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ABSTRACT  

 Cancer is the leading cause of death in Canada with the head and neck cancer (HNC) 

ranked seventh in the rate of incidence. More than 90% of HNCs are squamous cell carcinomas 

(HNSCC) with an overall survival rate of 64.5%. One suggested cause for cancer treatment 

failure is the limitation of chemotherapy (CT) efficacy by its severe toxic side effects as the 

conventional treatment will cause damage to non-cancerous cells along with the cancer cells. 

Thus, reducing the dose of used CT while maintaining its efficiency is critical for improving the 

treatment outcome of HNSCC. Another possible cause for treatment failure is the presence of 

a subpopulation of cells inside the tumor that is highly treatment-resistant and able to cause 

recurrence termed cancer stem cells (CSCs). A plausible way to improve HNSCC treatment is to 

identify, isolate and target these CSCs.  

 The first aim of this thesis was to find if we can improve the efficacy of conventional 

chemotherapy; Cisplatin (CIS) and 5-Fluorouracil (5-FU), using a natural product Sulforaphane 

(SF), which is extracted from broccoli. We combined low doses of CT with SF in a dose 

concentration that can be achievable by oral ingestion of broccoli sprouts. This combined 

treatment was tested in-vitro on HNSCC cell lines SCC12 and SCC38 and on non-cancerous 

human cell line and primary cells for 3 days. Our results demonstrated that SF increased the 

cytotoxicity of CIS and 5-FU significantly by decreasing viability, proliferation, DNA repair after 

treatment and increasing apoptosis through activation of Caspase-dependent apoptosis 

pathway with no effect on non-cancerous cells. In conclusion, SF combined treatment can be a 

safe method to enhance chemotherapy and improve the patient’s life quality. 
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 The first step to target CSCs with any new treatment modality is to identify these cells 

and characterize them. The second aim of this thesis was to analyze the expression of CSCs cell 

markers CD44 and CD271 in HNSCC. The results showed that CD271+ cells are a subpopulation 

of CD44+ cells. In addition, CD44+/CD271+ cells have higher proliferation and growth rate, 

more treatment resistance and more tumorigenic in-vitro and in-vivo compared to 

CD44+/CD271- cells or the total cells population. These results suggest that CD271 is a more 

precise marker to identify HNSCC-CSCs compared to the widely used CD44.  

 Utilizing the data we collected from the first two parts of our project, we targeted the 

HNSCC-CSCs using SF. The third part of this thesis examined if the combination of SF with 

conventional CT, such as CIS and 5-FU, would increase its efficacy on CSCs as was reported for 

the total cellular population in HNSCC. The results demonstrated that SF increased the 

cytotoxicity of CIS and 5-FU toward HNSCC-CSCs both in-vitro and in-vivo, inhibited 

proliferation and tumorigenicity and prevented the elevation of the expression of stem cell (SC) 

related genes, such as BMI-1 and ALDh1A1, with conventional chemotherapy.  

 In summary, SF has a strong anti-cancerous effect. SF can augment the effect of CIS and 

5-FU against HNSCC. Combining CD44 and CD271 cell markers are more reliable to isolate CSCs 

from HNSCC as compared to CD44 alone. Finally, SF proved to be a very promising anti-cancer 

stem cells therapy either alone or as a combination with conventional chemotherapy. This 

naturally derived chemical has great potential for future clinical applications. 
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RÉSUMÉ  

 Le cancer cause la majeure partie des décès au Canada. Le cancer de la tête et du cou 

(CTC) se situe en matière d’incidence au septième rang. Plus de 90% des CTCs sont des 

carcinomes épidermoïdes (CETC) avec un taux de survie global de 64,5%. De nombreux effets 

secondaires toxiques limitent l'efficacité de la chimiothérapie (CT) et contribuent 

principalement à l'échec des traitements. Les traitements chimiothérapiques conventionnels 

affectent en même temps les cellules saines et cancéreuses. Afin d’améliorer les résultats du 

traitement des CETC, nous devrions réduire la dose chimiothérapeutique tout en maintenant 

son efficience. À l’intérieur de la tumeur, une sous population des cellules souches 

cancéreuses (CSC) existe qui résiste hautement au traitement et provoque des récidives. 

Cette sous-population est associée à l'échec du traitement. Identification, l’isolation et le 

ciblage des CSC amélioreraient le traitement au CETC. 

 

Le premier objectif de cette thèse était d’utiliser un produit extrait du brocoli, le Sulforaphane 

(SF), comme adjuvant au traitement conventionnel Cisplatine (CIS) et le 5-Fluorouracile (5-FU) 

et de déterminer son efficacité. Nous avons combiné de faibles doses de CT avec le SF à une 

concentration similaire à des quantités consommables de germes de brocoli. Ce traitement 

combiné a été testé in vitro sur les lignées cellulaires de CETC SCC12 et SCC38 ainsi que sur 

des lignées cellulaires humaines non cancéreuses et des cellules primaires pendant 3 jours. Le 

SF a significativement augmenté la cytotoxicité des traitements au CIS et du 5-FU. Le SF a 

diminué la viabilité, la prolifération, la réparation de l'ADN après traitement et a augmenté 
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l'apoptose par l'activation de la voie de l'apoptose dépendante de la Caspase sans effet sur 

les cellules non cancéreuses. En conclusion, le traitement combiné par SF pourrait améliorer 

la chimiothérapie et la qualité de vie du patient. 

 

Pour toute nouvelle modalité de traitement pour cibler les CSC, la première étape consiste à 

leur identification et caractérisation. Le deuxième objectif de cette thèse était d’analyser avec 

deux méthodes d’analyse d’expression les marqueurs CD44 et CD271 dans les CSC et dans les 

cellules de CETC. Les résultats ont montré que les cellules +CD271 sont une sous-population 

de cellules +CD44. De plus, les cellules +CD44/ +CD271 ont un plus haut taux de prolifération, 

de croissance, de résistance au traitement et à former des tumeurs in vitro et in vivo par 

rapport aux cellules +CD44 / -CD271 ou à la population de cellules totales. Ces résultats 

suggèrent que le marqueur CD271 identifie plus précisément les CSC des CETC par rapport au 

marquage unique au CD44 largement utilisé. 

