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Abstract

Cancers may contain a small sub-population of uniquely tumorigenic cells that exhibit self-
renewal and multipotency, f.e. cancer stem cells (CSC). These cells reside in invasive fronts in
close proximity to blood vessels in many tumors, including head and neck squamous cell
carcinomas (HNSCC). Recent evidence suggests that CSC resist chemotherapy and “drive” local
recurrence and metastatic spread. Notably, endothelial cell-initiated signaling is critical for the
survival and self-renewal of CSC and may play a role in resistance to therapy. Therefore, patients
with head and neck cancer might benefit from therapies that target the CSC directly or their
supportive perivascular niche.
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1) Introduction

Head and neck squamous cell carcinoma (HNSCC) is a significant public health issue.
HNSCC is the 8" most common cancer worldwide, and an estimated 263,900 new cases and
128,000 deaths from oral cavity cancer occurred in 2008 [1]. In 2012 in the US alone, it’s
estimated that there will be 40,250 new cases diagnosed and 7,850 deaths attributed to
HNSCC [2]. Approximately $3.1 billion will be spent for treatment for head and neck
cancers [3], highlighting the public health burden. Treatment for patients with HNSCC
typically involves surgery in combination with radiotherapy and platinum-based
chemotherapy. Despite clinical advances and basic research efforts, the 5-year survival for
patients with HNSCC has not improved significantly during the past 30 years, and remains
at the unacceptably low 63% [2]. The development of a mechanism-based therapy that
improves the survival and quality of life of patients will require better understanding of the
pathogenesis of head and neck cancer.
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Recent evidence unveiled a small population of cancer cells that are highly tumorigenic,
capable of self-renewal and that behave as tumor progenitor cells in HNSCC [4]. These
features are consistent with the cancer stem cell (CSC) model. Cancer stem cells appear to
play an important role in the initial stages of HNSCC tumorigenesis [5], as well as in tumor
recurrence and metastatic spread. In HNSCC, cancer stem cells localize preferentially at the
invasive fronts in close proximity to tumor blood vessels, in an area functionally defined as
the perivascular niche (Fig. 1). Notably, the crosstalk with other cellular elements of the
tumor microenvironment (e.g. endothelial cells) provides key signals for the survival and
tumorigenic behavior of cancer stem cells [5]. It has been hypothesized that therapeutic
targeting of the niche may disrupt the crosstalk between cancer stem cells and their partners,
rendering the tumorigenic cells more susceptible to the effects of radiotherapy and
conventional chemotherapy. This review discusses the proposed role of cancer stem cells in
the pathobiology of head and neck cancer, and the potential impact of the cancer stem cell
hypothesis to the clinical management of patients with this malignancy.

2) Cancer Stem Cells

Today, we understand the head and neck tumors as an “organ” composed of transformed
cells that interact with stromal cells within the tumor microenvironment through a mutually
relevant crosstalk. The cancer stem cells or “tumor-initiating cells” are capable of initiating
tumor formation. However, the bulk of the tumor tissue is composed of rapidly proliferating
cells called transit-amplifying cells and post-mitotic differentiated cells. These cells do not
contribute to tumor initiation, but are derived from the cancer stem cells. According to the
stochastic hypothesis, cancers are comprised of a functionally homogenous cell population,
with each cancer cell having equal ability to initiate tumor formation and metastasis, and
entry into the cell cycle is governed by low probability stochastic events [6]. In contrast, the
cancer stem cell hypothesis purports that not all tumor cells have equal tumorigenic potential
[6]. This subpopulation of ‘cancer stem cells’ exhibits properties of normal stem cells [7],
although they are not necessarily derived from normal tissue stem cells [8]. The term ‘cancer
stem cells” (CSC) has been debated in the literature. This cell population has also been
called “tumor initiating cells’ [9] or tumor progenitor cells [10]. The definition of cancer
stem cells includes functional characteristics of these cells, including ability to generate
tumors in immunodeficient mice, self-renewal, and multipotency or the ability to
differentiate into other cells that compose the tumor microenvironment [6].

