEN) [151–154].

Only by delivering particular mutations to particular cell types within a tissue will the nature 

of cancer initiation be truly understood. However, significant effort will be required to 

understand the environment into which these mutations are induced with regards to injury, 

inflammation, and normal turnover. Furthermore, in murine models, genetic hits are 

typically delivered in concert due to technical limitations and dependence on Cre mediated 

mechanisms. However, this is probably not the typical mode in which oncogenic hits are 

acquired in bona fide cancers, where genetic hits are gained over time. This last aspect could 

be the most difficult to tease apart, as we know little about the context of initiation of human 

cancers and most of our knowledge about tumor initiation in humans is correlative.
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Figure 1. 
Typical ASC hierarchy. Within most mature tissues, a hierarchy exists where cell turnover is 

controlled first by a self-renewing ASC. These relatively quiescent cells give rise to TACs. 

TACs go through several rounds of division and then immediately differentiate to form the 

various specialized cells of the tissue. The delicate balance of cell fate decisions summarized 

in this figure are typically controlled by well-known signaling pathways (such as Wnt, Tgf, 

Bmp, Shh, and Fgf) acting through both autocrine and paracrine mechanisms. ASC, adult 

stem cell; TAC, transient amplifying cell.
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Figure 2. 
Tumor initiation scenarios and factors that can affect them. (A) Based on the existing 

literature, there are several scenarios by which tumor initiation could occur in the cell types 

of the stem cell hierarchy. Retrospective pathological studies have suggested that 

differentiated cells can initiate cancers, while prospective approaches to the study of cancer 

initiation using molecular genetics suggest that either stem or transit-amplifying cells are 

more relevant. (B) Data in various tissues proposes models whereby tumor initiation in 

unperturbed tissue follows scenario A. However, upon induction of dramatic changes to the 

microenvironment of tumor initiation, CCOs do not necessarily follow a typical stem cell 

hierarchy. There are several examples where terminally specified cells can dedifferentiate to 

create a cell that adopts stem cell properties and is thus able to become a CCO. (C) Changes 

to the signaling microenvironment can also affect tumor initiation. The same signaling 

pathways that are known to drive development of tissues are also implicated in tumor 

initiation and progression. For example, in the prostate, when stromal Tgfβ signaling is 

reduced, HGF is induced in the epithelium, leading to proliferation. In addition, upregulated 

expression of Fgf10 and Hmga2 in the meschyme can lead to increased androgen receptor 

signaling and Wnt signaling in the adjacent epithelium (respectively), again leading to 

abnormal epithelial proliferation. These cases are demonstrative of microenvironmental 

aberrations that can potentially enhance or induce epithelial cancer. CCO, cancer cell of 

origin; Fgf10, fibroblast growth factor 10; HGF, hepatocyte growth factor; Hmga2,
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Table 1

Experimental protocols and results for two well-explored CCO models

Tumor type Cre driver Cell 
type

Oncogenes/tumor 
suppressors lineage tracer

CCO Refs

BCC K14Cre-ER
ShhCre-ER
K15Cre-ER

Rosa-LSL-SmoM2 Interfollicular epidermis Youssef et al
Nature Cell Biology 
2010

K15Cre-PR
K14Cre-ER

Ptch1+/1 +
Ionizing Radiation+
LSY-YFP
+p53 KO

HFSCs
HFSCs and interfollicular 
epidermis

Wang et al
Cancer Cell 2011

K15Cre-PR
Lgr5Cre-ER
K5Cre-ER

Rosa-LSL-rtTA
tetO-Gli2deltaN

HFSCs = nodular BCC
Interfollicular epidermis = 
superficial BCC

Grachtchouk et al
JCI 2011

K15Cre-PR Rosa-LSL-SmoM2 +
wounding

HFSCs Wong et al
PNAS 2011

K5Cre-tTA
K5Cre-PR
Lgr5Cre-ER

TRE-Gli1
Ptch1 flox/flox
Ptch1 flox/flox

Interfollicular epidermis
HFSCs only when wounded

Kasper et al
PNAS 2011

Intestinal Adenoma Cd133Cre-ER Activated β-catenin Crypt stem cells Zhu et al
Nature 2009

Lgr5Cre-ER
AH-Cre

APC KO Crypt stem cells Barker et al
Nature 2009

Xbp1sCre-ER Activated
β-catenin and
IkB-α KO or
KrasG12D

Differentiated cells via 
dedifferentiation

Schwitalla et al Cell 
2013
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