 

En utilisant les données que nous avons collectées au cours des deux premières parties de 

notre projet, nous avons ciblé les CSC-HNSCC à l’aide de SF. La troisième partie de cette thèse 

a consisté à examiner un traitement combinatoire du SF avec les traitements conventionnels, 

CIS et 5-FU pour cibler les CSC. Nous voulions mesurer son efficience et comparer les résultats 

à ceux rapportés précédemment avec les cellules CETC. Nos résultats ont démontré que le SF 

augmentait la cytotoxicité du CIS et de 5-FU vis-à-vis les CSC des CETC à la fois in vitro et in 

vivo. Ce traitement inhibait la prolifération, la formation de tumeur et empêchait l'élévation 
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de l'expression de gènes liés aux cellules souches, tels que BMI-1 et ALDh1A1. Une 

amélioration par rapport aux chimiothérapies conventionnelles. 

 

En résumé, le SF a un puissant effet anticancéreux. Chez l’humain, SF pourrait augmente 

l’efficacité des traitements conventionnelle au CIS et au 5-FU contre les CETC. La combinaison 

CD44 / CD271 est un marqueur plus fiable pour isoler les CSC du CETC par rapport à l’utilisation 

unique du CD44. Enfin, la thérapie par le SF seule ou combinée aux chimiothérapies 

conventionnelles s'est avérée très prometteuse contre les CSC. Ce produit chimique dérivé 

naturel a un grand potentiel clinique 
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Chapter 1 - Introduction: 

1.1 Thesis outline 

This thesis is prepared in a manuscript-based format according to the guidelines issued by 

McGill University regarding Doctoral Thesis preparation, and it consists of ten chapters. Chapter 

one includes a general introduction and thesis rationale. Chapter two reviewed the current 

knowledge on the epidemiology, etiology, and management of head and neck cancer with 

special attention to cancer stem cells. Chapter three includes the current information about 

Sulforaphane sources, its metabolism, and its cancer prevention and anti-cancer effect with 

emphasis on cancer stem cells and human clinical trials. Chapter two and three are both 

manuscripts of review papers and together comprise the literature review for the thesis topic. 

Chapter four includes the thesis-hypothesis and main objectives. Chapter five, six and seven 

are the original research manuscripts prepared by the candidate illustrating the effect of 

Sulforaphane either alone or combined with conventional chemotherapy, Cisplatin or 5-

Flourouracil, on head and neck cancer and cancer stem cells. The manuscripts also report a 

more precise marker, CD271, to isolate cancer stem cells from head and neck cancer compared 

to the widely used CD44. Chapter eight contains the overall discussion and conclusions. Chapter 

nine includes the list of references cited in this thesis. Chapter ten is the appendix showing the 

articles published by the candidate during his Ph.D. studies. 

1.2 Research Rationale 

 HNSCC is now the seventh most common cancer worldwide as it accounts for almost 

4.6% of cancer cases in the world [1]. Despite the improvements in treatment modalities, the 

five-year survival rate for HNSCC has remained unchanged at about 50% over the past 30 years 
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[1,2]. One of the reasons for cancer treatment failure is that the efficacy of current standard CT 

is restricted partly due to the severe toxic/side-effects. Acute side effects are the most 

important limitation for CT, but recently there is growing evidence of higher rates of late toxicity 

side effects as well [3-5]. This includes the most widely used Cisplatin and 5-Fluorouracil. CIS 

forms DNA adducts which lead to induction of apoptosis in cancer cells [6] and the toxic side 

effects of CIS are dose-dependent, including nephrotoxicity, otological dysfunction, bone 

marrow suppression with hemolytic anemia, and neurotoxicity in the form of visual disturbances 

[7-9]. 5-FU inhibits the thymidylate synthase enzyme through its metabolite to inhibit cancer 

cells division [10] and the side effects of 5-FU range from the commonly occurring diarrhea, 

nausea, vomiting, neutropenia, and thrombocytopenia to the less common but more severe 

dermatologic effects, hand and foot syndrome, cardiotoxicity and neurotoxicity [11]. More 

research is needed into patient satisfaction and quality of life after receiving CRT for HNC 

[12,13].  

 Other reason for cancer treatment failure is related to the presence of a subpopulation 

of cells in the tumor called cancer stem cells which are suggested to have tumor-initiating 

potential, combined with the ability of self-renewal and multilineage differentiation [14,15]. 

CSCs possess several characteristics of normal stem cells [16,17]. For example, CSCs undergo 

self-renewal, maintain quiescence, show multipotentiality, and exert survival protein/anti-

apoptosis proteins [16,17]. Another well-known characteristic of CSCs is their ability to expand 

their number by cell proliferation/survival and/or clone formation and differentiation [16,17]. 

CSCs may also show chemotherapy resistance, which causes a recurrence of cancers [18]. Thus, 

correct identification and isolation of these cells are the first steps to target them. The CD44+ 

population is shown to contain the CSC subpopulation, as the purified CD44+ cells from the 

primary tumors can give rise to tumors faster and by injecting less cell number in xenograft 

model compared to CD44- cells, and these xenograft tumors subsequently reproduce the 

original tumor heterogeneity observed in the primary tumor. CD44+ cell population has a 

greater capacity to handle oxidative stress and, as such, is more radioresistant [19]. On the other 

hand, in normal human oral epithelium, we can find a subpopulation of cells expressing a cell 

surface molecule designated as the CD271 antigen with stem cell–like properties as they [20,21]. 
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Recently, this molecule was identified as a marker of CSCs in many tumors, such as human 

melanoma [22,23], esophageal carcinoma [24,25], and hypopharyngeal carcinoma [26]. Besides 

being expressed in discrete cells within the basal layer of normal oral epithelium, CD271 is also 

found in oral dysplasia and OSCC [27]. 

 According to many studies, phytochemical is a potential source of therapeutics for 

diverse types of cancers and CSCs elimination [28]. Sulforaphane, which is obtained by hydrolysis 

of glucoraphanin, is the most characterized isothiocyanate compound which is found in high 

concentrations in cruciferous vegetables [29]. Approximately, 60%–80% of the metabolized 

glucoraphanin is converted to SF [30], with most broccoli variations contain between 0.1 and 30 

µmol/g of glucoraphanin. Several studies in recent years have shown that SF has multiple 

biological activities, such as anti-inflammation, antioxidation and anticancer effects [31-33]. In 

addition, this compound is safe and associated with low toxicity [34], making it an excellent 

candidate as a chemotherapeutic agent [35]. SF has been demonstrated to target multiple 

pathways involved in cancer cells and can interfere at various levels of the carcinogenetic 

process either alone or in combination with other anticancer compounds. SF augmented the 

effect of imatinib and gemcitabine against CML cells and pancreatic cancer cells, respectively 