The concept of cancer stem cells first originated in 1855, when the pathologist Rudolf
Virchow proposed that cancers arise from the activation of dormant, embryonic cell
remnants [11]. Another early landmark study demonstrating cancer stem cell concepts by
Furth and Kahn in 1937 showed that a single tumor cell could generate a tumor in a recipient
mouse [12]. Fifty years later, with the emergence of methodologies such as Fluorescence
Activated Cell Sorting (FACS), Lapidot and colleagues found the first evidence for the
cancer stem cell model when they used the cell-surface markers CD34 and CD38 to isolate
an unique sub-population of tumor-initiating cells in acute myeloid leukemia (AML) [13].

Although it was initially not clear whether this concept might apply to solid tumors, the
Clarke laboratory provided the first evidence of cancer stem cells in breast tumors in 2003
[14]. Importantly, this study showed that the xenograft tumors generated did indeed
reproduce the cellular heterogeneity of the original tumor; therefore, providing strong
evidence for the multipotency of these cancer stem cells. Since then, evidence has
accumulated for cancer stem cells in many solid tumors, including colon, pancreatic, and
brain [15; 16; 17; 18]. A recent report revealed that tumor-initiating cells are very rare (<1 in
2500 cells) in many tumor types, including pancreatic, lung, and head and neck tumors [19].
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It is important to point out, however, that some tumors follow the stochastic model. Most
notably, the Morrison laboratory provided strong evidence that melanoma does not follow
the cancer stem cell hypothesis and that melanomas are not hierarchically organized [20].
Such findings would suggest that in some cancers (¢.g. melanoma) essentially every tumor
cell would have to be eliminated for prevention of metastases/recurrence and long lasting
patient cure. In contrast, in tumor types that follow the cancer stem cell hypothesis, targeted
elimination of the most highly tumorigenic cells (7.e. CSC) would be sufficient to prevent
metastases and recurrence. Of course, these are still highly controversial issues that warrant
further investigation.

Identifying whether tumors follow the cancer stem cell hypothesis has important therapeutic
implications as recent evidence from several types of cancer suggests that the CSC
population contributes to chemotherapy and radiation-therapy resistance. It is known that
cancer stem cells possess innate resistance mechanisms against radiation therapy and
chemotherapy, preventing therapy-induced cell death and allowing them to survive and
promote tumor recurrence. For example, radiation resistant glioblastomas have been shown
to have increased expression of the cancer stem cell marker CD133+ [21]. These findings
suggest that the tumorigenic CD133+ cells are uniquely resistant to radiation therapy, which
may help to explain the lack of response observed in this sub-set of glioblastomas.

Several resistance mechanisms may play a role in cancer stem cell resistance to therapy. It is
possible that mechanisms of resistance involve slow proliferative rates of cancer stem cells
in situ [22], amplified checkpoint activation [21], and deregulation of DNA damage repair
processes [23]. The Wnt/B-catenin and Notch signaling have also been shown to play a role
in resistance to radiotherapy of mammary progenitor cells [24]. Notably, the demonstration
that the most tumorigenic sub-set of cells within a tumor is also uniquely resistant to therapy
provides strong rationale for studies focused on the understanding of mechanisms
underpinning this resistance and subsequent therapeutic targeting of these pathways as a
means to sensitize such tumors to chemotherapeutic drugs and/or radiation.

3) Head and neck cancer stem cells

Highly tumorigenic, stem-like cells were first reported in HNSCC by the Prince laboratory
in 2007 [4]. Tumor cells were sorted using FACS for expression of the cell-surface marker
CDA44, and tumor initiation in immunodeficient mice was observed with as few as 5x103
CDA44+ cells, although higher numbers of CD44- cells did not induce tumor formation.
Importantly, CD44+ cells generated complex tumors composed of a heterogeneous
population of tumor cells mixed with an abundant stromal component [4]. This provided the
first evidence that head and neck squamous cell carcinoma might follow the cancer stem cell
model. Following this landmark work, other laboratories confirmed that in HNSCC, CD44+
cells fit the functional definition of a cancer stem cells [25], [26], [27]. Further work from
the Prince laboratory was able to isolate cancer stem cells using a single marker Aldehyde
Dehydrogenase (ALDH) [28]. In addition to isolating tumor initiating cells using the marker
ALDH from primary human tumors, these cells have been isolated from HNSCC cell lines,
e.g. UM-SCC-104 and UM-SCC-22B [29] [30]. Notably, combination of both, ALDH and
CDA44, further refines one’s ability to identify a small sub-population of uniquely
tumorigenic head and neck cancer stem cells [5].

