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Abstract

:

The cancer stem cell (CSC) theory proposes that a minority of tumor cells are capable of self-replication and tumorigenesis. It is these minority of cells that are responsible for cancer metastasis and recurrence in head and neck squamous cell cancers (HNSCC). Human papilloma virus (HPV)-related cancer of the oropharynx is becoming more prevalent, which makes understanding of the relationship between HPV and CSCs more important than ever. This relationship is critical because CSC behavior can be predicted based on cell surface markers, which makes them a suitable candidate for targeted therapy. New therapies are an exciting opportunity to advance past the stalled outcomes in HNSCC that have plagued patients and clinicians for several decades.
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1. Introduction


Normal stem cells and malignant cells share several common features. Both are capable of self-replication, heterogenous cell population creation, and perpetuation of these qualities through self-renewal. However, not all malignant cells are capable of tumorigenesis and self-renewal. In fact, only a minority of tumor cells possess these qualities, which gave rise to the cancer stem cell (CSC) theory. These shared features between normal stem cells and CSCs have a molecular basis in several of the pathways used by stem cells for cellular differentiation and replication including Nanog, Oct-4, and Notch, and have been isolated in a variety of malignancies, including oropharyngeal head and neck squamous cell carcinoma (HNSCC). These same pathways are modified by the human papilloma virus (HPV), which makes the CSC theory especially applicable to the rising incidence of HPV-related oropharyngeal HNSCC.



The unique characteristics of CSCs make them a potentially effective target for cancer therapeutics to prevent recurrence and metastasis. Tumors develop metastases by shedding cells into the lymphatic and hematogenous circulation, which seeds distant tissues. Although both CSCs and non-CSC tumor cells are shed, metastatic tumor growth will only occur with the former, making them a potential therapeutic target. Fortunately, HNSCC CSCs behavior can be predicted by cell surface markers, which allows for isolation and targeted therapies.



HPV incidence specifically in oropharyngeal HNSCC is on the rise, and possesses a unique mechanism for tumorigenesis from alcohol and tobacco induced cancers. It will be important to relate our advancement in understanding of CSCs to the growing incidence in HPV related tumors to improve treatment strategies and improve patient outcomes. As such, this paper will review the supporting literature for HPV's role in CSC formation and tumorigenesis.




2. The Cancer Stem Cell Theory


Cancers are a genetically and functionally heterogenous group of cells. For example, when isolated cancer cells are extracted from a tumor and re-injected into a recipient host, only a limited group of cells are capable of tumor formation. It is this difference in functional capacity that defines the cancer stem cell theory.



CSCs are a minority sub-population of tumor cells that have capacity for asymmetric cell division, differentiation, and self-replication that can regenerate a complete heterogenous tumor. It is the ability of CSCs to differentiate and replicate that gives them metastatic and tumorigenic potential, while non-CSCs that metastasize ultimately degenerate without formation of a metastatic tumor. They are distinguished from non CSC tumor cells by their function, and can be isolated by unique expression of surface proteins that are often found on normal embryonal or epithelial stem cells.



The existence of CSCs was first examined in acute myelogenous leukemia (AML) where a subpopulation of CD34+/CD38− cells had proliferative and self-renewal properties capable of producing the genotypic and functional heterogeneity of the cancer, while other tumor cells could not reproduce viable tumor [1]. Further support of the CSC theory was demonstrated in melanoma with CD271+ cells being more tumorigenic than CD271− cells from the same tumor. In this study, CD271+ malignant cells were isolated and injected into mice, and formed tumors in 70% of injections compared to only 7% of CD271− cells [2]. These CSCs made up a minority of these tumors ranging from 2.5% to 41% of the tumor cell population. Since only a portion of tumor cells are capable of tumorigenesis, and these cells are measurably different, CSCs became an interesting research target for novel therapeutics.



There are opposing theories about how CSCs are formed. One theory proposes that CSCs develop directly from malignant transformation of normal stem cells. This proposes that normal epithelial stem cells have a long lifespan compared to differentiated cells, which allows for accumulation of genetic mutations [3,4]. Due to the high cellular turnover of the upper aerodigestive tract mucosa, it is likely that the epithelial stem cells are responsible for accumulating the genetic alterations necessary for malignant transformation [3]. The malignant transformation of epithelial stem cells can result in tumor cells harboring the same genetic pathways for self-replication and heterogenous cell population creation as their normal stem cell counterparts. Another proposed theory is that developing or differentiated cells undergo de-differentiation to become CSCs. This theory is supported by evidence that mutations in p53, Oct4, Sox2, Nanog, and KLF4 induce de-differentiation of cells [5,6,7,8].




