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ABSTRACT 

 

Oral cavity and pharynx cancer is the eighth most common malignancy amongst men in 

the United States, and more than five times this number are diagnosed on a global scale 

annually. Owing to the extremely heterogeneous nature of these tumors, the prognosis 

and survival rates are dismal and remain similar to what was reported over 20 years ago. 

Patients continue to be managed surgically with/without chemoradiation. More recently, 

targeted therapy was introduced with promising outcomes. To explain the heterogeneity 

of cancer, the concept of cancer initiating cells (CICs) has been extensively studied in 

epithelial cancers. These subpopulations of cancer cells can self-propagate and form 

heterogeneous clones that are capable of metastasis, recurrence and escaping 

conventional therapy. Targeting these specialized subpopulations will provide a relatively 

unexplored avenue to overcoming therapy resistance. As previously established, CICs 

and normal stem cells share common signaling pathways related to developmental and 

self-renewal programs. One such crucial pathway is the Wnt/β-catenin signaling pathway, 

the constitutive activation of which is associated with many epithelial cancers, including 

oral squamous cell carcinoma. We thus hypothesize that the presence of Wnt signaling 

responsive CICs in oral premalignant lesions and squamous cell carcinoma contributes to 

the initiation, progression in these tumors and possibly resistance to standard therapy.  

  

To address this hypothesis, we generated two aims; at the onset, we wanted to induce and 

bank premalignant lesions and oral squamous cell carcinoma (OSCC) and characterize 

these lesions at a histopathologic and molecular level. To generate OSCC tumors, we 

used a 4-NQO induced model in mice that were amenable to Cre/lox-based reporter lines 

for further characterization. After we successfully generated and banked primary tumors 

in this model, we characterized these tumors from a histological standpoint and 

immunolabeled these tumor cells for Wnt signaling-related markers. The progression of 

these tumors shared the phenotype of their human counterparts thus providing an 

effective platform to study the various tumor subpopulations. Other results revealed 

variable expression of β-catenin in premalignancy and OSCC. Interestingly, β-catenin 

nuclear positivity was noted in scattered cells at the invasive front of the malignant tumor 

islands. Further, rare populations of basal cells were positive for downstream markers of 

Wnt signaling such as β-catenin and LEF-1. Of note, this pattern of labeling was not 

noted in normal epithelium. Next, we planned to identify and study CICs in OSCC based 

on their activity for Wnt/β-catenin signaling pathway. We resorted to utilizing lineage-

tracing experiments to identify and study CICs in OSCC. To visualize the fluorescent 

reporter, tamoxifen was administered, and lesions were traced for three days. Axin2 

positive cells were noted in OSCC and not in papillary epithelial hyperplasia. To 

overcome the difficulties associated with in vivo tracing, a 3-D organoid platform was 

established to perform further lineage testing. Organoids from primary OSCC tumors 

were established and passaged. Further, upon Axin2 induction, evidence of Wnt signaling 

was noted in these organoids. These results suggest that Wnt activity is a key pathway 

upregulated in OSCC and further, it is plausible that these clones of cells will be 

susceptible to signaling pathway specific targeted therapeutics in the future for better 

outcomes. 
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The earliest descriptions of cancer (albeit unnamed at the time) date back to 3000 BC, in 

a chapter of a textbook on trauma surgery – Edwin Smith Papyrus, discovered in Egypt 

(American Cancer Society, www.cancer.org). Among the writings on the disease in the 

book, is a statement “There is no treatment.” The evidence of this disease was seen in 

human mummies and fossilized tumors, some of which were noted to cause the 

destruction of the skull, as seen in head and neck cancers. 

 

It was not until several thousands of years later that this disease term was coined by 

Greek physician and “Father of Medicine”, Hippocrates, who used the terminologies 

carcinos and carcinoma. Celsus, a Roman physician later translated these terms to its 

Latin version, namely ‘cancer’. The definition of cancer has remained unchanged from 

when it was first proposed over thousands of years ago, comparing the spreading and 

seeding of abnormal tumor cells to the unfurling finger-like projections, akin to that of a 

crab.  

 

In 2012, the GLOBOCAN project of the International Agency for Research on Cancer 

(IARC) estimated the worldwide number of newly diagnosed cancer cases to be 

approximately 14.1 million, accounting for deaths in nearly 60% (1). In 2016, an 

estimated 1.7 million cases were projected to cause deaths in over 35% in the United 

States, making it the second most common cause of death after cardiovascular disease 

(2).  

 

 

http://www.cancer.org/
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Oral squamous cell carcinoma – the known and unknown 

Cancers arising in the oral cavity and pharynx comprise approximately 3% of all cancer 

cases (48,330), accounting for over 9,570 deaths (~20%). Of these numbers, men have an 

astoundingly high incidence (34,780), ranking it the eighth most common cancer in men 

in the USA (2). Globally, there is a wide geographic variation in the incidence of oral 

cancer, with over a quarter of a million newly diagnosed cases annually, making it the 

sixth most common cancer in the world. This variability is associated with significantly 

higher mortality rates in developing countries such as in Southeast Asia (48.5% vs. 

19.8% in developed countries) (3). The regional disparity may be attributed to the habit 

of smoking and chewing areca nut (4). More recently in developed countries, in addition 

to tobacco and alcohol, high-risk human papillomavirus infection (e.g., HPV-16 and 

HPV-18) has been identified as a significant risk factor for oral and oropharynx cancer 

(3, 5, 6). Besides the commonly described environmental risk factors, some germline 

genetic alterations are also associated with a higher incidence of head and neck cancer.  

 

Due to germline mutations of TP53, patients with Li-Fraumeni syndrome are predisposed 

to early-onset oral cancer (7). In addition, germline mutations of CDKN2A, a tumor 

suppressor gene, are associated with FAMMM (familial atypical multiple mole 

melanoma); these patients are predisposed to developing multiple melanomas, pancreatic 

cancer and head and neck cancer (8). A significantly higher (>500 fold) risk for head and 

neck cancer is noted in patients with Fanconi Anemia, a syndrome characterized by 

mutations in DNA repair pathway genes (9). Patients with dyskeratosis congenita have a 

thousand fold risk of developing oral squamous cell carcinoma due to a defect in 



  

9 

telomerase maintenance (10).  

 

In the head and neck region, oral squamous cell carcinoma (OSCC) is the most common 

cancer type (over 90%) and usually progresses rapidly (11). The well-established 

premalignant lesion of OSCC is a leukoplakia; after having excluded its clinical 

mimickers, these lesions histologically exhibit varying degrees of epithelial dysplasia. 