[36,37]. Georgios Kallifatidis in 2011 found that SF targeted the Notch pathway which inhibited 

the self-renewal ability of pancreatic CSCs. This effect was augmented by the combination of SF 

with Gemcitabine [36]. In 2012, Mariana Rodova reported that SF down-regulated the SHH 

pathway in pancreatic cancer also by inhibiting Smo, Gli1, and Gli2 [38]. Chia-Ming Liu in 2017 

reported the inhibitory effect of SF on BMI-1 protein by up-regulation of miR-200c [39]. A diet 

containing three to five servings of broccoli per week is reported to be sufficient to decrease the 

risk of cancer development by almost 30%–40% [40] 

 This dissertation introduces the current knowledge about HNSCC treatment modalities 

and CSCs implications along a detailed review about Sulforaphane’s anti-cancer effects. This is 

followed by an in-depth investigation on the effect of combining Sulforaphane with the 

conventional chemotherapy to target HNSCC cancer stem cells that was isolated using CD44 and 

CD271 markers. 
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Literature review: 

Chapter 2 - Head and neck cancer management and cancer stem cells implication  

2.1 Preface (connecting paragraph) 

 As we mentioned in the introduction section, cancer is one of the major causes of death 

worldwide and in Canada. Head and neck cancers are a group of cancers that arise in the head 

and neck region with 90% of those being squamous cell carcinoma. Head and neck cancer is 

considered one of the most prevalent cancers in Canada especially among men.  

 In this chapter, we reviewed the current knowledge on the epidemiology, etiology, and 

management of head and neck cancer. Our review also covers in depth cancer stem cells (CSCs), 

their relations to head and neck cancer, and how CSCs affect cancer management and 

treatment outcome. 

The study presented in this chapter has been published in The Saudi Dental Journal 2019; 31: 

395-416. https://doi.org/10.1016/j.sdentj.2019.05.010.  
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Abstract  

 Head and neck squamous cell carcinomas (HNSCCs) arise in the mucosal linings of the 

upper aerodigestive tract and are heterogeneous in nature. Risk factors for HNSCCs are smoking, 

excessive alcohol consumption, and the human papilloma virus. Conventional treatments are 

surgery, radiotherapy, chemotherapy, or a combined modality; however, no international 

standard mode of therapy exists. In contrast to the conventional model of clonal evolution in 

tumor development, there is a newly proposed theory based on the activity of cancer stem cells 

(CSCs) as the model for carcinogenesis. This “CSC hypothesis” may explain the high mortality rate, 

low response to treatments, and tendency to develop multiple tumors for HNSCC patients. We 

review current knowledge on HNSCC etiology and treatment, with a focus on CSCs, including their 

origins, identifications, and effects on therapeutic options. 

 

Keywords: Head and Neck cancer; Carcinoma, squamous cell; Cancer stem cells, Cancer 

treatment, Antineoplastic agents. 
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Abbreviation: 

ABC, ATP-binding cassette transporters; ATC, Amplifying transitory cell; BMI-1, B cell-specific 

Moloney murine leukemia virus integration site 1; EGFR, Epidermal growth factor receptor; HIFs, 

Hypoxia-inducible factors; MDR1, Multidrug Resistance Protein 1; NF-κB, Nuclear factor kappa-

light-chain-enhancer of activated B cells; PI3K, Phosphatidylinositol-4,5-bisphosphate 3-kinase; 

TKIs, Tyrosine kinase inhibitors;  

2.2 Introduction and epidemiology of head and neck cancer: 

 Head and neck cancers (HNC) are a group of cancers that arise in the oral cavity, pharynx, 

larynx, paranasal sinuses, nasal cavity, salivary glands, or head and neck lymph nodes [41]. HNC 

is the seventh most common cancer worldwide with around 600,000 new cases annually [1,42] 

and unacceptably high rates of mortality, especially in developing countries, reaching 300,000 

deaths each year [43]. More than 90% of the HNC is head and neck squamous cell carcinoma 

(HNSCC), variant that originates from the mucosal lining epithelium of the upper aerodigestive 

tract [1]. Of interest, it was reported that around 20% of oral squamous cell carcinoma patients 

will develop an upper aerodigestive tract secondary tumor [44]. 

 The estimate is that about two-thirds of the HNSCC cases occur in developing areas such 

as south and south-east Asia [45]. This great variation in the global prevalence of HNSCC can be 

seen with the prevalence rate of 5-8% of total cancer cases in Europe and America [46,47] 

compared to over 30% in India [48]. Historically, black HNSCC patients had poorer prognosis, 

higher recurrence, and mortality rates when compared to non-black patients [49]. This might be 



8 
 

due to their lower socioeconomic status, difficulties for health care access, delayed diagnosis, 

and lower rates of surgical intervention [50]. Such a difference in the rate of incidence was 

reversed in the USA with less black HNSCC patients when compared to non-black ones starting in 

1990. This, in part, can be explained by the fast-rising incidence of Human papillomavirus (HPV)-

HNSCC which also have a high incidence in whites in the USA [51]. 

 HNC, and specifically oral cancer, was always described as a disease of old age with most 

epidemiological studies describing higher incidence in the age group of fifty to seventy years old 

[52]. There were reports that only 5% of HNC patients are in the age group from twenty-five to 

forty years old. However recently, there is an increase in HNC incidence in younger age groups 

[53]. This is partially related to the increase in smoking and usage of other drugs at young age 

[54], as well as the recently common sexually-transmitted HPV [53]. 

 Generally, HNC is more common in men by a 2-5 fold compared to women in most 

countries [55], because of likely higher tobacco usage among men [56]. However, since the 1950s 

there was an increase in the incidence of HNC in females associated with the increased smoking 

among them [57]. In the USA, oral squamous cell carcinoma (OSCC) and oropharyngeal squamous 

cell carcinoma (OPSCC) ratios between men to women are currently about 1.5:1 and 2.8:1, 

respectively [58].  In Canada, OSCC and laryngeal squamous cell carcinoma (LSCC) ratios between 

men to women are currently about 2.2:1 and 5.3:1, respectively [59]. 

 We review in this paper the etiological factors behind this cancer and the current and 

future directions of treatment with special attention to the cancer stem cells hypothesis, its 

relation to head and neck cancer, and how it affects the line of treatment. 
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2.3 Etiology and pathogenesis: 

 Although tobacco, alcohol, and HPV are the primary HNC risk factors, the etiology of such 

neoplasm is multifactorial, and many additional causes have been recognized [60]. 

2.3.1 Tobacco 

 Tobacco usage is the main etiological factor behind HNC as about 90% of the diagnosed 

HNC patients reported a history of tobacco consumption [61]. It is reported that tobacco users 

have a 5-fold increased risk of developing oral cavity, oropharynx and hypopharynx cancers and 

a 10-fold increase in developing laryngeal cancers when compared to non-users [62]. There is a 

close correlation between cigarette smoking duration, intensity and frequency and HNC rate of 

development in patients [61]. In the same context, the risk of HNC development greatly 

decreases with increasing the duration of cigarette smoking cessation [63]. 