3. Cancer Stem Cells in Head and Neck Cancer


The lack of significant progress in the treatment of advanced HNSCC has demanded the re-visitation of tumor biology to identify better treatment strategies. With mounting evidence for the Cancer Stem Cell theory, researchers have looked to apply this concept to head and neck cancers. The current therapies of surgery and radiation treat whole tumor volumes, which lacks specificity for the CSCs that are responsible for disease recurrence. With identification of CSCs in HNSCC, there is potential for novel treatment strategies, with potential for improved patient outcomes.



3.1. Emerging Evidence of HNSCC Cancer Stem Cells


Prince et al. provided convincing evidence for the existence of HNSCC CSCs through identification of unique tumorigenic properties of cells expressing CD44 surface antigen and aldehyde dehydrogenase (ALDH) activity [9]. CD44 is a cell-surface protein involved in cellular proliferation and migration that has been previously identified as a marker for breast and prostate CSCs. HNSCC tumors show a proportion of CD44+ cells ranging from 0.1% to 41.72% of the tumor population, and when isolated, CD44+ cells also share CSC properties [9]. Injection of 1000 HNSCC CSCs that were ALDH+CD44+ let to tumor development in 13 of 15 mice, while injection of 10,000 non-CSCs which were ALDH−CD44− only led to tumor development in 2 of 15 mice [10]. Not only does this support the existence of CSCs in HNSCC, but it also gives a mechanism for isolation of these cells from non-CSCs.



The Cancer Stem Cell theory can also be applied to HNSCC recurrence after resection with negative margins. Field cancerization describes the genetic alterations present in normal appearing cells surrounding the tumor and throughout the aerodigestive tract. Although not frankly malignant, these cells require relatively few genetic hits for malignant transformation, thus harboring potential for cancer recurrence and second primary tumors. CSC markers including ATR, ABCG1, Oct4, and Sox2 have been detected in mucosa adjacent to tumors, suggesting a possible role of CSCs in field cancerization development and tumor recurrence [3,11].




3.2. Unique Response to Therapy


Cancer stem cells (CSCs) are increasingly becoming an area of investigation for cancer therapeutics because untreated CSCs are thought to contribute to disease recurrence and metastasis. Current therapies target tumor bulk, but lack specificity for CSCs. Since there is evidence of radiation and cisplatin resistance amongst breast and HNSCC CSCs when compared to the non-tumorigenic cells, there is interest in developing therapies specific to CSCs [12,13,14,15,16,17,18].



Cultured breast cancer CSCs expressing CD44 were more resistant to radiotherapy and had higher Notch-1 activation. This led to a higher proportion of CSCs after radiation treatment, and is thought to explain rapid regrowth of tumors during radiation therapy treatment gaps [13,16]. A postulated etiology of radiotherapy resistance is that breast and HNSCC CSCs have a lower level of reactive oxygen species (ROS) and more efficient free radical scavengers. Radiotherapy primarily exerts its effect through oxygen ionization causing DNA damage, so more efficient ROS scavenging of CSCs can result in decreased treatment efficacy. Radiotherapy resistance is also seen in HNSCC CSCs due to reduced ROS resulting in less DNA damage after radiotherapy [15].



Similar findings of CD44+ breast cancer cells show a chemoresistance as well [14]. In this study, core biopsies were cultured before and after 12 weeks of neoadjuvant chemotherapy. After treatment, a higher proportion of CD44+ cells survived, and had increased tumorigenic efficiency, indicating a resistance to therapy by CSCs. This chemoresistance may be induced by resistance to apoptosis and expression of drug efflux pumps [19], or by over expression of ALDH by CSCs which protects against the effects of cisplatin [20]. Cisplatin chemoresistance has also been found in oral HNSCC CSCs expressing CD133 and CD10. CD133+ cells show higher cisplatin chemoresistance than the majority of the CD133− tumor cell population, but when CD133 expression was suppressed using a viral vector, the chemoresistance was reduced [21]. A similar trend for CD10+ HNSCC CSCs, which are more cisplatin and radioresistant than their CD10− counterparts [22].



Another study on HNSCC evaluated the proportion of CSCs in a tumor and evaluated radiotherapy outcomes. They propose that during radiation therapy, susceptible tumor cells are killed and replenished with radioresistant CSCs. Tumors with elevated CSCs had higher rates of local recurrence, distant metastases and reduced overall survival after radiation [23]. HNSCC appears to follow trends with other malignancies that CSCs are inherently resistant to standard therapies and require development of new treatments to improve outcomes.