The World Health Organization (WHO) defines oral epithelial premalignancy as  

“morphologically altered tissue in which oral cancer is more likely to occur than in its 

apparently normal counterpart” (12). Globally, the estimated prevalence of leukoplakia is 

2.6 % (13); approximately 1–5 % undergo malignant transformation annually (14-16). 

Nearly half of all leukoplakias exhibit epithelial dysplasia or invasive SCC when biopsied 

(17-19).  

 

Around 70% of patients with OSCC have regional/distant metastasis at the time of 

diagnosis. Additionally, OSCC tumors can double in size within three months; clinically 

this equates to a T1 tumor (2 cms or less) progressing to a T3 (greater than 4 cms) in less 

than two years (20). This accelerated rate of progression corresponds to a dismal 

prognosis. The 5-year survival rate for OSCC varies between 83% for stage I cancers and 

38% for stage IV cancers (2). Treatment strategies and prognosis for OSCC vary based 

on the stage at diagnosis. Patients with localized disease receive surgery and radiation; 

with regional/metastatic OSCC, chemotherapy with radiation is the mainstay of 

treatment. Other more recently introduced regimens and ongoing trials include targeted 

therapy, such as Cetuximab [anti-epidermal growth factor (EGFR)], Bevacizumab [anti-
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vascular endothelial growth factor (VEGF)], mechanistic-target of Rapamycin (m-TOR) 

inhibitors and kinase inhibitors (21). Monoclonal antibodies targeting receptors of 

immune escape pathways such as PD-1 (Nivolumab and Pembrolizumab) were recently 

approved for treatment in patients with platinum-refractory recurrent and metastatic head 

and neck squamous cell carcinoma (22).  

 

Despite these advances, the challenge remains in the timely treatment of the primary 

tumor(s) and high recurrence rates (23). Local and regional recurrences occur in 30-40% 

of cases and distant metastases in 20-30% of the cases (24). In 1953, Slaughter and 

colleagues proposed the concept of ‘field cancerization’ to explain the high occurrence of 

synchronous and recurrent OSCC (25). Although several pathobiologic mechanisms have 

been proposed in oral premalignancy and OSCC since then, it is still unclear, what drives 

the process of field cancerization, recurrence and occult metastases.  

 

Pathobiology of oral squamous cell carcinoma 

The mutational landscape of head and neck squamous cell carcinoma has been studied 

extensively for nearly a decade. The mutational profile of HPV-positive and negative 

oropharyngeal carcinoma was noted to cluster into two distinct subgroups. TP53 

mutations, CCND1 amplifications, and CKN2A/B deletions were exclusively detected in 

all HPV-negative oropharyngeal cancers. On the other hand, PIK3CA mutations or 

amplifications and PTEN inactivation were seen in a majority of the HPV-positive tumors 

(26). For this project, we chose to study HPV-negative OSCC and the remainder of the 

discussion will highlight the pathobiological mechanisms of this entity. 
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Haddad et. al published one of the seminal review papers on the molecular advances in 

head and neck cancer. Some of the genetic instabilities discussed include loss of 

heterozygosity of chromosomes 3p and 8p, among others and dysregulation of oncogenes 

and tumor suppressor genes such as those encoding epidermal growth factor receptor 

(EGFR), p53, Rb, p65, cyclooxygenase 2 (COX-2), cyclin D1, p16 and phosphatase and 

tensin homolog (PTEN). Other genes, including those encoding E-cadherin (CDH1), 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), chemokine 

(C-X-C motif) receptor–stromal-cell–derived factor (CXCR4–SDF-1), platelet-derived 

growth factor (PDGF), transforming growth factor α and β (TGF-α and TGF-β), 

interleukin-8, and matrix metalloproteinase (MMP) have been implicated in the early 

stages of tumor progression and metastasis (21). In 2011, two groups simultaneously 

performed whole exome sequencing on patient tumor samples and confirmed previously 

described mutations i.e. TP53, CDKN2A, PTEN, PIK3CA, and HRAS. Beyond this, newly 

discovered mutations of regulators of squamous differentiation such as NOTCH1 were 

identified and implicated in the carcinogenesis of these tumors (27, 28). More recently, 

loss of function alterations have been detected in Wnt pathway genes such as FAT1 and 

AJUBA (29). In addition to encoding membranous protocadherins, FAT1 also binds β-

catenin thus inhibiting Wnt activation; loss of function mutations of FAT1 is associated 

with increased risk for many types of human cancer (30). AJUBA is an LIM domain 

containing protein and is essential for E-cadherin-mediated adhesion (31); loss of 

function mutations have been described in around 5% of head and neck squamous cell 

carcinoma (32). 
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More recently, clinical outcomes have been correlated to genomic profiling of these 

tumors revealing a higher association of PIK3CA amplifications and RAS mutations with 

worse prognosis (33). 

 

The initiation and progression of OSCC has been linked to a trifecta of events; including 

the above-mentioned genetic mutations, as well as epigenetic and microRNA alterations. 

Epigenetic events are acquired and cause changes at the level of the phenotype by 

altering the structure of the chromatin, without affecting the genotype, seen as DNA 

hypermethylation and post-translational histone modifications (34). Promoter 

hypermethylation of tumor suppressor genes such as those encoding p16, MGMT and E-

cadherin were commonly noted (up to 60%) in oral leukoplakias and OSCC (35). Also, 

hypermethylation of CDH1 and DAPK has been noted in OSCC (36-38). Unfortunately 

there is little evidence currently to prove that epigenetic changes correlate clinically with 

prognosis and recurrence. 

 

MicroRNAs (miRNAs) have also been implicated in the initiation and progression in 

OSCC. MiRNAs are short, single-stranded, non-coding RNAs that function by post-

transcriptional repression of target gene expression (39). Some of the mechanisms 

leading to altered expression of miRNAs and thus initiation and progression of 

malignancy include transcriptional dysregulation, epigenetic modifications, chromosomal 

changes, single nucleotide polymorphisms (SNPs) or defects in the processing machinery 

(40, 41). Finally, around 50 altered miRNAs have been linked to the pathogenesis of head 

and neck SCC (42).  
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Heterogeneity in epithelial cancers and the cancer stem cell/cancer initiating cell 

model 

It has been shown that epithelial cancers possess heterogeneity and some subpopulations 

of cancer cells possess stem cell-like properties (43). This cancer cell heterogeneity may 

be explained by at least three models: 1. Cancer cells acquire somatic mutations and thus 

are genetically different; 2. Cancer cells are organized in a hierarchy owing to epigenetic 

differences, and a specialized subpopulation of cancer stem/initiating cells (CSCs/CICs) 

exist that are capable of not only self-renewal but also asymmetric division; 3. Stochastic 

events cause otherwise identical cancer cells to undergo clonal expansion (or not) by 

chance (44-46).  