Distant metastases in head and neck squamous cell carcinoma (HNSCC) contribute to the
high mortality associated with the disease [31]. Cancer stem cells may mediate the processes
involved in evasive resistance to therapy and distant metastases in HNSCC.
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4) Putative cancer stem cell markers in HNSCC

4.1. CD44

4.2.CD133

The ability to identify and isolate sub-population of tumor cells and characterize them for
tumorigenic behavior has revealed that not all head and neck tumor cells are equal. This
process typically involves a sorting step (e.g. flow cytometry, columns/microbeads) and the
use of putative markers of cancer stemness. Although many putative markers have been
identified, to date no consensus exists on what marker might provide the best specificity for
head and neck cancer stem cells (Table 1). Indeed, most likely there will not be a single
marker that can unequivocally distinguish cancer stem cells from non-stem cells.
Nevertheless, the following is a short description of markers that have been frequently used
for head and neck cancer stem cell identification.

CD44 is a cell-surface glycoprotein that functions as a receptor for hyaluronic acid and is
involved in cell-cell crosstalk, cell adhesion and migration [32]. CD44 has been implicated
in head and neck tumor progression and chemoresistance [33]. Recent evidence suggests
that CD44 expression correlates with HNSCC tumor aggressiveness [34], [35]. CD44+ cells
have been shown to express high levels of Bmi-1 [4], an important self-renewal protein
associated with embryonic and post-natal stem cells [36]. Notably, CD44 was the cancer
stem cell marker used in the work that first described the function of cancer stem cells in
HNSCC [4]

Another cell-surface antigen, CD133 (also known as Prominin 1; PROML1) is a
transmembrane glycoprotein that has been characterized as a potential marker for cancer
stem cells. In some HNSCC cell lines, CD133+ cells were found to have increased clonality
when compared to CD133- cells [37]. Oral cancer stem-like cells from cell lines and
primary tumors were found to have an increased expression of CD133, and displayed
increased migration and tumorigenicity when compared to controls. Furthermore, CD133
status has been associated with poor cancer prognosis for HNSCC patients [38]. Recent
evidence suggests that CD133+ cells were found to present increased clonogenicity,
invasiveness, and tumorigenicity compared to CD133- [39]. Emerging data clearly support
the use of CD133 as a putative cancer stem cell marker in head and neck tumor models.

4.3. Aldehyde dehydrogenase (ALDH)

In addition to expression of cell-surface antigens, assessing enzymatic function has been
used to identify the sub-population of cancer stem cells in HNSCC. ALDH is an intracellular
enzyme that is involved in converting retinol to retinoic acid [40]. ALDH+ cells were shown
to be highly tumorigenic in cancers of the breast and brain [41], [42]. In our own lab, we
demonstrated that using the marker ALDH+ in addition to CD44+ to sort HNSCC cells,
tumors can be consistently generated from as few as 1,000 cells (13 tumors out of 15
implantations), whereas 10,000 ALDH-CDA44- cells were significantly less tumorigenic (2
tumors out of 15 implantations) [5]. Further, xenografts generated from ALDH+CD44+
implantations were successfully serially passaged, indicating self-renewal properties,
whereas ALDH-/CD44- did not exhibit this capacity. In other labs, ALDH was found to
enrich for cancer stem cells and is involved in epithelial-to-mesenchymal transition [43].
More recent evidence supports the use of ALDH+ as a single marker to identify cancer stem
cells in HNSCC [28].
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4.4. Side population (SP)

Side population is defined as a sub-group of cells that behave differently than the main
population when analyzed with a specific marker. The efflux of vital dyes by cell multidrug
transporters has been investigated as a potential marker for cancer stem cells. The cells’
ability to actively pump the dye Hoechst 33342 by the ATP-binding cassette transporter
(ABC) can be used to identify cells with increased longevity, and this concept has been
applied to cancer stem cells which are thought to remain in a quiescent state [44]. Zhang and
colleagues demonstrated that SP cells retrieved from oral squamous cell carcinomas exhibit
features consistent with those of cancer stem cells [45]. Several other research groups
confirmed these observations and demonstrated that SP cells are uniquely tumorigenic in
head and neck cancer models [46].

