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ABSTRACT 

Head and neck squamous cell carcinoma (HNSCC) is a frequent and deadly 

malignancy. Despite significant advances in understanding the pathobiology of this 

disease, patient morbidity associated with invasive treatment modalities along with a high 

frequency of tumor recurrence and metastasis typically result in unacceptably low patient 

survival and poor quality of life. The cancer stem cell (CSC) hypothesis provides an 

explanation for the observed disease relapse following current treatment paradigms, with 

pivotal malignant features of a cancer cell deriving from a shift towards stem-like features. 

CSCs, identified as ALDHhighCD44high cells, constitute only around 5% of total tumor cells 

but function as drivers of tumor initiation, mediate therapeutic evasion, and promote 

recurrence and metastases of HNSCC. 

We previously demonstrated that interleukin-6 (IL-6) secreted by endothelial cells 

within the perivascular niche in the tumor microenvironment enhances CSC survival, self-

renewal, and tumorigenic potential. Cisplatin, the most common chemotherapy for 

HNSCC, activates the IL-6 pathway, which potentiates Cisplatin-induction of the CSC 

fraction and Bmi-1 expression. Bmi-1 is a master regulator of stem cell self-renewal and 

highly expressed in CSCs. Notably, cytotoxic chemotherapy enhances Bmi-1 expression 

and increases the CSC fraction in HNSCC. By virtue of their high tumorigenic potential 

and resistance to a multitude of therapies, CSCs present an imperative target for 

developmental therapeutics in HNSCC. 



 xxi 

This project sought to understand signaling mechanisms underlying 

chemoresistance of CSCs. Our central hypothesis is that therapeutic blockade of the IL-

6 and Bmi-1 signaling axis suppresses chemotherapy-induced CSC self-renewal and 

inhibits CSC resistance. In this work, we aimed to: 1) determine the effect of IL-6/STAT3 

inhibition on Cisplatin-induced phenotypic changes in the cancer cell population and 

downstream signaling effectors, 2) determine the therapeutic effect of IL-6/STAT3 

inhibition on resistance to conventional Cisplatin therapy in HNSCC, and 3) elucidate the 

role of Bmi-1 in increasing the fraction of CSCs in response to cytotoxic chemotherapy. 

We demonstrate that blockade of IL-6R via lentiviral knockdown or pharmacologic 

inhibition with a humanized monoclonal antibody (Tocilizumab) is sufficient to inhibit Bmi-

1 expression, sphere formation, and to decrease the CSC fraction even in a Cisplatin-

resistant HNSCC model. IL-6R inhibition with Tocilizumab abrogates Cisplatin-mediated 

increase in the CSC fraction and induction of Bmi-1 in patient-derived xenograft (PDX) 

models of HNSCC. Notably, Tocilizumab inhibits Bmi-1 and suppresses growth of 

xenograft tumors generated with Cisplatin-resistant cells. Our results from human tumor 

specimens of 216 HNSCC patients show that high Bmi-1 expression correlates with 

decreased recurrence-free survival time. Moreover, both genetic knockdown of Bmi-1 as 

well as pharmacologic inhibition using the small molecule inhibitor PTC596 abrogates the 

increase of CSC fraction, sphere formation, and DNA damage response by cytotoxic 

chemotherapy. Treatment with PTC596 also suppressed Cisplatin-mediated increase of 

the CSC fraction in a scaffold xenograft model in vivo.  

Altogether, these studies demonstrate that therapeutic blockade of IL-6R 

suppresses Bmi-1 function, thus inhibiting cancer stemness. We showed that Bmi-1 
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contributes to chemoresistance of CSCs, which may occur through induction of DNA 

damage repair mechanisms as Bmi-1 plays an important role in the DNA repair response. 

Further investigation into the role of Bmi-1 in DNA damage elicited by platinum-based 

chemotherapy is still necessary. This work unveils important molecular mechanisms 

underlying CSC maintenance and therapeutic resistance, which have the potential to 

inform novel mechanism-based therapies targeting CSCs to improve survival and quality 

of life of patients with head and neck cancer. 
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CHAPTER 1: 
Overcoming Head and Neck Cancer Stem Cells1 

1.1 Abstract 

Head and neck cancer is a frequent and deadly malignancy. Despite significant 

advances in the understanding of the pathobiology of head and neck cancer, patient 

morbidity associated with invasive treatment and the high frequency of tumor 

recurrence/metastasis typically result in an unacceptably short patient survival and poor 

quality of life. The cancer stem cell hypothesis attempts to explain the observed 

heterogeneity of cancer cells within a tumor, with many malignant features of a cancer 

cell deriving from a shift towards stem-like features. Cancer stem cells function as drivers 

of tumor initiation, mediate therapeutic evasion, and promote recurrence and metastases 

of head and neck cancer. Notably, cancer stem cells are highly resistant to conventional 

chemotherapy and radiotherapy. Therefore, cancer stem cells represent an attractive 

target for developmental therapeutics. In this chapter, we discuss cancer stem cell-

mediated resistance to treatment and approaches that might sensitize patients to therapy 

by targeting these cells. 

 
1 This chapter was originally published in Improving the Therapeutic Ratio in Head and Neck Cancer. 
Oklejas AE, Nör JE. Overcoming Head and Neck Cancer Stem Cells. In: R. Kimple (Ed.), Improving the 
Therapeutic Ratio in Head and Neck Cancer (1st Edition, pp. 135-150). Academic Press; 2019. 
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1.2 Introduction 

Key malignant features of a cancer cell have been shown to derive from the 

acquisition of stem-like features [1]. Indeed, we will discuss here the scientific evidence 

that suggests that cancer stem cells (CSC) define the pathobiology and the response to 

treatment of head and neck squamous cell carcinomas (HNSCC) [2-4]. Cancer stem cells 

represent a self-renewing, multipotent, and highly tumorigenic subpopulation of cancer 

cells generally ranging from 1 to 10% of the overall tumor cell population in HNSCC. 

These cells have been shown to engage in cellular crosstalk within the dynamic tumor 

microenvironment, which plays a major role in governing their maintenance and cell fate. 

The preferred chemotherapeutic treatment for HNSCC remains platinum-based agents, 

Cisplatin being the most commonly used. Though their survival benefit is well recognized, 

Cisplatin-based treatment regimens are associated with substantial patient morbidity [5] 

and disease relapse, with locoregional recurrence accounting for 20-40% of HNSCC 

mortality of patients at 5 years [6]. Cancer stem cells have been shown to be highly 

resistant to conventional chemotherapy [7] and radiation [8], which may account for the 

fact that many head and neck cancer patients experience tumor recurrence. 

Advancements in the knowledge of cancer stem cell biology have provided scientific 

rationale for targeted elimination of the cancer stem cell pool to benefit the survival and 

quality of life of patients with head and neck malignancies. Here, we will review the 

evidence on the biology of head and neck cancer stem cells and will discuss their 

therapeutic targeting as a means to overcome treatment resistance and disease 

progression. 
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1.3 The Cancer Stem Cell Hypothesis 

Over the past decade, the idea of stem-like cells within tumors has received 

significant attention. It has now been accepted that not all tumor cells are equal, and that 

a tumor is vastly heterogenous. The CSC hypothesis postulates that among the bulk of 

neoplastic cells, cancer stem cells make up a small fraction of cells endowed with 

characteristics of self-renewal, multipotency, and uniquely high tumorigenic potential [1]. 

These characteristics are demonstrated by (1) the unique ability of CSCs to initiate and 

propagate tumors in vivo, (2) the observation that the resulting tumors consist of a 

heterogeneous population that recapitulates the CSC’s original tumor, and (3) the 

capability of these tumors to be serially transplanted [9]. On the other hand, the bulk of 

the tumor is composed of rapidly proliferating transit amplifying cells and post-mitotic 

differentiated cells, both of which are not capable of initiating tumors. These cells lack 

longevity and have only limited proliferative potential, as opposed to the cancer stem cell 

population [1].  

A principal feature of stem cells is their ability to recapitulate a heterogeneous 

organ from a single cell. Rather than proposing a tumor arises from normal stem cells, 

the CSC hypothesis attempts to explain the observation that a tumor may be 

hierarchically organized in much the same manner as physiological tissues [10]. Similar 

to their physiological counterparts, cancer stem cells share the attributes of self-renewal 

and the capacity to differentiate into committed progenitor cells. However, a distinguishing 

feature of cancer stem cells is their uniquely high tumorigenic potential, making these 

cells a crucial part of tumor initiation and disease progression to metastasis and/or 

recurrence [1]. In parallel to the functional role of stem cells in physiological tissues, the 
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relatively small number of cancer stem cells fuels tumor growth and gives rise to the bulk 

tumor cells. The bulk tumor cells are not able to self-renew and do not contribute to the 

long-term viability of the tumor, therefore becoming less relevant in the grand scheme of 

disease progression and treatment [11]. Unfortunately, the line between what is a cancer 

stem cell and what is a bulk tumor cell is blurred. Cancer stem cells maintain plasticity to 

transition between epithelial- and mesenchymal cell stages, with molecular and 

environmental cues shifting the equilibrium of stem-like versus non-stem-like 

characteristics [12]. 

The CSC hypothesis is especially appealing due to the explanation it provides for 

several poorly understood clinical phenomena. A patient may present a robust response 

to chemo- and radiation therapy in the form of tumor shrinkage and disease remission. 

However, a small fraction of cancer stem cells survives these treatment attempts. Thus, 

the inevitable outcome of seemingly effective treatments is oftentimes local recurrence or 

metastatic spread. Cancer stem cells are resilient cells that can maintain their population 

through self-renewal, and their quiescent nature allows them to evade the majority of 

chemotherapeutic approaches. Cancer stem cells are highly migratory to distant sites 

within the body, where they can initiate a new tumor and lead to metastasis, even long 

after the patient was initially treated. In clinical assessments, the CSC content within 

tumors has been shown to be a predictive factor [13] and to define the tumor’s 

heterogenous phenotypical and molecular traits [14]. Therefore, cancer stem cells 

present an enticing avenue for research into more effective therapeutic developments, as 

the goal is to target the “warhead” of the tumor instead of simply eradicating the, by 

comparison, harmless tumor bulk. 



 5 

1.4 Identifying Head and Neck Cancer Stem Cells 

The identification of cancer stem cells is an area of ongoing research in many 

different cancer types. Cancer stem cell identification relies predominantly on the 

expression of cell surface molecules or intracellular enzymes, which can vary depending 

on the cancer. Flow cytometry/fluorescence-activated cell sorting (FACS) remains the 

most commonly used technique to identify and isolate cancer stem cells based on cell-

specific markers. 

In HNSCC, cancer stem cells were first identified as CD44+ expressing cells by 

Prince and colleagues [2]. CD44 is a cell surface adhesion receptor involved in cell-to-

cell interaction, adhesion, and migration, which can bind to hyaluronic acid (among other 

extracellular matrix ligands). The small fraction of CD44+ cells flow-sorted from primary 

HNSCC tumor samples was shown to be highly tumorigenic when implanted into 

immunodeficient mice, as compared to the CD44- cancer cells [2]. Interestingly, the 

CD44+ cancer cells co-stained with epithelial basal cell marker Cytokeratin 5/14, which is 

highly expressed in mitotically active basal stem cells and down-regulated as these cells 

differentiate [15]. The tumors generated from CD44+ cells reproduced a heterogenous 

tumor expressing both CD44+ and CD44- cells, which demonstrated multipotency of these 

cells. Gene expression analysis also revealed differential expression of the self-renewal 

marker Bmi-1 in CD44+ versus CD44- cells. This work was among the first to unveil a 

subpopulation of cancer cells in HNSCC that follow the principles put forth by the CSC 

hypothesis. It has since then been shown that CD44 is highly expressed in several stem 

cells and many cancers, in which it helps promote the migration and invasion processes 

involved in metastasis [16]. However, though CD44 expression has been shown to select 
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for a subset of cells with stem-like characteristics, it is not sufficient to distinguish between 

normal, benign, or malignant epithelia of the head and neck [17]. 

Another widely used marker for cancer stem cell identification is aldehyde 

dehydrogenase (ALDH), which has emerged as a rather universal CSC marker. The 

aldehyde dehydrogenase family of enzymes is crucial for maintenance, differentiation, 

and normal development of stem cells, and functions in cellular detoxification, retinoic 

acid metabolism and signaling, and protection from reactive oxygen species [18]. 

Increased ALDH activity was first shown to isolate cancer stem cells in leukemia, where 

ALDHhigh cells demonstrated superior tumorigenic potential as compared to ALDHlow cells, 

and were co-expressed with the leukemia stem cell marker CD34 [19]. Concurrently in 

the breast cancer field, the Wicha laboratory identified high ALDH activity as a marker for 

a subpopulation of tumor cells characterized by multipotency, self-renewal, and enhanced 

tumorigenicity [20]. It was a few years later that the role of ALDH was first determined in 

the context of head and neck cancer stem cells, where Chen and colleagues 

demonstrated ALDHhigh HNSCC cells displayed evidence of epithelial-mesenchymal 

transition (EMT) shifting, radioresistance, and high tumorigenicity as compared to 

ALDHlow cells in a xenotransplanted tumorigenicity study [21]. Further, it was shown that 

the ALDHhigh and CD44+ cells purified an even more tumorigenic population, with 1,000 

ALDHhighCD44+ cells capable of initiating more tumors in vivo (i.e. in 13 mice out of 15), 

as compared to 10,000 ALDHlow CD44- cells (i.e. in 2 mice out of 15) [22]. In another 

study, tumors generated from ALDHhigh cells were able to be serially passaged in vivo 

while reproducing the original tumor heterogeneity, thus confirming ALDH as a highly 

selective marker for cancer stem cells in HNSCC [23]. Currently, ALDH activity is being 
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successfully used as a cancer stem cell marker in many cancers including melanoma 

[24], colon [25], lung [26], prostate [27], liver [28], pancreatic [29], and salivary gland 

cancers [30] among many others.  

The increasing evidence for the use of both CD44 and ALDH as cancer stem cell 

markers in HNSCC led to studies in which the combined expression of both markers 

further enhanced the ability to isolate cancer stem cells. ALDHhighCD44+ cells were 

confirmed to be highly tumorigenic, capable of self-renewing as orospheres, and were 

able to be serially passaged in vitro and in vivo while reproducing original tumor histology 

and heterogeneity. These studies also demonstrated that the ALDHhighCD44+ 

subpopulation of cells localized in close proximity to blood vessels, suggesting the 

existence of a perivascular cancer stem cell niche in HNSCC [22]. In head and neck 

cancer patients, CD44 and ALDH expression/activity in tumors have been correlated with 

worse prognosis, disease grade, and overall survival [31-33]. The prognostic significance 

of ALDH and CD44 suggests that they could be perhaps considered as potential 

diagnostic tools for patients [34]. 

In addition to CD44 and ALDH, a large cohort of other potential cancer stem cell 

markers have been identified in HNSCC. One of these includes the transmembrane 

glycoprotein CD133, which has been implicated as a potential marker for cancer stem 

cells in HNSCC. CD133+ cells showed a marked capacity for self-renewal and 

multilineage differentiation in vitro [35], as well as correlated with worse patient survival 

when co-expressed with Oct-4 and Nanog [36]. In Cisplatin-resistant HNSCC cells, 

increased CD10+ expression was shown to enhance sphere formation in vitro and 

tumorigenicity in vivo, and may be associated with therapeutic resistance and CSC-like 
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properties of these tumors [37]. In yet another study, CD166+ stem-like HNSCC cells were 

shown to be significantly related to poorer clinical outcome, as compared to the 

correlation of CD44 [38]. There have been a plethora of other efforts to identify CSC-

specific biomarkers in HNSCC, including more functional approaches such as dye-

dependent isolation [39] or measuring intracellular reactive oxygen species [40] to enrich 

for cancer stem cells. 

1.5 CSC Functional Assays 

The perfect CSC-specific marker, i.e. only expressed in cancer stem cells, has not 

been identified. This complicates the attempt to isolate absolutely pure populations of 

cancer stem cells and to perform CSC-targeted developmental therapeutics studies, as 

the majority of cancer stem cell markers are also expressed in physiological stem cells 

[41]. Efforts to develop CSC-specific biomarkers could also provide insight into whether 

these markers are only useful for identifying this subpopulation or whether they also have 

a functional role in modulating the cancer stem cell phenotype. Other methods that allow 

enrichment and investigation of cancer stem cells that are independent of CSC 

biomarkers include functional cancer stem cell assays, which utilize the abilities of cancer 

stem cells to self-renew, differentiate into other cell types, and generate new tumors.  

For example, to study the stem-like phenotype in vitro, the orosphere assay is a 

method which exploits the fact that stem cells are capable of surviving and proliferating 

in low/no serum and anchorage-independent conditions, unlike differentiated cells [42]. 

Culturing cancer cells in serum-free ultra-low attachment conditions allows only cancer 

stem cells to survive in the form of spheres, and their passaging is an indication of self-

renewal [43]. Head and neck cancer cells cultured as orospheres exhibited high 
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expression/activity of ALDH and CD44 [42], were more radio- and chemo-resistant, and 

demonstrated enhanced tumorigenic potential in vivo [44]. The stem-like phenotype can 

also be investigated in vivo, where FACS-sorted CSCs and non-CSCs can be 

transplanted into immunodeficient mice by a limiting dilution assay (LDA) and serially 

passaged [45]. This in vivo LDA is a common approach for cancer stem cell research and 

is used to study differences in tumorigenic potential, self-renewal, and differentiation 

capacity of cancer stem cells in vivo, with orosphere assay complementing this method 

in vitro. Most recently, cancer stem cells have been studied in 3D tumor organoids, which 

can recapitulate the in vivo architecture and functionality of the original tumor 

microenvironment and have been shown to enable stable culture of the cancer stem cell 

population [46]. This method can provide a more biologically representative in vitro assay 

to study metabolic effects of a variety of anti-cancer therapies [47]. 

1.6 The Cancer Stem Cell Niche 

Although there are significant efforts in place to discover CSC-specific biomarkers, 

the ones identified so far cannot be therapeutically targeted. However, this prompts other 

therapeutic approaches to be attractive, such as targeting signaling pathways that are 

active in cancer stem cells specifically. Because physiological stem cells and cancer stem 

cells share many attributes, it seems reasonable that many pathways that regulate normal 

stem cell development and function may be hijacked by cancer cells. Similarly, this 

suggests that cancer stem cells depend on their immediate microenvironment for cues 

that regulate their self-renewal and differentiation just as normal stem cells do [48]. 

Stem cells are typically found in perivascular niches in close proximity to blood 

vessels, which enable ease of access to signaling cues and provide a dynamic and 
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protective microenvironment [22,49]. In this niche, stem cells can engage in crosstalk with 

stromal cells to maintain their self-renewal and regulate their differentiation. As with many 

similarities between normal stem cells and CSCs, their choice in residence bares no 

exception (Fig. 1-1). The exploration of a CSC niche was ignited in brain cancers, as 

existing knowledge suggested that endothelial-cell secreted factors maintain neural stem 

cells [50]. In fact, some of the pioneering research about the CSC niche was performed 

in brain tumors, where cancer stem cells in glioblastoma multiforme were shown to reside 

in close proximity to endothelial cells [51]. 

Head and neck cancer stem cells reside in the invasive fronts within the tumor in 

perivascular niches, where they engage in crosstalk with stromal cells, endothelial cells, 

cancer-associated fibroblasts, immune cells, and others [22, 52]. Other important 

constituents of the CSC niche are comprised by signaling molecules secreted from a 

variety of cells and the extracellular matrix [53]. Cancer stem cell survival depends on the 

tumor microenvironment and their location within perivascular niches, which also provides 

a protective environment [3, 22]. 

1.7 Cell-Cell Crosstalk 

Tumors are often referred to as “wounds that do not heal”. It is reasonable to 

believe then, that similar cell types involved in the response to injury and wound healing 

may contribute to the pathobiology of a tumor. There is increasing evidence that growth 

and survival of cancer stem cells are highly influenced by the tumor microenvironment 

and molecular signaling crosstalk. An important component of solid tumors are 

nonepithelial stromal cells, which include vascular endothelial cells, fibroblasts, and 

inflammatory cells that together play a key role in tumor growth and pathobiology through 
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either cell-cell contact or secreted signaling effectors [54]. The stromal cell component in 

HNSCC tumors has also been shown to contribute to invasion and metastasis [55]. 

1.7.1 Endothelial Cells 

The close proximity between cancer stem cells and endothelial cells of blood 

vessels in the perivascular niche enables their active crosstalk. It has been demonstrated 

that the crosstalk between CSCs and endothelial cells through endothelial cell-secreted 

factors enhances cancer stem cell self-renewal and survival [22, 56, 57]. One of the most 

potent CSC-inducing endothelial cell-secreted factors is interleukin-6 (IL-6), an important 

inflammatory cytokine. IL-6 specifically enhances the tumorigenic potential and self-

renewal of cancer stem cells via JAK/STAT3 signaling [58, 59]. It has also been shown 

that the ALDH+CD44+ head and neck cancer cells express higher levels of both IL-6 co-

receptors (IL-6R and gp130) than non-CSCs [59]. Other endothelial cell-secreted 

candidate targets have been shown to play a role in cancer stem cell maintenance [60]. 

Endothelial-cell secreted EGF was shown to induce epithelial to mesenchymal transition 

(EMT) and promote the stem-like phenotype in HNSCC cancer cells [58]. Orosphere 

formation and cell motility was enhanced by EGF in vitro, and silencing of EGF expression 

in co-transplanted endothelial cells decreased the fraction of cancer stem cells in tumor 

xenografts engineered in vivo. Furthermore, conditioned media from primary human 

endothelial cells protected head and neck cancer stem cells from anoikis [57]. 

Collectively, these findings suggest that endothelial-cell secreted factors within the 

perivascular niche maintain the cancer stem cell population and induce a more stem-like 

phenotype in HNSCC cells. 

1.7.2 Cancer-Associated Fibroblasts 
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Along with other cell types of the CSC niche, cancer-associated fibroblasts (CAFs) 

activate pathways that play major roles in cancer cell stemness and secrete growth 

factors, chemokines, and extracellular matrix components involved in angiogenic 

recruitment of other stromal cells [61]. Given the physiological roles of fibroblasts, CAFs 

function as builders of the tumor microenvironment and regulators of cell differentiation, 

inflammation, and tumor progression. Stromal myofibroblasts were shown to activate 

canonical Wnt signaling in colorectal cancer stem cells. The cancer stem cells with high 

Wnt activity were located in close proximity to these fibroblasts. Myofibroblast-secreted 

factors were also capable of restoring the stem-like phenotype in more differentiated 

cancer cells [62]. In lung cancer stem cells, IGF1R signaling activation by CAF-secreted 

IGF-II was shown to be necessary to sustain cancer cell stemness [63]. In HNSCC, 

fibroblasts recruit cancer stem cells to supportive niches through secretion of stromal cell-

derived factor-1 (SDF-1) and stimulate podia formation in cancer cells [64]. The SDF-

1/CXCR4 signaling axis has been shown to play an important role in tumor metastasis in 

various cancers [65, 66]. Periostin secreted by CAFs has also been linked to metastasis, 

and in HNSCC was shown to promote the stem-like phenotype via protein tyrosine kinase 

7 (PTK7)-Wnt/β-catenin signaling, as well as induce tumor initiation and invasion in vivo 

[67]. These findings signify the role of CAFs within the tumor microenvironment in 

supporting the CSC niche.  

1.7.3 Immune Cells 

One of the hallmarks of cancer is the ability of tumor cells to evade destruction by 

the immune system [68]. The immune system interacts with cancer cells before and after 

clinical detection of a tumor and engages in a process called tumor immunoediting, which 
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consists of three phases: elimination, equilibrium, and escape [69]. During elimination, 

most of the cancer cells are recognized and destroyed by the immune system. However, 

some cancer cells manage to escape this immunosurveillance, leading to a phase of 

equilibrium between tumor growth and immunological elimination. Cancer stem cells have 

been shown to have advantages in evading immune detection and elimination, thereby 

augmenting their tumorigenic ability, ultimately leading to the escape phase of tumor 

immunoediting [70]. In HNSCC, the T-cell inhibitory molecule PD-L1 has been shown to 

be preferentially expressed on CD44+ tumor-initiating cells, which suppressed T-cell 

mediated immunity and supported an EMT phenotype of the cancer stem cells [71, 72]. 

Likewise, head and neck cancer stem cells downregulate various immunogenic 

components and can inhibit proliferation of T-cells, regulatory T-cells, and myeloid-

derived suppressor cells [73]. Immune cells can also help sustain the stem-like 

phenotype, as MFG-E8 and IL-6 secreted by tumor-associated macrophages has been 

shown to enhance cancer stem cell tumorigenicity and drug resistance [74]. Although the 

immune system does not primarily play a CSC-supporting role in the tumor 

microenvironment, it plays a crucial role in allowing cancer stem cells to overcome 

immunosurveillance of tumor growth. This presents another fascinating crosstalk to be 

investigated for sensitization towards eliminating cancer stem cells through targeted 

activation of host immune defenses. 

1.7.4 Neural Cells 

Lastly, the nervous system has been shown to have direct effects on proliferation 

patterns of epithelial stem cells and plays a role in various contexts of tissue development 

and regeneration [75]. The stimulatory role of nerves is not restricted to physiological 
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tissues, as denervation of primary tumors has been shown to suppress tumor growth and 

metastasis, suggesting a function for nerves in cancer progression [76, 77]. This 

denervation was linked with suppression of stem cell expansion and tumorigenesis, as 

well as inhibition of Wnt signaling [76]. In HNSCC, a high incidence of perineural invasion 

(PNI) is associated with tumor recurrence and poor survival [78], as nerves present a 

significant route of tumor metastasis [79]. As the nerve-tumor distance decreases in 

human biopsy specimens, the estimated relative death rate increases [80]. Nerves in 

HNSCC tumors have been shown to secrete a variety of neurotrophic factors, adhesion 

molecules, and chemokines that function in crosstalk with cancer cells, which also attract 

nerve fibers [81]. A recent study has shown that human cancer stem cells from gastric 

and colorectal carcinoma can differentiate into functional neurons that are involved in 

tumor neurogenesis and progression in tumor xenograft models [82]. 