 

These simple yet elegant ‘hierarchical’ models do not take into consideration, the 

crosstalk between the tumor cells and their microenvironment. Given the possibility of 

the role of the tumor microenvironment in defining the phenotype of CSC/CICs, a more 

‘dynamic’ model has evolved. A more nuanced understanding of the stem cell associated 

signaling pathways in this more fluid model of CSCs will provide for a promising future 

to establish and testing new therapeutic targets (47). 

 

Stem cells in development, homeostasis, and cancer 

Stem cells are defined as “cells that have the ability to perpetuate themselves through 

self-renewal and to generate mature cells of a particular tissue through differentiation” 

(48). The phenomenon of tissue renewal and recycling was described over 50 years ago 

(49). The evidence of these rare populations of cells was obtained from the hemato-
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lymphoid system where such cells were isolated, regenerated and used therapeutically in 

the setting of bone marrow transplantation (50).  

 

In recent years, stem cell biology has provided tremendous insights into cancer biology, 

with the two sharing several common features. Some of these include mechanistic 

similarities of auto-regulation of stem cells and tumor cells, stem cell-like features of 

tumor cells and the presence of cancer stem/initiating cells (CSC/CIC) within tumor cell 

populations. Stem cells and CSC/CICs often share similar pathways that regulate self-

renewal and differentiation (48), such as Wnt/ β-catenin signaling pathway. Canonical 

Wnt signaling pathway participates in the control of gene expression, cell fate and cell 

adhesion and polarity, often orchestrated with other pathways (e.g., Hedgehog and Notch 

signaling pathways) (51). 

 

In the canonical Wnt/β-catenin pathway, secreted Wnt ligands bind to the surface 

receptor complex, which consists of Frizzled and low-density lipoprotein (LDL) receptor-

related protein (LRP) (52, 53). The intracellular protein Disheveled (Dsh/Dvl) then 

disrupts the destruction complex consisting of Axin, APC (adenomatous polyposis coli), 

and GSK3 (glycogen synthase kinase 3), releasing transcriptional coactivator β-catenin 

(encoded by Ctnnb1) for nuclear translocation and activation of transcription factors 

(Tcf/Lef; T-cell specific transcription factor/lymphoid enhancer-binding factor), leading 

to activation of Wnt target genes. In the absence of Wnt signaling, the destruction 

complex phosphorylates β-catenin and leads to ubiquitination of β-catenin by 

proteasomes (54) (Fig. 1). Of note, β-catenin also forms an integral part of the cadherin 
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complex, which controls intercellular adhesion and cell migration. 

 

Figure 1. Canonical Wnt β-catenin signaling. (Left) In the absence of Wnt signaling, β-

catenin is bound to a destruction complex composed of Axin, APC and GSK3 in the 

cytoplasm. Dvl is also required for the activation of the pathway. TCF is inactive within 

the nucleus and is bound to the repressor Groucho. (Right) When Wnt binds to its 

receptors, LRP is phosphorylated and associates with Axin. The destruction complex 

disintegrates leading to β-catenin getting stabilized in the nucleus. β-catenin then binds to 

TCF, leading to upregulation of target genes such as Ccnd1, Myc, Axin2 and Lgr5.  

Adapted from (55). 

 

 

Wnt signaling is essential in normal homeostatic environments such as in the epidermis 

or intestines. Depending on the organization of the niche and tissue physiology, Wnt 

signaling may be responsible for delimiting the stem cell niche either by spatial 

restriction or by regulating differential expression of self-promoters and antagonists 

within the niche (55). In the epidermis, Wnt signaling plays a key role in “self-

organizing” the stratified architecture by differentially controlling the expression of Wnt 



  

16 

ligands in Axin2+ basal cells and long range Wnt antagonists such as Dkk3 that diffuse to 

suprabasal cell layers (56). 

 

The constitutive activation of Wnt pathway has been associated with many epithelial 

cancers. The development of intestinal tumors is initiated by the hyper-activated, auto-

renewing crypt stem cells, following which accumulation of mutations confer malignancy 

and progression of cancer (57). In cell culture studies of normal human keratinocytes, 

higher levels of canonical Wnt signaling and β-catenin are associated with a greater 

proliferative potential (58). In models of chemically induced skin squamous cell 

carcinoma, nuclear β-catenin was found to be higher in CD34+ tumor cells and was 

established to be crucial in sustaining the CSC/CIC phenotype (59). 

 

Several types of carcinoma cells acquire tumor-initiating stem cell-like capability after 

induction of the epithelial-mesenchymal transition (EMT) program and the residence of 

disseminating carcinoma cells in a stem-like state seems critical for tumor progression 

and metastasis (60). Additionally, acquisition of mesenchymal traits by EMT 

programming renders therapy resistance to CSC/CIC populations (61).  

 

Cancer stem cell (CSC) and cancer initiating cell (CIC) are often used interchangeably in 

the literature. For the sake of this project, we chose CIC as the preferred terminology for 

this model and henceforth refer to CSC/CIC as just CIC.  
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Wnt signaling in oral squamous cell carcinoma 

In the past, the role of β-catenin in the pathogenesis of OSCC has been linked primarily 

to its function in the cadherin complex and less significantly as the signaling molecule in 

the Wnt/β-catenin pathway (62). Interestingly, patients with OSCC whose tumors 

demonstrated nuclear β-catenin expression in immunohistochemical studies were noted to 

have shorter overall survival than those lacking such a pattern (63). Furthermore, human 

OSCC samples with lymph node metastasis were analyzed for immunohistochemical 

studies of E-cadherin and β-catenin; the expression was found to be significantly reduced 

in these samples compared to those without lymph node metastasis (64). Decreased 

membranous staining of β-catenin at the tumor invasive front was closely associated with 

recurrence and death in human OSCC samples (65). Further, a 2-3-fold increase in β-

catenin expression levels was noted in primary OSCC tumors (66). 