 Another primary HNC risk factor, in particular for oral cavity cancers, is smokeless 

tobacco, such as snuff or chewing tobacco [64]. Individuals, who have used smokeless tobacco, 

have an estimated 80% increase in the risk of developing oral cavity cancer. Countries in which 

there is a popular use of smokeless tobacco (including betel quid or areca nut with added 

tobacco) have an attributable fraction of oral cavity cancer which is as high as 53% in India and 

68% in Sudan, compared to 7% in the USA [65]. The frequent use of Shamma, Zarda, and Khat 

has assorted the HNC to be one of the commonest malignancies in Yemen [66]. 

2.3.2 Alcohol 
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 Between 1% to 4% of HNC cases are attributable solely to alcohol consumption [67]. 

Hypopharynx cancer is the most common type of HNC types that is related to alcohol 

consumption [68]. Alcohol drinking works synergistically with tobacco use, imposing a 

remarkable multiplicative impact in increasing the risk of HNC, [69] to a level greater than 35-fold 

for individuals who daily consume two or more cigarettes packs along with more than four 

alcoholic drinks [70]. 

2.3.3 Occupation 

 Some epidemiological studies have drawn a link between industrial employment and 

increasing the risk to develop HNC. Industrial jobs such involving occupational exposures to wood 

dust, acid mists, asbestos or solvents and jobs related to textiles and leather manufacturing have 

higher incidence HNC rates [70]. Sinonasal undifferentiated carcinomas, a rare cancer of the nasal 

cavity and/or paranasal sinuses could be related to occupational exposures to chromium, nickel, 

and radium [45]. 

2.3.4 Solar exposure 

 Prolonged sunlight exposure is considered as a major risk factor of potentially 

premalignant disorder such as actinic cheilitis and lip squamous cell carcinomas that arise in the 

epithelial layer of the lower vermillion border [71]. There is a marked resemblance of the risk 

factors of lip cancer to those of skin cancer. However, the risk for cancer of the lower vermillion 

border was reported positively correlated with increased exposure to solar ultraviolet radiation 

and not related to skin cancer [72].  

2.3.5 Immunologic diseases 
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 Tumor immune surveillance is the process through which the immune system can 

specifically identify cancerous or precancerous cells, depending on their expression of tumor-

specific antigens or cellular stress inducing molecules, and eliminate them before they can 

develop or progress [73]. An increased risk of HNC might be attributed to suppression of the 

immunity secondary to solid organ transplantation or Human immunodeficiency virus (HIV) 

infection. There is roughly 10-fold rise of lip cancer incidence, and a more modest 2-5-fold 

increase of HNC incidence at other sites, after solid organ transplantation [74]. In a retrospective 

study from Switzerland, there was a 3-fold increase in the development of carcinomas of the lip, 

mouth, pharynx, and lung in HIV-positive patients [75].  

2.3.6 Viral infection 

 Chronic viral infections in human cells could encourage the mounting of multiple 

mutagenic onslaughts, initiating the cells transformation process, and ultimately giving rise to 

malignant disease. Transformed cells often exhibit chromosomal aberrations which may result 

from the integration of the viral genome into chromosomes of the host cell [76]. HPV is a very 

important risk factor for HNC as up to 15-20% of all HNC are closely related to high-risk HPV 

infection [77]. Furthermore, HPV-DNA can be found in up to 70% of OPSCC especially that is 

located at the tonsils [78]. It has been suggested that there is a possible interaction between 

tobacco consumption, alcohol use or HPV16 and Herpes simplex virus type 1 (HSV1) in OSCC 

development [79]. The most acceptable method to assess HPV tumor status is the surrogate 

marker p16 immunohistochemistry [80,81]. Overexpression of this surrogate marker is strongly 

associated with transcriptionally active high-risk HPV. Positive cases show a threshold of at least 

70 percent nuclear and cytoplasmic expression with moderate to strong intensity. 
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 Another oncogenic double-stranded DNA virus, besides HPV, is the Epstein‐Barr virus 

(EBV) which is one of the human herpesvirus family capable to persist lifelong in the human body 

[79]. The oncogenic potential of EBV has been reviewed in a wide variety of benign and malignant 

tumors development, however, it was less correlated to HNC except for the strong association 

with nasopharyngeal squamous cell carcinomas (NPSCC) [82]. Interestingly, a study showed that 

nearly 60% of OSCCs were EBV genome positive [83], and another study correlated the poorer 

OSCC prognosis to the increased expression of EBV [84]. 

2.3.7 Premalignant Lesions 

 Oral squamous cell carcinoma (OSCC) can arise de novo or arise from pre-existing 

potentially malignant disorders such as oral leukoplakia, erythroplakia, oral submucous fibrosis, 

and lichenoid dysplastic lesions [85]. Oral lichen planus has a malignant transformation rate 

ranging from 1 to 5.8%, in particular the erosive form [86-88]. Other authors reported a strong 

association between OSCC and the erosive form of the lichen planus [89,90]. It has been reported 

that OSCCs originating from leukoplakic lesions have indeed a more favorable prognosis than 

those evolving de novo,[91]; however, a more recent study reported that the prognosis of these 

two groups of OSCCs is insignificantly different [92]. 

2.3.8 Genetic and familial factors 

 The high susceptibility of cancer development is closely related to various human genetic 

mutations and genetic polymorphisms [93]. A proto-oncogene is a normal gene that, due to 

mutations or increased expression, can become a tumor-inducing agent, i.e. an oncogene which 

encodes for an oncoprotein. Proteins that are encoded by proto-oncogenes, help to regulate cell 
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growth and differentiation; as they are often involved in signal transduction and execution of 

mitogenic signals [94]. A study in India reported the mutation in Rat sarcoma (Ras) gene is related 

to the development and progression of OSCC [95]. A more recent study reported CT120A gene 

as possible oncogene for HNSCC and its overexpression is associated with high tumor grades [96]. 

 A tumor suppressor gene (anti-oncogene) is a gene that protects a cell from cancerous 

transformation. Usually, in combination with other genetic changes, when the tumor suppressor 

gene mutates leading to a loss or reduction in its function, the cell might progress to cancer. The 

loss of these genes may be even more important than the activation of proto-

oncogene/oncogene for the formation of many types of human cancer cells [97]. Researchers 

had indicated that oral cancers may evolve through a series of mutations in tumor suppressor 

genes, especially p53 [98-100].  