5) Perivascular niche in head and neck cancer

It is generally believed that stem cells reside in “niches’ or specialized local
microenvironments that are conducive to their function [47]. Niches form a complex
environment where complex interactions among cells and matrix components define stem
cell survival and stemness [48]. In glioblastoma, vascular endothelial cells are able to
maintain a supportive niche for cancer stem cells [49]. This work suggests that the
perivascular niche prevents the apoptosis of brain cancer stem cells and maintains an
adequate balance between the self-renewal and differentiation. Brain cancer stem cells had
accelerated growth when co-implanted with endothelial cells in immunodeficient mice,
suggesting endothelial cells secrete important factors that may promote the growth and
progression of tumors. Interestingly, recent data suggest that pre-cancerous stem cells can
serve as tumor vasculogenic progenitors [50].

Evidence exists for a supportive perivascular niche in head and neck cancer. We observed
that the majority of the cancer stem cells are found within a 100 m-radius of blood vessels in
primary human HNSCC [5]. Using the SCID mouse model of human tumor angiogenesis
that allows for the engineering of xenograft HNSCC with humanized blood vessels [51], we
observed that selective ablation of tumor-associated endothelial cells with an artificial death
switch (iCaspase-9) results in the decrease of the fraction of head and neck cancer stem cells
[5]. These data demonstrated that disruption of the tumor vasculature is sufficient to reduce
the proportion of tumor-initiating cells in pre-clinical models of HNSCC, and provide
evidence for the existence of a supportive niche for stem cells in these tumors.

It has been known for several years that endothelial cell-secreted factors (e.g. IL-6, EGF,
CXCLS8) enhance the migration of tumor cells and protect these cells against anoikis by
activating key signaling pathways, 7.e. STAT3, ERK and Akt [52]. More recently, we
reported that endothelial cell-secreted factors induce Bmi-1 expression and promote the self-
renewal of head and neck cancer stem cells [5]. This emerging evidence is beginning to
characterize drugable signaling pathways that play a critical role in the biology of cancer
stem cells and that can be exploited therapeutically in HNSCC.

Targeted disruption of the crosstalk between endothelial cells and cancer stem cells might be
beneficial for the treatment of head and neck cancer patients. Two general strategies are
emerging from these pre-clinical studies (Fig. 2), as follows: A) Anti-angiogenic therapies
that eliminate tumor blood vessels and therefore disrupt the perivascular niche. Such
strategy was used by Kerbel’s laboratory that showed that anti-angiogenic therapy with the
mouse VEGFR2 targeting antibody DC101 sensitizes brain tumor stem-like cells to therapy
with a cytotoxic drug in pre-clinical models of glioma [53]. And B) Specific therapies
targeting key signaling events that mediate the crosstalk between tumor-associated
endothelial cells and cancer stem cells. Indeed, the ongoing Phase Il clinical trial evaluating
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the effect of combination therapy with Cetuximab and the Hedgehog signaling inhibitor
IP1-926 in recurrent head and neck cancer might be considered one of the first attempts to
interfere with cancer stem cell signaling in HNSCC patients [54].

However, it is important to point out that anti-angiogenic therapies may have unintended
consequences to patient outcomes, as pointed out in a recent work from the Wicha
laboratory. In pre-clinical models of breast cancer, the use of anti-angiogenic therapy with
bevacizumab or sunitinib enhanced hypoxia and increased the fraction of cancer stem cells
[55]. Further, they showed that Akt/B-catenin signaling, an important pathway in the biology
of breast cancer stem cells, is activated under hypoxic conditions caused by the use of anti-
angiogenic agents. This work suggests that anti-angiogenic agents might need to be
combined with anti-cancer stem cell drugs, at least in breast cancer.

These findings may help to explain an intriguing dilemma in the field, /.e. that cancer stem
cells are found primarily in close proximity to blood vessels [5], yet hypoxia enhances the
stem cell phenotype [55]. We postulate that within the unchallenged tumor growth, cancer
stem cells find a conducive microenvironment in close proximity to blood vessels and that
endothelial cells secrete factors that maintain their self-renewal and multipotency features
[5]. However, when a tumor is challenged with anti-angiogenic agents, the resulting hypoxia
induces Akt/B-catenin signaling [55], which in turn enhances the survival and proliferation
of the cancer stem cells. As a consequence, the overall fraction of cancer stem cells is
increased.