 

In Side Population (SP) cells of OSCC, Wnt/β-catenin signaling was abnormally 

activated; SP cells are a subset of Hoechst dye-low cells that are enriched for stem cells 

and found in many solid tumors and cancer cell lines. Furthermore, epigenetic alterations 

by DNA methylation and inactivation of WNT-inhibitors (e.g., SFRP, WIF-1 and DKK-

3) were also noted (67, 68). The invasion and metastasis of OSCC cells in cell lines was 

noted to require the methylation of the E-cadherin gene (CDH1) and degradation of the 

membranous β-catenin (69).  The peri and intranuclear localization of β-catenin in OSCC 

cell lines were associated with higher proliferation rates in growth assays (70). In 

transfected cells, the aberrant cytoplasmic accumulation of β-catenin was associated with 

enhanced invasion and migration of these cells via induction of Tcf/ Lef-1 mediated 
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activity, upregulation of MMP-7, and epithelial-mesenchymal transition (EMT) (71). 

 

Finally, in 4-NQO induced OSCC murine models, increased Wnt5a levels correlated with 

malignant transformation of tongue epithelium (72). 

  

Cancer initiating cell (CIC) model in oral squamous cell carcinoma 

As alluded to previously and similar to most epithelial tumors, OSCC exhibits marked 

heterogeneity. Significantly, these tumors tend to exhibit field cancerization and a high 

occurrence of synchronous and recurrent tumors (25). This clinical finding has led to the 

hypothesis that there exists a specialized clone of cells (cancer initiating cells; CICs) 

within OSCC that contributes to its progression, recurrence, and resistance to 

conventional therapy. The heterogeneity of these tumors may also be explained by the 

ability of these CICs to self-propagate and aberrantly give rise to heterogeneous 

subpopulations of cancer cells (73). Ultimately, developing therapeutic targets against 

CICs active for signaling pathways may be effective in eliminating these specialized 

clones of tumor cells and overcoming resistance to conventional therapy. 

 

In OSCC, CICs may comprise less than 10% of the population of tumor cells, and these 

specialized subpopulations of OSCC cells can propagate and differentiate into therapy 

resistant heterogeneous clones (74). Many markers such as CD44, Bmi1, aldehyde 

dehydrogenase (ALDH) and CD133 in OSCC have been correlated with exhibiting stem-

like features (73). 
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Techniques to study and characterize CICs include flow cytometry, clonal analysis, 

immunohistochemical studies and serial transplantations (75). Although these assays 

describe the characteristics of these specialized populations of CICs, individually they 

provide little insight into the signaling mechanisms and behavior within the tumor 

microenvironment. Many recent studies utilizing lineage-tracing on epithelial tumors in 

murine models have demonstrated some success in tracing CICs based on known stem 

cell markers, such as K14 for basal cell carcinoma (45) and Lgr5 in intestinal crypt stem 

cells (46). 

 

Based on the similarities in the principles of stem cell biology and cancer biology, it is 

plausible that CICs in OSCC are activated for such stem cell-related pathways and by 

identifying and characterizing these cells based on signaling pathways, we may be able to 

better understand the behavior of these tumors and develop novel therapeutic agents. 

Very recently, the presence of Bmi1+ CICs was demonstrated to be responsible for the 

development of head and neck cancer and lymph node metastasis. It was also shown that 

targeting these Bmi1+ CICs along with targeting the tumor bulk effectively inhibited 

tumor growth and eliminated metastasis (76). 
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HYPOTHESIS 

 

Cancer-initiating cells active for the Wnt/β-catenin signaling pathway contributes to 

tumor initiation and progression in oral squamous cell carcinoma.  

 

 

SPECIFIC AIMS 

 

AIM 1: To induce premalignant lesions and OSCC using a 4-NQO-induced mouse model 

and characterize these lesions at a histopathologic and molecular level. 

 

AIM2: To demonstrate the stemness of Wnt-responsive OSCC cells. 
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Oral squamous cell carcinoma (OSCC) represents the sixth most common cancer in the 

world. Due to the heterogeneous nature of the tumors, there is a tendency for locoregional 

recurrences and metastasis in a third of the cases. As such, OSCC tumors demonstrate a 

sub-optimal response to chemotherapeutic agents and surgery remains the mainstay of 

therapy. To the end, to successfully manage these patients, novel targeted therapy is 

needed for the treatment and prevention of recurrence of OSCC. Like other epithelial 

tumors, OSCC tumors are extremely heterogeneous populations with a small percentage 

of cancer initiating cells (CICs) possessing stem-like traits. In addition to targeting the 

bulk of the tumor, therapies aimed at eliminating these rare CICs may help effectively 

prevent recurrence of these tumors.  Many putative markers of CICs in OSCC have been 

described in cell lines, primary tumors and xenografts based on surface markers, Hoechst 

dye exclusion or activity for aldehyde dehydrogenase (ALDH) followed by 

transplantation assays. These experiments however only demonstrate the tumor forming 

potential of defined populations of OSCC cells, not necessarily how they behave in their 

native environment.   

 

To better recapitulate the behavior of such specialized populations of tumor cells, we 

proposed to perform lineage-tracing experiments to label CICs in primary OSCC.  

Several recent studies in murine solid tumors (skin, intestinal tumors, and brain) utilizing 

lineage-tracing techniques have provided convincing evidence for the existence of 

specialized populations of CICs that are capable of giving rise to long-lived clones that 

lead to tumor progression, heterogeneity, and recurrence (45, 46, 77). To effectively 

identify and characterize these populations, we wanted to study the role of Wnt/ β-catenin 
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pathway signaling on the fate of CICs in OSCC. We aimed at characterizing OSCC 

premalignancy/tumors based on their expression of markers of Wnt/ β-catenin signaling. 

Once we demonstrated this, we applied a lineage-tracing strategy, to be able to better 

study CICs and tumor cells in their intact environment and to link the features of 

stemness and signaling pathway activity. Finally, we will also develop a less expensive in 

vitro culture system to study the characteristics of CICs and to ultimately test therapeutic 

targets.  
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CHAPTER 4: SPECIFIC AIM 1 
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SPECIFIC AIM 1 

To induce premalignant lesions and OSCC using a 4-NQO-induced mouse model and 

characterize these lesions at a histopathologic and molecular level. 

 

METHODS AND RATIONALE: 

 

4-nitroquinoline 1-oxide (4-NQO) mouse model of carcinogenesis for OSCC 

Mice were treated with 4-nitroquinoline 1-oxide (4-NQO) (Sigma-Aldrich, Cat. no. 

N8141), a DNA adduct forming agent that serves as a surrogate of tobacco exposure, in 

drinking water for 16 weeks.  

 

Figure 2. 4-NQO Treatment strategy. Mice were treated with 4-NQO in drinking water 

for 16 weeks. 