3.3. Stem Cell Pathways for Tumorigenesis


There are molecular pathways and cell surface markers that are specific for stem cells, owing to their unique function. Sox2, Oct-1, Oct-4, and Nanog gene expression is unique to stem cells, because they regulate pleuripotency [24,25,26]. Cancer cells can utilize normal stem cell pathways to avoid apoptosis and preserve stemness to allow for tumorigenesis. This has been demonstrated in viruses such as HBV which utilizes the Oct-4 and Nanog pathways to maintain stemness in the pathogenesis of hepatocellular carcinoma [27]. However altered stem cell pathways do not work in isolation, but rather have significant interactions to promote tumorigenesis and epithelial-mesenchymal transition. There is a complicated integration of signaling pathways which results in the CSC phenotype, and many different pathways can converge to a common downstream effect [28]. Discussed below is a review of some stem cell pathways that are common to HNSCC CSCs.



3.3.1. Nanog


Nanog is a key protein in stem cell regulation that is frequently aberrant in malignancies. It is a transcription factor that facilitates self-renewal of embryonic stem cells though maintenance of pleuripotency. Stem cells have high Nanog expression, and as cells differentiate, expression is quickly suppressed. This process is unregulated in malignancies, and is over expressed to maintain CSC characteristics. In a normally functioning cell, p53 binds to the Nanog gene promoter to suppress its expression [29]. The suppression of Nanog by p53 promotes differentiation and allows for apoptosis. HPV causes p53 degradation through its E6 protein, thus leading to de-inhibition of Nanog and promotion of cell stemness.




3.3.2. Notch


The Notch pathway is elicited by normal stem cells for cellular differentiation. The Notch genes encode a transmembrane receptor, which when activated, promotes exiting the cell cycle and allowing cellular differentiation of keratinocytes [30,31]. The Notch pathway also plays a role in tumorigenesis and has an anti-apoptotic effect in many tumors [32]. HPV+ tumors have an altered expression of Notch, which promotes cell propagation and CSC development [30,32,33].




3.3.3. Oct-4


Oct-4 is another transcription factor that is necessary for stem cell self-renewal. This transcription factor is regulated by the POU family of genes, and becomes down-regulated as cells differentiate. Oct-4 is expressed by pluripotent cells and not by differentiated cells, it has been validated as a marker for stem cells in germ cell tumors [34].



Tumor cells with Oct-4 expression correlate with CSC behavior, tumorigenic potential, and aggressive clinical features such as metastasis, disease progression, and reduced survival in bladder and breast cancer [35,36,37]. In these studies, Oct-4 expression was also seen to be higher in ALDH positive tumor cells, which is another known HNSCC CSC tumor marker. When examining HNSCC lymph node metastasis in a human-in-mouse model, metastasized cells over-expressed CSC markers including ALDH and Oct-4 [38].





3.4. Cancer Stem Cellular Markers


Just as in hematologic, CNS, and other epithelial malignancies, HNSCC tumor cell behavior can be predicted based on cell surface markers [39,40,41,42,43,44,45,46]. Cellular markers such as CD44, ALDH, CD133, CD10, CD98, and CD24 identify cells which have CSC properties in HNSCC. Distinguishing these cells capable of tumorigenesis allows for distinction from other cells for possible development of targeted treatments.



In addition to being a CSC marker, CD44+ cells were identified as CSCs in breast cancer, and were later discovered to have similar properties in HNSCC [9]. CD44+ HNSCC cells correlate with more aggressive features and higher metastatic potential [47]. The CD44+ HNSCC cells share similar histologic features to stem cells, while CD44− cells have histology more similar to differentiated cells. Like normal stem cells, CD44+ cells express BMI1, which is involved with self-renewal, and stain with Cytokeratin 5/14—a stem cell marker [9]. As such, injection of CD44+ HNSCC tumor cells produced in vivo tumors in 20 of 31 injections while CD44− cells only produced a tumor in 1 of 40. The tumors that developed from the CD44+ cells had identical histology and possessed a diverse group of CD44+ and CD44− cells as seen in the original tumor [9]. Just as normal stem cells divide to give rise to identical stem cells and a diverse group of differentiated cells, CD44+ cells can self-replicate in addition to producing the gamet of tumor stromal cells. These experiments demonstrate that CD44 serves as a marker for CSC that express genetic patterns and behavior similar to stem cells, and are unique amongst the majority of cancer cells in their ability for self-replication, differentiation, and tumorigenesis.