We can gather from these findings investigating the CSC niche that the tumor 

microenvironment is highly complex, which may contribute to the functional diversity of 

cancer cells (Fig. 1-1). Although there are many players in these interactions between 

cancer stem cells and stromal cells, an underlying common ground can be found in the 

signaling pathways that are employed by the various cell types. 

1.8 CSC Signaling Pathways 

In addition to studying the cellular crosstalk between cancer stem cells and other 

cells in the tumor microenvironment, a pathway-oriented perspective can be taken to 

understand cancer stem cell biology. Elucidating basic molecular mechanisms can 

provide insight into what governs phenotypic changes within the cancer cell population 

that lead to the acquisition of this stem-like phenotype.  
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In epidemiological studies, high levels of pre-treatment serum IL-6 and tumor IL-6 

receptor (IL-6R) expression correlate with poor survival of HNSCC patients and a higher 

rate of tumor recurrence, which propounds the use of IL-6 as a marker to predict survival 

and risk of recurrence in HNSCC [41, 83]. IL-6 was found to regulate head and neck 

cancer stem cell function and induces their self-renewal, as shown by an increase in 

expression of the self-renewal marker Bmi-1 [7]. There is a direct correlation between 

levels of IL-6 secreted by tumor-associated endothelial cells and the tumorigenicity of 

cancer stem cells in vivo [59]. Endothelial cell-secreted IL-6 enhances orosphere 

formation, STAT3 activation, and self-renewal of cancer stem cells in vitro. Activation of 

STAT3 plays an important role in the self-renewal and stemness of a variety of normal 

stem cells and cancer stem cells [84, 85]. STAT3 is constitutively phosphorylated in head 

and neck cancer stem cells (ALDHhighCD44+), as compared to the ALDHlowCD44- 

population [59]. This STAT3 expression is enhanced by endothelial cell-secreted IL-6 and 

EGF, and its inhibition reduces the sphere-forming ability of cancer stem cells [57, 59]. In 

a study investigating cancer stem cell interactions with T-cell-mediated immunity, 

constitutive phosphorylation of STAT3 was observed in CD44+ cells that selectively 

expressed PD-L1 [86]. Activation of STAT3 in head and neck cancer overall has been 

implicated in treatment resistance and immune escape [87]. 

The protein Bmi-1 is an important transcriptional repressor and component of the 

polycomb repressive complex 1 (PRC1). It is highly expressed in self-renewing normal 

stem cells [88, 89], in which it inhibits cell cycle regulators p16Ink4a and p19Arf to regulate 

various important stem cell functions [90, 91]. In HNSCC, Bmi-1 has been shown to be 

highly expressed specifically in cancer stem cells, and that this effect is enhanced by 
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endothelial cell-secreted factors [22]. The importance of Bmi-1 in the maintenance of 

cancer stem cells has also been implicated [2], as Bmi-1+ head and neck cancer cells 

express the known cancer stem cell markers ALDH and CD44 [92]. Currently no 

mechanistic studies have determined the regulation of Bmi-1 in head and neck cancer 

stem cells, but a body of literature has demonstrated IL-6/STAT3 signaling to orchestrate 

epithelial-mesenchymal transition (EMT) in breast cancer through activation of Bmi-1 by 

transcription factor Twist [93, 94], thus conferring tumors with migratory and self-renewal 

abilities.  

 A variety of other signaling pathways have been implicated in cancer stem cell 

biology in head and neck cancers specifically. For example, Wnt signaling serves a vital 

role in normal stem cell regulation, especially during embryonic development, but also in 

adult tissue self-renewal and cancer [95]. In HNSCC, Wnt/β-catenin signaling was shown 

to be crucial in the maintenance of cancer stem cell self-renewal and tumorigenicity [96]. 

In these studies, β-catenin was co-expressed with ALDH and CD44 staining, suggesting 

that this signaling axis is primarily restricted to cancer stem cells. They demonstrated that 

β-catenin positively regulated sphere formation and expression of the stem cells markers 

Oct4 and Sox2, as well as chemoresistance to Cisplatin. Other signaling pathways that 

have been shown to play significant roles in head and neck cancer stem cells include the 

Notch and Hedgehog pathways [97, 98].  

 Many of these pathways regulate common downstream embryonic stem cell 

transcription factors that are relevant in cancer stem cell function. Octamer-binding 

transcription factor 4 (Oct4) regulates many genes in embryonic stem cell development 

and cancer, and has been linked to a less differentiated phenotype, increased tumor 
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aggressiveness, and resistance to radiation therapy in HNSCC [99]. Ectopic expression 

of Oct4 promotes the stem-like phenotype, sphere formation, invasion capacity, and 

xenograft tumorigenicity in head and neck cancer [100]. Nanog is another transcription 

factor required for the maintenance of embryonic stem cells [101], and has been recently 

implicated as a prognostic cancer stem cell marker in HNSCC [102]. Another major 

downstream signaling effector is the protein p53. One of the most frequent genomic 

mutations in HNSCC is within the TP53 gene, which has been correlated with poor patient 

survival [103, 104]. Normally, p53 functions to repair DNA damage by either transiently 

arresting the cell cycle or irreversibly triggering apoptosis. In both normal and cancer stem 

cells, p53 is involved in mechanisms of self-renewal and differentiation [105, 106], 

specifically affecting stem cell expansion [107]. MDM2 functions as a major negative 

regulator of p53 by targeting it for proteasomal degradation and has also been shown to 

independently drive stemness characteristics [108, 109]. 

1.9 Epithelial-Mesenchymal Transition and Cell Plasticity 

When discussing the acquisition of stem-like features, the physiological 

phenomenon of epithelial-mesenchymal transition has been strongly associated with 

cancer progression, endowing cancer cells with enhanced migratory characteristics and 

invasive ability [110]. Induction of EMT in normal epithelial cells has been shown to 

transform these cells into cancer stem cells capable of forming spheres in vitro and tumors 

in preclinical models of breast cancer in vivo [111]. In HNSCC, EGF and Snail were shown 

to induce EMT and maintain the cancer stem cell phenotype [57, 112]. Endothelial cell-

derived IL-6 has also been shown to induce EMT, motility, and invasive capacity of head 

and neck cancer stem cells by creating a chemotactic gradient towards blood vessels 
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[41]. EMT induced by IL-6 converted non-metastatic tumors into metastatic ones in vivo, 

also through STAT3/Snail pathway activation [113].  

 These studies incite the idea of cancer cell plasticity and the conversion of bulk 

cancer cells to cancer stem cells, or vice versa. This leads to consideration of how these 

signaling pathways in cancer stem cell biology might influence fate decisions during cell 

division. Drawing another parallel to physiological tissues, the regulation of cell fate in 

cancer stem cells is a homeostatic balance of self-renewal and cell differentiation. This 

becomes apparent through one of many examples in which a pure population of sorted 

cancer stem cells will revert to the same percentage of CSCs versus non-CSCs prior to 

the sort [23]. The decision that cancer stem cells face between self-renewal and 

differentiation into bulk tumor cells comes down to a single cycle of mitosis. Cancer stem 

cell divisions can be symmetrical, creating two self-same daughter cells, or asymmetrical, 

creating one cancer stem cell and one differentiated cell [114]. Cues from the tumor 

microenvironment can affect these decision processes [85, 115]. The signaling pathways 

implicated in connecting cancer cell plasticity to EMT transitions have been reviewed 

elsewhere [12, 116]. Collectively, these findings support the roles of various signaling 

pathways in head and neck cancer stem cells. Many pathways share common 

downstream effectors, which may provide opportunities for investigating potential 

therapeutic targets. 

1.10 Therapeutic Resistance 

Head and neck squamous cell carcinoma (HNSCC) is the sixth most-common solid 

tumor [117]. Although multiple treatment modalities exist, including surgical resection, 

radiation therapy, and/or chemotherapy, they frequently are associated with unacceptably 
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poor patient survival and low quality of life [118]. Unfortunately, the improved control of 

tumor-growth achieved with platinum-based drugs correlates with an increased incidence 

of evasive resistance and recurrence of HNSCC [119]. Although platinum-based drugs 

have improved control of local disease [120], increases in incidence of resistance and 

metastasis have essentially nullified their benefits [121].  

 Evasive resistance is a process by which cancer cells acquire an invasive 

phenotype to escape the unfriendly tumor microenvironment generated by chemotherapy 

[119]. Clinical observations suggest that some tumor cells are resistant to chemotherapy 

and have the capability to migrate and initiate a new tumor (Fig. 1-2). Indeed, traditional 

platinum-based chemotherapy induces phenotypic changes in cancer cells, suggesting 

that conventional therapy causes a shift in the tumor cell population towards self-renewal 

[122-124]. This primes residual HNSCC cells for a more aggressive phenotype and leads 

to therapeutic resistance and disease progression [125]. Cancer stem cells have been 

shown to drive tumor initiation, therapeutic evasion and resistance, metastasis, and 

recurrence in HNSCC [1, 2, 57, 126]. Due to their defining characteristics of self-renewal, 

multipotency, and tumorigenic potential, it is not surprising that cancer stem cells are 

capable of reforming an entire heterogenous tumor post-treatment. Not surprisingly, many 

of the same pathways that sustain the cancer stem cell niche also play a role in CSC-

mediated therapeutic resistance. 

 Cisplatin is considered the standard of care in the treatment of HNSCC patients 

(NCCN Practice Guidelines in Oncology-Head Neck Cancer). Similar to other cytotoxic 

chemotherapies and platinum-based agents, Cisplatin forms DNA crosslinks to trigger 

apoptosis in dividing cells. Both Cisplatin and radiotherapy target actively dividing, rapidly-
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proliferating cells. Cancer stem cells have been shown to be slow-cycling cells, which 

may explain their resistance to conventional chemotherapeutics and radiation therapy, as 

both target actively dividing cells [127, 128]. Cisplatin causes a shift in the head and neck 

cancer cell population towards more stem-like features [7, 122, 129], but there is no well-

defined mechanistic evidence demonstrating how this cancer stem cell increase occurs. 

Cisplatin has been shown to increase the cancer stem cell fraction and induce stem cell 

self-renewal in a dose-dependent manner, as determined by Bmi-1 expression [7]. When 

comparing Cisplatin-resistant with Cisplatin-sensitive head and neck cancer cells, the 

resistant cells show a marked increase in expression of stemness markers, particularly in 

Oct4, Nanog, and Bmi-1 [7, 122]. 

 These findings suggest that the cancer stem cell increase post-chemotherapy is 

due to preferential killing of non-CSCs while simultaneously supporting symmetric division 

of surviving cancer stem cells (Fig. 1-2). Both a (1) numerator and (2) denominator effect 

can be responsible for this shift in balance towards cancer stem cell expansion. In (1), 

conventional chemotherapy may kill the bulk tumor cells, but simultaneously induce self-

renewal mechanisms that support cell plasticity or symmetric division of cancer stem 

cells. In (2), conventional chemotherapy may kill the bulk tumor cells and decrease the 

total tumor volume, whereas the cancer stem cells survive and then compose a greater 

fraction of total cells. The evidence provided in the literature supports both of these 

hypotheses, with the biologically observed effect likely being due to a combination of 

these factors. 

 The crosstalk between endothelial cells and cancer stem cells has been shown to 

play a crucial role in HNSCC resistance to conventional chemotherapy [130-132]. The IL-
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6 pathway is activated upon Cisplatin exposure [130] and potentiates the Cisplatin-

induced increase in the fraction of ALDHhighCD44+ and Bmi-1 expression [7]. In Cisplatin-

resistant versions of HNSCC parental cell lines, IL-6 was shown to enhance their 

resistance to Cisplatin in vitro. The resistant cell lines express higher levels of Bmi-1 and 

pSTAT3, and have higher sphere-forming ability compared to parental cells [7]. IL-6 and 

MFG-E8 secreted in context of tumor-associated inflammation has also been shown to 

amplify anticancer drug resistance through activating both STAT3 and Hedgehog 

signaling [133]. A large body of literature has demonstrated that endothelial cells regulate 

cancer cell aggressiveness. Recently, Cao and colleagues described a mechanism by 

which tumor-associated endothelial cells (TECs) confer stem-like activity to indolent 

cancer cells [134]. They show that naïve tumor cells are converted to chemoresistant 

cancer stem cells through a complex feedback loop between TECs and cancer cells. 

Normally, insulin growth factor (IGF) binding protein-7 (IGFBP7) expressed by TECs 

blocks IGF1 signaling to cancer cells, thereby inhibiting their stem-like traits. However, 

conventional chemotherapy deregulates this balance, inhibiting IGFBP7 and elevating 

IGF1 in TECs, which activates a positive angiocrine cascade that promotes CSC-

mediated invasiveness and progression.   

 In a recent publication, Jin and colleagues defined MAST1 as the main driver of 

Cisplatin-resistance across various human cancers [135]. They demonstrated that 

Cisplatin, but no other DNA-damaging agent, inhibits the MAPK pathway by dissociating 

cRaf from MEK1. MAST1 replaces cRaf and was shown to contribute to platinum 

resistance and worse clinical outcome both before and after Cisplatin induction. 

Additionally, the authors showed that inhibiting MAST1 with the targeted agent 
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Lestaurtinib restores Cisplatin sensitivity. These findings suggest that Cisplatin-

resistance may be explained by the fact that platinum-based therapies directly affect 

major signaling pathways that are also important in cancer stem cell biology, as 

inactivation of MAPK has been shown to contribute to stem-like properties [136]. Other 

novel findings have described the wide-ranging effects of cytotoxic chemotherapy in 

eliciting release of tumor-derived extracellular vesicles (EVs), which have been shown to 

promote seeding and growth of metastatic cancer cells in distant organ sites in vivo [137]. 

These chemotherapy-induced EVs were shown to promote NF-kB-dependent activation 

of endothelial cells, one of the key players in the maintenance of the cancer stem cell 

niche. 

 Although therapeutic reduction in tumor size is successful at first, long-term clinical 

improvement is often not attained. This can be accounted for by chemoresistance of the 

cancer stem cell subpopulation. Growing knowledge about CSC-associated resistance 

mechanisms in HNSCC has demonstrated a need for treatment strategies that take into 

account CSC-driven tumor biology and target these cells specifically. Thus, cancer stem 

cells constitute an attractive target for developmental therapeutics studies in head and 

neck cancer. 

1.11 Targeting Cancer Stem Cells 

Targeting cancer stem cells is difficult, as they share many characteristics and 

markers with normal stem cells and exhibit high drug efflux through ATP-binding cassette 

transporters [138]. Currently, no HNSCC treatment strategies for patients exist that 

directly target cancer stem cells despite their important pathological properties and 

identifiable population. Notably, the goal of CSC-targeted therapy is not necessarily to 
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“shrink tumors.” Rather, the aim is to eliminate the fraction of tumor cells (~5%), which 

are therapy-resistant cancer stem cells that drive tumor recurrence and HNSCC 

progression. Therefore, CSC-driven tumor biology requires a combination therapy 

approach to expose the effects of CSC-targeted treatment on the HNSCC cell population. 

The increased knowledge about cancer stem cells has sparked an avid interest in 

developing novel therapeutic strategies that incorporate targeted ablation of cancer stem 

cells in anticancer treatments. Here, we highlight a select number of preclinical and 

clinical trials for targeting cancer stem cells in head and neck cancer (Fig. 1-3). As 

mentioned by Saygin and colleagues in a cross-cancer review of CSC-targeted clinical 

trials [139], the interpretation of these trials is limited by the fact that most of these studies 

lack a concrete stem cell readout to prove the efficacy of these therapies in eradicating 

cancer stem cells specifically. However, we will focus here on clinical trials with 

mechanistic approaches that have been validated in head and neck cancer stem cell 

biology.  

 The importance of cellular crosstalk within the perivascular niche, particularly on 

endothelial cell-secreted IL-6, has been discussed above. Therefore, the IL-6 pathway 

presents an appealing target within CSC-specific therapies. It has been shown that IL-6 

defines the tumorigenic potential of head and neck cancer stem cells [59], and that 

inhibition of IL-6R signaling with Tocilizumab (Genentech) decreases the cancer stem cell 

fraction in preclinical models of different head and neck cancers in vitro and in vivo [58, 

140]. The clinically relevant agent Tocilizumab (Genentech) is a humanized, monoclonal 

anti-IL-6R antibody and was FDA-approved for rheumatoid arthritis in 2010. An already 

approved agent such as Tocilizumab presents an attractive adjunct therapy, as 
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developing a new FDA-approved drug proves highly difficult and costly. In one study, 

combination therapy with Tocilizumab enhanced the antitumor effects of Cisplatin and 

Paclitaxel chemotherapy, and decreased VEGF expression and tumor microvessel 

density [140]. Inhibition of IL-6 signaling did not affect cancer cell viability, but robustly 

inhibited STAT3 signaling. Within the endothelial-cancer cell crosstalk, the clinical results 

of anti-angiogenic therapies have been attractive. However, issues arise in the fact that 

a decrease in tumor microvasculature leads to hypoxia, which creates a hypoxic 

environment that cancer stem cells thrive in [141]. This suggests that the observed 

decrease in the cancer stem cell fraction and enhanced antitumor effect may either be 

due to preferential killing of only the small cancer stem cell population, or due to blocking 

essential mechanisms that support cancer stem cell self-renewal, forcing these cells to 

lose their stem-like traits instead. 

 Many other signaling pathways that are implicated in head and neck cancer stem 

cell self-renewal have been targeted in preclinical studies. In nasopharyngeal carcinoma, 

both a Wnt inhibitor (Wnt-C59) and an mTor inhibitor (Rapamycin) were shown to 

downregulate cancer stem cell properties [142, 143]. The findings from inhibiting mTor 

signaling corroborated the successfully completed phase II clinical trial studying the 

efficacy of an mTor inhibitor (Temsirolimus) in head and neck cancer (Fig. 1-3). Inhibiting 

Bmi-1 (PCT-209) was also shown to robustly abrogate cancer stem cell function in 

HNSCC and colorectal cancer, and sensitized cancer stem cells to Cisplatin therapy [92, 

144]. Approaches such as these are riveting, as they suggest a method for sensitizing 

otherwise resistant cancer stem cells to conventional chemotherapy by targeting the 

cancer stem cell population in addition to having a direct effect on the more differentiated 
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cells. Epigenetic regulations have also been shown to influence tumor behavior. The 

effects of a histone deacetylase inhibitor (Vorinostat) was studied in a phase II clinical 

trial, but was terminated due to the targeted agent showing no clinical activity (Fig. 1-3). 

This may be explained by the observation that although HDAC inhibition decreased the 

fraction of ALDHhighCD44+ cells, it paradoxically induced epithelial to mesenchymal 

transition and expression of Bmi-1 [145]. This suggests that histone acetylation status 

may bivalently regulate different mechanisms involved in cancer stem cell biology. 

 Cancer stem cells play an important role in tumor progression, particularly in 

locoregional tumor recurrence [146]. A possible explanation for tumor recurrence might 

be that conventional platinum-based therapies and radiotherapy target fast-proliferating 

cells, but spare the quiescent cancer stem cells that can re-establish the tumor. Based 

on the cancer stem cell hypothesis, eliminating cancer stem cells should prevent tumor 

recurrence [147]. In head and neck cancer, MDM2 inhibition has been shown to activate 

endogenous p53 in tumors in vivo [148] and sensitize HNSCC tumors to chemotherapy 

[149]. Preclinical recurrence studies mimicking a clinical trial using adenoid cystic 

carcinoma (ACC) patient-derived xenograft (PDX) models have been conducted in vivo, 

where therapeutic inhibition of the MDM2-p53 interaction decreased the cancer stem cell 

fraction and sensitized adenoid cystic carcinoma PDX tumors to Cisplatin therapy [150]. 

Neoadjuvant administration of the targeted therapy followed by surgical resection of the 

primary tumors completely eliminated tumor recurrence with a post-surgical follow-up of 

over 300 days, as compared to 62.5% tumor recurrence in the control group. Ablation of 

cancer stem cells through MDM2-p53 inhibition was also demonstrated in 

mucoepidermoid carcinoma [151]. MDM2 inhibitors have been in clinical trials for the 
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treatment of several cancers [76, 152], and now are on the cusp of beginning a Phase I/II 

clinical trial in salivary gland cancers (Fig. 1-3).  

 In context of immunotherapy in head and neck cancer, most targeted therapies 

have focused on modulating T-cell interactions with bulk tumor cells. Although these 

strategies produce promising results, the same long-term problems may arise through 

CSC-mediated cancer progression and may require targeting cancer stem cells 

specifically through immunologic approaches. ALDH1A1, the most specific cancer stem 

cell marker in HNSCC, has been investigated as a potential CD8+ T-cell-defined tumor 

antigen in head and neck cancer [153, 154]. The development of an anticancer vaccine 

has been a promising, ongoing area of research. Antitumor immunity was achieved by 

vaccinating immunocompetent mice with sera from cancer stem cells of syngeneic murine 

tumors [155]. In a recent phase 1 clinical trial (Fig. 1-3), the safety and efficacy of a 

nasopharyngeal cancer stem cell vaccine was preliminarily proven, where the CSC-

specific patient response was significantly enhanced with few side effects [156]. 

 Novel treatment strategies involving targeting cancer stem cells are highly 

complex. However, it is very apparent that in comparison to other cancers, HNSCC is one 

of the last to follow with new paradigms. This is directly reflected in the number of past 

and current clinical trials of CSC-targeted therapies in head and neck tumors (Fig. 1-3), 

which are few and far between CSC-targeting clinical trials in other cancers [139]. 

Collectively, these studies present at least two strategies for incorporating CSC-targeted 

therapies into novel treatment paradigms for head and neck cancer: (A) an approach 

targeting crucial crosstalk between cancer stem cells and the tumor microenvironment 

(i.e., cutting off the supportive supply), or (B) an approach targeting vital signaling 
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pathways in cancer stem cell maintenance (i.e., using intrinsic cancer stem cell 

mechanisms to either eliminate or differentiate these cells). Preclinical evidence supports 

efficacy of both strategies in suppressing CSC-mediated tumor progression, but more 

clinical trials are direly necessary to determine their impact, especially in head and neck 

cancer. 

1.12 Conclusion 

The existence of heterogeneity within the cancer cell population of a tumor has 

become indisputable with recent advancements in tumor biology. Head and neck tumors 

have been demonstrated to be composed of cancer cells that exhibit significant plasticity 

in phenotypic characteristics, directed by cues within the tumor microenvironment. In this 

chapter, we have explored the biology and clinical relevance of the cancer stem cell 

subpopulation, which can be therapeutically targeted.  

 Evidence suggests that while conventional chemotherapy is effective in debulking 

the tumor, it does not eradicate the uniquely resistant cancer stem cells. Conversely, 

while using a CSC-targeted approach alone would eliminate the small fraction of cancer 

stem cells within the tumor, it would leave behind the bulk tumor cells that still have growth 

potential and are capable of repopulating the cancer stem cell niche through cell plasticity. 

In attempt to achieve optimal therapeutic outcomes, both cancer stem cells and tumor 

bulk cells need to be targeted with a combination therapy approach, which could 

effectively inhibit the cancer stem cell population in HNSCC and prevent disease 

progression. Therefore, elucidating critical processes that define the fate of head and 

neck cancer stem cells will inform mechanism-based therapies to prevent CSC-driven 

tumor growth and recurrence. Targeting pathways that play a significant role in the 
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maintenance of cancer stem cells could sensitize these cells to conventional therapies 

and result in better treatment outcomes. Strategic and innovative approaches to 

understand CSC-driven tumor biology will fundamentally advance and provide rationale 

for novel treatment paradigms, which aim to improve the survival and quality of life of 

patients with head and neck cancer. 
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1.14 Figures 

 

Figure 1-1: The cancer stem cell niche. 

Cancer stem cells reside in a perivascular niche that serves as a protective environment and 
consists of multiple cell types, including endothelial cells, fibroblasts, immune cells, and nerve 
cells. Cellular crosstalk between cancer stem cells and stromal cells regulate cancer stem cell 
self-renewal, differentiation, and invasion. These processes are supported by the cancer stem 
cell niche and enable dissemination of cancer stem cells, ultimately leading to metastasis. 
Interfering with environmental cues that sustain the cancer stem cell niche may allow targeted 
elimination of cancer stem cells. 
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Figure 1-2: Selective pressure of conventional anticancer therapies 

Conventional anticancer therapies successfully debulk tumors, leading to clinical remission. 
However, cancer stem cells are resistant, leading to their expansion within the tumor and 
acquisition of a more aggressive disease phenotype and therapeutic evasion. Cancer stem cell 
proliferation can occur symmetrically or asymmetrically, leading to their expansion, maintenance, 
or differentiation. These cell division events are regulated by signaling pathways that can be 
targeted therapeutically to shift the scale towards cancer stem cell differentiation, which supports 
their sensitization to conventional anticancer therapies. 
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Figure 1-3: Clinical trials targeting cancer stem cells in head and neck cancer. 
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CHAPTER 2: 
The IL-6R and Bmi-1 Axis Controls Self-Renewal and Chemoresistance of Head 

and Neck Cancer Stem Cells2 

2.1 Abstract 

Despite major progress in elucidating the pathobiology of head and neck 

squamous cell carcinoma (HNSCC), the high frequency of disease relapse correlates with 

unacceptably deficient patient survival. We previously showed that cancer stem-like cells 

(CSC) drive tumorigenesis and progression of HNSCC. While CSCs constitute only 2-5% 

of total tumor cells, CSCs contribute to tumor progression by virtue of their high 

tumorigenic potential and their resistance to chemo-, radio- and immunotherapy. Not only 

are CSCs resistant to therapy, but cytotoxic agents actually enhance cancer stemness by 

activating transcription of pluripotency factors and by inducing expression of Bmi-1, a 

master regulator of stem cell self-renewal. We hypothesized therapeutic inhibition of 

Interleukin-6 receptor (IL-6R) suppresses Bmi-1 to overcome intrinsic chemoresistance 

of CSCs. We observed that high Bmi-1 expression correlates with decreased (p=0.04) 

recurrence-free survival time in HNSCC patients (n=216). Blockade of IL-6R by lentiviral 

knockdown or pharmacologic inhibition with a humanized monoclonal antibody 

(Tocilizumab) is sufficient to inhibit Bmi-1 expression, secondary sphere formation, and 

 
2 This chapter was originally published in Cell Death & Disease. Herzog AE, Warner KA, Zhang Z, Bellile 
E, Bhagat M, Castilho R, Wolf GT, Polverini PJ, Pearson AT, Nör JE. The IL-6R and Bmi-1 axis controls 
self-renewal and chemoresistance of head and neck cancer stem cells. Cell Death Dis. 2021 Oct 
23;12(11):988. 
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to decrease the CSC fraction even in Cisplatin-resistant HNSCC cells. IL-6R inhibition 

with Tocilizumab abrogates Cisplatin-mediated increase in CSC fraction and induction of 

Bmi-1 in patient-derived xenograft (PDX) models of HNSCC. Notably, Tocilizumab inhibits 

Bmi-1 and suppresses growth of xenograft tumors generated with Cisplatin-resistant 

HNSCC cells. Altogether, these studies demonstrate that therapeutic blockade of IL-6R 

suppresses Bmi-1 function and inhibits cancer stemness. These results suggest 

therapeutic inhibition of IL-6R might be a viable strategy to overcome the CSC-mediated 

chemoresistance typically observed in HNSCC patients. 