 

 

The 4-NQO treated drinking water was prepared by dissolving 4-NQO powder in 

propylene glycol at 1mg/ml. This was then diluted in drinking water to a final 

concentration of 50 μg/ml. The 4-NQO treated drinking water was changed weekly with 

a freshly prepared aliquot. After 16 weeks, the animal cages were reverted to regular 
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drinking water (Fig. 2). 

 

The 4-NQO dosing scheme (50μg/mL 4-NQO in drinking water for 16 weeks) we used, 

helped limit non-neoplastic toxic effects of 4-NQO and lead to a very low incidence of 

esophageal neoplasia, but a 100% incidence of oral cancer (78).  

 

All treated mice were subjected to a weekly, full oral cavity examination. Mucosal 

changes such as hyperkeratosis, papillomas, leukoplakia, erythroleukoplakia, ulceration 

and induration were recorded and monitored for changes in appearance. For mice that 

started to develop leukoplakia (white plaques) and oral cancer (indurated/ulcerated 

masses), we examined them 2-3 times/week for changes in tumor size/appearance and 

clinical signs (e.g., difficulty in feeding).  Often, mice with large tumors had to be 

sacrificed, as they were frail or had difficulties with feeding. 

 

Tumors from tongues were dissected and either stored in formalin at room temperature 

for processing and histopathologic analysis or banked in frozen medium, containing 10% 

DMSO with 90% FBS and stored in -80°C. The archived tumors were stored such that it 

could be dissociated into single cells and used for transplantation assays or in vitro 

culture.  

 

Tissue processing and histological characterization  

The mice were euthanized in carbon dioxide chambers when large tumors were noted that 

interfered with feeding and caused generalized weakness. The tongues were then 
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harvested, examined grossly for the presence of lesions and photographed. The tumors 

were dissected when well defined; if there was extensive involvement, the tongues were 

bisected. The specimens were then fixed in 10% formaldehyde, embedded in paraffin and 

sectioned at 5-μm thickness. Following this, the tissue was stained with hematoxylin and 

eosin (H&E) and evaluated histopathologically for architectural and cytologic evidence 

of dysplasia and OSCC. Cytologic features such as pleomorphism, hyperchromatism, 

basal cell hyperplasia, dyskeratosis, abnormal mitotic figures and maturation disarray 

characterize oral epithelial dysplasia. In addition, architectural variations such as 

bulbous/tear-drop shaped rete ridges, dyscohesion, and keratin pearls are also indicative 

of dysplasia. OSCC exhibits similar cytologic features; architecturally, there is evidence 

of varying degrees of invasion (single cell vs. tumor islands) into underlying structures. 

 

Expression of Wnt signaling-related markers 

Axin2 is a direct target of the Wnt/β-catenin signaling pathway. In this study we 

employed Axin2-CreERT; this system has been used for lineage-tracing studies to 

demonstrate the in vivo fate of Wnt/β-catenin responsive stem cells (79). β-catenin is an 

important dual function protein that plays an essential role in the canonical Wnt/β-catenin 

signaling pathway. Its nuclear translocation is essential to activate the downstream genes, 

such as LEF-1. Additionally, LEF-1 is a group of transcription factors that are 

responsible for mediating a nuclear response to Wnt signaling by its interaction with β-

catenin. It was plausible that LEF-1 is overexpressed in basal cells and tumor islands in 

OSCC, indicating an increase in Wnt signaling activity in these cell populations. 
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Immunohistochemical studies were performed on sections prepared at 5 μm from 

paraffin-embedded tissue blocks. The embedded sections were de-waxed and then 

rehydrated, and antigen retrieval was carried out by boiling samples in sodium citrate 

buffer or Tris-hydrochloride buffers. After the slides were washed in TBS plus Triton, 

blocking agent (10% normal serum with 1% BSA) was applied at room temperature for 

an hour. This was drained and primary antibody diluted in blocking agent was added and 

incubated overnight at 4°C. The following day, sections were washed with TBS plus 

Triton. Hydrogen peroxide substrate detection kit (0.3% H2O2 in TBS for 15 min) was 

used and secondary antibody diluted in blocking agent was added and incubated for one 

hour at room temperature. This was then developed with chromogen, rinsed and 

counterstained and mounted using mounting medium and coverslip. 

 

For immunofluorescence studies, sections were incubated with fluorescence-conjugated 

secondary antibodies in the dark. To visualize the nuclear DNA, DAPI was used along 

with the secondary antibodies. 

 

 

RESULTS: 

 

4-NQO-mouse model of carcinogenesis serves as a reliable surrogate to generate 

premalignant/malignant phenotypes noted in human OSCC 

At 16 weeks or post-cessation of treatment with 4-NQO, most mice (>90%) had 

developed leukoplakias or papillary lesions of the tongue. Around 20% of the cohort of 
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mice had developed indurated and ulcerated tumors. When subsequently followed, a 

significantly higher percentage (~70%) of mice were noted to have indurated/ulcerated 

masses. These oral lesions affected feeding; causing weight loss and ultimately death in 

50% of the cohort around 6-8 weeks post cessation of treatment; the rest were euthanized. 

All the animal studies were performed according to protocol no. 14-09-2764R*. 

 

 

Figure 3. Gross images of normal tongue and lesions generated in the 4-NQO mouse 

model of OSCC. A. Normal tongue; B. Papillary hyperplasia on the left lateral tongue; 

C. Papillary hyperkeratosis of anterior dorsal tongue; D. Large, indurated and centrally 

ulcerated tumor (OSCC) of mid dorsal tongue. 

 

 

Grossly, the tongue lesions were classified into four stages, normal, leukoplakia, 

papillary hyperplasia and OSCC (Fig. 3. A-D). The histologic characterization of the 

OSCC tumors generated was based on architectural and cytologic features as illustrated 

(Fig. 4).  
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Figure 4. Illustration for malignant progression in human OSCC. (Adapted from 

Neville, Brad W., et al. Oral and maxillofacial pathology. Elsevier Health Sciences, 

2015) (80). 

 

Normal mucosa was characterized by a thin layer of parakeratin, epithelial thickness of 

10-20 keratinocytes and tapered rete ridges without cytologic atypia (Fig. 5A). Papillary 

epithelial hyperplasia appeared as an exophytic well-differentiated papillary proliferation 

of epithelium with minimal cytologic atypia (Fig. 5B). Epithelial dysplasia and OSCC 

were characterized by pleomorphism, hyperchromatism, basal cell hyperplasia, 

dyskeratosis, abnormal mitotic figures and maturation disarray. Other architectural 

features such as bulbous/tear-drop shaped rete ridges, dyscohesion, and keratin pearls 

were also noted (Fig. 5C). Invasion into underlying lamina propria was noted in OSCC as 

either islands or single cells (Fig. 5D).  
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Figure 5. Histologic characterization of oral lesions in 4-NQO induced mouse model. 