Although CD44 serves as a marker for HNSCC CSCs, it is abundant in HNSCC and lacks a high specificity [48]. Aldehyde dehydrogenase (ALDH) is an enzyme found in normal stem cells, and has been identified early as a marker of HNSCC CSCs [18,49]. In a study of 5 HNSCC tumors, CD44+ALDH+ cells resulted in tumor formation when injected into immunocompromised mice, while CD44+ALDH− cells failed to form tumors. In addition, the CD44+ALDH+ cells had upregulated expression of stem cell genes, Oct-4, Nanog, and Sox2 [18]. In addition, ALDH expression was seen in only 1%–7.8% of HNSCC cells, and were able to form tumors with injections of as few as 500 cells into mice [49]. This indicates that ALDH may serve as more specific CSC marker than CD44.



With growing research into this area, additional markers of CSC behavior in HNSCC have been discovered. In addition to CD44 and ALDH, CD133+, CD10+, and CD98+ cells have CSC behavior in HNSCC [21,22,26]. The diversity of CSC markers highlights the heterogeneity of tumors, and offers several potential therapeutic targets. Antibodies have been developed to bind to these cell surface markers as a more selective treatment of CSCs, which has potential to reduce chemoresistance or recurrence and metastasis rates [21,26].





4. Human Papilloma Virus in Oropharyngeal Head and Neck Cancer


HPV related tumors have different genetic alterations and have a different pathway to malignancy than non-HPV related tumors, which results in a tumor with different clinical characteristics. In HNSCC, the strongest association with HPV has been found in oropharyngeal sites, and thus has received the most investigation. A meta-analysis of HPV related oropharyngeal HNSCC reviewing 18 studies showed better clinical outcomes including higher overall survival, better disease free survival, and lower rates of local recurrence for HPV related tumors compared to non-HPV related tumors [50]. Evidence has become substantial for the prognosis benefit in HPV related oropharyngeal HNSCC, but is less clear for non-oropharyngeal head and neck subsites. In addition to the oropharynx, HPV has less frequently been detected in tumors of the hypopharynx, larynx, and oral cavity [51]. The data is not as robust, but in one prospective study there was no survival or recurrence benefit for HPV related tumors in non-oropharyngeal sites [51].



4.1. Relationship of HPV with Cancer Stem Cells


CSCs share much of the genetic machinery as normal stem cells to maintain pleuripotency and allow for self-replication and tumor formation. HPV infects the basal layer of epithelial cells and specifically alters pleuripotency genes. Malignant transformation of stem cells retains many of the stem cell molecular pathways, which provides a mechanism for CSC formation unique to HPV+ HNSCC tumors when compared to sporadic HNSCC.



HPV related oropharyngeal HNSCC is rising in incidence, and there are early investigations to suggest that CSCs play a significant role in carcinogenesis. In a small study of six oropharyngeal HNSCC tumor specimens, HPV+ tumors had a higher proportion of CSCs compared to HPV− tumors [52]. In this study, HPV+ and HPV− oropharyngeal tumors were evaluated for CSC density based on CSC marker expression (ALDH1) and tumor sphere formation. The HPV+ tumors had a 62.5-fold greater proportion of CSCs, which was attributed to p53 inactivation by HPV. Compared with HPV− tumors, HPV+ tumors have a higher proportion CSCs and have a 2-fold increased tumorigenicity. Additionally, a study of four HPV− oral and oropharyngeal HNSCC cell lines infected with the HPV genome resulted in tumors with increased growth and self-renewal capacity [53]. Additionally, these HPV infected tumors had over expression of ALDH and increased cellular invasion and migration. It seems counterintuitive to see a better prognosis in HPV+ tumors despite an increased proportion of CSCs, which have been shown to have radiation and chemotherapy resistance. This suggests that CSCs are not homogenous between tumors, and that their phenotype is more important in clinical outcome than their number [52]. These findings are on small sample sizes and are not definitive, but may suggest a relationship between HPV and CSC formation. In fact, in another conflicting study, HPV+ tumors did not have higher expression of ALDH compared to HPV− tumors [54], and a mouse model of HPV+ HNSCC did not show a higher proportion of CSCs than HPV− HNSCC [47]. The relationship is still poorly understood and requires additional research.




4.2. HPVs Mechanism for Oncogenesis and CSC Formation


Cancer induced by viruses has long been a subject of study. In fact, viruses including Hepatis B, Hepatitis C, HPV, Epstein-Barr, and others are thought to cause 20% of the world's cancer by dysregulation the cell cycle, altering DNA, and inhibiting apoptosis [55,56]. HPV is carcinogenic in part due to E6 and E7 proteins causing dysregulation of p53 and Rb control of apoptosis and cell cycle regulation [57,58].