2.3.9 Other factors 

 Free radicals such as reactive oxygen species (ROS) are naturally formed in the body and 

play a crucial role in many normal cellular processes. However, at high concentrations, ROS can 

cause oxidative stress and be hazardous to the body damaging all major cellular components, 

including DNA, proteins, and cell membranes, and thus they may play a role in the development 

of cancer and other impaired health conditions [101]. ROS produced by tobacco consumption 

has have been correlated to HNC initiation and progression by either inducing genotoxicity and 

mutation, altering the salivary proteins and normal oral mucosa, or inducing inflammatory cells 

infiltration [102]. An epidemiological study conducted in Papua New Guinea strongly correlated 

the ROS to HNC development [103]. 
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 Antioxidants "free radical scavengers" are chemicals which interact with and neutralize 

these free radicals, thus preventing them from causing damage. The body capable of forming 

some of the antioxidants (endogenous) which it uses to neutralize free radicals. However, most 

of the antioxidants used by the body come from external (exogenous) sources, primarily the diet. 

Fruits, vegetables, and grains are rich sources of dietary antioxidants, and some dietary 

antioxidants are also available now as dietary supplements [104]. A study reported elevated 

oxidative stress and decreased antioxidant defense in patients with HNC [105].  

2.4 Clinical presentation for HNSCC 

 Numerous signs and symptoms may be encountered depending on the location of the 

HNSCC. Tongue SCC usually presents as a deeply infiltrating ulcer with indurated growth, 

reducing its mobility. SCCs of buccal mucosa and floor of the mouth may present as either ulcers 

with raised indurated margins or exophytic lesions. SCC of the hard palate often presents a 

papillary exophytic growth rather than a flat or even an ulcerated one. On the other hand, soft 

palate and uvula SCC could appear as an ulcer with raised margins or as a fungating mass. 

Generally, the most common presenting features are ulceration, bleeding, localized pain plus 

referred ear pain, difficulty with speech, opening of the mouth or chewing, and neck swelling due 

to occasionally enlarged cervical lymph nodes [106,107]. 

 Haemoptysis, dysphagia, odynophagia and quality change of voice are well-known signs 

and symptoms of the hypopharyngeal and supraglottic tumors. Voice hoarseness characterizes 

the glottic SCC. For the subglottic tumor, dyspnea and stridor frequently occur. Trachea SCC may 

bring about dyspnea, hoarseness, wheezing, cough and haemoptysis. SCC of the nasal or 
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paranasal sinuses may give rise to nasal fullness, nasal obstruction, epistaxis, paresthesia, 

rhinorrhea, and palatal bulge. Persistent non-healing nasal sore or ulcer, or in advanced cases, 

proptosis, diplopia, and lacrimation may evolve. The NPSCC patients are commonly presented 

with painless enlargement of upper cervical lymph nodes, blood-stained post-nasal drip, and 

serous otitis media due to Eustachian tube obstruction [106,107]. 

2.5 Treatment of HNC: 

 Tumor sub-site and tumor stage are the main factors affecting the choice of treatment 

modality for HNC patients. The performance status of each patient is another important aspect 

to take into consideration as treatment is often very intense with multiple side effects. Co-

morbidity state in the HNC patients leads to poorer survival, irrespective of the choice of 

treatment [108]. HNC patients conventionally treated by either surgery, radiotherapy (RT), 

chemotherapy (CT), or combinations of these modalities. However, no worldwide standard mode 

of therapy exists [109]. The combined treatments can be delivered concurrently or in different 

temporal sequences. Recently, new targeted molecular therapies have shown very promising 

results [110,111]. 

 A multidisciplinary approach is needed to decide the best treatment planning, and to 

assess posttreatment response. Surgeons, medical oncologists, and radiation oncologists, as well 

as dentists, speech/swallowing pathologists, dieticians, psychosocial oncology, prosthodontists, 

and rehabilitation therapists should be included in the decision team. A study reported that 

multidisciplinary tumor board affects diagnostic and treatment decisions in a significant number 

of patients specially with newly diagnosed head and neck tumors [112]. 
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 Furthermore, complex cases of head and neck cancer have better chances to be treated 

at high-volume centers, where expertise in each of previously mentioned disciplines can be found 

[113,114]. An analysis of outcomes from a large randomized trial (Radiation Therapy Oncology 

Group [RTOG] 0129) found that centers with high accrual to head and neck clinical trials reported 

significantly better five-year overall survival rate for their treated patients when compared with 

centers with historically low accrual (69 versus 51 percent) [115]. 

2.5.1 Surgical intervention: 

2.5.1.1 Surgical removal oh HNSCC  

 Before radiotherapy was available as a treatment, surgery was the only treatment 

modality for HNC patients, then RT was suggested as a replacement [116]. However, this was not 

the case and the two treatment modalities were used together as combined treatment [117]. 

Over time, surgeons shifted their concerns from only removal of the lesion and promoted 

improved prognosis to also considering the preservation of organ function and cosmetic 

appearance, resulting in a continuous emerging of new techniques [118,119]. Surgical 

intervention in primary cancer treatment has changed, and it is rare now to perform surgical 

treatments for pharyngeal cancer as it can have an excellent prognosis with less invasive 

treatment modalities. However, in cases of treatment resistance or cancer recurrence, salvage 

surgery becomes mandatory [120] with, if possible, reconstructions with free flaps [121,122].  

 In the case of oral cavity primary cancers, surgery is still the main treatment option, and 

usually require a free-flap reconstruction with soft tissue if there are mandibular and bone 

resections [123]. Lower-stage OSCC is often treated with surgery alone while patients with higher 
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stages and poorer prognosis are treated with combined modalities [124]. In laryngeal cancers, 

small tumors which are only in the right or left vocal cords, are often treated with surgery while 

tumors that are in both vocal cords or spread beyond the vocal cords but still confined in the 

larynx are treated with External Beam Radiation Therapy (EBRT) alone, and tumors with spread 

beyond the larynx are treated with a laryngectomy followed by EBRT [125-129]. One of the 

landmarks in the development of new methods for larynx cancer treatment and surrounding 

organs preservation is the work done by the Department of Veterans Affairs Laryngeal Cancer 

Study Group [130]. They reported that induction CT and definitive RT can be effective in 

preserving the larynx compared to laryngectomy. There are, however, new forms of surgery 

which provide better organ-preserving capability such as; transoral laser microsurgery, transoral 

robotic surgery, and open partial laryngectomy which might increase the usage of surgery in 

primary laryngeal tumors [131]. 