A. Normal mucosa; B. Papillary epithelial hyperplasia; C. Epithelial dysplasia; D. OSCC. 

 

 

The results of the histologic characterization of oral lesions in this chemically induced 

model of OSCC carcinogenesis revealed similar stages of malignant progression to that 

of human OSCC tumors. Thus it was established that the murine 4-NQO model was a 

reliable surrogate to study malignant progression in human OSCC. 

 

β-catenin is variably expressed in different stages of malignant progression in OSCC 

Immunohistochemical studies for β-catenin were performed (Fig. 6. A-C). The studies 

for β-catenin in normal mucosa with mild hyperkeratosis showed membranous positivity 

in a majority of the epithelial keratinocytes (Fig. 6A). This membranous positivity was 
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lost in the basal and suprabasal keratinocytes in epithelial dysplasia (Fig. 6B).  

 

 

 
 

Figure 6. Immunohistochemical studies for β-catenin in oral lesions in 4-NQO 

induced mouse model. A. Mucosa with hyperkeratosis exhibiting membranous 

positivity; B. Epithelial dysplasia revealing loss of membranous staining in basal and 

suprabasal cells; C. OSCC with membranous and nuclear staining (black arrow – focal 

stromal cell nuclear positivity). 

 

 

Interestingly in OSCC tumor cells, variable membranous and nuclear positivity for β-

catenin was noted (Fig. 6C). In addition, a few cells at the invasive front exhibited 

intense nuclear positivity (black arrow), indicating increased Wnt signaling activity. 

 

Wnt signaling is activated in epithelial dysplasia and OSCC and not in normal 

epithelium 

Immunofluorescence studies with markers of Wnt signaling were performed. The results 



  

34 

of β-catenin and LEF-1 immunofluorescence studies in epithelial dysplasia (Fig. 7. A-B) 

revealed the presence of positive basal cells some of which co-expressed both markers.  

A similar result was noted in OSCC (Fig. 7. C-D), thus indicating that Wnt signaling 

activity was activated in some basal keratinocytes in both epithelial dysplasia and OSCC. 

 

 

Figure 7. Immunofluorescence studies for β-catenin and LEF-1 in epithelial 

dysplasia and OSCC.  (A and C) β-catenin and (B and D) LEF-1 immunofluorescence 

studies in epithelial dysplasia (A and B) and OSCC (C and D) reveal the presence of 

scattered immunofluorescence positive (green) cells in the basal and suprabasal cells 

(white arrows). 

 

 

Interestingly, immunofluorescence studies for β-catenin and LEF-1 (Fig. 8. A-B) in 

normal epithelium failed to reveal any positive expression, thus permitting us to conclude 

A B 

C D 



  

35 

that Wnt activity is not present or may be very rarely detected in normal epithelium.  

 

 

Figure 8. Immunofluorescence studies for β-catenin and LEF-1 in normal 

epithelium. A. β-catenin and B. LEF-1. 

 

 

DISCUSSION: 

 In this aim, we sought to induce premalignant lesions and OSCC using a chemically 

induced model of carcinogenesis in mice using 4-NQO.  We aimed to characterize the 

stages of malignant progression in this model and to compare our results to the well-

established stages in human premalignancy and OSCC. The results of these experiments 

revealed that around 4-6 weeks after cessation of 4-NQO treatment, nearly 90% of the 

cohort of mice developed leukoplakias and tumors. The dosing scheme employed in this 

model helped minimize the occurrence of complications and death due to upper 

gastrointestinal tract tumors before the appearance of oral mucosal lesions. The various 

histologic stages of tumor progression included papillary hyperplasia, epithelial 

dysplasia, and invasive OSCC. Hence we were able to establish a 4-NQO-mouse model 

of carcinogenesis that serves as a reliable surrogate of malignant progression in human 

A B 
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OSCC. We chose this model to generate an extensive archive of primary tumors that 

could be frozen and utilized in future experiments. 

 

After the 4-NQO mouse model of carcinogenesis for OSCC was established, we 

generated the tumor bank and aimed at further characterizing the lesions and tumors at a 

molecular level for Wnt/β-catenin signaling activity. Immunohistochemical and 

immunofluorescence studies were performed with reliable markers of the Wnt/β-catenin 

pathway. The results of the immunohistochemical studies for β-catenin revealed variable 

expression in different stages of malignant progression. Specifically, in epithelial 

dysplasia, loss of membranous β-catenin staining was noted in the basal and suprabasal 

cells. Interestingly, in OSCC, membranous and nuclear staining of β-catenin was 

regained with intensely positive expression at the invasive front. This pattern of variable 

staining of β-catenin in the different stages of progression in OSCC may be indicative of 

an innate regulatory mechanism of Wnt signaling acquired by cancer initiating cells in 

the process of oncogenesis.  

 

We also performed immunofluorescence studies for markers of Wnt signaling with β-

catenin and LEF-1. These experiments revealed co-expression of both markers in 5-10% 

of basal cells in epithelial dysplasia and OSCC indicating further evidence of Wnt 

signaling activity. Interestingly, immunofluorescence studies with β-catenin and LEF-1 in 

normal epithelium did not reveal any positivity. The results of these studies were 

extremely promising to preliminarily establish the presence of increased Wnt signaling 

activity in premalignancy and OSCC.  
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38 

SPECIFIC AIM 2 

To demonstrate the stemness of Wnt-responsive OSCC cells. 

 

METHODS AND RATIONALE: 

 

Lineage-tracing strategy with tamoxifen induction 

In an attempt to study and model the cellular heterogeneity in cancer, several labeling 

strategies have been introduced over the past century. Lineage-tracing enables a single 

cell to be marked in a way that the cell’s progeny retain the labeling thus generating 

distinct clones (81). Some of the techniques include direct observation, labeling cells with 

dyes and radioactive tracers, transfection or viral transduction for genetic marking, 

cell/tissue transplantation and genetic mosaics. We chose to use a more recently 

introduced approach of cell marking by genetic recombination specifically using the Cre-

loxP system.  

 

To develop this system, two mice lines are crossed; in the first, Cre recombinase enzyme 

is expressed under the control of a tissue/cell-specific promoter and in the second mouse 

line a reporter is flanked by a floxed STOP (loxP-STOP-loxP) sequence. In animals that 

express both constructs, Cre activates the reporter in promoter-active cells by removing 

the STOP sequence (Fig. 9A). To selectively activate Cre in adult mice and to achieve 

temporal and spatial control, we utilized an inducible model of recombination (Fig. 9B). 