 

Significance: This work unveiled the impact of IL-6R/Bmi-1 signaling to CSC-mediated 

chemoresistance of HNSCC, and informed a new mechanism-based therapy that might 

improve survival and health standard of head and neck cancer patients. 

2.2 Introduction 

Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth most common 

solid tumor experiencing around 55,000 newly diagnosed cases every year in the U.S. 

(1). Treatment modalities for advanced HNSCC include surgical resection, radiation and 

chemotherapy, or chemotherapy alone, which commonly correlate with increased patient 

morbidity and disease relapse (2). Platinum-based agents persist as standard of care in 

chemotherapeutic treatment of HNSCC, of which Cisplatin is the most commonly used. 

Despite their well-recognized survival benefit through refined control of tumor growth, 

treatment with platinum-based chemotherapeutics is frequently associated with 

development of evasive resistance leading to tumor progression (3). In HNSCC, 

locoregional recurrence accounts for 20-40% of the 5-year patient mortality rate (4), 
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making it imperative that a treatment strategy that is more consistently effective be 

investigated. This is particularly true in HPV-negative HNSCC patients, as HPV-negative 

disease exhibits worse prognosis and higher recurrence rates when compared to HPV-

positive disease (5). Improved comprehension of the pathobiology of HNSCC will enable 

establishing novel mechanism-based strategies to ameliorate the survival and health 

standard of HNSCC patients.   

The cancer stem cell hypothesis proposes key malignant features of neoplastic 

cells originate from acquisition of stem-like features (6). Cancer stem-like cells (CSC) 

encompass a unique cellular subpopulation characterized by multipotency, uniquely high 

tumorigenic potential, and self-renewal. CSC in HNSCC are identified by high activity of 

aldehyde dehydrogenase (ALDH) and high expression of the surface glycoprotein CD44 

(7-10). These cells drive tumor initiation, tumor progression and, ultimately, therapeutic 

evasion in HNSCC (7,11,12). Thus, targeted therapeutic ablation of cancer stem-like cells 

might benefit head and neck cancer patients. 

Traditional cytotoxic chemotherapy is known to instigate phenotypic changes in 

cancer cells (13) by causing a shift towards self-renewal in the tumorigenic CSC 

population, priming a more aggressive phenotype in residual tumor cells that leads to 

tumor recurrence or metastatic spread (14,15). Cisplatin increases the head and neck 

CSC fraction and induces expression of Bmi-1, a master regulator of stem cell self-

renewal (16). Clinical observations suggest that chemoresistant tumor cells possess the 

capacity to initiate a new tumor, resulting in either locoregional recurrence or metastasis 

(17). It has been recently demonstrated that Bmi-1+ cancer stem cells mediate 

chemoresistance and metastasis in HNSCC (18). In HNSCC, Cisplatin-resistant cancer 
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cells display a distinct increase in expression of Bmi-1 among other stemness markers, 

as opposed to Cisplatin-sensitive cancer cells (13,16). Recent work evaluating 

immunotherapy resistance in HNSCC have also found CSC to be a relevant immune-

oncology target (19-21). 

The molecular crosstalk within the tumor microenvironment has been shown to 

assume a crucial part in maintaining the CSC pool and mediating HNSCC resistance to 

conventional chemotherapy (22,23). It has been previously shown that interleukin-6 (IL-

6) secreted from endothelial cells within the perivascular niche enhances CSC survival, 

self-renewal, and tumorigenic potential (24,25). Cisplatin exposure activates the 

interleukin-6 (IL-6) pathway (26), which potentiates the Cisplatin-induction of the CSC 

fraction and Bmi-1 expression (16). We have shown that ALDHhighCD44high head and neck 

CSCs display elevated levels of the IL-6 receptors (IL-6R) than non-CSC (24). Notably, 

high levels of tumor IL-6 receptor (IL-6R) and serum IL-6 expression are strongly 

correlated with poor survival of patients with HNSCC (25,27).  

Here, we used Tocilizumab (Genentech), a humanized monoclonal anti-IL-6R 

antibody approved by the FDA since 2010 for rheumatoid arthritis as a prototypic inhibitor 

of the IL-6R signaling pathway. We demonstrated that therapeutic blockade of IL-6R 

inhibits Bmi-1 function, suppresses Cisplatin-induced CSC self-renewal and tumor 

growth. In summary, these data suggest that therapeutic inhibition of IL-6R might be a 

viable strategy to overcome CSC-mediated chemoresistance in head and neck cancer. 

2.3 Results 

2.3.1 IL-6/Bmi-1 signaling axis regulates cancer cell self-renewal and correlates 

with recurrence-free survival of HNSCC patients. 
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To perceive the clinical significance of Bmi-1 function in HNSCC patients, a tissue 

microarray of human HNSCC tumors (n=216) was independently evaluated for Bmi-1 

staining by two trained oral pathologists blind for patient outcome. Immunostaining for 

Bmi-1 was almost exclusively nuclear, varying from mild to intense and primarily 

associated with nuclear chromatin, resulting in a granular-like pattern (Fig. 2-1A). Bmi-1 

expression formed a gradient towards high intensity in the basal epithelial layer, where 

stem cells reside in normal oral epithelium. Bmi-1 expression clearly correlated with 

shorter recurrence-free survival (p=0.04) (Fig. 2-1B). No association was found between 

Bmi-1 expression and gender (p=0.30), age (p=0.82), tobacco use (p=0.96), or clinical 

stage (p=0.92), propounding that Bmi-1 may be cogitated an impartial identifier of tumor 

recurrence. High levels of pre-treatment tumor IL-6 receptor (IL-6R) and serum IL-6 

expression have been shown to correlate with a higher rate of tumor recurrence and 

reduced survival of HNSCC patients, which emphasizes the relevance of inhibiting this 

signaling pathway to mitigate the risk of recurrence in HNSCC (25,27). To assess the role 

of the IL-6R signaling pathway in maintaining the CSC population and self-renewal, we 

used lentiviral short hairpin RNA (shRNA) constructs to knockdown IL-6R protein levels 

in the UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells. Western blots revealed that IL-

6R knockdown was sufficient to inhibit STAT3 phosphorylation and Bmi-1 expression 

(Fig. 2-1C). We have shown that CSCs exhibit constitutive phosphorylation of STAT3 and 

expression of Bmi-1 (24). To determine whether IL-6R knockdown affects expression of 

these signaling factors in CSC, we used the orosphere assay to functionally enrich cell 

cultures for CSCs (28). We observed that IL-6R knockdown also inhibited STAT3 

phosphorylation and Bmi-1 expression in CSC-enriched orospheres (Fig. 2-1D). 
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Moreover, IL-6R knockdown decreased the orosphere-forming ability of all HNSCC cell 

lines evaluated by reducing both number and size of spheres, as compared to cells 

transduced with shRNA-control constructs (Fig. 2-1E and F, Supplementary Fig. 2-7A). 

Lastly, to determine the effect of IL-6R knockdown on the CSC fraction directly, flow 

cytometry analysis showed a decrease in ALDHhighCD44high cells (Fig. 2-1G, 

Supplementary Fig. 2-7B). These data underline the importance of IL-6R signaling in 

maintaining the phenotype and self-renewal of head and neck CSCs. 

2.3.2 Therapeutic inhibition of IL-6R abrogates Cisplatin-induced cancer 

stemness in vivo. 

Conforming to the cancer stem cell hypothesis, therapeutic eradication of CSCs prevents 

tumor progression and therapeutic resistance (6). As shown above and in previous 

publications (24,25), the IL-6 pathway is a particularly attractive target for CSC-specific 

therapy. To determine the outcome of combination therapy with Cisplatin and IL-6R 

inhibitor Tocilizumab on the CSC fraction, we utilized HNSCC patient-derived xenograft 

(PDX) mouse models characterized by our laboratory (31). When tumors grew to an 

average of approximately 450 mm3 (Supplementary Fig. 2-8A and B), we began weekly 

treatment with Cisplatin and/or Tocilizumab for two weeks (Fig. 2-2A).  

To evaluate the consequence of this treatment on the CSC fraction of PDX tumors 

in vivo, we conducted flow cytometry for ALDH activity and CD44 expression (Fig. 2-2B 

and C). Consistent with previously published findings (16), we observed here that 

Cisplatin is sufficient to increase the CSC fraction in HNSCC (Fig. 2-2B). Importantly, 

Tocilizumab decreased the CSC fraction and abrogated Cisplatin-induction of CSC 

fraction in both PDX models. These results corroborate similar findings in vitro, where 
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Tocilizumab suppressed Cisplatin-induction of the CSC fraction in UM-SCC-1, -22A, and 

-22B cell lines (Fig. 2-2D).  Although the principal objective of this short-term experiment 

was to determine the treatment effect on tumor CSC fraction, we also observed significant 

suppression of tumor growth by Cisplatin and combination therapy, as compared to the 

untreated group (Fig. 2-2E and F). Tocilizumab alone suppressed tumor growth only in 

the UM-PDX-HNSCC-15 model. Notably, these data illustrate that although Cisplatin 

alone is effective in decreasing tumor growth, a combination therapy approach with 

Tocilizumab is required to decrease tumor CSC fraction (Fig. 2-2A). Likewise, a CSC-

targeted therapy only targets a relatively small fraction of cancer cells and, therefore, may 

not inhibit tumor growth alone. Separately, we assessed the effect of this treatment 

strategy on long-term tumor regrowth using a scaffold xenograft model with UM-SCC-22B 

cells, because the PDX models exhibit much more rapid tumor growth that precludes their 

use for such an experiment.  Here, Cisplatin chemotherapy was stopped after completion 

of the two-week primary treatment, while maintenance injections of Tocilizumab were 

continuously administered weekly (Supplementary Fig. 2-8). We observed a delay in 

tumor regrowth in the groups that received Tocilizumab (Supplementary Fig. 2-8D and 

E). Western blots of representative PDX tumor lysates showed that Tocilizumab inhibited 

Bmi-1 expression in vivo, even in presence of Cisplatin (Fig. 2-2G). These findings 

support the flow cytometry data and demonstrate that Tocilizumab inhibits Cisplatin-

induced cancer stemness.  

2.3.3 Tocilizumab suppresses Cisplatin-induction of CSC-associated signaling 

pathways. 
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To begin elucidating the mechanisms underlying the anti-CSC effect of therapeutic 

blockade of IL-6R, we examined the impact of the IL-6 pathway on downstream signaling 

effectors in three different HNSCC cell lines. Cells were exposed to recombinant human 

IL-6, Tocilizumab and/or Cisplatin (Fig. 2-3A). In a separate, analogous set of 

experiments, we exposed cells to rhIL-6 after treatment with Cisplatin and/or Tocilizumab 

to determine whether this inhibition is robust to excess activation of the IL-6 signaling 

pathway (Fig. 2-3B). We observed that rhIL-6 induced STAT3 phosphorylation as well as 

Bmi-1 expression (Fig. 2-3A and B). Similarly, Cisplatin activated STAT3 and Bmi-1 

expression, which was enhanced by rhIL-6, but did not significantly affect expression of 

IL-6 co-receptors. Tocilizumab suppressed expression of IL-6 co-receptors, STAT3 

activation, and Bmi-1, even in presence of excess rhIL-6 stimulus. To determine the effect 

of Tocilizumab in CSC versus bulk tumor cells, we sorted cells for subsequent Western 

blot analyses. Bmi-1 and IL-6R are both preferentially expressed in CSC, and Tocilizumab 

was shown to abrogate Cisplatin-induction of these proteins in both CSC as well as bulk 

tumor cells (Fig. 2-3C). 

To determine whether the anti-stemness effect of Tocilizumab was specific to Bmi-

1 or also affected other stemness pathways, we used a stem cell protein array. 

Combination therapy with Tocilizumab/Cisplatin decreased expression of several 

pluripotent stem cell markers as compared to controls (Fig. 2-3D, Supplementary Fig. 2-

9B), suggesting that this therapeutic strategy may broadly suppress stemness 

phenotypes in HNSCC. To verify these results, we analyzed protein expression of Oct4 

and Nanog via western blot, as these traditional stem cell markers have been implied in 

the maintenance of head and neck CSC (32,33). Interestingly, while IL-6 and Cisplatin 
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both induced expression of Oct4 and Nanog, Tocilizumab suppressed more effectively 

expression of these two regulators of stemness when used in combination with Cisplatin 

than when Tocilizumab was used alone (Fig. 2-3E).  

To determine whether the change in cancer stem cell fraction occurs due to a 

numerator or a denominator effect, we used immunocytochemistry to evaluate ALDH1 

and Bmi-1 expression on a single cell basis (Fig. 2-3F, Supplementary Fig. 2-9A). 

Interestingly, Cisplatin induced an overall shift in ALDH1 fluorescence, with a small 

subpopulation of cells expressing very high levels of ALDH1 (Fig. 2-3G). Cisplatin did not 

appear to induce an overall shift in Bmi-1 fluorescence, but also sharply increased its 

expression in a small proportion of cells (Fig. 2-3H). Tocilizumab and the combination 

therapy resulted in an overall suppression of ALDH1 and Bmi-1. Overall, these data 

suggest that IL-6R signaling regulates HNSCC stemness and that combination therapy 

with Cisplatin and Tocilizumab prevents acquisition of the stem-like phenotype within 

HNSCC cells observed upon single-agent Cisplatin exposure. 

2.3.4 Tocilizumab inhibits STAT3 signaling and self-renewal of HNSCC cells. 

To evaluate the consequence of Tocilizumab on inhibiting CSC stemness and self-

renewal, we engaged the orosphere assay. Utilizing the orosphere assay enables 

functional measurement of stemness and self-renewal of CSCs in ultra-low attachment 

conditions (28). While primary orospheres serve as a read-out of cancer cell stemness, 

serial passaging of these cultures into secondary orospheres allows assessment of their 

self-renewal ability. We also sought to understand Bmi-1 and ALDH expression patterns 

within orospheres. It is known that CSC initiate orosphere formation, and orospheres 

express overall higher levels of ALDH, IL6-R, and Bmi-1 than cells under normal 
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attachment conditions (28,29,30). We found that within both small and large spheres, only 

a subset of cells expresses high levels of ALDH and Bmi-1. Interestingly, not all ALDH-

expressing cells also express Bmi-1 and vice versa, which may suggest a self-renewing 

subpopulation of CSC (Fig. 2-4A). These findings mimic the heterogeneity of ALDH and 

Bmi-1 expression within a tumor. 

Cisplatin treatment increased the number (Fig. 2-4B) and size (Fig. 2-4C) of 

primary orospheres, as well as enhanced their growth over time (Supplementary Fig. 2-

10A and B), which is consistent with Cisplatin-induced increase in the CSC fraction (Fig. 

2-2A and B). In contrast, treatment with Tocilizumab suppressed orosphere formation, 

significantly decreasing both size and number of orospheres (Fig. 2-4B and C). The 

combination therapy had a similar effect to Tocilizumab alone but was more effective in 

decreasing sphere number formed by UM-SCC-1 cells. Tocilizumab alone or in 

combination with Cisplatin also suppressed the Cisplatin-induction of the number and size 

of secondary orospheres (Fig. 2-4D and E). While Cisplatin alone did not further increase 

the size of secondary orospheres (Supplementary Fig. 2-10C), combination therapy 

nearly eliminated secondary orosphere formation (Fig. 2-4D). Notably, Tocilizumab 

suppresses the dose-dependent induction of Bmi-1 by Cisplatin (Supplementary Fig. 2-

10D to 2-10F). 

To validate our findings of protein expression changes presented in Figure 2-3A 

and B, we next sought to determine whether Tocilizumab inhibits STAT3 activation and 

Bmi-1 expression in the orospheres. Orosphere protein lysates showed via western blot 

analysis that Cisplatin induces STAT3 activation within the spheres and that Tocilizumab 

suppresses this activation even in presence of Cisplatin (Fig. 2-4F). As in Figure 2-3A 
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and B, Tocilizumab decreased expression of both IL-6 co-receptors. Interestingly, 

Cisplatin further induced Bmi-1 expression within orospheres from UM-SCC-1 cells but 

did not further increase Bmi-1 within UM-SCC-22A and UM-SCC-22B spheres. 

Tocilizumab fully suppressed Bmi-1 expression in orospheres, even in presence of 

Cisplatin (Fig. 2-4F). These findings further support IL-6 signaling as pivotal regulator of 

cancer stem cell self-renewal and overcoming Cisplatin-induction of CSC function. 

2.3.5 Therapeutic inhibition of IL-6R decreases self-renewal and CSC fraction in 

Cisplatin-resistant HNSCC cells. 

Clinical and laboratory observations suggest a subset of tumor cells are chemoresistant 

and acquire a migratory behavior, ultimately giving rise to the process of evasive 

resistance (34). CSC cells are known to be critical mediators of therapeutic evasion and 

resistance (6,7,12), suggesting that targeted elimination of this cellular subpopulation is 

necessary to prevent disease recurrence. To determine the efficacy of IL-6R inhibition as 

an avenue to conquer Cisplatin resistance, we used Cisplatin-resistant variants of the 

UM-SCC-1, -22A, and -22B cell lines that were generated in our lab (16). These variants 

were named Cis1, Cis4, Cis6, Cis12, each being resistant to the corresponding 

concentration of Cisplatin (µM). The naïve parent cells are here referred to as Cis0. First, 

we examined the CSC fraction in the Cisplatin-resistant variants as compared to the naïve 

parent cells (Fig. 2-5A; Supplementary Fig. 2-11A). The Cisplatin-resistant HNSCC cells 

showed a dose-dependent increase in the ALDHhighCD44high CSC fraction (Fig. 2-5A) as 

compared to the parent cell lines, likewise activation of STAT3 signaling and expression 

of Bmi-1 (Fig. 2-5B). This observation supports previously published findings of increases 

in CSC fraction and stemness markers in Cisplatin-resistant cells (13,16). Next, we 
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evaluated whether IL-6R inhibition with Tocilizumab could decrease Bmi-1 expression of 

Cisplatin-resistant cells. Cells were treated as in previous experiments with either rhIL-6, 

Cisplatin, with and without Tocilizumab. We observed that in all three Cisplatin-resistant 

HNSCC cell line sets, as well as each corresponding resistant variant, Tocilizumab 

suppressed Bmi-1 expression, even in the presence of Cisplatin treatment (Fig. 2-5C). 

Interestingly, treatment with Cisplatin further induced expression of Bmi-1 as compared 

to untreated cell line variants with lower Cisplatin resistance. However, Cisplatin did not 

further enhance Bmi-1 expression in the Cis12 cell lines, potentially indicating a saturated 

level of resistance (Fig. 2-5C). To address the efficacy of Tocilizumab in the inhibition of 

CSC self-renewal, the orosphere assay was employed (Fig. 2-5D, Supplementary Fig. 2-

12A). Cisplatin increased orosphere formation in naïve HNSCC cells. In the Cisplatin-

resistant variants, Cisplatin treatment either increased or did not further induce sphere-

forming ability. However, Tocilizumab reduced the number and size of orospheres in all 

cell lines, both alone and in combination with Cisplatin (Fig. 2-5E, Supplementary Fig. 2-

12B). Of note, the combination therapy was found to have a synergistic effect on 

decreasing sphere formation in all cell lines (Supplementary Fig. 2-12C). 

2.3.6 Tocilizumab suppresses growth and Bmi-1 expression of Cisplatin-resistant 

xenografts. 

To examine whether in vitro findings translate into in vivo results, we seeded UM-SCC-

22B naïve and UM-SCC-22BCis6 resistant cells in biodegradable scaffolds embedded in 

SCID mice. We chose the UM-SCC-22BCis6 variant, because these cells had the highest 

level of Cisplatin resistance while not exhibiting inhibition of cell proliferation (data not 

shown). When tumors reached an average of 250 mm3 (Supplementary Fig. 2-13G), we 
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began weekly treatment with Cisplatin and/or Tocilizumab for up to 8 weeks (Fig. 2-6A). 

Histological analyses suggested that UM-SCC-22BCis6-resistant tumors were 

histologically less differentiated and more vascularized, when compared to UM-SCC-

22B-naïve tumors (Fig. 2-6B).   

Treatment with Tocilizumab with or without Cisplatin slowed down tumor growth in 

both UM-SCC-22B and UM-SCC-22BCis6 xenograft tumors (Fig. 2-6C and D) and 

extended time to tumor volume doubling (Fig. 2-6E). In the resistant tumor model, 

Cisplatin was less effective in inhibiting tumor growth (Fig. 2-6C and D). In UM-SCC-22B-

naïve tumors, Cisplatin suppressed tumor growth more potently during earlier doses and 

was later observed to lose efficacy in inhibiting tumor growth. The combination therapy 

approach was most effective in both xenograft models. Western blot analyses of tumor 

tissue lysates showed that Cisplatin induced Bmi-1 expression in UM-SCC-22B-naïve 

tumors (Fig. 2-6F). After treatment with Tocilizumab, both STAT3 and Bmi-1 expression 

were inhibited in UM-SCC-22B tumors (Fig. 2-6G, Supplementary Fig. 2-13A to 2-13F). 

These data support our findings from our experiments using PDX models shown above 

(Fig. 2-2F). Notably, Tocilizumab also inhibited Bmi-1 expression in the Cis6 resistant 

variants, with or without concurrent Cisplatin treatment (Fig. 2-6H). However, Tocilizumab 

did not affect total STAT3 expression in these tumors. These data showed that 

therapeutic IL-6R inhibition with Tocilizumab might be an effective strategy to inhibit self-

renewal and overcome Cisplatin resistance in HNSCC. 

2.4 Discussion 

Platinum-based chemotherapy constitute core components within the treatment standard 

for advanced HNSCC. However, the high recurrence rate and poor overall survival 
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demand the development of a more effective therapeutic strategy. Evidence indicates that 

while tumors are effectively debulked by conventional therapies, the distinctively resistant 

cancer stem cells are not eradicated. In fact, platinum-based agents and cytotoxic 

chemotherapies have been demonstrated to increase the CSC fraction in tumors 

(13,14,35). However, using only a CSC-targeted approach as a novel treatment strategy 

would result in remnant bulk tumor cells with residual growth potential. In an attempt to 

achieve optimal therapeutic outcomes, the CSC hypothesis explains that a combination 

therapy approach is required to target both CSC and bulk tumor cells, which could 

effectively prevent disease progression. Our data illustrates this effect in that Tocilizumab 

alone successfully decreases self-renewal within tumors, but is not as potent in reducing 

tumor growth as in combination with Cisplatin.  

Targeting signaling conduits that compose critical roles in the maintenance of CSC 

might sensitize them to standard platinum-based chemotherapy and provide better 

treatment outcomes. Our lab has extensively described the role of endothelial cell-

secreted IL-6 inside the perivascular niche in supporting the maintenance of the CSC pool 

and their invasive properties (24,25). Our results further our previous observations that 

IL-6 augments Cisplatin-induced cancer cell stemness, implicating Cisplatin and IL-6R 

signaling as mediators of phenotypic changes in HNSCC tumors that result in enhanced 

stemness (16). Here, we showcase a pioneering potential therapeutic strategy to 

suppress these adverse effects of Cisplatin treatment that result in an increase in CSC. 

We have shown here that IL-6R inhibition using Tocilizumab can resolutely overcome 

CSC induction by Cisplatin and suppress the growth of Cisplatin-resistant tumors. 
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Further, we showed that both genetic and pharmacologic inhibition of IL-6R 

signaling could suppress Cisplatin-mediated induction of the CSC fraction, Bmi-1 

expression, and self-renewal of HNSCC cells. Interestingly, we observe that IL-6R 

inhibition decreases expression of IL-6R and downstream STAT3 signaling, which has 

recently also been shown in another study (36). This might be explained by either 

internalization of the receptor via endocytosis and subsequent degradation, or by its 

shedding to increase levels of soluble IL-6R (37). Collectively, our data advocate that IL-

6R signaling plays an essential role in resistance to Cisplatin that is frequently observed 

in patients with HNSCC. This observation, together with the fact that developing and 

obtaining FDA approval for a new drug proves highly difficult and costly, unveils the re-

purposing of Tocilizumab as a highly attractive adjunct therapy with Cisplatin in a novel 

treatment strategy for HNSCC.  

Although combination therapy is effective in decreasing cancer stemness, it is 

unclear which underlying processes drive this biologically observed effect. Comparable 

to other platinum-based agents, Cisplatin targets actively dividing, rapidly proliferating 

cells and triggers apoptosis. CSC resistance to conventional chemotherapeutics may be 

explicated by the fact that these cells are known to be slow cycling. Previous findings 

show that Cisplatin promotes CSC self-renewal, as deduced by Bmi-1 expression, and 

that Cisplatin-resistant cells express elevated levels of stemness markers (13,16), 

suggesting that the post-chemotherapy increase in CSC results from preferential 

eradication of non-CSC, while simultaneously promoting self-renewal of surviving CSC. 

Likewise, the synergy of the combination therapy observed in many of the data presented 

here could be explained similarly. As Tocilizumab has been shown to preferentially target 
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CSC (25), while Cisplatin targets bulk tumor cells, requiring a combination therapy 

approach to most effectively target the entire cancer cell population. Our data 

demonstrate that IL-6R inhibition can potently suppress Cisplatin induction of Bmi-1, even 

in Cisplatin-resistant cell line variants. Interestingly, others have shown that Bmi-1+ CSC 

represent only a subset of ALDHhighCD44high CSC that might be responsible for 

therapeutic resistance and tumor recurrence (18). These observations underline the 

importance of elucidating the signaling mechanisms governing CSC self-renewal and 

stemness and provide a potential mechanism by which CSC can be re-programmed and 

re-sensitized to conventional chemotherapies. Further investigation of mechanisms 

mediating this shift in the CSC fraction may explore the role of IL-6R signaling in CSC 

plasticity, as well as CSC symmetric versus asymmetric cell division fates.  