2.5.1.2 Neck Dissection: 

 Prophylactic neck dissection is performed in some cases to remove any metastasized 

residual cancerous tissues in the cervical lymph nodes [109]. The original use of neck dissection 

was for a palliative treatment for HNC patients, but G.W. Crile at the beginning of the twentieth 

century [132] reidentified this procedure as a treatment for HNC, aiming to reduce the risk of 

regional lymph nodes recurrence [133]. Later on, H. Martin introduced the more modern form of 

neck dissection [134]. Starting from the 1960s, neck dissection became an integral part of surgical 

treatment in combination with RT, especially for patients with regional nodal metastasis [135].  
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 With the preservation of organ function becoming more of an issue, there was a definitive 

change towards chemoradiotherapy (CRT) without neck dissection even with evidence of nodal 

metastasis. This debate about whether to use neck dissection or not in these patients and the 

possible effect on the prognosis, with or without RT, continued all through the 1990s [136,137]. 

During the last two decades, however, most studies have shown that there is no need to perform 

a planned neck dissection in patients with nodal metastasis who achieve a complete response 

after RT or CRT [138-140], and even if a neck dissection is deemed mandatory, a modified 

technique is recommended [141]. Parallel to this, neck dissection also has a new role as a 

diagnostic tool to detect micro-metastasis in the neck, considered as a prophylactic treatment 

preventing regional recurrence. This is usually used with OSCC due to its high incidence for micro-

metastasis [142] and is commonly referred to as a staging, selective, or elective neck surgery 

[143,144].   

 According to the American Academy of Otolaryngology-Head and Neck Surgery (AAO-

HNS), neck surgery has three major types: radical, modified radical, and selective [145], and there 

are ongoing attempts to further develop this classification [146]. As an effort toward less 

extensive surgery, a new technique was introduced that only removes the regions of the neck 

that are most likely to be the site of metastasis. The sentinel node technique is regarded as an 

extremely selective neck dissection as it only dissects the gateway nodes [147,148]. This is a very 

promising technology and it may replace the conventional elective neck dissection in the near 

future [149]. 

 Recently, new techniques have evolved to decrease the morbidity of the HNC patients 

after surgical treatment and to reconstruct the removed area. Techniques such as navigational 
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systems during surgery, stereolithographic models, robotic surgery, allotransplants, and tissue 

engineering are the future of reconstruction and soon will replace the conventional full thickness 

normal flaps [150].  

2.5.2 Non-surgical treatment 

 The non-surgical treatment of HNC includes radiotherapy, either external or internal 

(brachytherapy), chemotherapy given for induction and/or concurrently, and pharmacological 

treatment. 

2.5.2.1 External radiotherapy 

 About 40% of HNC patients undergo RT during their treatments. 60% of those patients 

will be receiving  radiation as a definitive treatment, often in combination with surgery and CT 

[151]. External-beam radiotherapy or external radiotherapy is the conventional method for 

radiating HNC [152]. The usual method for EBRT is to deliver a photon beam from a linear 

accelerator. The ultimate goal is to deliver therapeutic radiation dosage to the tumor without 

affecting the surrounding tissues, especially tissues in the organ known for its vulnerability to 

radiation damage such as the spinal cord, the inner ear, and the salivary glands, also known as 

organs at risk (OARs). [153]. To help protect these organs at risk, a careful planning for the RT 

using 3-dimensional computed tomography-based imaging must be done [154,155]. RT is 

conventionally given in the form of fractions of 1.8 – 2.0 Gray (Gy), once daily, 5 days a week for 

a period of 6 or 7 weeks (making the total up to 70 Gy). In HNC patients’ treatment, an 

accelerated schedule can be used, using six fractions per week, which appear to give improved 
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results compared to the five visits per week [156,157]. This accelerated schedule delivers the 

same radiation dosage in a shorter period, allowing less time for the tumor to recover [158,159].  

 To deliver adequate target volume coverage and to decrease the risk of RT-induced 

toxicity, there is a need for accurate delineation of the OARs in the treatment plan. To avoid 

subjective contouring variations between radiation oncologists in the definition of OARs 

anatomical sites and limits, contouring consensus guidelines have been developed and followed 

[160-162]. There is a risk of small changes in positioning the patient during RT due to weight loss, 

tumor volume changes, and changes in OARs, especially that the RT takes several weeks. Along 

with the fact that the patient is not fully immobilized during treatment might lead to high 

radiation doses to surrounding tissues. The new adaptive radiation treatment technique reduces 

this risk greatly when compared to the conventional radiation methods [163]. Another rapidly 

developing method to target HNC while preserving OARs is the use of proton beam radiation 

[164]. A well-known method for rescuing OARs is the use of intensity-modulated radiotherapy 

(IMRT) and image-guided radiation therapy (IGRT), which reduces the irradiation to the 

surrounding tissues while delivering curative high radiation dosage to cancer [153,165]. 

 There is a strong debate on whether there should be pre- or postoperative EBRT in the 

last decades. One study showed that preoperative EBRT might be negative for surgery, 

particularly free-flap reconstructions, and this negative effect increased by increasing the time 

delay between the end of EBRT and surgery [166]. Another study reported that postoperative 

EBRT was associated with a higher risk of local recurrence [167]. Even though some authors 

supported preoperative EBRT, especially for the OSCC [168], most institutions use primary 
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surgery for small tumors, smaller than 6 mm, with postoperative EBRT considering the tumor 

stage, radicality, and histopathology [169]. 

 While surgery may alter form and function, RT or chemoradiation treatment may cause 

acute effects such as mucositis, function alteration and dysphagia, fatigue, and airway edema. 

Long-term side effects may include severe dysphagia, osteoradionecrosis, aspiration pneumonia, 

or radiation fibrosis syndrome, which are directly related to radiation dose [170,171]. 

2.5.2.2 Brachytherapy 

 Brachytherapy, or internal radiation, means delivering the therapeutic radiation dose 

from encapsulated radionuclides within or close to a tumor [172]. This is done by using plastic 

tube catheters that release photon radiation and is implanted around the tumour, helping in 

delivering a high dose of radiation directly to the tumour without any beams passing through 

normal tissue. One important limitation of brachytherapy is that it is best suited for tumors with 

high accessibility for implantation of catheters. Some studies showed that smaller tumors could 

be fully treated with brachytherapy alone, while larger tumors, especially at the base of tongue, 

were better treated using a combination of EBRT and brachytherapy [173-175].  Innovative 

technologies in imaging and analysis, such as intensity modulated brachytherapy (IMBT), 

Magnetic resonance imaging (MRI), Computed tomography, and Positron emission tomography 

(PET) make brachytherapy more efficient and a safer method when compared to the 

conventional technique [175,176]. 