Hypoxic states generated by anti-angiogenic therapy correlate with enhanced tumor cell
motility and the development of evasive resistance to therapy [56]. Notably, seminal studies
from the Weinberg laboratory provided evidence that epithelial-mesenchymal transition
(EMT) is involved in the acquisition of stem cell properties [57]. Further, EMT appears to
play a role in the biology of stem cells in head and neck tumors [43]. Together, the fact that
tumor cells become more invasive under hypoxia states, and that EMT generates cancer
stem cells, generate what can be called a “perfect storm” in which invasive cells are
endowed with the highly tumorigenic features associated with the cancer stem cell
phenotype. This might help to explain the recent observation suggesting that tumors that
escape anti-angiogenic therapy tend to assume a more aggressive behavior leading to
metastases [58].

A potential advantage of targeted disruption of the signaling events initiated by endothelial
cells as a means to eliminate cancer stem cells, instead of killing the endothelial cell and
disrupting the blood vessel, is that the former may not lead to the development of hypoxia.
As discussed above, the development of hypoxia might result in an enhancement of the
invasive phenotype of highly tumorigenic cells. On the other hand, targeted disruption of
key signaling pathways that support the survival and behavior of cancer stem cells (7.¢e.
stemness, pluripotency, and tumor-initiating ability) without causing hypoxia might be a
more effective strategy to manage advanced cancer. Notably, such strategy would likely
require combination with conventional cancer therapies that debulk the tumors by
eliminating more differentiated tumor cells.

6) Future directions and final thoughts

Although accumulating evidence suggests an important role for stem cells in many types of
cancer including HNSCC, many questions remain. If cancer stem cells prove to truly resist
conventional therapy and “drive” local recurrence and metastatic spread, then targeting these
cells and/or the perivascular niche may result in an effective treatment modality for patients
with HNSCC. However, if research eventually demonstrates that HNSCC do not follow the
cancer stem cell hypothesis, such therapeutic strategy will have little or no effect. It is
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unquestionable that more research is warranted to better understand the role of cancer stem

ce

lIs in the pathobiology of head and neck cancer. Notably, understanding the impact of key

signaling events within the perivascular niche to the function of cancer stem cells will be
critical for the development of mechanism-based therapies that aim at the improvement of
the survival and quality of life of patients with head and neck cancer.
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Figure 1.

The perivascular niche for head and neck cancer stem cells. The perivascular niche is a
specialized microenvironment composed of several cell types including tumor cells,
inflammatory cells, cancer-associated fibroblasts, and cancer stem cells localized in close
proximity to blood vessels. Molecular interactions among these cell types provide for a
supportive microenvironment that maintains the stemness properties (/.e. self-renewal,
multipotency, and tumorigenic potential) of cancer stem cells.
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Figure2.

Putative clinical implications of therapeutic targeting of the perivascular niche. A, Anti-
angiogenic drugs eliminate tumor-associated blood vessels and disrupt the supporting
perivascular niche for cancer stem cells. Examples of such drugs are the humanized anti-
VEGF antibody bevacizumab (Avastin, Genentech/Roche) or the receptor tyrosine kinase
inhibitor sunitinib (Sutent, Pfizer). B, Targeted therapies (e.g. antibodies) that specifically
inhibit molecules responsible for the survival and self-renewal of cancer stem cells. Putative
signaling molecules mediating the crosstalk between endothelial cells and cancer stem cells
are IL-6 and CXCLS8 (IL-8). Both interleukins have been shown to regulate stemness of
cancer stem cells [59,60] and are secreted by endothelial cells. Examples of drugs targeting
these pathways are Tocizilumab, a humanized monoclonal antibody against interleukin-6
receptor-1L-6R (Chugai/Roche) and Repertaxin, a non-competitive allosteric blocker of
CXCR1/CXCR2 (Dompé). In both cases, elimination of cancer stem cells could potentially
limit the generation of differentiated tumor cells and potentially mediate tumor regression.
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Table 1

Cancer stem cell markers in head and neck squamous cell carcinomas

Marker

Function

References

CD44

Cell surface glycoprotein

[4], [25], [26], [27], [33], [34], [35]

Aldehyde Dehydrogenase (ALDH)

Intracellular enzyme

[28], [29], [30]

CD133

Transmembrane glycoprotein

[371, [38], [39],

Hoechst 33342 Dye

Blue, fluorescent dye

[45-46]
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