Bmi-1 is a principal controller of stem cell self-renewal (38-41). IL-6/STAT3 

signaling has been revealed to choreograph epithelial-mesenchymal transition through 

activation of Bmi-1, a process known to confer tumors with self-renewal and migratory 

abilities (42,43). Bmi-1 is uniquely expressed in head and neck CSC (as opposed to bulk 

tumor cells), and we showed that this effect is enhanced by IL-6 signaling (24). It has 

been recently shown that direct inhibition of Bmi-1 abrogates CSC function and sensitizes 

cells to Cisplatin therapy in HNSCC (18). Here, we present data in support of the function 

of the IL-6R pathway in the modulation of Bmi-1 expression in HNSCC. Through both 

genetic and pharmacologic approaches, we demonstrated a compelling link between IL-

6R signaling and Bmi-1 expression. The clinical importance of Bmi-1 in HNSCC was 

demonstrated through retrospective analysis of 216 patient samples that displayed a 

correlation among Bmi-1 levels and clinical outcomes. Interestingly, we found that Bmi-1 
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expression significantly correlated with recurrence-free patient survival time, which can 

be clarified by the CSC hypothesis. While the small CSC fraction within a tumor may not 

noticeably contribute to overall tumor growth, it is resistant to radiation and conventional 

chemotherapy and promotes tumor recurrence. Using Bmi-1 as a putative prognostic 

marker may enable risk assessment for recurrence in patients with HNSCC.  

Collectively, these data provide preclinical evidence for an innovative mechanism-

based treatment strategy that is based on targeted ablation of CSC with Tocilizumab in 

combination with Cisplatin to debulk the tumor. This new combination therapy has the 

potential to improve the survival and standard of health for head and neck squamous cell 

carcinoma patients. 

2.5 Materials and Methods 

2.5.1 Cisplatin-resistant cell lines and cell culture 

Human HNSCC cell lines UM-SCC-1, UM-SCC-22A, and UM-SCC-22B (from T. 

Carey, University of Michigan) cultured in Dulbecco’s modified Eagle medium (DMEM, 

Invitrogen) with 10% FBS (Atlanta Biologicals), 1% L-Glutamine (Gibco), and 1% 

Antibiotic-Antimycotic (Gibco). The cell lines’ origin, confirmation of identity, and 

authentication by STR profiling are described elsewhere (44) and tested negative for 

mycoplasma (Mycoplasma Detection Kit, Invitrogen). Cisplatin-resistant cell line variants 

were produced from UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells, as described 

previously (16,45). Four Cisplatin-resistant variants were generated for each parent cell 

line, for example: UM-SCC-1Cis1 (UM-SCC-1 resistant to 1 µM Cisplatin), UM-SCC-

1Cis4 (UM-SCC-1 resistant to 4 µM Cisplatin), UM-SCC-1Cis6 (UM-SCC-1 resistant to 6 

µM Cisplatin), UM-SCC-1Cis12 (UM-SCC-1 resistant to 12 µM Cisplatin). Cisplatin 
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treatment was removed the passage before experiments being performed, waiting at least 

two days until cells were utilized for experiments.  

2.5.2 HNSCC Patient-Derived Xenograft (PDX) Mouse Model 

HNSCC tumor fragments were implanted into the dorsal subcutaneous space of 

immunodeficient mice (CB17 SCID, Charles River), as previously described and 

characterized (31). Once tumors grew to an average volume of 450 mm3, mice were 

randomly assigned to treatment groups (n= 5-8, due to reduced tumor-take reliability in 

PDX models): 5 mg/kg Cisplatin; 10 mg/kg Tocilizumab; 10 mg/kg Tocilizumab + 5 mg/kg 

Cisplatin; or no treatment. Treatment was administered weekly intraperitoneally for two 

weeks. Mice were euthanized, and tumors retrieved two days after the end of treatment. 

Tumor measurements were taken 2-3 times per week, and volumes were calculated via 

the equation V=length*width2/2. Notably, PDX tumors of in vivo passage five or below 

were used in this manuscript. All procedures and treatments were conducted under 

protocols reviewed and approved by UCUCA. 

2.5.3 HNSCC subcutaneous scaffold xenograft mouse model 

HNSCC subcutaneous xenograft tumors were generated as previously described 

(46) without the inclusion of HDMEC cells. Briefly, 1 x 105 tumor cells (UM-SCC-22B, UM-

SCC-22BCis6) were seeded with a cell growth media and Matrigel (Corning) mixture in 

poly-(L)-lactic acid biodegradable scaffoldings and subsequently implanted into the dorsal 

subcutaneous space of SCID mice (CB17, Charles River). For long-term treatments, mice 

were randomly assigned to treatment groups and dosages as described above once 

tumors reached an average volume of 250 mm3 (n=6). 
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2.5.4 Flow cytometry 

Tumors were resected from mice, dissociated by collagenase and hyaluronidase 

(Stem Cell Technologies), incubated in ACK red blood cell lysis buffer (Invitrogen), and 

filtered through a sterile 40-µm cell strainer. ALDH enzymatic activity was stained using 

Aldefluor Kit (Stem Cell Technologies) or AldeRed ALDH Detection Assay (EMD 

Millipore). Briefly, 1x106 cells were incubated with activated ALDH substrate or the 

equivalent volume of ALDH inhibitor diethyl aminobenzaldehyde (DEAB). DEAB controls 

were included for all treatment conditions. Cells were rinsed with PBS and stained for 

CD44 with either CD44-PE or CD44-APC (R&D Systems) for 15 minutes at 4°C. Human 

cells were identified by anti-HLA-ABC (P.E., BD Pharmingen). Viable cells were stained 

with DAPI (Molecular Probes). For cell sorting, ALDHhighCD44high CSC population was 

sorted against the combined bulk tumor cells (ALDHhighCD44low, ALDHlowCD44high, 

ALDHlowCD44low). All flow cytometry analysis was conducted in a BD LSRFortessa flow 

cytometer (B.D. Biosciences). Results were analyzed with FlowJo software (LLC) in 

triplicate per condition. 

2.5.5 Orosphere assay  

HNSCC cells were grown in ultra-low attachment (ULA) culture ware (Corning) as 

previously described (28). 12,000 cells/well were passed through a single-cell strainer 

and seeded in 6-well ULA plates. 24 hours later, cells were treated with 1 µM Cisplatin 

and/or 0.1 µM Tocilizumab. Primary orospheres were fed by adding media held constant 

at the final treatment concentration and dissociated on day 10 with Accutase (StemCell 

Technologies), passed through a sterile single-cell strainer, and re-plated at the same cell 

density to generate secondary orospheres. Secondary orospheres were not further 
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treated and again cultured for 10 days. Orospheres were stated as non-adherent spheres 

containing ≥ 25 cells, as observed at high power magnification. Results are representative 

of at minimum two independent experiments, all performed in triplicate experimental 

conditions. Coefficient of drug interaction (CDI) was calculated as follows to analyze the 

effect of the combination therapy: CDI=AB/(AxB). AB represents the ratio of the 

combination therapy to control, whereas A or B represent the ratio of the individual 

treatments to control. CDI<1 specifies synergism (for CDI <0.7 significantly synergistic 

effect), CDI=1 specifies an additive effect, and CDI>1 specifies antagonism. 

2.5.6 Pluripotent stem cell array 

The proteome profiler human pluripotent stem cell array kit (R&D Systems) was 

used to evaluate expression of stem cell markers. Briefly, UM-SCC-1, UM-SCC-22A, and 

UM-SCC-22B cells were plated, serum-starved overnight, and treated with 0-1 µM 

Cisplatin and/or 0-0.1 µM Tocilizumab for 24 hours. Lysates were extracted and incubated 

with the antibody-spotted array following manufacturer’s instructions. Biotinylated 

detection antibodies and streptavidin-HRP reagents enabled subsequent signal detection 

by chemiluminescence. The stem cell array was exposed on film and relative integrated 

densities of each dot were quantified using ImageJ software. 

2.5.7 IL-6R gene silencing 

HEK293T cells were used to produce lentiviral particles by co-transfecting 

packaging vectors pMD2.G and psPAX2 with either shRNA-control or shRNA-IL6R 

constructs on a pGIPZ backbone (University of Michigan Vector Core) using the calcium 

phosphate method. The supernatant was collected, and UM-SCC cells were infected 
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overnight with the supernatant in the presence of 4 µg/ml polybrene (Sigma-Aldrich). 

Successfully infected cells were selected with 1 µg/ml puromycin (Invivogen). 

2.5.8 Western blot 

Cells were plated, serum-starved overnight, and treated with 0-1 µM Cisplatin 

and/or 0.1 µM Tocilizumab. Alternatively, cells were pre-incubated with 0.1 µM 

Tocilizumab for 1 hour and then treated with 1 µM Cisplatin and/or 0-20 ng/ml rhIL-6 for 

30 min or 24 hours. HNSCC cells and tumor tissues were lysed in NP-40 lysis buffer and 

loaded onto 9% SDS-PAGE gels. Membranes were blocked with 5% nonfat milk in TBST, 

then incubated with the following primary antibodies overnight at 4°C: p-STAT3, STAT3, 

Bmi-1, gp130, OCT4, Nanog (Cell Signaling), GAPDH (Chemicon), IL6Rα (Santa Cruz). 

Secondary anti-mouse or anti-rabbit antibodies conjugated with HRP (Jackson 

Laboratories) were used, and proteins were visualized by SuperSignal West Pico 

chemiluminescent substrate (Thermo Scientific). 

2.5.9 Histological staining and analyses 

Formalin-fixed, paraffin-embedded tissue sections were deparaffinized with xylene 

and rehydrated with graded ethanol. Orospheres were cryosectioned, and OCT 

compound was removed using PBS. HNSCC cells were plated in 4-well chamber slides, 

incubated overnight, and treated as described above. Chamber slide cultures were fixed 

in 10% buffered formalin. For immunohistochemical and immunofluorescence analyses, 

antigen retrieval was performed in citrate buffer (Thermo Fisher Scientific) using a 

decloaking chamber following the manufacturer’s instructions (Biocare Medical). Sections 

were incubated with 0.1% Triton X-100 (Fisher Scientific), followed by 3% hydrogen 
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peroxide (Fisher Scientific), and Background Sniper (Biocare Medical). Orosphere 

sections were not incubated in hydrogen peroxide. Sections were exposed to primary 

antibodies at 4˚C overnight: anti-human ALDH1 (1:200; Abcam, Rabbit), anti-human 

CD44 (1:800; Cell Signaling, Mouse), anti-human Bmi-1 (1:200; Cell Signaling, Rabbit). 

For immunoperoxidase staining, sections were incubated with MACH3 probe and MACH3 

HRP polymer (Biocare Medical), and then DAB until the desired staining was reached. 

Sections were counterstained with hematoxylin (Vector Laboratories). For 

immunofluorescence, specimens were incubated in secondary antibodies labeled with 

either mouse or rabbit Alexafluor 488 or 594 (Invitrogen). Specimens were mounted in 

Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories). 

Fluorescence intensity was measured in randomly selected fields (at least 4 in triplicate 

experimental conditions) using ImageJ and analyzed in GraphPad Prism. Images were 

captured with a Nikon Eclipse E800 fluorescence microscope or a Nikon confocal 

microscope. 

2.5.10 Statistical Analysis 

Statistical analysis was achieved using GraphPad Prism. One-way ANOVA 

followed by appropriate post hoc tests (Tukey test) was used to analyze comparisons 

between two or more groups. Two-tailed student’s t-test followed by appropriate post-hoc 

tests (Mann-Whitney U) was used to compare two groups. Kaplan-Meier graphs were 

evaluated using the Gehan Breslow-Wilcoxon test. Statistical significance was defined at 

p<0.05 throughout the manuscript. Intensity scores for individual TMA cores were 

averaged within patients across multiple cores and pathologists. Comparisons between 

levels of a clinical factor were tested for significance by nonparametric Kruskal-Wallis test. 
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Univariate and multivariable Cox regression models (adjusted for age, clinical stage, 

disease site, comorbidities, HPV status, and smoking) tested association with overall 

patient survival (O.S.) and recurrence-free time (RFT). For an illustration of adjusted 

analysis, adjusted survivor functions for intensity tertiles were plotted from the 

multivariable model. Statistical analysis of TMA data was performed in SAS v9.4. 
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2.7 Figures 

 

Figure 2-1: IL-6/Bmi-1 signaling axis regulates cancer cell self-renewal and correlates with 
recurrence-free survival of HNSCC patients. 

(A) Immunohistochemistry staining Bmi-1 in human HNSCC tumor cores of the tissue microarray. 
Images representative of staining patterns in Bmi-1-low (left), Bmi-1-moderate (middle) and Bmi-
1-high (right) specimens. (B) Graph depicting adjusted recurrence free survival functions over 
time in tumors with Bmi-1 expression separated into intensity tertiles. (C) Western blots showing 
baseline protein levels in IL-6R knockdown and control cells. (D) Western blots showing baseline 
protein levels in lysates isolated from primary orospheres formed by IL-6R knockdown and control 
cells. (E) Representative images (40x) of primary orospheres on day 8 formed by IL-6R 



 77 

knockdown and control cells. Cells were treated with 20 ng/ml rhIL-6 the day after plating in ULA 
sphere conditions. Inserts at 100x magnification. Pictures acquired of 5 fields per well in three 
wells per treatment group. (F) Quantification depicting number of primary orospheres per well. 
Three wells were counted per treatment group. Bar graphs display mean ± S.D. (n=3) and 
significance denoted by letters at p≤0.05. (G) Flow cytometry graphs depicting the CSC fraction 
(ALDHhighCD44high cells) in IL-6R knockdown and control cells. Bar graphs display mean ± S.D. 
(n=3). Asterisks depict p<0.05 (*) or p<0.01 (**) as determined by t-test. 
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Figure 2-2: Tocilizumab suppresses Cisplatin-induced CSC phenotype in PDX models of 
HNSCC in vivo. 

(A) Treatment schematic. Mice harboring PDX tumors began weekly treatment for 2 weeks (3 
doses total), receiving either no treatment, Cisplatin (5 mg/kg, I.P.) and/or Tocilizumab (10 mg/kg, 
I.P.). Mice were euthanized on 2nd day after last dose. (B) Flow cytometry graphs depicting CSC 
fraction percentage (ALDHhighCD44high cells) in PDX tumors. (C) Flow cytometry graphs depicting 
DEAB/IgG controls (gray) for Aldefluor and CD44, respectively. One experimental replicate per 
group is shown to demonstrated gate setting strategy. ALDHhighCD44high cells were identified 
based on these gates. (D) Flow cytometry graphs depicting CSC fraction percentage 
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(ALDHhighCD44high cells) in HNSCC cell lines. Bar graphs display mean ± S.D. (n=3) and 
significance denoted by letters at p≤0.05.  (E) Line graph depicting mean tumor volume over time 
in the PDX models after treatment with Cisplatin and/or Tocilizumab. Tumor measurements were 
taken ~3 per week until study endpoints. (F) Simple linear regression model of mean tumor 
volumes over the duration of the experiment. (G) Western blot of representative PDX tumor tissue 
lysates from each treatment group. 
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Figure 2-3: Combination therapy suppresses STAT3 signaling, Bmi-1 induction, and expression 
of stem cell markers in vitro. 

(A) Western blot analysis of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells treated with rhIL-
6 (0-20 ng/ml), Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). (B) Western blot analysis of 
UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells treated with rhIL-6 (0-20 ng/ml), Cisplatin (0-
1 µM) and/or Tocilizumab (0-0.1 µM) for 24 hours, followed by additional rhIL-6 (0-20 ng/ml) for 
24 hours. (C) Western blot analysis of UM-SCC-22A and UM-SCC-22B cells treated with 1µM 
Cisplatin and/or 0.1 µM Tocilizumab and sorted for ALDHhighCD44high CSC or bulk tumor cells. (D) 
Stem cell marker protein array analysis of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells 
treated with Cisplatin (0-1 µM) and Tocilizumab (0-0.1 µM). (E) Western blot analysis of UM-SCC-
1, UM-SCC-22A, and UM-SCC-22B cells treated with rhIL-6 (0-20 ng/ml), Cisplatin (0-1 µM) 
and/or Tocilizumab (0-0.1 µM). (F) Representative images of immunofluorescence staining of 
cells plate in chamber slides and treated with Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). 
(G) Graph quantifying mean cellular fluorescence of ALDH normalized to DAPI stain in UM-SCC-
22A cells treated with Cisplatin (0-1 µm) and/or Tocilizumab (0-0.1 µM). (H) Graph quantifying 
mean cellular fluorescence of Bmi-1 normalized to DAPI stain in UM-SCC-22A cells treated with 
Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). 
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Figure 2-4: Tocilizumab prevents the Cisplatin-induced self-renewal of orospheres. 

(A) Representative images of immunofluorescence staining of untreated, cryosectioned spheres 
on Day 8. Example images of both a large (left) and small (right) sphere are shown. (B) 
Quantification depicting number of primary orospheres per well. Six wells were counted per 
treatment group. Bar graphs display mean ± S.D. (n=6) and significance denoted by letters at 
p≤0.05. (C) Representative images (40x) of primary orospheres on day 8 after treatment with 
Cisplatin (0-1 µm) and/or Tocilizumab (0-0.1 µm). Cells were treated the day after plating in ULA 
sphere conditions. Inserts at 100x magnification. Pictures were taken of 5 fields per well in three 
wells per treatment group. (D) Quantification depicting number of secondary orospheres per well. 
Six wells were counted per treatment group. Bar graphs display mean ± S.D. (n=6) and 
significance denoted by letters at p≤0.05. (E) Representative images (40x) of secondary 
orospheres on day 8 after treatment with Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). Cells 
were treated the day after plating in ULA sphere conditions. Inserts at 100x magnification. Pictures 
acquired of 5 fields per well in three wells per treatment group.  (F) Western blots showing protein 
levels in lysates isolated from primary orospheres on day 8 after treatment with Cisplatin (0-1 µM) 
and/or Tocilizumab (0-0.1 µM).  
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Figure 2-5: Tocilizumab decreases CSC fraction and self-renewal of Cisplatin-resistant HNSCC 
cells. 

(A) Flow cytometry graphs depicting the CSC fraction (ALDHhighCD44high cells) in naïve and 
Cisplatin resistant variants of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells. Bar graphs 
display mean ± S.D. (n=3) and significance denoted by letters at p≤0.05. (B) Western blots 
showing baseline activation of STAT3 and Bmi-1 expression in naïve and Cisplatin resistant 
HNSCC cell line variants. (C) Western blot analysis of Bmi-1 expression after treatment with rhIL-
6 (0-20 ng/ml), Cisplatin (0-1 µm) and/or Tocilizumab (0-0.1 µM). (D) Representative images (40x) 
of naïve and Cisplatin-resistant UM-SCC-1 primary orospheres on day 8 after treatment with 
Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). Cells were treated the day after plating in ULA 
sphere conditions. Inserts at 100x magnification. Pictures acquired of 5 fields per well in three 
wells per treatment group. (E) Quantification depicting number of primary orospheres per well. 
Three wells were counted per treatment group. Bar graphs display mean ± S.D. (n=3) and 
significance denoted by letters at p≤0.05.  
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Figure 2-6: Tocilizumab decreases tumor growth and Bmi-1 expression in a Cisplatin-resistant 
xenograft model. 

(A) Treatment schematic. Xenograft tumors generated from UM-SCC-22B or UM-SCC-22BCis6 
cells and began weekly treatment for up to 8 weeks, receiving either no treatment, Cisplatin (5 
mg/kg, I.P.) and/or Tocilizumab (10 mg/kg, I.P.). Mice were euthanized either at experiment 
endpoint (8 weeks post treatment start) or when reaching maximum tumor volume (2,000 mm3). 
(B) Representative images of histological sections stained for H&E of UM-SCC-22B and UM-
SCC-22BCis6 tumors. Scale bars represent 200 µm at 40x magnification and 50 µm at 200x 
magnification. (C) Line graph depicting mean tumor volume over time after treatment with 
Cisplatin and/or Tocilizumab. Tumor measurements were taken ~3 per week until study 
endpoints. (D) Simple linear regression model of mean tumor volumes over the duration of the 
experiment. (E) Kaplan-Meier graph for survival, as defined by time to doubling of tumor volume, 
as compared to pre-treatment tumor volume (n=6). (F) Western blot of representative tumor tissue 
lysates comparing control tumors with Cisplatin treated tumors in UM-SCC-22B and UM-SCC-
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22BCis6 xenograft models. (G) Western blot of representative UM-SCC-22B tumor lysates of 
each treatment group. (H) Western blot of representative UM-SCC-22BCis6 tumor lysates of each 
treatment group. 
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2.8 Supplemental Figures 

 

Figure 2-7: Flow cytometry gating and orosphere size measurements for CSC analysis of IL-6R 
knockdown cells. 

(A) Bar graphs depicting the size of orospheres generated from IL-6R knockdown cells treated 
with rhIL-6 (0-20 ng/ml). Different low case letter depict statistical significance at p<0.05. (B) Flow 
cytometry graphs depicting DEAB/IgG controls for Aldefluor and CD44, respectively. One 
experimental replicate per group is shown to demonstrated gate setting strategy. 
ALDHhighCD44high cells were identified based on these gates. 
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Figure 2-8: Therapeutic effect of Tocilizumab and/or Cisplatin in in vivo HNSCC models. 

(A) Graphs depicting tumor volumes at treatment start. (B) Graphs depicting tumor volume at the 
end of experiment (V0) normalized against tumor volume at treatment start (Vi). (C) Treatment 
schematic. Xenograft tumors generated from UM-SCC-22B cells and began main treatment for 
two weeks (three doses total), receiving either no treatment, Cisplatin (5 mg/kg, I.P.) and/or 
Tocilizumab (10 mg/kg, I.P.). Following the main treatment, those mice that had incorporated 
Tocilizumab in their treatment plan continued receiving weekly maintenance injections of 
Tocilizumab (10 mg/kg). Mice were euthanized three weeks post main treatment end, or when 
they reached maximum tumor volume (2,000 mm3). (D) Line graph depicting mean tumor volume 
over time after main treatment end, when only Tocilizumab maintenance treatment was 
administered to the corresponding groups. Tumor measurements were taken 3 times per week 
until study endpoints. (E) Simple linear regression model of mean tumor volumes over the 
duration of the experiment. p=0.0356 for comparison of the combination to control group. 
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Figure 2-9: Tocilizumab suppresses Cisplatin-induction of cancer cell stemness. 

(A) Representative immunofluorescence images of UM-SCC-22A cells grown in chamber slides 
and stained for ALDH (green), Bmi-1 (red), and DAPI (blue) were captured at 200x for 
quantification. (B) Stem cell marker protein array analysis of UM-SCC-1, UM-SCC-22A, and UM-
SCC-22B cells treated with Cisplatin (0-1 µM) and Tocilizumab (0-0.1 µM).  
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Figure 2-10: Tocilizumab decreases orosphere growth and Bmi-1 expression. 

(A) Graph depicting orosphere growth over time after treatment with Cisplatin (0-1 µM) and/or 
Tocilizumab (0-0.1 µM). Cells were treated the day after plating in ULA sphere conditions. (B) Bar 
graphs depicting the size of primary orospheres after treatment with Cisplatin (0-1 µM) and/or 
Tocilizumab (0-0.1 µM). Different low case letter depict statistical significance at p<0.05. (C) Bar 
graphs depicting the size of secondary orospheres after treatment with Cisplatin (0-1 µM) and/or 
Tocilizumab (0-0.1 µM). Different low case letter depict statistical significance at p<0.05. (D) 
Western blot analysis of UM-SCC-1 and UM-SCC-22B cells treated with rhIL-6 (0-20 ng/ml), 
Cisplatin (0-2 µM) and/or Tocilizumab (0-0.1 µM) for 24 hours. (E) Western blot analysis of UM-
SCC-1 cells treated with rhIL-6 (0-20 ng/ml), Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM) for 
24 hours. Pre-treatment with Tocilizumab was applied 1 hour prior to subsequent combination 
therapy. (F) Bar graph depicting the quantification of Bmi-1 protein expression normalized to 
GAPDH. 
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Figure 2-11: Flow cytometry gating for CSC analysis of Cisplatin resistant HNSCC cell line 
variants. 

Flow cytometry gating strategies depicting DEAB/IgG controls for Aldefluor and CD44, 
respectively. One experimental replicate per group is shown to demonstrated gate setting 
strategy. ALDHhighCD44high cells were identified based on these gates. 
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Figure 2-12: Tocilizumab decreases size of orospheres in Cisplatin-resistant HNSCC cell line 
variants. 

(A) Representative images (40x) of naïve and Cisplatin-resistant UM-SCC-22A and UM-SCC-
22B primary orospheres on day 8 after treatment with Cisplatin (0-1 µM) and/or Tocilizumab (0-
0.1 µM). Cells were treated the day after plating in ULA sphere conditions. Inserts are at 100x 
magnification. Pictures were taken of 5 fields per well in three wells per treatment group. (B) Bar 
graphs depicting the size of orospheres generated from Cisplatin resistant cell line variants 
treated with Cisplatin (0-1 µM) and/or Tocilizumab (0-0.1 µM). Different low case letter depict 
statistical significance at p<0.05. (C) Coefficient of drug interaction (CDI) for the combination 
effect of Cisplatin and Tocilizumab in primary orosphere formation, where CDI<1, =1, and >1 
indicate synergism, additive effect, and antagonism (respectively). 
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Figure 2-13: Effect of Tocilizumab and/or Cisplatin in a Cisplatin-resistant xenograft model. 