2.5.2.3 Chemotherapy and pharmacological treatment 
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 Chemotherapy can be used as a palliative treatment alone, however, as a curative 

treatment it is always combined with RT which may be given before RT (as induction or 

neoadjuvant), alongside RT (as concomitant or concurrent), or in some cases after surgery (as 

adjuvant) [177]. The combination of RT and CT has been reported to decrease regional metastasis 

and improve survival rates while maintaining relatively low toxicity, especially in patients with 

advanced disease [178-180]. There is increasing use of a combined induction and concurrent 

chemoradiotherapy (CCRT) to reduce distant metastasis [181,182]. The current standard 

treatment of NPSCC is concurrent cis-Diammineplatinum(II) dichloride (Cisplatin) and RT 

followed by adjuvant CIS and 5-FU following the recommendation from the Intergroup 0099 

study [45,183]. HNC patients with locally advanced, unresectable tumor are treated by CRT as a 

standard as long as the addition of CT is not indicated due to poor performance status or 

comorbid illnesses [184]. 

 Acute side effects are the most important limitation for CT, but recently there is growing 

evidence of higher rates of late toxicity side effects as well [3-5]. More research is needed into 

patient satisfaction and quality of life after receiving CRT for HNC [12,13]. CIS has been reported 

to cause multiple tissue and organ toxicity due to its unspecificity along with the decrease in 

antioxidant defense system. CIS related toxic side effects include nephrotoxicity, hepatotoxicity, 

and cardiotoxicity [185]. 5-Fluorouracil, another gold standard CT for HNC, also have been 

reported to cause early and late side effects. These effects range from the common less severe 

diarrhea, nausea, vomiting, mouth sores, neutropenia and thrombocytopenia to the less 

common but life-threatening neurotoxicity and cardiotoxicity [186].  
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 Since Bonner et al. (2006) reported an improved loco-regional control in advanced HNC 

patients treated with a concomitant combination of high-dose RT and cetuximab as compared to 

RT alone, there has been increasing awareness about the possible role of monoclonal antibodies 

in treatment [187,188]. Epidermal growth factor receptor (EGFR) is highly expressed in HNC and 

its overexpression is related to a poorer prognosis [189]. Cetuximab, an EGFR-targeting 

monoclonal antibody and the only targeted therapy to be routinely used in clinical practice for 

HNC, has been shown to significantly improve survival for HNC patients, especially with advanced 

and recurrent diseases [190]. Some of the side effects of cetuximab are the classic acneiform skin 

rash, hypomagnesemia, a risk for infusion reactions, and the less common anaphylactic reaction 

[191]. Another group of agents that have emerged recently are tyrosine kinase inhibitors (TKIs). 

These are a class of chemotherapeutics that act by blocking specific tyrosine kinases which are 

essential in cellular pathways promoting tumor growth, invasion, and metastasis [192]. The two 

most commonly studied TKIs are gefitinib and erlotinib [193]. These types of immune-related 

drugs are aimed at more specific treatments due to different responses in different patients 

[193,194]. 

2.6 Models of tumor heterogeneity 

 Mostly, the evolution of HNC occurs through the accumulation of several genetic 

mutations, which may be induced by environmental factors such as tobacco and alcohol abuse 

or persistent HPV infection [195]. However, it is not well understood how the alterations of 

multiple molecular and cellular pathways could yield the development and especially the 

recurrence of HNC. In general, there are two models aiming to clarify the development and 

maintenance of tumor growth and heterogeneity (Fig.1): 
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2.6.1 The stochastic model, also known as clonal evolution or clonal genetic model of cancer, is 

the traditional idea of carcinogenesis, where mutant tumor cells with a growth advantage when 

compared to the other cells are selected and expanded, considering that cells in the dominant 

population have a similar potential for recapitulating tumor growth [196]. In other words, 

malignant transformation originates from a randomized genetic mutation that might affect any 

cell. The mutant cell progeny, which attains a proliferative advantage with consequential 

genomic instability, accumulates more epigenetic and genetic events, causing selection of the 

more aggressive sub-clones with subsequent tumor evolution [197]. Different phenotypic and 

proliferative features of these sub-clones are responsible for the tumor heterogeneity. Such 

model proposes cancer as a disease of proliferation [198]. The major of the currently available 

therapeutic strategies is still based on this traditional model of carcinogenesis [199]. 

 Due to conventional treatment resistance and tumor recurrence, researchers have 

focused on understanding the genetic changes directing a cell towards a malignancy and tumor 

behavior, without keeping an eye on the nature of cells that are affected by these mutations. 

Therefore, it is presently believed that a scant group of tumor cells, defined as cancer stem cells 

(CSCs), harbor the self-renewal potential and can give rise to a phenocopy of the genuine tumor 

[200]. 

2.6.2 The cancer stem cell model (The hierarchy model), is a cancer model suggesting that 

tumorigenesis is exclusively attributed to CSCs [201]. Such hypothesis is validated by the 

experimental findings that only a small number of tumor cells (i.e. CSCs) are capable of generating 

tumors upon serial transplantation in animal models [202-204]. 
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Figure 2.1 Models of tumor heterogeneity. Tumors are formed from cells that are heterogenous 

phenotypically and functionally. There are 2 most acceptable theories as to how this heterogeneity occur. 

According to the stochastic model, all tumor cells are biologically equal, however, intrinsic and extrinsic 

factors affect their behaviour causing this variability. This means tumor-initiating activity cannot be 

enriched by isolating cells based on intrinsic features. In contrast, the hierarchy model (Cancer stem cell 

model) hypothesize the existence of biologically different classes of cells each has its own function and 

behaviour. Only a subset of cells can start the tumorgenicity; these cancer stem cells possess two main 

criteria, self-renewal and multilineage differentiation, giving them the ability to form the bulk of the 

tumor. This model speculate that tumor-initiating cells can be identified and sorted based on intrinsic 

characteristics. 

2.7 Cancer stem cells history:  

 Other than the well established two types of stem cells, adult and embryonic stem cells, 

the presence of a third type, termed as cancer stem cell (CSCs) was recently recognized [205]. 

There is increasing support for the concept that the majority of cells in bulk tumors are non-

tumorigenic; having limited self-renewal ability (i.e. only a small subpopulation of cancer cells is 
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long-living with extensive self-renewal and tumor formation abilities). Other common names for 

CSCs are tumor stem cells (TSCs) or cancer-initiating cells (CICs) [206]. The consensus definition 

of a CSCs, being approved by the American Association of Cancer Research (AACR) workshop on 

cancer stem cell, is a cell within a tumor that has the capacity to self-renew and to deliver the 

heterogeneous lineages of cancer cells comprising the tumor, which would explain how CSCs 

could be responsible for driving tumorigenesis and tumor growth [207].  