Cre recombinase is expressed as a fusion protein with the human estrogen receptor (ER). 

In its inactive form, without the presence of ligands like tamoxifen, the Cre recombinase-
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ER fusion protein remains in the cytoplasm. Upon introduction of ligands, activated 

CreER translocates to the nucleus, and Cre can then recombine the loxP sites (82). 

 

For the sake of visualization, several fluorescent reporters are available. Some of the 

fluorophores utilized in mouse models include enhanced green fluorescent protein 

(EGFP), enhanced yellow fluorescent protein (EYFP), enhanced cyan fluorescent protein 

(ECFP) and tdTomato (83).  

 

 

 
 

 

 
 

Figure 9. Lineage-tracing strategy.  A. Rosa26-Stop-YFP reporter B. Tamoxifen-

induced activation of CreERT causes labeling of tumor cells (blue) by YFP (green cells); 

YFP-labeled cells progress to form YFP+ clones (arrows indicating generation of YFP-

marked daughter cells from YFP+ parental cells).  

 

 

Our lab group studies epithelial cancer models extensively, and for the purpose of 

lineage-tracing studies, we chose to work with Cre/lox-based reporter lines to further 

characterize CICs in OSCC based on clonal analysis. The mouse strains that we selected 

A
. 

B
. 
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were based on extensive literature review of the different signaling pathways associated 

with epithelial cancers. We chose to focus on Wnt/ β-catenin signaling pathway, and for 

this Axin2-CreERT reporter lines were employed (79). In addition, we utilized 

intraperitoneal tamoxifen injection to induce fluorescent labeling and visualize reporter 

positive cells (YFP or tdTomato) in the Axin2-CreERT-based system (Fig. 10).  

 

 

Figure 10. Lineage-tracing scheme in 4-NQO-mouse model of OSCC. Intraperitoneal 

injection of tamoxifen was administered after completion of 4-NQO treatment. 

 

 

We expected to see evidence of heightened Wnt signaling activity and increased labeling 

of Axin2+ cells in the dysplastic/malignant epithelium that may eventually generate 

labeled clones. 

 

Transplantation assays in immunocompromised mouse models 

As alluded to earlier, one of the features that define CICs is its ability to regrow tumors 

when transplanted. We wanted to establish the potential of CICs from primary OSCC 
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tumors to develop tumors when transplanted into immunodeficient mice. For this, either 

fresh tumor samples or cells from the frozen tumor bank were suspended in Matrigel and 

injected into immunodeficient mice. We attempted the transplantation assays in Rag2 

knockout mice (a generous gift from Dr. Stuart Orkin’s lab), athymic nude mice and 

NOD-SCID mice. The suspended tumor cells were injected either subcutaneously under 

the skin of the back or intraorally (either directly into the tongue or through an extraoral 

approach using a Hamilton microsyringe). The mice were monitored for 8-10 weeks, and 

no signs of tumor formation were noted. We repeated the transplantation assays with 3-D 

organoids from primary OSCC, and these failed to engraft in the immunodeficient mice 

models described above. We concluded that either the cell numbers that were 

transplanted were very small or further techniques of isolating pure populations of CICs 

based on stem cell markers had to be developed.   

 

3-D organoid culture platform 

A three-dimensional (3D) in vitro platform was set up to study lineage-tracing, clonal 

analysis and activity for Wnt signaling in primary OSCC tumor cells. For this, primary 

OSCC tumors that were obtained from mice were dissociated into single cells and were 

cultured in Matrigel (Corning), in the presence of cytokines. Basal culture medium 

comprised of Advanced DMEM/F12 (Gibco) supplemented with 2 mM GlutaMax (Life 

Tech), 10 mM HEPES (Life Tech), and 100 U/mL penicillin/100 mg/mL streptomycin. 

The complete culture medium comprised of the basal culture medium with N2 

supplement, B27 supplement (Life Tech), and 1 mM N-acetylcysteine (Sigma), 1 mg/ mL 

Human R-Spondin-1 (Peprotech), 50 ng/mL human epidermal growth factor (Peprotech) 
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and 100 ng/mL recombinant human Noggin (Peprotech). The culture medium was 

changed every other day, and the organoids were examined for changes in growth pattern 

or cell lysis. The clones were subsequently expanded and passaged. In some wells, 4-

hydroxytamoxifen was added to induce the CreER activity; the medium was replaced 

with fresh medium after two days.  

 

3-D organoid cryosection  

Finally, to study the architecture and labeling profile of the 3-D organoids cultures, 

cryosections were prepared from organoids two weeks after induction with tamoxifen. 

The organoids were fixed and frozen in OCT compound before they were cut at 8-µm 

thickness. Subsequently, immunofluorescence studies for DAPI and YFP were performed 

using the previously described immunofluorescence protocol.    

 

RESULTS: 

 

Axin2-positive cells are noted in OSCC and not in papillary epithelial hyperplasia 

Lineage-tracing experiments were performed at different stages of malignant progression 

in the Axin2-CreER-YFP/tdTomato mice.  This was achieved with intraperitoneal 

injections of tamoxifen upon visualization of intraoral tumors. The administration of 

tamoxifen in these strains of mice would lead to Cre-mediated recombination and 

expression of fluorescent protein (YFP/tdTomato) in Axin2 positive cells (and their 

daughter cells). When tumors/lesions were visualized, the mice were euthanized and the 

tongue samples were collected three days after the injection.  
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    DAPI, Axin2 

 

Figure 11. Fluorescent reporter (Axin2) in papillary hyperplasia and OSCC. A. 

DAPI in papillary epithelial hyperplasia B. Axin2 in papillary epithelial hyperplasia C. 

DAPI in OSCC D. Axin2 in OSCC. 

 

 

Interestingly we observed that the fluorescent reporter (tdTomato) of Axin2 was noted in 

scattered basal and suprabasal tumor cells in OSCC tumors, suggesting that Wnt 

signaling was activated, specifically at the invasive front (Fig. 11. C-D). This pattern was 

not noted in papillary hyperplasia (Fig. 11. A-B). 

 

Further, we wanted to determine the co-expression of these Axin2 positive cells with K5, 

A B 

C D 
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a keratin marker of basal epithelial cells in OSCC and papillary epithelial hyperplasia. 

The results of these studies were promising and consistent with the results of the previous 

experiments.   

 

  
DAPI, Axin2, K5 

Figure 12. Fluorescent reporter (Axin2) in OSCC. DAPI, Axin2 and K5 in OSCC. 