(A,B) Western blots depicting the impact of Cisplatin and/or Tocilizumab on the expression of 
STAT3 and Bmi-1 in xenograft tumors generated with UM-SCC-22B (A) or UM-SCC-22BCis6 (B) 
cells. Lysates were prepared from whole tumors upon dissociation (n=6). (C-F) Graphs depicting 
the quantification of STAT3 (C,E) and Bmi-1 (D,F) protein expression normalized to GAPDH in 
UM-SCC-22B (C,D) or UM-SCC-22BCis6 (E,F) cells exposed to Cisplatin and/or Tocilizumab. 
Different low case letter depict statistical significance at p<0.05. (G) Graphs depicting tumor 
volumes at start of treatment. 
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CHAPTER 3: 
Bmi-1: A Master Regulator of Head and Neck Cancer Stemness3 

3.1 Abstract 

Head and neck cancers are composed of a diverse group of malignancies, many 

of which exhibit an unacceptably low patient survival, high morbidity and poor treatment 

outcomes. The cancer stem cell (CSC) hypothesis provides an explanation for the 

substantial patient morbidity associated with treatment resistance and the high frequency 

of tumor recurrence/metastasis. Stem cells are a unique population of cells capable of 

recapitulating a heterogenous organ from a single cell, due to their capacity to self-renew 

and differentiate into progenitor cells. CSCs share these attributes, in addition to playing 

a pivotal role in cancer initiation and progression by means of their high tumorigenic 

potential. CSCs constitute only a small fraction of tumor cells but play a major role in 

tumor initiation and therapeutic evasion. The shift towards stem-like phenotype fuels 

many malignant features of a cancer cell and mediates resistance to conventional 

chemotherapy. Bmi-1 is a master regulator of stem cell self-renewal as part of the 

polycomb repressive complex 1 (PRC1) and has emerged as a prominent player in 

cancer stem cell biology. Bmi-1 expression is upregulated in CSCs, which is augmented 

by tumor-promoting factors and various conventional chemotherapies. Bmi-1+ CSCs 

mediate chemoresistance and metastasis. On the other hand, inhibiting Bmi-1 rescinds 

 
3 This chapter was originally published in Frontiers in Oral Health. Herzog AE, Somayaji R, Nör JE. Bmi-1: 
a master regulator of head and neck cancer stemness. Front Oral Health. 2023 Jan 16;4:1080255. 
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CSC function and re-sensitizes cancer cells to chemotherapy. Therefore, elucidating the 

functional role of Bmi-1 in CSC-mediated cancer progression may unveil an attractive 

target for mechanism-based, developmental therapeutics. In this review, we discuss the 

parallels in the role of Bmi-1 in stem cell biology of health and disease and explore how 

this can be leveraged to advance clinical treatment strategies for head and neck cancer. 

3.2 Introduction 

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common form 

of cancer worldwide with over 900,000 new cases and 400,000 deaths annually [1]. 

HNSCC incidence is strongly correlated with alcohol and tobacco use, as well as human 

papillomavirus (HPV) infection. While there has been a marked decrease in HNSCC 

associated with tobacco use, the incidence and mortality rate of HPV-induced HNSCC 

has increased significantly [2]. Current treatment modalities for HNSCC include surgery, 

radiation, chemotherapy, EGFR inhibitors (e.g. Cetuximab) and immunotherapy (e.g. 

Pembrolizumab) [3, 4]. However, the modest improvement in overall survival rates 

achieved with current therapies emphasizes the significant need for further research in 

this area.  

Salivary gland cancers account for approximately 6% of all head and neck cancers, 

and present significant treatment challenges due to their rarity and biological diversity [5]. 

Mucoepidermoid carcinoma (MEC) is the most common subtype of salivary gland cancer, 

followed by adenoid cystic carcinoma (ACC) [6]. Conventional chemotherapies are 

ineffective in salivary gland cancers, and currently no systemic or targeted therapy is 

approved [7, 8]. Given the limited understanding of the underlying pathobiology of these 

diseases and lack of effective chemotherapeutic approaches, surgery remains the main 
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treatment option for these patients. Considering that both HNSCC and malignant salivary 

gland cancers follow the cancer stem cell hypothesis, the understanding of the 

pathobiology of these cells may unveil new therapeutic targets for these tumors. 

3.3 Cancer Stem Cells in Head and Neck Cancer 

The traditional, or stochastic, model of carcinogenesis postulates that tumor 

growth is initiated by a single cell harboring advantageous genetic mutations, which 

proliferates and dominates the tumor architecture [9]. In this model, all subsequently 

formed tumor cells possess equal potential for tumorigenesis. Nowadays, it is widely 

accepted that a tumor is highly heterogenous, constituted by cells of varying biological 

characteristics. The hierarchical model of carcinogenesis suggests that only a unique 

subset of tumor cells is capable of tumorigenesis, namely cancer stem cells (CSCs) [10]. 

The CSC hypothesis presents that these cells are endowed with the ability to self-renew 

and give rise to the various cell phenotypes of a heterogeneous tumor through 

asymmetric and symmetric cell division. CSCs and physiological stem cells share many 

attributes: the capacity for self-renewal and differentiation, the ability to survive for long 

periods of time, and strong resistance to harmful agents [11]. Hence, the most-accepted 

hypothesis for the genesis of CSCs remains that they arise from physiological stem cells 

[12]. Other hypotheses include that CSCs arise from physiological differentiated cells or 

progenitor cells.  

Head and neck cancers have been shown to follow the CSC hypothesis and 

hierarchical model of carcinogenesis, as they are solid, heterogenous tumors consisting 

of both CSCs capable of tumorigenesis and bulk tumor cells. CSCs have been diligently 

studied and characterized in multiple types of head and neck cancers, including head and 
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neck squamous cell carcinoma (HNSCC), mucoepidermoid carcinoma (MEC) and 

adenoid cystic carcinoma (ACC) [13-17]. Head and neck CSCs are endowed with 

properties of invasiveness, quiescence, and epithelial-mesenchymal transition (EMT) – a 

crucial process in cancer metastasis [18]. These cells have been found to reside in 

perivascular niches, with the majority residing within a 100 µm radius of blood vessels, 

from which endothelial cell-secreted factors enhance their self-renewal and promote their 

tumorigenicity [19, 20]. This microenvironmental support, along with many other factors, 

contributes to the increased resistance to therapies observed in CSCs [21, 22].  

The CSC hypothesis may explain the resistance to current cytotoxic treatments 

and propensity for recurrence and metastasis in head and neck squamous cell carcinoma, 

which are factors that have a negative impact on the long-term survival of these patients. 

CSCs are resistant to chemotherapies, because these agents generally target cells with 

high proliferation rates, whereas CSCs proliferate slowly and thus escape their 

cytotoxicity [23]. Therefore, the modest progress of therapies against HNSCC can at least 

partially be attributed to CSCs, rendering them to be a therapeutic target of interest. 

3.4 Biomarkers of Cancer Stem Cells 

In order to target CSCs, they must be identifiable by means of unique cellular 

markers and pathways, which is an area of active research in many cancers. Though 

differences in CSC biomarkers across cancer types exist, their identification relies heavily 

on intracellular enzymes, transcription factors, and cell surface molecules. Here, we 

briefly discuss some commonly used biomarkers of CSCs in head and neck cancer, which 

are illustrated in Figure 3-1. 
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CSCs were first identified in HNSCC as expressing high levels of CD44, a cell-

surface glycoprotein for hyaluronic acid that is involved in cell proliferation, survival, 

adhesion, migration, and intercellular interactions [13]. CD44 is one of the most common 

CSC markers in several malignancies and has been shown to select for highly 

tumorigenic CSCs as compared to CD44- cells [24]. However, since most cells in epithelia 

of the head and neck express CD44, other biomarkers have been established to refine 

identification of head and neck CSCs [25]. Among these, aldehyde dehydrogenase 

(ALDH) activity has been accepted as a frequent marker of CSCs. In HNSCC patient-

derived xenograft models and cell lines, ALDHhigh cells demonstrated increased 

tumorigenicity, therapy resistance, and EMT as compared to ALDHlow cells [26-28]. As 

complementary markers, purified CD44+ALDHhigh cells constitute an even more 

tumorigenic and invasive cancer cell population, as compared to the other combinations 

of both markers’ expression status [15, 17, 19]. Additionally, these cells positively 

correlate with decreased overall survival, disease grade, and treatment prognosis in 

patients with HNSCC [29, 30]. 

CD133, a cell surface glycoprotein, is another prominent yet more debated head 

and neck CSC marker [31]. CD133+ cells exhibit increased invasiveness, tumorigenicity, 

and chemoresistance, but may present only a subpopulation of CSCs in oral squamous 

cell carcinoma cell lines and tissues [32]. CD133 has also been shown to function as a 

regulatory switch of EMT and stemness properties [33]. Multiple other cell surface 

proteins have been implicated as head and neck CSC markers: CD10 expression 

correlates with poorer overall survival, local recurrences, and therapeutic resistance [34, 

35]; CD24+ cells promote angiogenesis and tumor progression [36]; CD29+ cells are 
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highly invasive, migratory, and contribute to metastases [37]; CD98+ cells are tumorigenic 

and demonstrate increased expression of DNA repair genes [38].  

Various receptor tyrosine kinase (RTK) proteins have also been found to promote 

chemoresistance, metastasis, and CSC properties in head and neck cancer, with 

therapeutic targeting of these receptors providing clinical promise. CSCs responsible for 

Cisplatin-resistance and metastasis have been shown to express high levels of c-Met+, 

and a Phase 1 trial of selective c-MET inhibitor ARQ197 has shown early clinical success 

[16, 39]. The epidermal-growth factor receptor (EGFR) is another example of RTK that is 

highly expressed in 90% of HNSCC patients and has been linked to treatment resistance, 

poor clinical outcomes, and higher fraction of CSCs, which, together with CD44, has been 

shown to promote tumor initiation and progression in vivo [40]. The EGFR receptor is the 

target of Cetuximab, an FDA-approved antibody-based therapy currently accepted for 

treatment of HNSCC [41]. The interleukin-6 receptor (IL-6R) is also strongly upregulated 

in head and neck CSCs and enhances tumorigenicity and self-renewal via STAT3 

signaling [20]. Lastly, CD117 is highly implicated in salivary gland CSCs, where it is also 

commonly used to isolate progenitor cells of the submandibular gland [42]. 

Other markers of CSCs are intracellular proteins vital to maintaining stemness 

such as Oct4, Sox2, Nanog, and Bmi-1. Oct 4, Sox2, and Nanog are markers of 

pluripotency in embryonic stem cells and crucial for these cells’ property of self-renewal 

[43]. CSCs from oral squamous cell carcinoma patient samples exhibited high expression 

of Oct4 and Nanog, along with CD133, which was correlated with greater tumor stage 

and worse overall survival prognosis [44]. Sox2 expression in head and neck CSCs was 

responsible for their self-renewal, chemoresistance, invasion, and tumorigenicity in vitro 
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and in vivo [45]. A meta-analysis revealed that Sox2 could be utilized as an unfavorable 

prognostic factor for higher tumor grade, stage, and metastases [46]. Bmi-1 is a polycomb 

group protein involved in the regulation of normal stem cells. Head and neck CSCs also 

exhibit high Bmi-1 expression, which has been shown to be required for sphere formation 

and self-renewal, indicating that Bmi-1 is an important cellular marker for CSC stemness 

[47]. Interestingly, knockdown of Bmi-1 in ALDH+ CSCs was shown to also downregulate 

expression of Oct4, Nanog, Sox2, and c-Myc among other stemness markers in these 

cells [48]. In MEC, intense CD44 and Bmi-1 expression was observed in the tumor 

invasive front, while Oct4 and Nanog was highly associated with perineural invasion in 

vivo [49]. 

Many of these cellular proteins have been investigated as potential therapeutic 

targets for HNSCC, converging in a common denominator of regulating cancer cell 

stemness [50]. In this review, we specifically elaborate on the role and molecular 

regulatory network of Bmi-1 in mediating head and neck cancer stemness. Additionally, 

we discuss the current literature on Bmi-1 in promoting therapeutic evasion through 

chemo- and radioresistance, and the potential therapeutic implications of targeting this 

master regulator of stemness. 

3.5 Bmi-1 and Cancer Stem Cells 

3.5.1 Physiological Bmi-1 Function and Regulation 

Bmi-1 (B cell-specific Moloney murine leukemia virus Integration site 1) is a 37 

kDA protein that consists of three domains: N-terminal RING domain, central domain, and 

C-terminal proline-serine domain. The RING domain at the N-terminal forms a complex 

with RING1B [51, 52]. Bmi-1 is a member of the Polycomb repressive complex 1 (PRC-
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1) and is involved in H2A-K119 ubiquitination [53] facilitated in part through this interaction 

between Bmi-1 and RING1B. Polycomb group (PcG) proteins are a family of proteins 

involved in transcriptional regulation that form complexes such as PRC-1 to facilitate this 

regulation. The central domain of Bmi-1 contains a ubiquitin-like (UBL) fold that interacts 

with PHC2, a polyhomeotic protein that is a member of PRC-1; the UBL region also plays 

a role in the homo-oligomerization of Bmi-1 [54]. Lastly, the C-terminal is a proline-serine 

rich domain that serves as a regulatory domain for Bmi-1 through negative regulation [55].   

Bmi-1 plays a direct role in cell cycle regulation and senescence as a negative 

regulator of the Ink4a locus that encodes p16Ink4a and p19Arf, tumor suppressor proteins. 

Downregulation of Bmi-1 resulted in an increase in p16Ink4a and p19Arf expression leading 

to senescence, while upregulation of Bmi-1 resulted in a decrease in p16Ink4a and p19Arf 

expression leading to tumor formation in vivo [56]. p19Arf is an upstream regulator of p53, 

a key tumor suppressor protein that functions by blocking MDM2-induced p53 

degradation [57]. p16Ink4a is an upstream regulator of another tumor suppressor protein: 

the retinoblastoma (Rb) protein. The phosphorylation of Rb proteins by cyclin D and cyclin 

E-dependent kinases activates E2F transcription factors, which promotes cellular 

senescence through entry into the S phase of the cell cycle [58]. Thus, Bmi-1 represses 

two tumor suppressor proteins, p16Ink4a and p19Arf, which function by activating 

senescence and apoptosis respectively.  

Bmi-1 has also been implicated in several developmental signaling pathways 

including Hox, Hedgehog, and Sox2 pathways. The role of Bmi-1 in H2A-K119 

ubiquitination has been linked to Hox gene silencing in mouse embryonic fibroblasts when 

bound to various Hox gene promoters, while Bmi-1 knockdown resulted in de-repression 
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of these genes. This provided evidence that Hox genes are direct targets of Bmi-1-

mediated transcriptional regulation and underlines the importance of Bmi-1 in regulation 

of key developmental processes in progenitor cells [53]. Experiments conducted in 

mammary stem cells illustrated that activating Hedgehog (Hh) signaling upregulated self-

renewal and Bmi-1 expression. In these cells within an in vivo mouse model, upregulation 

of Gli1 and Gli2, two downstream transcription factors of the Hh pathway, led to 

upregulation of Bmi-1 which suggests that Hedgehog signaling mediates stem cell self-

renewal through Bmi-1 [59]. Bmi-1 is also a downstream target of Sox2, a crucial 

transcription factor in maintaining stem cell pluripotency and stemness in concert with 

Wnt signaling. Sox2 inactivation leads to strong Bmi-1 downregulation in osteoblasts in 

vivo, whereas Sox2 overexpression causes Bmi-1 upregulation, and constitutive Bmi-1 

expression rescues cell senescence promoted by Sox2 inactivation [60].  

Bmi-1 is also regulated by the p38 mitogen-activated protein kinase (MAPK) and 

Akt pathways. Epidermal growth factor (EGF)-induced Akt activation directly 

phosphorylates and stabilizes Bmi-1, rendering it resistant to proteasomal degradation 

and allowing for its nuclear accumulation, whereas p38 inhibits Akt-induced 

phosphorylation, destabilizing Bmi-1 and promoting increased Bmi-1 degradation in 

neural stem cells in vivo [61]. MAPKAP kinase 3 (3pk), a downstream convergence point 

of p38 and ERK signaling, also regulates Bmi-1 through phosphorylation. 3pK 

phosphorylation and activation of Bmi-1 resulted in chromatin dissociation and de-

repression of Bmi-1 targets, one of which is p14ARF – a tumor suppressor by means of 

MDM2 inhibition and subsequent p53 stabilization, arresting cells in G1 cell cycle phase 

[62, 63]. As Bmi-1 phosphorylation by 3pk illustrates, the phosphorylation status of Bmi-
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1 is inversely related to its chromatin association, allowing for fine-tuned regulation of 

Bmi-1 binding to chromatin throughout the cell cycle [64].  

In addition to cell cycle regulation and the maintenance of the stem cell phenotype, 

Bmi-1 plays a role in reactive oxygen species (ROS) damage and DNA repair. The 

transcription factor FoxM1c is expressed highly in proliferating cells and was shown to 

protect them from oxidative stress-induced senescence by directly activating Bmi-1 

expression via c-Myc in vitro and in vivo [65]. Deletion of c-Myc lead to a decoupling in 

FoxM1c-induced Bmi-1 expression, emphasizing that c-Myc serves as a bona fide 

regulatory intermediate in Bmi-1 signaling. Similarly, Mel-18, another polycomb group ring 

finger protein, downregulates Bmi-1 expression through transcriptional repression of c-

Myc in human fibroblasts [66]. The absence of Bmi-1 in mice leads to an accumulation of 

ROS that subsequently triggers the DNA damage response (DDR) pathway [67]. The 

p16Ink4a pathway, which is negatively regulated by Bmi-1, induces ROS accumulation to 

promote senescence [68]. Bmi-1 is necessary for the DDR pathway and is recruited to 

DNA double-strand breaks, where it contributes to the repair of the DNA lesion with H2A 

ubiquitination [69]. Thus, Bmi-1 contributes to DNA repair through the DDR pathway, but 

also by preventing elevated levels of ROS in the cell.  

These reported findings suggest that Bmi-1-mediated repression is a finely 

regulated and dynamically controlled process, with all arrows pointing to Bmi-1 as a 

master regulator within the PcG-mediated transcriptional system (Fig. 3-2). 

3.5.2 Bmi-1 Regulation in Cancer 

In head and neck cancer, Bmi-1 is more highly expressed in tumorigenic cells as 

compared to normal cells. More specifically, elevated Bmi-1 expression is predominantly 
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observed in ALDHhighCD44+ when compared to ALDHlowCD44- cells in vitro and in vivo 

[19, 70], and endothelial cell-secreted factors further induce Bmi-1 expression in the 

CSCs [19], revealing Bmi-1 as an important player in HNSCC CSC biology. 

Characterizing Bmi-1 as an oncogene is a novel, active area of research in head and 

neck cancer, with limited literature on the exact mechanism and signaling pathways in 

interplay with Bmi-1. Therefore, we will also review Bmi-1-associated signaling pathways 

in other types of cancer here.  

As elaborated above, the Ink4a locus is a direct target of Bmi-1 in normal cells. In 

breast cancer and oral squamous cell carcinoma, changes in Bmi-1 expression did not 

affect p16Ink4a expression, suggesting that the oncogenic activity of Bmi-1 functions 

through a p16Ink4a-independent signaling pathway [71, 72]. Conversely, in laryngeal 

cancer, colorectal cancer, gastrointestinal cancer, and non-small cell lung cancer a 

significant negative correlation between Bmi-1 and Ink4a locus gene expression was 

observed, suggesting that Bmi-1 promotes cellular renewal through the inhibition of 

senescence and apoptosis [73-76]. In yet another example, Bmi-1-mediated 

tumorigenesis in liver cancer was not at all related to Ink4a/Arf expression but required 

for RasV12-driven tumor induction [77]. These contrasting findings illuminate the complex 

dysregulation of Bmi-1 in cancer, highlighting the need for further research in this area.  

Another paradoxical relationship has been observed between Bmi-1 and Hox 

signaling pathways in cancer. Typically, high expression of Bmi-1 results in lower 

expression of Hox signaling proteins. However, in both Ewing sarcoma and certain 

leukemias it was observed that despite the expected elevated levels of Bmi-1 expression, 

there were also elevated levels of Hox expression [78, 79]. The underlying mechanism of 
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these surprising findings is not clear, but one hypothesis suggests that this could be due 

to a mutation that unlinks Bmi-1 and Hox signaling [79] Unlike with Hox signaling, the 

direct relationship between Hh signaling and Bmi-1 observed in normal cells appears to 

be maintained in cancer cells. In breast cancer, Gli-1 and Gli-2 overexpression induced 

Bmi-1 expression, which was necessary to promote self-renewal of both normal and 

malignant mammary stem cells [59]. In ovarian cancer, overexpression of various protein 

signaling effectors of the Hh pathway also induced Bmi-1 expression [80]. 

A direct relationship between the Akt pathway regulation of Bmi-1 is also observed 

in various cancer cells. In MEC, CSCs exhibit constitutive activation of mTOR, Akt, S6K1, 

and Bmi-1, and it was shown that phosphorylation of S6K1 presents a crucial step in 

regulation of Bmi-1 in vitro and in vivo [81]. In pancreatic cancer, overexpression of Bmi-

1 induced activation of the P13K/Akt pathway by negative regulation of PTEN in CSCs 

[82]. In endometrial cancer, a direct correlation was found between Bmi-1 expression and 

Akt expression; interestingly, lower levels of both Bmi-1 and the Akt pathway were 

associated with more aggressive cancer phenotypes, which stands in contrast to most 

other cancers [83]. In gastric cancer, the microRNAs miR-498 and miR-218 inhibited Bmi-

1 function, as well as EMT and Akt signaling [84, 85]. A similar finding in breast cancer 

showed that the PcG protein Mel-18 inhibited Bmi-1 and Akt expression, and that 

constitutively active Akt rescued the tumor-suppressive function of Mel-18 and Bmi-1 

inhibition [86]. As previously mentioned, Mel-18 suppresses Bmi-1 through inhibition of c-

myc in normal cells. This relationship between c-myc and Bmi-1 was supported in a 

lymphoma mouse model: overexpression of both c-myc and Bmi-1 induced 

transformation primary embryo fibroblasts [87].  
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In salivary gland cancer, p53 has been shown to play a central role in regulating 

the CSC phenotype via Bmi-1 [70]. Here, it was suggested that p53 reduces CSC 

stemness not by inducing apoptosis, but rather by regulating Bmi-1 expression via 

downstream p21 signaling and promoting CSC differentiation, and that this mechanism 

was independent of MDM2. In ACC, therapeutic inhibition of MDM2-p53 was shown to 

decrease the CSC fraction via apoptosis as well as an increase in cells within the G1 

phase of the cell cycle in vitro and in vivo [88]. Altogether, while Bmi-1 regulation in cancer 

isn’t necessarily conserved as compared to its physiological regulation, these findings 

highlight Bmi-1 as an important player in tipping the scales between health and disease. 

3.5.3 Bmi-1 in Tumorigenesis and Metastasis 

As previously mentioned, Bmi-1 is highly expressed in head and neck CSCs, which 

drive tumorigenesis, [13] and silencing Bmi-1 leads to a reduction in stemness and tumor 

formation in HNSCC [48, 47]. Bmi-1+ CSCs were shown to mediate invasion and lymph 

node metastases in HNSCC, specifically through increased AP-1 activity and FOSL1 

activation, as determined via lineage tracing and genetic ablation studies [47]. Bmi-1+ 

tumor cells formed significantly more spheres and tumors than Bmi-1- cells, providing 

strong evidence for the direct role of Bmi-1 in tumorigenesis both in vitro and in vivo. In 

MEC, downregulation of p53 promoted tumor growth through expansion of the CSC 

population and upregulation of Bmi-1, providing evidence for not only the role of Bmi-1 in 

regulating cancer cell stemness, but also for p53 being a master regulator of cell fate 

within this context [70]. Due to the high rate of metastasis and recurrence observed in 

head and neck cancer, these findings render the role of Bmi-1 particularly significant and 

may lead to new therapeutic strategies. 
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The tumor microenvironment plays a crucial role in supporting cancer cell growth, 

with microenvironment-associated cytokines and growth factors defining tumorigenic 

potential of CSCs. In HNSCC, endothelial cell-secreted IL-6 has been shown to promote 

tumorigenicity of CSCs through STAT3 signaling activation and Bmi-1 expression [89, 

20]. In fact, endothelial cells were shown to produce a chemotactic gradient through 

secreted IL-6, which enhances survival and motility of tumorigenic head and neck CSCs 

[20]. 

The epithelial-mesenchymal transition (EMT), a process through which a cell shifts 

from an epithelial phenotype to a more migratory mesenchymal phenotype, is a key 

feature of invasive cancers and metastases. In nasopharyngeal carcinoma cells, silencing 

Bmi-1 resulted in a reversal of EMT, exhibited by a shift in epithelial and mesenchymal 

markers and a reduction in metastases, indicating that Bmi-1 induces EMT resulting in a 

more migratory and aggressive phenotype in vitro [90]. This occurs via the underlying 

mechanism of Bmi-1 repressing PTEN, a negative regulator of the PI3K/Akt pathway, 

which activates this pathway and down-regulates E-cadherin in a Snail-dependent 

manner. Likewise, upregulating Bmi-1 in ALDH- head and neck CSCs promotes stemness 

properties, tumorigenicity, and migration by upregulating Snail, an EMT regulatory protein 

[91]. A direct regulatory link has also been established between Bmi-1 and another EMT 

regulatory protein, Twist1. Twist1 directly binds to the regulatory region of Bmi-1, and 

both interdependently promote EMT especially under hypoxic conditions [92]. Endothelial 

cell-secreted EGF and IL-6 were also found to induce EMT to enhance the invasive 

capacity of head and neck CSCs [20, 93]. The human telomerase reverse transcriptase 

catalytic subunit (hTERT) is involved in maintaining the telomeres of cells, thereby 
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prolonging cell life, and also contributes to EMT. Bmi-1 expression mirrored that of hTERT 

and was required for hTERT-induced EMT marker expression of oral epithelial cells via 

suppression of p16INK4a [94]. Altogether, these findings demonstrate the direct role Bmi-1 

plays in EMT and therefore, to the more aggressive stem-like and migratory phenotype 

of tumor cells. 

3.6 Bmi-1 in Cancer Therapeutics 

3.6.1 Bmi-1 in Chemoresistance 

The lack of progress in HNSCC, MEC, and ACC treatment can largely be attributed 

to therapeutic resistance of each of these cancer types, which can lead to both metastasis 

and recurrence; notably, CSCs are particularly resistant to therapies compared to bulk 

tumor cells. In the context of head and neck CSCs, Bmi-1 has been strongly implicated 

in therapy resistance (Fig. 3-3).  