HPV deregulates p53 though the E6 protein, which is an important cellular pathway in maintaining stemness. P53 is responsible for cessation of cell growth and promotion of apoptosis in the presence of cellular damage, and binds to gene promoter regions to alter Nanog and Notch expression [29]. This is demonstrated when p53 is deleted in breast tissue, the epithelium has a higher proportion of stem cells with high regenerative capacity and altered Notch signaling [59]. P53 normally inhibits the notch pathway, but when infected with HPV this inhibition is lifted, causing a more proliferative state through activated Notch signaling. HPVs dysregulation of p53 through E6 leads to the increased likelihood of CSC production and tumorigenesis. Mutations in the tumor supressor retinoblastoma gene is a common finding in many malignancies, and its inactivation by HPV is a key etiologic factor in tumorigenesis. Activated RB acts to prevent cell cycle progression. It accomplishes this by binding and inactivating the E2F protein, which is a transcription factor which promotes cell division. When a cell approaches cellular division, the RB protein is phosphorylated and inactivated, which releases the E2F protein thus allowing progression from the G1 to the S phase of cell division. Loss of the RB gene predisposes to cell proliferation and oncogenesis. The E7 protein of HPV complexes with RB, which frees RB from E2F and promotes unregulated cell proliferation [60]. E2F motifs are found in the promoter regions of pleuripotency regulators such as Nanog. The release of E2F has shown an increase in expression of stem cell genes, and offers a plausible route for CSC formation, although data specifically relating to HPV+ HNSCC is lacking [61].



HPV is a very prevalent virus, and infection alone is not sufficient for malignant degeneration. HPV has also been shown to cause destabilization of chromosome structure with deletions and translocations of chromosomes in immortalized keratinocytes. This destabilization is a mechanism for additive genetic alterations which affect gene expression and malignant potential [62].



HPV can also exert oncogenic pressure through epigenetic changes such as altered methylation and chromatin structural changes to oncogenes. E7 expression causes upregulation of methyltransferase and demethylase proteins in keratinocytes resulting in reduced methylation of H3K27. This demethylation had downstream effects of increased expression of homeobox genes and p16 expression [55]. These changes promote cell stemness through alteration of protein expression, independent of their dysregulation of RB and p53 [63].



E6 and E7 dysregulation of the cell cycle is not sufficient for malignant transformation, and cells require additional genetic and epigenetic changes. One such mutation is in the stem cell Notch pathway, which is seen with reduced expression in cervical cancers [30,32,33]. The Notch1 protein is elevated in premalignant HPV lesions [33,64,65], but at reduced expression in HPV associated cervical cancers, suggesting that it represents an important pathway for HPV oncogenesis [32].





5. Conclusions


The cancer stem cell model dictates that only a fraction of tumor cells are capable of tumor propagation, recurrence, and metastasis. These CSCs utilize pathways similar to normal stem cells to maintain pluripotency. HNSCC fits the CSC model, and HPV related oropharyngeal tumors have a unique but poorly understood relationship with CSCs. Importantly CSCs can be isolated with cell surface markers, which allows for research into novel targeted therapy.



HPV+ oropharyngeal tumors propagate CSCs differently than HPV− tumors due to the molecular mechanisms of tumorigenesis unique to HPV. HPV preferentially affects keratinocyte stem cells and alters inherent stem cell pathways to promote CSC behavior. This is accomplished through alteration of stem cell pathways p53, Nanog, Notch, and Oct-4. This is seen by elevated Notch expression, disinhibition of Nanog expression, and activated Oct-4 in HPV related tumors. The utilization of these pathways supports the CSC theory in HPV related tumors, and can be an etiology of increased rates of metastasis.



CSCs represent an important therapeutic target for cancer treatment, because they represent the cells capable of tumor recurrence and metastasis. The importance is enhanced due to the problem of increased resistance to conventional treatments of CSCs. Treatment of only non-CSCs would result in tumor recurrence from the surviving CSCs, but elimination of the cell population capable of replication would induce tumor regression. HNSCC CSCs have shown radiation therapy and chemotherapy resistance, and insufficient treatment can lead to fast recurrences with selection for resistant CSCs. Fortunately, there are distinct differences in CSCs and non-CSCs in cell surface markers and activated cellular pathways. It is the differences such as Oct-4, Nanog, and Notch signaling that are potential therapeutic targets. Changing the way cancer is thought of and treated has exciting potential to finally break the hurdle patients and clinicians have been struggling with for several decades and improve patient outcomes and quality of life.
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