Axin2/K5 double positive cells (white arrows). 

 
 

Scattered cells that were positive for K5 (green) were also positive for the Axin2 

(tdTomato) reporter (less than 5%) (Fig. 12), indicating that Wnt signaling was active in 

a small population of basal epithelial tumor cells. This was not noted in papillary 

hyperplasia (Fig. 13), and interestingly the K5 staining pattern was also distinctly 

different from what was observed in papillary hyperplasia. In OSCC, the K5 staining was 
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strongly and uniformly present through the full thickness of the epithelium, indicating a 

loss of normal epithelial polarity. 

 

  

DAPI, Axin2, K5 

Figure 13. Fluorescent reporter (Axin2) in papillary hyperplasia. DAPI, Axin2 and 

K5 in papillary epithelial hyperplasia. 

 

 

Axin2 induction in organoids of primary OSCC cells reveals evidence of Wnt 

signaling 

To further pursue lineage-tracing studies, an in vitro 3-D platform was set up to culture 

organoids with primary OSCC tumor cells (Axin2-CreERT/YFP reporter). Tumor cells 

were isolated, cultured and passaged twice to obtain more robust and stable populations.  
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Figure 14. Axin2 induction in OSCC organoids A. Bright field B. Fluorescence lamp. 

 

 

Under the bright field lamp, organoids appeared to be cohesive clusters of viable 

keratinocytes (Fig. 14A). After the addition of tamoxifen, the presence of Axin2 positive 

cells was noted in the 3-D organoids (Fig. 14B) suggesting the evidence of Wnt activity 

in the tumor cells. 

 

Wnt-responsive CICs are capable of forming organoids 

Two weeks after tamoxifen induction, cryosections of the 3-D organoids from primary 

OSCC tumors (with Axin2-CreERT/YFP reporter) were obtained. Immunofluorescence 

studies of these sections for native fluorescence were performed to study the expression 

patterns and overall structure of the organoids. YFP positive cells formed organoids 

based on the potential clonal expansion of Axin2+ OSCC cells (Fig. 15) demonstrating 

the stemness of these tumor cells. 

 

A B 
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Figure 15. 3-D Organoid cryosection.  Two weeks after in-vitro tamoxifen induction. 

 

DISCUSSION:  

Finally, we aimed to characterize CICs in OSCC based on the Wnt/ β-catenin signaling 

pathway. To achieve this, we performed both in vitro and in vivo lineage-tracing 

experiments. We utilized the inducible Cre reporter with tamoxifen in the 4-NQO mouse 

model to study the behavior of CICs and trace the resulting clones in their native 

environment and 3-D organoids. With the help of a fluorescent reporter (tdTomato or 

YFP) linked to the downstream genes of Wnt/ β-catenin pathway (Axin2), we were able 

to visualize these rare cells. In OSCC tumors, Axin2 positive cells were noted in the basal 

cells in the invasive front of OSCC. On the other hand, Axin2 positive cells were not 

noted in benign papillary epithelial hyperplasia. The results of these experiments 

provided further evidence of upregulation of Wnt signaling activity in a subpopulation of 

OSCC cells.  

 

We attempted transplantation assays in immunodeficient mice (Rag2-/-, Nude and NOD-

SCID) to demonstrate the stem-like features of CICs present in primary OSCC tumors. 

A B 
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Unfortunately, none of the injected tumors successfully engrafted in immunodeficient 

mice. Also, mice that developed tumors did not survive past 4-6 weeks after cessation of 

4-NQO treatment, making establishing an in vivo lineage-tracing system extremely 

challenging. We thus set up an in vitro 3-D organoid platform to maintain and expand the 

primary OSCC tumor cells. Lineage-tracing experiments were carried out in the 3-D 

organoids by adding tamoxifen to individual wells. Two weeks following the addition of 

tamoxifen, clonal expansion of Axin2+ OSCC cells forming YFP+ organoids were noted, 

thus highlighting the stem-like features of CICs in OSCC cells. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 
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This project aimed at characterizing CICs in OSCC based on the Wnt/β-catenin signaling 

pathway.  We were successfully able to establish a chemically induced model of 

carcinogenesis in mice. With this model, we were capable of generating premalignant 

lesions and primary OSCC tumors that were representative of the well-known 

premalignant/malignant phenotypes in human OSCC. It was thus established that the 4-

NQO OSCC mouse model served as a reliable surrogate of tobacco-associated human 

premalignancy and OSCC.  After the carcinogenesis model was set up, the tumor bank 

was established, and we sought to further characterize these based on Wnt/ β-catenin 

signaling activity. The evidence of this activity was generated by immunohistochemical 

and immunofluorescence studies with downstream markers of Wnt signaling.  Finally, we 

identified CICs in OSCC, active for Wnt signaling using lineage-tracing strategies in vivo 

and 3-D organoids. We were able to link features of stemness of CICs to Wnt signaling 

activity and highlight the rare populations of CICs. In the future, understanding the 

timeline of when CIC-like features are acquired in premalignancy and full-blown 

malignant tumors will be crucial. For this we will need to explore more efficient methods 

of in vivo lineage-tracing. The major issue we dealt with in trying to lineage trace for 

extended periods of time was that most mice did not survive for over 4-6 weeks after 

developing tumors. Some of the less ideal, alternate systems that may be employed in the 

future to study CICs include human OSCC cell lines and xenograft models. Although we 

based our study on Wnt signaling pathway activity in OSCC CICs, we cannot rule out the 

possibility of the complex interplay between various signaling pathways known to be 

dysregulated in epithelial cancers, such as Hedgehog and Notch pathways. To address 

this in the future, we plan to generate a cohort of mice with reporter lines for other 
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signaling pathways such as Gli1 and Bmi1 for Sonic hedgehog pathway. We are also 

keen on being able to successfully setup a transplantation model and will resort to 

utilizing more robust human OSCC cell lines and even patient samples in the future. 

Unfortunately, this platform is time-consuming and can be expensive to perform. We will 

also explore the possibility of isolating CIC-enriched organoids and their engraftment 

rates in immunodeficient mice. 

To the end, the 3-D organoid system will be used extensively to test therapeutic drugs 

against OSCC CICs. Based on the results of our study, it will be interesting to study the 

response of OSCC cells to Wnt signaling antagonists. Organoid-forming assays may be 

applied to quantitatively determine how different subclones of cancer cells respond to 

therapeutic targets. Ultimately we can apply the results of such experiments in human 

OSCC cell lines and human samples. 
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