Cisplatin is still the most common chemotherapy agent used in treatment of 

HNSCC, as well as many other cancers. However, it has been shown that treatment with 

Cisplatin actually increases the CSC fraction in HNSCC tumors, and Cisplatin-resistant 

cells intrinsically express elevated levels of Bmi-1; there is also a direct association 

between Cisplatin dosage or resistance and Bmi-1 expression in vitro and in vivo [22, 95]. 

Interestingly, it has been demonstrated that Cisplatin-induced apoptosis mainly occurred 

in Bmi-1- tumor cells, and that in HNSCC recurrence specifically Bmi-1+ CSC lineages 

were maintained in these tumors [47]. As has been previously mentioned, the IL-6/STAT3 

pathway is highly upregulated in head and neck CSCs, and IL-6 augments the Cisplatin-

induction of Bmi-1 expression and CSC fraction [22, 89]. Inhibition of IL-6 signaling 

decreased the CSC fraction in vitro and in vivo, as well as suppressed Cisplatin-induction 
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of Bmi-1 expression and the CSC fraction [20, 22, 95]. Similarly, a combination treatment 

of an AP-1 inhibitor and Cisplatin resulted in inhibition of Bmi-1+ CSCs and a reduction in 

metastases, suggesting a possible mechanistic pathway for chemoresistance via Bmi-1 

[47]. Altogether, these results suggest a clear link between Cisplatin resistance and Bmi-

1 expression and support the therapeutic strategy to include the use of either a direct 

Bmi-1 inhibitor or an inhibitor of a Bmi-1-associated pathway, such as those mentioned 

above.  

Interestingly, Salinomycin, a commonly used antibiotic, successfully targeted 

CSCs in HNSCC, resulting in reduced Bmi-1 expression and invasive phenotypes of 

CSCs. When used in combination with Cisplatin or Paclitaxel, Salinomycin greatly 

increased overall cell death. However, it was found to increase EMT markers, Akt, and 

mTor signaling, which may correlate with cancer cell stemness [96]. As mentioned 

previously, the PI3K/Akt pathway is highly upregulated in head and neck CSCs and 

therapeutic inhibition of the mechanistic target of rapamycin (mTOR) has shown clinical 

success in head and neck cancer [97]. mTOR inhibition ablates Cisplatin-induced 

stemness and blocks Bmi-1 expression in MEC [98]. As opposed to in HNSCC, p53 is not 

oftentimes mutated in salivary gland cancers, and a major therapeutic strategy that has 

since been translated into clinical trials involves targeting the MDM2-p53 interaction. A 

small-molecule inhibitor of MDM2-p53 complex (MI-773) has been shown to potently 

decrease the CSC fraction, Bmi-1 expression, and tumor recurrence in both MEC and 

ACC [70, 88, 99, 100]. Inhibition of MDM2-p53 triggered G1 cell cycle arrest, and 

sensitized tumors to Cisplatin chemotherapy [99, 100]. Altogether, these findings 
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illuminate a variety of strategies to overcoming CSC-mediated chemotherapeutic 

resistance to Cisplatin. 

Comparable to the effect of Cisplatin, treatment with Metformin (diabetes drug that 

has exhibited anticancer properties in various other cancers) lead to a reduction in bulk 

tumor cells but an increase in CSCs and Bmi-1 expression in HNSCC. Metformin 

increased expression of Bmi-1, Oct4, Nanog, and CD44, and was revealed to bind to 

mitochondrial complex III, suggesting a possible role of Metformin in mediating ROS 

[101]. Interestingly, in prostate cancer, Cisplatin functions by elevating intracellular ROS 

through NADPH oxidase activation [102]. Indeed, mechanistic studies revealed that 

Cisplatin induces a mitochondria-dependent ROS response in conjunction with, but 

independent from, its well-known cytotoxic effect through inducing DNA damage [103]. 

Therefore, it is hypothesized that many cytotoxic effects of chemotherapeutic agents 

function through ROS, eliciting protective effects on CSCs and Bmi-1 function. This 

relates to results described above regarding the role Bmi-1 plays in maintenance of low 

ROS levels and in the DDR pathway. By elevating ROS and DNA damage levels in the 

cell, Cisplatin is likely activating Bmi-1 for response to these stimuli, inadvertently 

activating cancer cell stemness properties. 

Thus, further investigation into targeted therapies is necessary, but the treatment 

for head and neck cancers will likely entail a combination of systemic cytotoxic therapies 

and CSC-targeted therapies such as small molecule inhibitors of Bmi-1. 

3.6.2 Bmi-1 in Radioresistance 

In parallel to chemoresistance, radioresistance poses another obstacle in 

successful treatment of head and neck cancers. In HNSCC, silencing Bmi-1 activity in 
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ALDH+ CSCs led to increased apoptotic activity as detected via Annexin V staining, 

resulting in decreased radioresistance and an overall higher survival rate in a mouse 

model [48]. In nasopharyngeal cancer, silencing Bmi-1 resulted in re-sensitization to 

radiation therapy through increased apoptotic activity of p53 and increased production of 

ROS [104]. These findings implicated Bmi-1 in contributing to HNSCC CSC 

radioresistance.  

Further literature on the role of Bmi-1 in head and neck cancer radioresistance is 

limited. However, notable findings have been reported in other cancers. Elevated levels 

of Bmi-1 were also observed in adaptively radioresistant esophageal squamous cell 

carcinoma (ESCC) cells, where Bmi-1 silencing led to re-sensitization to radiation therapy 

[105]. Similar to the observations made in nasopharyngeal cancer, Bmi-1 conferred 

adaptive radioresistance to ESCC cells, and Bmi-1-depleted cells treated with 

radiotherapy expressed elevated levels of ROS and impaired DNA repair capacities, 

further supporting a common mechanism by which Bmi-1 mediates therapeutic resistance 

[105]. In breast cancer cells, Bmi-1 expression was also indicative of radioresistance. 

Upon Bmi-1 knockdown, increased DNA double strand breaks, reduced DNA repair, and 

increased apoptosis through elevated p53, p21 and Bax protein expression was observed 

[106]. In glioblastomas, radiation therapy primarily functions by halting senescence and it 

was shown that Bmi-1 confers radioresistance by inhibiting cell senescence through the 

p16 signaling pathway [107]. Reduction of Bmi-1 expression by overexpression of 

microRNA-128 in glioma cells also promoted radiosensitivity and prevalence of senescent 

cells [108].  
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Collectively, these studies suggest that Bmi-1 promotes radioresistance through 

decreased levels of ROS, increased DNA repair, and suppression of senescence through 

mechanisms resembling those that arbitrate chemoresistance. This also strongly 

implicates Bmi-1 as a powerful point of convergence in multiple therapeutic resistance 

mechanisms of different treatment modalities across many cancers. 

3.6.3 Bmi-1 as a Prognostic Factor 

We have reviewed the prominent impact Bmi-1 has on tumorigenesis, metastasis, 

and therapy resistance of head and neck cancers. Yet, there are many unanswered 

questions: How does this translate to overall patient survival? How can we leverage this 

knowledge to better make predictions about patient prognoses and treatment outcomes?  

Few research studies to date have robustly investigated Bmi-1 expression patterns 

in head and neck cancer. Bmi-1 expression in tumor tissue of oropharyngeal squamous 

cell carcinoma was significantly higher as compared to normal mucosa, but no difference 

in expression was observed between the primary tumor and lymph node metastases 

[109]. This expression pattern was observed in both HPV-negative and HPV-positive 

samples (n=12). In another study, HPV-positive human oropharyngeal squamous cell 

carcinoma specimens showed lower Bmi-1 expression than HPV-negative tumors 

(n=202) [110]. In human tissue specimens, Bmi-1 expression was significantly higher in 

oral squamous cell carcinoma but showed no difference between normal mucosa and 

oral dysplasia (n=129) [111]. Thus, more elaborate studies are needed to determine the 

relevance of Bmi-1 expression in head and neck cancer, especially in relation to HPV 

status and disease progression. 
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In one study analyzing CSC markers as prognostic factors for HNSCC, it was 

observed that both Bmi-1 and CD44 are indicators for poorer prognosis of overall and 

disease-free survival in patients receiving primary radio-chemotherapy irrespective of 

HPV status (n=85) [112]. Conversely, in SCC of the tongue, a strong correlation was 

observed between low Bmi-1 expression and poor patient prognosis (n=73) [113], and in 

a separate meta-analysis (n=2143), Bmi-1 did not impact overall HNSCC survival 

significantly [114]. In another study, Bmi-1 expression in patient samples (n=216) was 

correlated with poor prognosis of recurrence-free survival, but not overall survival [95]. 

These observations may indeed be explained by the CSC hypothesis, since the small 

CSC fraction may not significantly contribute to overall tumor growth and survival, but to 

tumor recurrence or metastases. This ambiguity illustrates a definitive need for further 

research on Bmi-1 as a prognostic factor in HNSCC.  

In other cancers, Bmi-1 has been a more promising negative prognosticator. Bmi-

1 overexpression has been reported in a plethora of cancers, including gastric, ovarian, 

breast, head and neck, pancreatic, lung, hepatocellular, and endometrial carcinoma and 

correlated with a variety of indicators of poor prognoses as described elsewhere [82]. A 

meta-analysis of non-small cell lung cancer revealed a correlation between elevated Bmi-

1 expression and increased tumor size, metastasis, and lower overall survival rates [115]. 

Bmi-1 was also found to be a negative prognostic factor in gastric cancer and endometrial 

adenocarcinoma, each demonstrating heightened Bmi-1 expression to be indicative of 

worse clinical stage, lymph node metastases, and overall survival [116, 117]. Based on 

these varied and contradictory findings, the utility of Bmi-1 as a prognostic factor remains 

unclear. One plausible explanation for this may be the lack of expression analyses 
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specific to a tumor subsite or clonal cell population. As mentioned previously, tumor cells 

as well as a plethora of stromal cells from the tumor microenvironment express Bmi-1, 

which highly clouds the prognostic value of this marker. While these studies do not yet 

provide convincing evidence for Bmi-1 serving as a possible way to prognosticate 

treatment response, Bmi-1 is undoubtedly an important master regulator of cancer cell 

stemness and therapeutic resistance, rendering it a putative therapeutic target, 

nonetheless. 

3.6.4 Therapeutic Targeting of Bmi-1 

Bmi-1 has emerged as an attractive therapeutic target in CSC-focused, 

mechanism-based cancer treatments. Therapeutic inhibition of Bmi-1 was first described 

in a primary colorectal cancer xenograft model, where it inhibited CSC self-renewal and 

thus abrogated their tumorigenic potential [118]. The anti-PD-1 immunotherapies 

Nivolumab and Pembrolizumab have been approved as first-line therapies for HNSCC 

and are commonly combined with Cisplatin treatment. In an in vivo mouse model of 

HNSCC, Bmi-1+ CSCs were enriched in tumors following treatment with Cisplatin and 

anti-PD-1 therapy, but treatment with the Bmi-1 inhibitor PTC209 prevented induction of 

these cells and tumor progression [119]. In this study, Bmi-1 inhibition was also shown to 

promote CD8+ T-cell infiltration by removing repressive H2A ubiquitination to induce 

transcription of chemokines necessary for their recruitment. Interestingly, Bmi-1 may play 

a significant role as immune modifier in several in vivo studies: Bmi-1 inhibition restored 

B-cell-mediated humoral immune responses via increased antibody function [120]. 

Immune escape of pancreatic cancer cells from NK cell-mediated elimination in a 

hyperglycemic tumor microenvironment was also shown to be mediated by upregulation 
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of Bmi-1 and subsequent MICA/B inhibition and GATA2 promotion [121]. In a murine 

myeloma model, Bmi-1 inhibition eliminated tumor-associated macrophages and 

mediated chemoresistance [122]. 

The therapeutic potential of Bmi-1 inhibitors has also been investigated in early 

human clinical trials. In a Phase 1 multi-center, open-label study in patients with advanced 

solid tumors, the second-generation Bmi-1 inhibitor PTC596 was determined to be 

tolerable with manageable side effects [123]. Notably, PTC596 was shown to be 

successful in the treatment of acute leukemia in an in vitro study irrespective of p53 

mutational status, which could provide highly beneficial in the treatment of salivary gland 

cancers which typically demonstrate high mutational burden of p53 [124]. Another Bmi-1 

inhibitor, PRT4165, prevents accumulation of all detectable H2A ubiquitination sites 

around DNA double-stranded breaks in an osteosarcoma model, which could be highly 

relevant in combination with antiproliferative chemotherapies that propagate the DNA 

damage response as mentioned in Figure 3-3 [125]. In an ovarian cancer model, the Bmi-

1 inhibitor PTC028 was shown to selectively inhibit cancer cell growth while leaving 

normal cells unaffected, which could present a unique benefit as compared to 

conventional chemotherapeutic agents that do not selectively eliminate tumor cells [126]. 

While there are limited published studies on the efficacy of Bmi-1 inhibitors in head and 

neck cancers, the success of these small molecule drugs in treatment of other cancers in 

preclinical and clinical models strongly supports their therapeutic potential. 

3.7 Conclusion 

There has been modest progress in the outcome of head and neck cancer patients, 

in part due to therapy resistance which can be attributed to the function of CSCs in 
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tumorigenesis and tumor dissemination. This emphasizes the need for further research 

into the underlying mechanisms regulating the CSC phenotype. Bmi-1, a polycomb 

complex protein, has been established as a pivotal player in controlling cancer cell 

stemness. It has been implicated in many major signaling pathways such as the 

p16Ink4a/p19Arf, PI3K/Akt, MAPK, STAT3, and Hedgehog pathways. It also plays vital roles 

in cellular processes responding to ROS and DNA damage. In cancer, it has been widely 

linked to increased stemness, tumor formation and metastasis, as well as therapeutic 

resistance. This review attempted to synthesize the current evidence on Bmi-1 within the 

context of head and neck cancer stem cells, and to provide support for future research 

aimed at targeting this master regulator of cancer cell stemness using novel therapeutic 

approaches. 
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3.9 Figures 

 

Figure 3-1: Markers of head and neck cancer stem cells. 

Selected proteins currently used for identification of CSCs in head and neck cancer. These 
include, but are not limited to, various cell-surface glycoproteins, receptor tyrosine kinases, 
intracellular enzymes, and transcription factors. 
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Figure 3-2: Potential involvement of Bmi-1 in key signaling pathways. 

The proposed molecular signaling network of Bmi-1 promotes increased stemness, self-renewal, 
and proliferation, while decreasing apoptosis, differentiation, and senescence. 
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Figure 3-3: Chemotherapeutic induction of Bmi-1 increases the cancer stem cell population. 

Antiproliferative chemotherapeutic agents currently used for treatment of head and neck cancers 
have been shown to increase the CSC fraction in tumors via multiple mechanisms, which include 
inducing the reactive oxygen species response, the DNA damage response pathway, and 
apoptosis of Bmi-1- CSCs. 
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CHAPTER 4: 
Bmi-1 Mediates Resistance of Head and Neck Cancer Stem Cells to Cytotoxic 

Chemotherapy 

4.1 Abstract 

Cancer stem cells (CSC) drive therapeutic resistance and recurrence in head and 

neck squamous cell carcinoma (HNSCC). Bmi-1 is highly expressed in CSCs, and 

treatment with common antiproliferative chemotherapies such as Cisplatin and 

Carboplatin augments its expression and the fraction of CSCs. These classes of cytotoxic 

chemotherapy function by inducing DNA damage, and Bmi-1 is known to play a crucial 

role in the DNA repair response. Here, we hypothesize that Bmi-1 inhibition will suppress 

the chemotherapy-mediated increase in the CSC fraction and their self-renewal, thereby 

overcoming CSC resistance to Cisplatin therapy. We observed that both shRNA-

mediated genetic knockdown of Bmi-1 as well as pharmacologic inhibition using the small 

molecule inhibitor PTC596 abrogates the increase of CSC fraction, sphere formation, and 

DNA damage response by cytotoxic chemotherapy. HNSCC cells were treated with 

Cisplatin or Carboplatin in vitro and subjected to stemness analyses to evaluate the 

impact of Bmi-1 signaling on chemoresistance. We observed that Bmi-1 knockdown and 

inhibition resulted in decreased expression of several stemness markers and signaling 

effectors, particularly in the IL-6R/STAT3 pathway, even in combination with both 

chemotherapies. Treatment with PTC596 also suppressed Cisplatin-mediated increase 

of the CSC fraction in a scaffold xenograft model in vivo. These results demonstrate that 
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Bmi-1 mediates Cisplatin resistance in CSCs and that this may occur through induction 

of DNA damage. This work unveils crucial molecular mechanisms underlying CSC 

maintenance and therapeutic resistance, which have the potential to inform novel CSC-

targeted therapies for patients with head and neck cancer. 

4.2 Introduction 

Head and Neck Squamous Cell Carcinoma (HNSCC) is one of the most prevalent 

solid tumors worldwide yet exhibits unacceptably poor overall patient survival rates 

(Siegel et al., 2021). Notably, 20-40% of the increasing mortality rate is ascribed to 

treatment resistance and consequent tumor recurrences or metastases (Carvalho et al., 

2005). Current treatment modalities for HNSCC include surgical resection, radiation, and 

chemotherapy, all of which commonly correlate with increased patient morbidity, disease 

relapse, and are oftentimes debilitating (Cramer et al., 2019). Though platinum-based 

antiproliferative chemotherapies such as Cisplatin and Carboplatin remain the 

cornerstone of systemic treatments for HNSCC through control of tumor growth (Sindhu 

et al., 2019), residual tumor cells have been shown to undertake a more aggressive 

phenotype that promotes disease progression and development of evasive resistance 

(Goldman et al., 2015; Seiwert et al., 2007). Importantly, HPV-negative HNSCC patients 

present with higher recurrence rates and a worse prognosis as compared with HPV-

positive cases (Koneva et al., 2018). Despite modern chemotherapeutic regimes reducing 

the detectable tumor burden, surviving cancer cells pose a significant threat to long-term 

disease remission and require the development of more effective treatment strategies. 

Cancer stem cells (CSCs) comprise a highly tumorigenic subpopulation of cancer 

cells shown to be responsible for tumor recurrence and metastasis, as well as resistant 
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to cytotoxic therapies such as Cisplatin, thus leading to therapeutic evasion (Chinn et al., 

2015; Prager et al., 2019). In HNSCC, these cells are characterized by high aldehyde 

dehydrogenase (ALDH) activity and high CD44 expression (Prince et al., 2007; 

Krishnamurthy et al., 2010). ALDH+CD44+ cells express higher levels of Bmi-1, a master 

regulator of stem cell self-renewal that has been implicated in mediating HNSCC 

stemness and tumor formation (Chen et al., 2010). Bmi-1+ CSCs have been shown to 

mediate chemoresistance and metastasis in HNSCC, and Cisplatin-induced apoptosis 

was limited to Bmi-1- cells (Chen et al., 2017). Notably, within the HNSCC tumor 

microenvironment, endothelial cell-secreted IL-6 promotes CSC tumorigenicity and Bmi-

1 expression via STAT3 signaling activation and has been correlated with poor survival 

of patients with HNSCC (Kim et al., 2017; Duffy et al., 2008). In HNSCC, Cisplatin has 

been shown to augment the IL-6-mediated induction of the CSC fraction and Bmi-1 

expression, and Cisplatin-resistant cells intrinsically exhibit increased Bmi-1 expression 

(Nör et al., 2014). We have previously demonstrated that IL-6/STAT3 signaling regulates 

Bmi-1 expression, and that this defines the self-renewal and resistance of HNSCC CSCs 

(Herzog et al., 2021). 

Chemotherapies such as Cisplatin and Carboplatin achieve their cytotoxic activity 

by crosslinking DNA and inducing its damage. Bmi-1 is a key mediator of the DNA 

damage response (DDR) pathway (Ismail et al., 2010), and as such may be inadvertently 

activated in cancer cells after treatment with cytotoxic chemotherapies. In fact, it has been 

shown that DNA damage following genotoxic chemotherapy results in IL-6 release by 

tumor-associated endothelial cells, thereby maintaining a subpopulation of cancer cells 

capable of fueling disease relapse (Gilbert et al., 2010). These findings suggest that 



 146 

therapeutic ablation of CSCs is crucial for improved efficacy of current chemotherapies 

and presents compelling arguments for incorporation of a mechanism-based therapy to 

target Bmi-1 in HNSCC. 

Based on our previous findings that therapeutic inhibition of the IL-6R and Bmi-1 

signaling axis overcomes chemoresistance of CSCs in HNSCC (Herzog et al., 2021), we 

here utilize PTC596 (Unesbulin, Selleckchem) to elucidate the role of Bmi-1 in mediating 

chemoresistance of head and neck CSCs. PTC596 is a second-generation Bmi-1 inhibitor 

that accelerates Bmi-1 degradation and is currently used in NCI-supported clinical trials 

(e.g. NCT03605550, NCT03761059, NCT03206645) for advanced solid tumors (Shapiro 

et al., 2021).  Considering our previous findings and the recent promise of Bmi-1 inhibitors 

as therapeutic agents for cancer, we decided to evaluate the role of Bmi-1 in mediating 

chemoresistance of head and neck CSCs. Here, we demonstrate that genetic knockdown 

and pharmacologic inhibition of Bmi-1 inhibits CSC function and suppresses CSC self-

renewal induced by cytotoxic chemotherapy, both in vitro and in vivo. Collectively, these 

preclinical findings demonstrate clear rationale for therapeutic inhibition of Bmi-1 as a 

viable strategy to overcome CSC-mediated chemoresistance and to improve the survival 

and health standard of head and neck cancer patients. 

4.3 Results 

4.3.1 Bmi-1 knockdown decreases expression of the IL-6/STAT3 signaling axis 

and regulates cancer cell self-renewal. 

To determine the effect of Bmi-1 expression in HNSCC cells, we knocked down 

Bmi-1 protein levels in UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells using lentiviral 

short hairpin RNA (shRNA) constructs. Successful Bmi-1 silencing was obtained with 
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sequences shBmi-1 (3) in UM-SCC-1 and UM-SCC-22B, and shBmi-1 (2) in UM-SCC-

22A, which served as the selected Bmi-1 knockdown sequences for subsequent 

experiments (Fig. 4-1A). We have previously shown that the IL-6/STAT3 signaling axis is 

upregulated in CSCs and IL-6 augments Cisplatin-induced Bmi-1 expression (Nor et al., 

2014; Herzog et al., 2021). Bmi-1 knockdown decreased expression of IL-6Rα and levels 

of phosphorylated STAT3, whereas the shRNA sequences that resulted in increased Bmi-

1 expression correlated with increased expression of these proteins (Fig. 4-1A). To 

determine whether Bmi-1 knockdown affects expression of these signaling effectors in 

CSCs after treatment with Cisplatin, we employed the orosphere assay to functionally 

enrich the population for CSCs (Krishnamurthy et al., 2013). As previously shown, 

Cisplatin increased expression of the IL-6/STAT3 signaling axis and Bmi-1 in orosphere 

lysates (Herzog et al., 2021), but Bmi-1 knockdown prevented this induction of protein 

expression (Fig. 4-1B). Bmi-1 knockdown resulted in decreased number and size of 

orospheres formed, even in presence of Cisplatin treatment (Fig. 4-1C and D, 

Supplemental Fig. 4-6A). Of note, the shRNA sequences that resulted in increased Bmi-

1 expression promoted higher orosphere formation, which was augmented by Cisplatin. 

These findings support Bmi-1 as a master regulator of CSC stemness, potentially through 

regulation of the IL-6/STAT3 signaling axis. 

4.3.2 Bmi-1 knockdown suppresses increase in CSC fraction by treatment with 

cytotoxic chemotherapy and mediates the DNA damage response. 

To assess the impact of genotoxic chemotherapies on Bmi-1 expression and the 

DNA damage response, three different HNSCC cell lines were treated with Cisplatin or 

Carboplatin. To evaluate the effect on the DNA damage response, we measured 
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phosphorylated H2AX expression, which plays a key role in the DNA damage repair 

(DDR) pathway as a marker required for assembly of DNA repair proteins at sites of 

chromatin damage from double-stranded DNA breaks (Podhorecka et al., 2010). As 

expected, we observed that Cisplatin and Carboplatin induced Bmi-1 expression and 

phosphorylation of histone H2AX in a dose-dependent manner in untransfected UM-SCC-

1, UM-SCC-22A, and UM-SCC-22B cells (Fig. 4-2A and B) and selected the treatment 

concentration of 1 µM for both chemotherapies for subsequent experiments.  

To determine the role of Bmi-1 in regulating IL-6/STAT3 signaling and the DNA 

damage response in CSCs versus bulk tumor cells, we harvested protein lysates from 

Bmi-1 knockdown and control cells treated with Cisplatin or Carboplatin, grown under 

both normal and ultra-low attachment conditions (Fig. 4-2C and D). In cells grown under 

normal attachment conditions, Bmi-1 knockdown prevented the increase of Bmi-1 

expression, IL-6/STAT3 signaling, and levels of pH2AX induced by Cisplatin and 

Carboplatin (Fig. 4-2C). Notably, Bmi-1 knockdown was more effective in suppressing 

this chemotherapy-induced protein expression in orospheres as compared to cells grown 

under normal attachment conditions (Fig. 4-2D). This was particularly apparent in UM-

SCC-1 and UM-SCC-22A cell lines, which represent cells isolated from two different 

primary patient tumors. Orospheres are formed by CSCs and are known to express higher 

levels of IL-6R and Bmi-1 than cells under normal attachment conditions (Krishnamurthy 

et al., 2013; Xu et al., 2019; Chen et al., 2016), supporting these findings that Bmi-1 is a 

key regulator of signaling mechanisms within the CSC population. To assess the 

significance of Bmi-1 mediating CSC self-renewal, the orosphere assay was employed. 

Cisplatin and Carboplatin increased orosphere formation in all three cell lines, and Bmi-1 
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knockdown prevented this increase (Fig. 4-2E and F). Cisplatin and Carboplatin did not 

markedly increase the size of orospheres, whereas Bmi-1 knockdown significantly 

decreased their size even in presence of either chemotherapy (Supplemental Fig. 4-7A). 

Lastly, we directly assessed the effect of Bmi-1 knockdown on the CSC fraction 

via flow cytometry analysis (Fig. 4-2G, Supplemental Fig. 4-7B and C), which showed a 

decrease in ALDHhighCD44high cells (Fig. 4-2H). Remarkably, Cisplatin and Carboplatin 

increased the fraction of CSCs in all three cell lines, and Bmi-1 knockdown successfully 

prevented this increase. These data support the significance of Bmi-1 as a pivotal 

regulator of IL-6/STAT3 signaling, DNA damage response, and self-renewal of head and 

neck CSCs, especially in response to genotoxic chemotherapy.  

4.3.3 Bmi-1 inhibition with PTC596 prevents the Cisplatin-induced self-renewal 

and fraction of CSCs. 

To verify our observations of Bmi-1 regulation of CSC chemoresistance with a 

pharmacologic approach, we utilized the small molecule Bmi-1 inhibitor PTC596. Due to 

observations that PTC596 induces cancer cell apoptosis in a caspase-3-dependent 

manner (Wu et al., 2021), we measured protein expression of cleaved-caspase-3 to 

evaluate apoptosis of HNSCC cells upon treatment with PTC596. We observed that 

PTC596 decreased Bmi-1 expression and increased cleaved caspase-3 expression in a 

dose-dependent manner in UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells (Fig. 4-

3A) and selected the treatment concentration of 200 nM for subsequent experiments in 

all three cell lines. 

To corroborate our findings of Bmi-1-mediated protein expression changes 

presented in Figure 4-2C and D, we next sought to determine whether PTC596 prevents 
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the Cisplatin-induced Bmi-1 expression, IL-6/STAT3 activation, and DNA damage 

response in HNSCC cells grown in both normal attachment conditions as well as 

orospheres. As previously shown, orospheres express higher levels of Bmi-1 and IL-

6/STAT3 signaling effectors at baseline, which is increased upon treatment with Cisplatin 

(Fig. 4-3B). We observed that PTC596 potently suppresses this increase even in 

combination with Cisplatin in both orospheres and cells grown in normal attachment 

conditions. PTC596 suppressed the DNA damage response as measured by 

phosphorylated H2AX in both orospheres and cells grown in normal attachment 

conditions. Interestingly, orospheres formed by UM-SCC-22B cells exhibited overall 

higher levels of DNA damage response as compared to their normal attachment culture, 

which was not the case for either UM-SCC-1 or UM-SCC-22A cells. Of note, PTC596 was 

shown to preferentially induce activation of caspase-3 in sphere lysates, even in presence 

of Cisplatin (Fig. 4-3B).  

To evaluate the efficacy of PTC596 in modulating CSC self-renewal, the orosphere 

assay was employed (Fig. 4-3C). As previously shown, Cisplatin increased the number 

(Fig. 4-3D) and size (Fig. 4-3C, Supplemental Fig. 4-8A) of orospheres in all three 

HNSCC cell lines. However, PTC596 reduced the number and size of orospheres in all 

cell lines, both as a single agent therapy and in combination with Cisplatin (Fig. 4-3C and 

D, Supplemental Fig. 4-8A). The combination of Cisplatin and PTC596 demonstrated 

similar efficacy in reducing orosphere formation to PTC596 alone but was more effective 

in decreasing sphere number formed by UM-SCC-1 cells.  

Consistent with the Cisplatin-induced increase in orosphere formation, Cisplatin 

treatment also increased the CSC fraction in all three cell lines as measured by the 
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percentage of ALDHhighCD44high cells via flow cytometry analysis (Fig. 4-3E and F, 

Supplemental Fig. 4-8B and C). Comparable to our results employing genetic Bmi-1 

knockdown, inhibition of Bmi-1 by PTC596 decreased the CSC fraction as compared to 

baseline and suppressed the Cisplatin-induced CSC fraction in a combinatorial therapy 

approach (Fig. 4-3F). These findings further support Bmi-1 as a pivotal player in 

overcoming Cisplatin-induction of the CSC population, potentially by inhibiting the DNA 

damage response and promoting apoptosis in CSCs. Overall, these findings suggest that 

Bmi-1 signaling is a central regulator of CSC chemoresistance in HNSCC, and that a 

treatment strategy combining both Cisplatin and PTC596 prevents acquisition of the 

stem-like phenotype within HNSCC cells observed upon single-agent Cisplatin treatment. 

4.3.4 PTC596 suppresses Cisplatin-induced CSC fraction in subcutaneous 

xenograft model of HNSCC in vivo. 

As deduced by the cancer stem cell hypothesis, therapeutic elimination of CSCs 

is essential to prevent disease relapse in the form of tumor recurrence or metastasis 

(Reya et al., 2001). To evaluate the therapeutic potential of PTC596 in preventing the 

Cisplatin-induced increase in CSC fraction in a preclinical scenario, we utilized a HNSCC 

subcutaneous scaffold xenograft model for a short-term in vivo study. As we have 

previously shown, short term in vivo treatment with Cisplatin and a CSC-targeted agent 

are both sufficient and preferred to assess the therapeutic effect on the CSC fraction as 

opposed to long-term tumor growth (Herzog et al., 2021; Sahara et al., 2023). Once 

tumors grew to an average volume of 180 mm3 (Supplemental Fig. 4C), mice were 

randomly allocated to treatment groups (n = 10) including treatment with either vehicle, 

Cisplatin, PTC596, or the combination of Cisplatin and PTC596. Treatments were 
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administered on days 0, 3, and 6, and mice were euthanized on day 7 (Fig. 4-4A). As 

mentioned, the primary purpose of this short-term experiment was to determine the 

therapeutic effect on tumor CSC fraction, as opposed to tumor growth. As such, we did 

not expect to observe a difference in tumor growth over the course of this experiment 

(Fig. 4-4B-D, Supplemental Fig. 4-9D and E). Notably, mice did not experience any 

weight loss as compared to their pretreatment weight throughout the course of this 

treatment (Supplemental Fig. 4-9B). 

To directly evaluate the effect of this treatment on the tumor CSC fraction in vivo, 

we performed flow cytometry analysis of ALDH activity and CD44 expression of tumor 

cells (Fig. 4-4F). Congruous with our previous findings (Herzog et al., 2021; Nör et al., 

2014), treatment with Cisplatin increased the CSC fraction in subcutaneous xenograft 

tumors formed by UM-SCC-22A cells (Fig. 4-4G). Importantly, treatment with PTC596 

alone decreased the CSC fraction in tumors as well as prevented the Cisplatin-mediated 

increase of the CSC fraction. Western blot analyses of tumor tissue lysates confirmed 

increased Bmi-1 and STAT3 signaling after treatment with Cisplatin and demonstrated 

that PTC596 inhibited Bmi-1 expression and STAT3 activation in vivo, even when 

combined with Cisplatin treatment (Fig. 4-4E, Supplemental Fig. 4-9A). As shown in vitro, 

PTC596 suppressed the DNA damage response and activated caspase-3 within tumors 

even in combination with Cisplatin. 

These results corroborate our in vitro findings, where PTC596 suppressed 

increase of the CSC fraction induced by Cisplatin, as well as activation of the IL-6/STAT3 

signaling axis. These data emphasize that although cytotoxic therapies such as Cisplatin 

are regarded as the gold standard for treatment in HNSCC, a CSC-targeting agent such 
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as PTC596 is necessary to prevent the increase of the tumor CSC fraction. Similarly, due 

to the fraction of CSCs only encompassing a small proportion of total tumor cells, any 

CSC-targeted therapy must be combined with a chemotherapy that is effective in 

targeting the bulk tumor cells. 

4.3.5 Bmi-1 defines the self-renewal capacity of HNSCC cells. 

The sphere formation assay has been universally accepted as a functional method 

to enrich for stem cell populations in physiological and pathological cell cultures without 

the need for specific cell markers. However, the conventional sphere assay utilizing ultra-

low attachment dishes or well plates presents limitations in experimental setup and 

analysis of resultant spheres, e.g. lack of high-throughput, standardized single-sphere 

treatment and imaging. Here, we utilized an automated liquid handler robot and imaging 

system to enable analysis of orospheres formed by Bmi-1 knockdown and control cells 

treated with Cisplatin or Carboplatin on a single-sphere basis. In an initial concentration 

assay, we determined the ideal cell seeding number of 4,500 cells per well for all three 

cell lines (Supplemental Fig. 4-10A and B). Regardless of the initial number of cells 

seeded, Bmi-1 knockdown strongly inhibited orosphere formation in all cell lines. 

Orospheres that were able to form from Bmi-1 knockdown cells were significantly smaller 

than orospheres formed by control cells (Fig. 4-5A-C, Supplemental Fig. 4-10A and B), 

as measured by transmitted light images or fluorescence images of GFP signal expressed 

from the shRNA plasmid construct of transfected Bmi-1 knockdown and control cells.  

To evaluate the consequence of Bmi-1 knockdown on CSC stemness and self-

renewal in context of treatment with cytotoxic chemotherapy, we treated orospheres 

either on day 1 or day 3 after cell seeding. Treatment on day 1 attempts to prevent 
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maturation of orospheres, thus targeting cancer cell stemness, whereas treatment on day 

3 attempts to eradicate matured orospheres, thus targeting cancer cell self-renewal. 

Interestingly, Cisplatin and Carboplatin did not affect orosphere size for either treatment 

strategy, but Bmi-1 knockdown significantly decreased orosphere size (Fig. 4-5A-C). This 

decrease was more evident upon treatment on day 3 (Fig. 4-5C), particularly in UM-SCC-

22B cells which did not exhibit a difference in size upon treatment on day 1 (Fig. 4-5B). 

This supports our previous data that Bmi-1 is a crucial regulator of CSC self-renewal, as 

well as a mediator of CSC stemness. To assess the effect of cytotoxic chemotherapy on 

eliminating cells within orospheres formed by Bmi-1 knockdown and control cells, we 

stained them with propidium iodide at termination of these experiments. Bmi-1 knockdown 

decreased the percentage of PI+ cells upon treatment on day 1 only in the UM-SCC-22A 

cell line and to a more significant extent upon treatment on day 3, as well as in the UM-

SCC-1 cell line for treatment on day 3 (Fig. 4-5D and E). Bmi-1 knockdown and treatment 

with either chemotherapy agent did not affect PI+ cells in the UM-SCC-22B cell line in 

either treatment strategy. These results suggest that Bmi-1 signaling contributes to 

chemotherapeutic resistance, as observed by the significant effect on cell death as 

measured by the PI+ cell percentage within orospheres. 

4.4 Discussion 

Preventing HNSCC disease relapse in the form of tumor recurrence or metastasis 

remains as great of a challenge as attempting to treat the resultant disease. CSCs have 

been identified as the subpopulation of tumor cells responsible for more aggressive tumor 

phenotypes and disease relapse, particularly as refractory cells to conventional 

treatments that persist to drive tumor recurrence or metastasis. We previously evinced 
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the clinical importance of Bmi-1 in HNSCC patient outcomes by demonstrating that high 

Bmi-1 expression in patient tumor samples significantly correlated with worse recurrence-

free survival time, which supports the CSC-driven nature of disease relapse (Herzog et 

al., 2021). In this study, we showed that both genetic and pharmacologic inhibition of Bmi-

1 can resolutely overcome the resistance of CSCs to cytotoxic chemotherapy. We have 

shown here that Bmi-1 knockdown suppressed IL-6/STAT3 signaling in CSC-enriched 

cultures as well as bulk tumor cells and prevents the CSC fraction increase induced by 

both Cisplatin and Carboplatin. Further, we showed that treatment with the Bmi-1 inhibitor 

PTC596 suppressed the Cisplatin-mediated increase in the CSC fraction and self-renewal 

both in vitro and in vivo. Lastly, we established a link between both Bmi-1 inhibition and 

knockdown causing an abrogated DNA damage response and apoptosis in presence of 

genotoxic chemotherapies, suggesting a potential mechanism by which Bmi-1 may elicit 

its effect on CSCs. The preclinical studies described herein provide rationale for the 

incorporation of a CSC-targeted therapy based on Bmi-1 inhibition in HNSCC where no 

such therapy currently exists. 

These results support and extend upon our recently published findings that IL-

6/STAT3 signaling regulates Bmi-1 expression and controls chemoresistance of head and 

neck CSCs (Herzog et al., 2021). In the former study, we demonstrated that therapeutic 

inhibition of the IL-6 receptor as a CSC-targeted therapy prevented their increase in 

response to concurrent treatment with Cisplatin. IL-6 secreted by endothelial cells within 

the perivascular tumor niche supports CSC survival, self-renewal, and tumorigenic 

potential (Krishnamurthy et al., 2014; Kim et al., 2017).  We’ve also previously shown that 

Cisplatin activates the IL-6 pathway (McDermott et al., 2018), which reinforces the 
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Cisplatin-mediated increase in Bmi-1 expression and the CSC fraction (Nör et al., 2014). 

Within this molecular context, Gilbert et al. provide a riveting explanation for the observed 

increase in CSCs following DNA damage by chemotherapy. The authors show that pro-

survival IL-6 secretion is released from endothelial cells within the tumor 

microenvironment in a p38-dependent manner in response to genotoxic 

chemotherapeutic stress, thereby creating a chemo-resistant niche (Gilbert et al., 2010). 

These findings deepen the compelling connection between IL-6/STAT3 signaling and 

Bmi-1 activity in cancer cells and provide a possible explanation for the mechanism by 

which genotoxic chemotherapy activates this signaling network. 

The mechanistic link between Bmi-1 inhibition and the DNA damage response 

remains unclear and warrants studies for further investigation, yet Bmi-1 has been widely 

implicated in promoting efficient DNA damage response in cancer cells, with loss of Bmi-

1 having been shown to impair the repair of double-stranded DNA breaks by homologous 

recombination and subsequent accumulation of cells in G2-M (Ginjala et al., 2011). 

Unrepaired DNA damage induces genome instability and promotes tumorigenesis, 

making it essential for cells to harbor mechanisms responsible for recognizing these 

events and regulating cell cycle checkpoints to repair the damage. Phosphorylation of 

H2AX is involved in activation of checkpoint proteins that result in cell cycle arrest, and 

Bmi-1 is involved in facilitating the phosphorylation of H2AX by ATM along with recruiting 

other repair proteins to sites of double-stranded DNA damage (Podhorecka et al., 2010; 

Ginjala et al., 2011). This, along with findings that PTC596 and Bmi-1 knockdown induces 

caspase-dependent apoptosis via downregulation of Mcl-1, could explain our observed 

decrease in pH2AX and increase in cleaved caspase-3 expression after Bmi-1 
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knockdown or inhibition. However, further mechanistic studies to dissect this signaling 

cascade are needed. 

Bmi-1 is a master regulator of stem cell self-renewal, and as such functional 

assessment of its activity is commonly performed via sphere forming assays (Jacobs et 

al., 1999). Since different methods of performing sphere forming assays harbor unique 

limitations, we utilized complimentary assay methods to dissect different aspects of the 

functional role of Bmi-1 in context of CSC self-renewal (Pastrana et al., 2011). In our 

conventional orosphere assays, we observed robust inhibition of sphere formation with 

Bmi-1 inhibition and knockdown, even in combination with cytotoxic chemotherapies. The 

automated orosphere assay enabled a high-throughput analysis of the effect of therapy 

on sphere size and cell death on a single-sphere basis, whereas its utility in analyzing 

sphere forming ability is biased by nature of the steep meniscus formed in a 96-well plate 

promoting a higher degree of aggregation of cancer cells. In the automated orosphere 

assay, Bmi-1 knockdown significantly decreased the size of resultant spheres and 

interestingly was shown to decrease the percentage of PI+ cells within orospheres treated 

with Cisplatin or Carboplatin. This may be explained by the fact that under the more 

conducible sphere formation conditions of the automated orosphere assay, Bmi-1 

knockdown cells were still able to form spheres, albeit significantly smaller. Those cells 

still able to form spheres may represent a more aggressive, chemoresistant phenotype. 

Though the heterogeneity of tumors spheres has not been characterized in depth, it has 

been shown that not all HNSCC spheres are created equal and harbor differing self-

renewal, tumorigenic, and clonogenic potential (Almeida et al., 2016). As such, using 
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these complimentary methods of analyzing the functional role of Bmi-1 is necessary and 

provides avenues for future studies. 

The clinical development and approval process for new cancer therapeutics 

requires rigorous assessment of its safety, tolerability, and preliminary efficacy. PTC596 

is a tubulin-binding agent at the colchicine site and the resulting decrease in Bmi-1 protein 

levels and function are secondary to potent induction of G2-M mitotic arrest. Importantly, 

this drug demonstrates high oral bioavailability, readily crosses the blood brain barrier, 

and is not a substrate for drug efflux via P-glycoprotein, making it an attractive candidate 

for anticancer therapeutics (Jernigan et al., 2021). Reassuringly, no clinical trials to date 

have described significant adverse effects, such as neuropathy typically produced by 

microtubule-targeting agents, while the anticancer effect of PTC596 in a phase 1 clinical 

trial to target CSCs is proving to be promising (Infante et al., 2017). In this study, we 

provided evidence for PTC596 reducing the CSC fraction in tumors from a HNSCC 

subcutaneous xenograft model even in combination with Cisplatin treatment, whereas the 

therapeutic effect of Bmi-1 inhibition in decreasing tumor growth of HNSCC in a longer-

term in vivo study has been shown elsewhere (Chen et al., 2017). Here, we introduce a 

therapeutic strategy specifically to suppress the adverse effects of cytotoxic 

chemotherapy treatment that result in an increase in CSC. 

In addition to their resistance to a plethora of conventional chemotherapy agents, 

CSCs also exhibit resistance to immunotherapy and have become a relevant immune-

oncology target (Ning et al., 2012; Lu et al., 2015; Kaur et al., 2017). Anti-PD-1 

immunotherapy has been approved as first-line treatment for HNSCC and is commonly 

combined with Cisplatin. However, this has been shown to increase CSCs and lead to 
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evasive resistance, ultimately resulting in poor response rates and relapsing disease (Jia 

et al., 2020). Jia et al. recently showed that Bmi-1 inhibition with the first-generation small-

molecule inhibitor PTC209 prevented the Cisplatin-mediated induction of Bmi-1+ CSCs 

and enabled anti-PD-1 therapy to prevent relapse of HNSCC. Moreover, they 

demonstrated that Bmi-1 inhibition activated the tumor cell-intrinsic immune response by 

recruitment of CD8+ T cells, which supports the use of a CSC-targeted therapy via Bmi-1 

inhibition in combination with HNSCC immunotherapy. 

Collectively, these exciting results provide preclinical evidence for a novel 

mechanism-based treatment strategy that is based on targeted elimination of CSCs with 

a small molecule Bmi-1 inhibitor in combination with a genotoxic chemotherapy such as 

Cisplatin to debulk the tumor for improved outcomes of patients with head and neck 

squamous cell carcinoma. 

4.5 Materials and Methods 

4.5.1 Cell culture 

Human HNSCC cell lines UM-SCC-1, UM-SCC-22A, and UM-SCC-22B (from T. 

Carey, University of Michigan, Ann Arbor) were cultured in Dulbecco’s Modified Eagle 

Medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (Atlanta 

Biologicals, Flowery Branch, GA, USA), 1% L-Glutamine (Invitrogen, Carlsbad, CA, USA), 

1% Antibiotic-Antimycotic solution (Sigma, Burlington, MA, USA), and .05% Plasmocin 

(InvivoGen, San Diego, CA, USA). The origin, confirmation of identity, and authentication 

by STR profiling of these cell lines are described elsewhere (44) and tested negative for 

mycoplasma (Mycoplasma Detection Kit, Invitrogen). 
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4.5.2 Bmi-1 gene silencing 

HEK293T cells were used to produce lentiviral particles by co-transfecting 

packaging vectors pMD2.G and psPAX2 with either shRNA-control or shRNA-Bmi-1 

constructs on a pGIPZ backbone (University of Michigan Vector Core) using the calcium 

phosphate method. The supernatant was collected, and UM-SCC cells were infected 

overnight with the supernatant in the presence of 4 µg/ml polybrene (Sigma, Burlington, 

MA, USA). Successfully infected cells were selected with 1 µg/ml puromycin (InvivoGen, 

San Diego, CA, USA). 

4.5.3 Conventional orosphere assay 

HNSCC cells were cultured in ultra-low attachment (ULA) culture ware (Corning, 

Corning, NY, USA) using serum-free Dulbecco’s Modified Eagle Medium (Invitrogen, 

Carlsbad, CA, USA) supplemented with 1% GlutaMAX (Invitrogen, Carlsbad, CA, USA), 

1% Antibiotic-Antimycotic solution (Sigma, Burlington, MA, USA), 1% N-2 Supplement 

(Invitrogen, Carlsbad, CA, USA), 10 ng/mL epidermal growth factor (R&D Systems, 

Minneapolis, MN, USA), and 10 μg/mL Insulin (Sigma, Burlington, MA, USA). On Day 0, 

12,000 cells/well were seeded in 6-well ULA plates for sphere counting experiments or 

500,000 cells were seeded in 100 mm ULA dishes for harvesting protein lysates (Corning, 

Corning, NY, USA). 24 hours later on Day 1, cells were treated with 0-1 µM Cisplatin, 0-

1µM Carboplatin, and/or 0-200 nM PTC-596 (Selleckchem, Houston, TX, USA). 

Orospheres were cultured by gradually adding feeding media every 2 days while 

maintaining final treatment concentration. Orospheres were defined as non-adherent 

spheres containing ≥ 25 cells, as observed at high power magnification, and counted or 

harvested on Day 6. Representative pictures were taken via light microscope at 40X and 
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100X magnification. All experiments are representative of at minimum two independent 

experiments performed in triplicate experimental conditions. 

4.5.4 Automated orosphere assay 

HNSCC cells were cultured in the same media and conditions as in the 

conventional orosphere assay, described above. Cells were seeded on Day 0 by the 

automated liquid handler OT-2 (Opentrons, New York, NY, USA) in ultra-low attachment 

round-bottom 96-well plates (Sarstedt, Nümbrecht, Germany). After seeding, sphere 

formation was allowed for at least 24 hours before treatment with Cisplatin (1 µM) or 

Carboplatin (1 µM) on Day 1 or Day 3 using the automated liquid handler. Images and 

size measurements for cell seeding concentration assays were obtained daily from day 1 

until day 4 using EVOS FL Auto Imaging System (ThermoFisher Scientific). To stain for 

dead cells, propidium iodide was added at a concentration of 1:50. Fluorescence images 

were obtained using the ImageXpress Micro 4 (Molecular Devices, San Jose, CA, USA) 

on Day 2 or Day 4 after 24 hours of treatment. Sphere size and cell death was quantified 

using the ImageXpress software. 

4.5.5 Western blot 

Cells were plated, serum-starved overnight, and treated with 0-1 µM Cisplatin, 0-

1 µM Carboplatin, and/or 0-200 nM PTC-596.  HNSCC cells, orospheres, and tumor 

tissues were lysed in NP-40 lysis buffer, loaded, and separated on 9-15% SDS-PAGE 

gels, and then transferred to nitrocellulose membranes. Membranes were blocked with 

5% nonfat milk in TBST, then incubated with the following primary antibodies overnight 

at 4°C: rabbit anti-human Bmi-1, mouse anti-human phosphorylated STAT3, rabbit anti-
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human STAT3, rabbit anti-human gp130, rabbit anti-human phosphorylated H2AX, rabbit 

anti-human H2A, rabbit anti-human cleaved Caspase-3 (Cell Signaling Technology, 

Danvers, MA, USA), mouse anti-human IL-6Ra (Santa Cruz Biotechnology, Dallas, TX, 

USA), glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) (MilliporeSigma, 

Burlington, MA, USA). Membranes were exposed to affinity-purified anti-mouse or anti-

rabbit secondary antibodies conjugated with HRP (1:1000) (Jackson Laboratories, Bar 

Harbor, ME, USA). Immunoreactive proteins were then visualized by Super-Signal West 

Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). 

4.5.6 Flow cytometry 

Tumors were resected from mice, dissociated by collagenase and hyaluronidase 

(Stem Cell Technologies), incubated in ACK red blood cell lysis buffer (Invitrogen), and 

filtered through a sterile 40-µm cell strainer. ALDH activity was measured via Aldefluor 

Kit (Stem Cell Technologies) or AldeRed ALDH Detection Assay (EMD Millipore). Briefly, 

1x106 cells were incubated with activated ALDH substrate or the equivalent volume of 

ALDH inhibitor diethyl aminobenzaldehyde (DEAB). Cells were rinsed with PBS and 

stained for CD44 with either CD44-V450 (BD Horizon) or CD44-APC (R&D Systems) for 

15 minutes at 4°C. Human cells were identified by anti-HLA-ABC (PE, BD Pharmingen). 

Viable cells were stained with DAPI (Molecular Probes). All flow cytometry analysis was 

conducted by the Bigfoot Spectral Cell Sorter (Invitrogen). Results were analyzed with 

FlowJo software (LLC) in triplicate per condition. 

4.5.7 HNSCC subcutaneous scaffold xenograft model 
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HNSCC subcutaneous xenograft tumors were generated as previously described 

(46) without the inclusion of HDMEC cells. Briefly, 1 x 105 tumor cells (UM-SCC-22A) 

were seeded with a cell growth media and Matrigel (Corning, Corning, NY, USA) mixture 

in poly-(L)-lactic acid biodegradable scaffolds and subsequently implanted into the dorsal 

subcutaneous space of immunodeficient mice (CB-17 SCID, Charles River, Wilmington, 

MA, USA). Tumor volume (mm3) was calculated by L x W2/2 (L, length; W, width). Once 

tumors grew to an average volume of 180 mm3, mice were randomly allocated to 

treatment groups (n = 4-5, due to unexpected death of one mouse in the vehicle group): 

5 mg/kg Cisplatin; 5 mg/kg PTC596; 5 mg/kg PTC596 + 5 mg/kg Cisplatin; or vehicle 

treatment. Cisplatin was administered on day 0 and 6 intraperitoneally, whereas PTC596 

was administered on days 0, 3, and 6 via oral gavage.  Vehicle mice were administered 

saline intraperitoneally and solvents for PTC596 via oral gavage (water, tween-80, and 

PEG300). Mice were euthanized, and tumors retrieved 24 hours after the end of treatment 

on day 7. All procedures and treatments were conducted under protocols reviewed and 

approved by UCUCA. 

4.5.8 Statistical analyses 

All statistical analysis was performed using GraphPad Prism. Sample sizes for 

both in vitro and in vivo studies were determined by power calculations from data 

previously published. All experiments were performed with at least three biological 

replicates. One-way ANOVA followed by appropriate post hoc tests (Tukey test) was used 

to analyze comparisons between two or more groups. Data were summarized as mean ± 

S.D. Statistical significance was defined at p<0.05 throughout the manuscript. 
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4.7 Figures 

 

Figure 4-1: Bmi-1 knockdown decreases activation of the IL-6/STAT3 signaling axis and 
regulates cancer cell self-renewal. 

(A) Western blots showing baseline protein levels in Bmi-1 knockdown and control cells grown in 
normal attachment conditions. (B) Western blots showing baseline protein levels in lysates 
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isolated from primary orospheres formed by Bmi-1 knockdown and control cells treated with 
Cisplatin (0-1 µM). (C) Quantification depicting number of primary orospheres per well. Three 
wells were counted per treatment group. Bar graphs display mean ± S.D. (n=3) and significance 
denoted by letters at p≤0.05. (D) Representative images (40x) of primary orospheres on day 6 
formed by Bmi-1 knockdown and control cells. Cells were treated with Cisplatin (0-1 µM) the day 
after plating in ULA sphere conditions. Inserts at 100x magnification. Pictures acquired of five 
fields per well in three wells per treatment group.  
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Figure 4-2: Bmi-1 knockdown suppresses increase in CSC fraction by treatment with cytotoxic 
chemotherapy and mediates the DNA damage response. 

(A) Dose response western blot analysis of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells 
treated with Cisplatin (0-10 µM). (B) Dose response western blot analysis of UM-SCC-1, UM-
SCC-22A, and UM-SCC-22B cells treated with Carboplatin (0-10 µM). (C) Western blot analysis 
of Bmi-1 knockdown and control cells grown under normal attachment conditions and treated with 
Cisplatin (0-1 µM) or Carboplatin (0-1 µM). (D) Western blot analysis of Bmi-1 knockdown and 
control cells grown under ultra-low attachment conditions and treated with Cisplatin (0-1 µM) or 
Carboplatin (0-1 µM). (E) Representative images (40x) of primary orospheres on day 6 formed by 
Bmi-1 knockdown and control cells treated with Cisplatin (0-1 µM) or Carboplatin (0-1 µM). Cells 
were treated the day after plating in ULA sphere conditions. Inserts at 100x magnification. Pictures 
acquired of five fields per well in three wells per treatment group. (F) Quantification depicting 
number of primary orospheres per well. Three wells were counted per treatment group. Bar 
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graphs display mean ± S.D. (n=3) and significance denoted by letters at p≤0.05. (G) Flow 
cytometry graphs depicting DEAB/IgG controls (gray) in UM-SCC-22A cells for Aldefluor and 
CD44, respectively. One experimental replicate per group is shown to demonstrated gate setting 
strategy. ALDHhighCD44high cells were identified based on these gates. (H) Flow cytometry graphs 
depicting CSC fraction percentage (ALDHhighCD44high cells) in HNSCC cell lines. Bar graphs 
display mean ± S.D. (n=3) and significance denoted by letters at p≤0.05.  
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Figure 4-3: Bmi-1 inhibition with PTC596 prevents the Cisplatin-induced self-renewal and fraction 
of CSCs. 

(A) Dose response western blot analysis of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B cells 
treated with PTC596 (0-200 nM). (B) Western blot analysis of HNSCC cells grown under normal 
attachment or ultra-low attachment conditions and treated with Cisplatin (0-1 µM) and/or PTC596 
(0-200 nM). (C) Representative images (40x) of primary orospheres on day 6 formed by HNSCC 
cells treated with Cisplatin (0-1 µM) and/or PTC596 (0-200 nM). Cells were treated the day after 
plating in ULA sphere conditions. Inserts at 100x magnification. Pictures acquired of five fields 
per well in three wells per treatment group. (D) Quantification depicting number of primary 
orospheres per well. Three wells were counted per treatment group. Bar graphs display mean ± 
S.D. (n=3) and significance denoted by letters at p≤0.05. (E) Flow cytometry graphs depicting 
DEAB/IgG controls (gray) in UM-SCC-22A cells for Aldefluor and CD44, respectively. One 
experimental replicate per group is shown to demonstrated gate setting strategy. 
ALDHhighCD44high cells were identified based on these gates. (F) Flow cytometry graphs depicting 
CSC fraction percentage (ALDHhighCD44high cells) in HNSCC cell lines. Bar graphs display mean 
± S.D. (n=3) and significance denoted by letters at p≤0.05. 
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Figure 4-4: PTC596 suppresses Cisplatin-induced CSC fraction in subcutaneous xenograft 
model of HNSCC in vivo. 

A) Treatment schematic. Mice harboring UM-SCC-22A subcutaneous xenograft tumors began 
treatment for 7 days (3 doses total), receiving either vehicle treatment, Cisplatin (5 mg/kg, I.P.) 
and/or PTC596 (5 mg/kg, oral gavage). Mice were euthanized 24 hours after last dose. (B) Simple 
linear regression model of mean tumor volumes over the duration of the treatment course. (C) 
Graphs depicting tumor volume at the end of experiment (V0) normalized against tumor volume 
at treatment start (Vi). (D) Macroscopic images of subcutaneous xenograft tumors generated with 
UM-SCC-22A and treated with Cisplatin (5 mg/kg, I.P.) and/or PTC596 (5 mg/kg, oral gavage). 
(E) Western blot of representative tumor tissue lysates from each treatment group. (F) Flow 
cytometry graphs depicting DEAB/IgG controls (gray) for Aldefluor and CD44, respectively. One 
experimental replicate per group is shown to demonstrated gate setting strategy. 
ALDHhighCD44high cells were identified based on these gates. (G) Flow cytometry graphs depicting 
CSC fraction percentage (ALDHhighCD44high cells) in subcutaneous xenograft tumors. 
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Figure 4-5: Bmi-1 defines the self-renewal capacity of HNSCC cells. 

(A) Representative images of orospheres generated from Bmi-1 knockdown and control cells 
treated with Cisplatin (0-1 µM) or Carboplatin (0-1 µM). Transmitted light and fluorescence images 
(GFP from shRNA constructs and PI-TexasRed) were acquired for each orosphere. (B,C) Bar 
graphs depicting the area of orospheres generated from Bmi-1 knockdown and control cells 
treated with Cisplatin (0-1 µM) or Carboplatin (0-1 µM) as measured from images acquired on 
day 2 (B) and day 4 (C) of experiment. (D,E) Bar graphs depicting the percentage of PI+ cells 
within orospheres generated from Bmi-1 knockdown and control cells treated with Cisplatin (0-1 
µM) or Carboplatin (0-1 µM) as measured from images acquired on day 2 (D) and day 4 (E) of 
experiment. Eight wells were analyzed per treatment group. Bar graphs display mean ± S.D. (n=8) 
and statistical significance is denoted by different letters at p≤0.05. 
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4.8 Supplemental Figures 

 

Figure 4-6: Orosphere size measurements for analysis of Bmi-1 knockdown cells. 

(A) Bar graphs depicting the size of orospheres generated from Bmi-1 knockdown cells treated 
with Cisplatin (0-1 µM). Different lowercase letters depict statistical significance at p≤0.05. 
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Figure 4-7: Orosphere size measurements and flow cytometry gating strategy for analysis of Bmi-
1 knockdown cells treated with Cisplatin or Carboplatin. 

(A) Bar graphs depicting the size of orospheres generated from Bmi-1 knockdown cells treated 
with Cisplatin (0-1 µM) or Carboplatin (0-1 µM). Different lowercase letters depict statistical 
significance at p≤0.05. (B) Flow cytometry graphs depicting DEAB/IgG controls (gray) for 
Aldefluor and CD44 in UM-SCC-1 cells, respectively. (C) Flow cytometry graphs depicting 
DEAB/IgG controls (gray) for Aldefluor and CD44 in UM-SCC-22B cells, respectively. One 
experimental replicate per group is shown to demonstrated gate setting strategy. 
ALDHhighCD44high cells were identified based on these gates. 
  



 174 

 
Figure 4-8: Orosphere size measurements and flow cytometry gating strategy for analysis of 
HNSCC cells treated with Cisplatin and/or PTC596. 

(A) Bar graphs depicting the size of orospheres generated from Bmi-1 knockdown cells treated 
with Cisplatin (0-1 µM) and/or PTC596 (0-200 nM). Different lowercase letters depict statistical 
significance at p≤0.05. (B) Flow cytometry graphs depicting DEAB/IgG controls (gray) for 
Aldefluor and CD44 in UM-SCC-22B cells, respectively. (C) Flow cytometry graphs depicting 
DEAB/IgG controls (gray) for Aldefluor and CD44 in UM-SCC-1 cells, respectively. One 
experimental replicate per group is shown to demonstrated gate setting strategy. 
ALDHhighCD44high cells were identified based on these gates. (D) General gating strategy 
schematic for all flow cytometry experiments.  
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Figure 4-9: Therapeutic effect of PTC596 and/or Cisplatin in in vivo HNSCC subcutaneous 
xenograft model. 

(A) Western blots depicting the impact of Cisplatin and/or PTC596 on the expression of STAT3 
and Bmi-1 in subcutaneous xenograft tumors generated with UM-SCC-22A cells. Lysates were 
prepared from whole tumors upon dissociation (n=8-10). (B) Graph depicting mouse weight 
during the experimental period. Data points were normalized to pretreatment weight. Line 
indicated animal protocol cutoff weight loss of 20% for this experiment. (C) Graphs depicting 
tumor volumes at treatment start for each experimental condition. (D) Line graph depicting mean 
tumor volume over time in the subcutaneous xenograft model after treatment with Cisplatin and/or 
PTC 596. (E) Graphs depicting tumor mass after tumor resection at treatment end for each 
experimental condition. 
  



 176 

 
Figure 4-10: Optimization of cell seeding number for orosphere assay using an automated liquid 
handler. 

(A,B) Transmitted light microscope images of UM-SCC-1, UM-SCC-22A, and UM-SCC-22B Bmi-
1 knockdown and control orospheres grown from different cell seeding numbers in ultra-low 
attachment round-bottom  96-well plates. Images were acquired on day 4 after cell seeding. 
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CHAPTER 5: 
Conclusion 

5.1 Summary 

Despite being the most common head and neck cancer, head and neck squamous 

cell carcinoma (HNSCC) continues to present a challenge in treatment with unacceptably 

high recurrence rates (Carvalho et al., 2005). This challenge is suspected to arise from 

the evidence that while conventional chemotherapy is effective in debulking the tumor, it 

does not eradicate the uniquely resistant cancer stem cells (CSCs) that have been shown 

to drive tumor initiation, therapeutic evasion, and disease progression. Using a CSC-

targeted approach as a monotherapy, however, would eliminate the small fraction of 

CSCs while leaving behind the bulk tumor cells that still harbor growth potential and 

plasticity to recapitulate the CSC nice. Therefore, we embarked on elucidating potentially 

impactful processes that define the acquisition and maintenance of the CSC phenotype, 

which may be targeted in combination with conventional chemotherapy to achieve optimal 

therapeutic outcomes in HNSCC. 

In Chapter 1, we delved into the heterogeneity of the cancer cell population, as 

well as other cells within the tumor microenvironment and their influence on cancer cell 

survival and stemness. In this chapter, we explored the biology and clinical relevance of 

the CSC population, which can be therapeutically targeted. We reviewed signaling circuits 

that compose impactful roles in the maintenance of CSCs, which when targeted might 

sensitize them to commonly used cytotoxic chemotherapy. 
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The role of endothelial cell-secreted IL-6 within the perivascular niche in promoting 

maintenance of the CSC pool and their invasive properties has been extensively 

described by our lab (Kim et al., 2017; Krishnamurthy et al., 2014). In Chapter 2, we 

expand on previous observations that IL-6 augments Cisplatin-induced increase in cancer 

cell stemness, implicating the IL-6/STAT3 signaling axis as a key mediator of 

chemoresistance in HNSCC tumors via downstream Bmi-1 activation that results in a 

more aggressive phenotype. In this chapter, we showcased a promising therapeutic 

strategy to suppress the adverse molecular effects of Cisplatin treatment that provoke an 

increase in CSC (Fig. 5-1). We demonstrated both genetic and pharmacologic inhibition 

of IL-6R signaling could suppress Cisplatin-mediated induction of the CSC fraction, Bmi-

1 expression, and self-renewal of HNSCC cells. We also showed that increased Bmi-1 

Figure 5-1: The IL-6R and Bmi-1 axis controls self-renewal and chemoresistance of head and 
neck cancer stem cells. 
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expression in patient tumor specimens correlated with a poorer recurrence-free survival, 

underlining the importance of Bmi-1 in the context of disease relapse. Lastly, we 

presented that therapeutic IL-6R inhibition with Tocilizumab can resolutely prevent the 

CSC increase by Cisplatin and suppress the growth of Cisplatin-resistant tumors. Of note, 

our results using Tocilizumab are applicable in an immune-incompetent setting. 

Considering the increasing prominence of immune checkpoint targeting cancer 

immunotherapy, the interface of CSC and immune cells remains to be investigated.  

Bmi-1 has emerged as a prominent player in CSC biology and, in Chapter 2, was 

found to control self-renewal and chemoresistance as part of the IL-6/STAT3 signaling 

axis. In Chapter 3, we sought to dig deeper into the role of Bmi-1 as a master regulator 

of stem cell self-renewal and discussed the parallels in the role of Bmi-1 in stem cell 

biology of health and disease. We explored how the functional role of Bmi-1 in CSC-

Figure 5-2: Bmi-1 mediates resistance of head and neck cancer stem cells to cytotoxic 
chemotherapy. 
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mediated disease progression may be leveraged to advance clinical treatment strategies 

as an attractive target for mechanism-based, developmental therapeutics.  

Lastly, in Chapter 4, we used both genetic and pharmacologic approaches to 

inhibit Bmi-1, which overcame resistance of CSCs to cytotoxic chemotherapy. We 

showed that Bmi-1 knockdown suppressed IL-6/STAT3 signaling in CSC-enriched 

cultures as well as bulk tumor cells and prevents the CSC fraction increase by both 

Cisplatin and Carboplatin. Further, we showed that treatment with the Bmi-1 inhibitor 

PTC596 suppressed the Cisplatin-mediated increase in the CSC fraction and self-renewal 

both in vitro and in vivo. Additionally, we established a link between both Bmi-1 inhibition 

and knockdown causing an abrogated DNA damage response and apoptosis in presence 

of genotoxic chemotherapies, suggesting a potential mechanism by which Bmi-1 may 

elicit its effect on CSCs (Fig. 5-2).  

The preclinical studies described in this dissertation provide rationale for the 

incorporation of a CSC-targeted therapy based on inhibition of the IL-6 and Bmi-1 

signaling axis in HNSCC where no such therapy currently exists. 

5.2 Future Directions 

5.2.1 Biological processes underlying Bmi-1-mediated CSC fraction changes 

It is yet unclear whether the observed changes in CSC fraction occurs due to a 

numerator or a denominator effect, i.e. whether changes in the CSCs or the bulk tumor 

cells are driving the proportionate change within the overall tumor population. Additionally, 

the question by which mechanism these changes occur remain unanswered – namely, is 

the CSC proportion changing due to preferential apoptosis, induced cellular senescence, 

or shift towards differentiation? To attempt to address aspects of these questions, we 
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performed immunocytochemistry staining for ALDH and Bmi-1 of HNSCC cells grown in 

chamber slides in Chapter 2 of this dissertation, where we found that Cisplatin and IL-6 

inhibition did not induce overall shifts in fluorescence within the entire cell population, but 

rather within a subset of cells to a greater extent. We also reviewed in Chapter 3, that 

downstream Bmi-1 signaling mediates a plethora of cellular processes as a master 

regulator of stemness and key player in cell cycle regulation. In Chapter 4, we found that 

Bmi-1 inhibition with PTC596 induced apoptosis as measured by cleaved caspase-3 

expression. Undoubtedly, Bmi-1 is a protein with a vast repertoire of cellular functions 

and further investigation into biological processes underlying its regulatory role within the 

CSC pool is warranted.  

It has been shown that Cisplatin-induced apoptosis was limited to Bmi-1- cells, 

supporting the rationale that the increase in the resulting CSC fraction may be due to a 

relative decrease in non-CSC tumor bulk cells being eliminated by cytotoxic 

chemotherapy (Chen et al., 2017). To address this point within the context of the 

manuscript in preparation for submission encompassed in Chapter 4, we plan to analyze 

more closely the PTC596-mediated apoptosis within CSC versus tumor bulk cells via 

immunofluorescence staining of in vitro cultured cancer cells and tumor tissues from our 

in vivo study. Bmi-1 is a direct regulator of the cell cycle, as reviewed in Chapter 3, 

particularly via tight regulation of cell senescence as described earlier in this thesis. 

Interestingly, others have shown that genotoxic chemotherapy promotes IL-6 release 

acutely following DNA damage, and that this was coincident with a gradual induction of 

cancer cell senescence (Gilbert et al., 2010). This observation may establish a link 

between IL-6 acting as a trigger to Bmi-1-induced senescence in context of genotoxic 
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chemotherapy treatment. At the intersection of the DNA damage response and cell cycle 

regulation lies p53, which is commonly mutated in HNSCC. Our lab has previously shown 

in MEC that p53 inhibits Bmi-1 driven CSC self-renewal by driving cells towards 

differentiation (Rodriguez et al., 2022). Understanding the details of the cell cycle-related 

fate of CSCs remains an area of further investigation. Aside from inducing potential cell 

senescence, Bmi-1 is a master regulator of self-renewal. In the milieu of CSCs, this is 

directly related to the balance of symmetric (self-renewing) versus asymmetric 

(differentiating) cell divisions. Such future studies may require the development of 

reporter systems, as current identification of CSCs relies on enzymatic ALDH assays, and 

utilization of cell cycle reporter systems such as the FUCCI system (Fischer et al., 2023).  

5.2.2 Untangling the Bmi-1-mediated DNA damage response 

The mechanism of action of many genotoxic chemotherapies, such as Cisplatin, 

involves causing DNA crosslinks that elicit the DNA damage response (DDR) in which 

Bmi-1 is a key mediator (Ismail et al., 2010). As such, the increase in Bmi-1 expression 

and subsequent CSC fraction may be regarded as a molecular side effect of genotoxic 

chemotherapies. Loss of Bmi-1 impairs the repair of double-stranded DNA breaks by 

homologous recombination and subsequent cell cycle arrest in G2-M (Ginjala et al., 2011), 

however the mechanistic link between Bmi-1 and the DNA damage response in HNSCC 

has not yet been investigated.  

Interestingly, studies have begun to investigate the potential of treatment 

optimization by combining poly-adenosine diphosphate-ribose polymerase inhibitors 

(PARPi) with chemotherapy or immunotherapy in HNSCC (Moutafi et al., 2021). Others 

have shown that patients with HNSCC show defective DDR pathway activity and higher 
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levels of oxidative stress, which appeared to correlate with a response to Cisplatin therapy 

(Psyrri et al., 2021). Additionally, the combination of the PARP inhibitor Olaparib with 

platinum-based chemotherapy has shown promise, as cancer cells use PARP to repair 

platinum-induced DNA damage to escape apoptosis (Ledermann et al., 2019). As 

previously mentioned, Bmi-1 is a key component in recruiting DDR machinery and was 

shown to co-purify with PARP-1 (Facchino et al., 2010). Remarkably, this study showed 

that Bmi-1 confers radioresistance to CSCs through recruitment of DNA damage 

response machinery in glioblastoma. As another avenue for future investigation, 

combination of a PARP inhibitor with Cisplatin in HNSCC may provide insight into the 

mechanism of Bmi-1-mediated cancer cell stemness.  

Conversely, future studies to dissect the underlying cause of the observed 

increase in Bmi-1 expression following Cisplatin and Carboplatin treatment may include 

investigating relevant chemotherapeutics for HNSCC that function through different 

mechanisms of action from platinum-based agents (e.g. Paclitaxel). Such studies would 

enable determining whether the increase of Bmi-1 expression and CSC fraction is specific 

to platinum-based chemotherapeutics and may shed further light on mechanisms 

underlying chemoresistance of CSCs. 

5.2.3 Bmi-1 as a putative prognostic marker 

In this dissertation, we have discussed extensively that tumor cells derive many of 

their malignant features from the acquisition of stem-like characteristics. We reviewed in 

Chapter 3 that CSCs are a highly tumorigenic subpopulation of tumor cells that share 

characteristics of self-renewal and multipotency with physiological stem cells and drive 

neoplastic processes including tumor initiation, metastasis, recurrence, and therapeutic 
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evasion. Another area of future directions lies within the investigation of premalignant 

dysplastic oral lesions and their progression to carcinoma. Early premalignant lesions are 

heterogeneous, the tumor-initiating cell type is largely unknown, and currently there is no 

way to predict whether a dysplastic lesion will progress to cancer or not. Scientific 

evidence suggests that oral epithelial stem cells are targeted by carcinogens and may 

function as cancer stem cells in driving carcinogenesis (Trosko et al., 2008). 

There are multiple potential mechanisms by which CSCs could initiate a cancer 

within the oral epithelium, and advancements in the knowledge of the biology underlying 

acquisition of the CSC phenotype may provide scientific rationale for novel preventative 

and treatment strategies. For example, in breast cancer the role of CSCs in tumor 

initiation and disease progression is well-defined, but their contribution to the progression 

of premalignant lesions is still unclear. It has recently been shown that within 

heterogeneous precancerous lesions, both mammary stem cells and more differentiated 

cells rapidly progress to cancer through induction of the Wnt1 oncogene (Bu et al. 2019), 

which maintains stemness in both normal and cancerous cells (Lindvall et al. 2007). 

However, the resulting tumors are vastly different in protein expression and 

histopathology. Wnt stimulation induced cancer cell stemness in precancerous lesions, 

even in those derived from more differentiated cells (Bu et al. 2019), suggesting that 

cancer cell stemness may play a role in multiple steps of carcinogenesis. Similarly, in 

human papillomavirus-driven cervical precancers, CD66high cells exhibited both stem-like 

and differentiated characteristics, which were thought to concurrently be permissive of 

neoplastic development and viral life cycle events, respectively (Pattabiraman et al. 

2014). Irrespective of a particular mechanism, Smith et al. showed in pan-cancer findings 



 190 

that a molecular signature of DNA methylation marks variants of adult stem cells that was 

enriched in aggressive epithelial cancers (Smith et al., 2018). The identification of CSC 

has more recently also been augmented vial spatial transcriptomics methods that have 

potentiated in silico modeling approaches to inform pan-cancer insights into pathobiology 

and putative therapeutics (Arora et al., 2023). With the rise in artificial intelligence, these 

trends will likely continue broadening the interface of different areas of cancer research. 

As mentioned throughout this thesis, endothelial cell-mediated IL-6 signaling is 

indispensable in facilitating the acquisition of the CSC phenotype in HNSCC. Others from 

our laboratory group have reviewed elsewhere (Polverini et al., 2023) that IL-6 signaling 

may also play a crucial role in promoting the malignant transformation of dysplastic 

lesions (Fig. 5-3). Considering our findings of IL-6/STAT3 signaling controlling Bmi-1 

expression and subsequently the CSC phenotype, Bmi-1 presents an attractive candidate 

in the development of prognostic factors for HNSCC. In Chapter 2, we showed that 

increased Bmi-1 expression in patient samples within a tissue microarray significantly 

correlated with decreased recurrence-free survival time, which supports other published 

findings of Bmi-1 and CD44 as indicators for poorer prognosis of overall and disease-free 

survival in HNSCC, implicating Bmi-1 as a potential prognostic factor (Jakob et al., 2021). 

In a model of HNSCC, Bmi-1+ lingual epithelial stem cells were shown to function as 

cancer stem cells (Tanaka et al., 2016). Here, a multicolor lineage tracing mouse model 

underwent chemical induction of oral cancer by 4-NQO, which demonstrated polyclonal 

tumor formation from single cells over the course of 1-3 months. More specifically, in a 

gene-specific multicolor lineage tracing method, the authors demonstrated that Bmi-1+ 
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cells give rise to single-colored clusters in developing tumors and may potentially serve 

as CSCs. 

 

 

Figure 5-3: Reciprocal exchange of cytokine mediators between cancer stem cells (CSC), 
endothelial cells (EC), and macrophages (M1 and M2). 

CSC located in the basal layer of dysplastic epithelium produce, among others, the angiogenic 
mediators VEGF and IL-8. EC in turn produce IL-6 which plays an important role in maintaining 
the CSC stemness. EC also play a role in transitioning proinflammatory M1 macrophages to 
protumor M2 macrophages via production of IL-6. This figure was adapted from Polverini et al., 
2023. 
 

Evidently, a subset of physiological stem cells plays a crucial role in the 

progression of precancerous dysplasia which later contributes to the observed cancer cell 

stemness. This thesis work elucidated key signaling mechanisms that promote the CSC 

phenotype, which may be significant in mediating the transformation of epithelial stem 

cells to ultimately initiate tumor growth and warrant future investigation. With limited 
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success in curbing the incidence of HNSCC, especially given the increase in percentage 

of younger patients developing human papillomavirus (HPV) related HNSCC (Ang et al., 

2010), it is apparent that early identification of premalignant lesions at risk for malignant 

transformation has the potential to change the landscape of HNSCC diagnosis and 

treatment.  

5.3 Concluding Remarks 

A consequential challenge preventing long-term survival and quality of life of 

patients with head and neck cancer is the failure of current treatment modalities to 

eliminate cancer stem cells within a tumor, ultimately originating from a lack of 

understanding of molecular mechanisms underlying the acquisition and maintenance of 

the cancer stem cell phenotype. The work completed in this thesis project elucidated 

mechanisms underlying IL-6/STAT3-mediated chemoresistance of cancer stem cells. 

These studies also provided potential mechanism-based, therapeutic strategies based on 

IL-6 and Bmi-1 inhibition to target cancer stem cells, capable of suppressing the Cisplatin-

mediated increase in fraction of cancer stem cells in vitro and in vivo. Collectively, 

expanding our understanding of cancer stem cell-mediated chemoresistance will 

enhance our ability to design novel therapeutics to minimize disease-relapse and improve 

the outcomes for patients with head and neck cancer. 
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