 The concept that tumor growth depends on a subpopulation of stem cells, like in normal 

tissues, was suggested by Hamburger when he reported that only 1:1000 to 1:5000 cells isolated 

from a solid tumor was capable of forming colonies in-vitro [208]. Similarly, other published 

papers showed that only 1 to 4% of transplanted murine lymphoma cells were able to form 

colonies in the recipient mice [209,210]. There are two possible explanations for this observation. 

First, the tumor cells have a low potential for proliferation, making all cancer cells behave as CSCs. 

Second, there is only a small and identifiable subset of cells possess great proliferation capacity. 

Aiming to support the second hypothesis, Dick and co-workers successfully showed that human 

acute myeloid leukemia (AML) stem cells can be identified and isolated as CD34+CD38- cells from 

patient tissue samples [211]. According to this study, only CD34+CD38- cells were able to transfer 

AML from human patients to non-obese diabetic with severe combined immunodeficiency 

disease (NOD/SCID) mice while all others cellular phenotypes failed to do so.  

 After the identification of CSCs in AML, Al-Hajj and colleagues reported the presence of 

CSCs in solid tumors [199]. In this study, they found that only CD44+CD24-/low cells have the 

ability to form a tumor in immunocompromised mice while cells with other phenotypes were 

unable to form a tumor. In the past decade, other types of solid tumors have been reported to 
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contain CSCs such as in lung, colonic, prostatic, and pancreatic cancer [212-215]. In a landmark 

publication, Prince and collaborators reported the presence of highly tumorigenic, stem-like, cells 

in HNC [202]. 

 Such model of tumorigenesis, which is exclusively based on the aberrant activity of CSCs, 

has been introduced to successfully explain the heterogeneous nature of many tumors in a more 

efficient way when compared to the stochastic model. According to the CSC theory, tumors are 

heterogeneous at the histological level (i.e. exhibiting areas of various differentiation degrees), 

at the genetic level (i.e. with areas showing different gene expression, yielding diverse 

immunohistochemical protein expression profiles), and at the proliferation level. Conclusively, 

tumor cells are heterogeneous, including HNC, at the functional level in terms of their capability 

of new tumors generation [216], as it has been postulated that the new tumor growth can only 

be initiated by a small tumor cells subpopulation harboring a distinctive phenotype and not by 

the tumor cells comprising the tumor bulk [217]. The proof of CSCs existence in HNC has also 

been validated by the similarity in the structure between well-differentiated tumors and their 

epithelium of origin. A well-differentiated OSCC can recapitulate the oral epithelium histological 

appearance and proliferation pattern. Well-differentiated tumor nests are usually arranged in 

three compartments of close resemblance to the normal epithelium: CSC basal compartment, 

amplifying transitory cell (ATC) compartment, and the innermost differentiated cell 

compartment. Such replica of the hierarchical proliferation pattern of non-tumor oral epithelia 

postulates the tumor growth maintenance by a single type of tumor cell, designated the CSC 

[216]. 
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 The frequency of CSCs varies from one cancer type to another and between different 

samples in the same tumor type. A previous study on AML reported that 1 in 106 cells can be 

called CSCs as it has self-renewal and tumor-forming capacity in nude mice [218]. In colon cancer, 

CSCs frequency has been reported ~ 2% [219]. In melanoma, there was great variation between 

the CSCs reported frequencies as it ranged between 0.1 - 41% [22,220]. There are multiple 

theories explaining this difference in CSC frequencies such as; cancer stage dependent, 

phenotypic switching between different tumor cells [221], or a consequence of the different 

definitions used by different researchers [222]. Since the gold standard method to detect CSCs is 

the in-vitro isolation followed by in-vivo formation of the tumor, this method may not detect cells 

with the ability to form the tumor in the original host but fail to do so in xenotransplantation. 

 In conclusion, CSCs are characterized by two main exclusive features in order to allow 

tumor formation, propagation, and maintenance. These features are: [A] differentiation, yielding 

heterogeneous progeny; and [B] self-renewal, maintaining an expanding a pool of stem cells 

[223]. 

2.8 Cellular origin of the cancer stem cell: 

 Different CSCs origins have been proposed wherein a subpopulation of self-renewing 

tumor cells is formed, giving rise to tumorigenesis. Normally, stem cells give rise to progenitor 

cells that can further divide into specialized or differentiated cells carrying out the specific body 

functions. It is controversial as to whether CSCs evolve from stem cells, progenitor cells, or 

differentiated cells in adult tissues, so this issue is currently under debate [207] (Fig.2). 
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Figure 2.2 Hypothesis suggesting origin of cancer stem cells. In the process of normal differentiation, a 

cell differentiates to form two cells, differentiated and primitive. A terminally differentiated cell is formed 

from precursor progenitor cell and finally undergoes apoptosis. CSC may originate from a normal stem 

cell (Hypothesis number 1), a normal progenitor cell (Hypothesis number 2), or a normal differentiated 

cell (Hypothesis number 3) by genetic mutation which will activate self-renewal genes. This figure and 

figure legend were originally published in [224] under a Creative Commons license. 

1. The First Hypothesis: Cancer stem cells arise from normal somatic stem cells (SCs), and it is the 

most accepted theory [225]. 

 A close relationship between the build-up of genetic alterations and the malignant 

phenotypic progression of OSCC has been proposed [226]. As normal oral epithelial cells have a 

renewal rate of about 14-24 days, most of them do not exist long enough to accumulate the 

genetic changes necessary for OSCC development. It is estimated that three to six oncogenic 

events are needed for malignant transformation of the normal cell [227]. The hierarchical SCs 

structure present in human oral epithelia dictates that only long-time residents of oral epithelia 

http://creativecommons.org/licenses/by-nc-nd/3.0/
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are the only cells capable of accumulating the necessary number of genetic changes needed for 

malignant transformation; for example, micro-environment control escape mutations [228]. 

 Another reason supporting the origin of CSCs to be SCs is the fact that CSCs and normal 

SCs are endowed with self-renewal capabilities, and dysregulation of the self-renewal process is 

an early and indispensable step in carcinogenesis. Generally, the long-term survival of either 

normal or neoplastic tissue is dependent on its self-renewal capacity, whereas its overall size is 

maintained by the balance between the rates of cell proliferation and cell death across its various 

components [229]. In normal tissues, the number of SCs is kept under tight genetic regulation, 

yielding long-term maintenance of a constant tissue size [230]. In contrast, tumor tissues have 

escaped this homeostatic regulation, where the number of cells with the self-renewal capacity is 

constantly expanding, resulting in progressive tissue growth. Normal SCs already have self-

renewal machinery that is known to be ready and activated, which means maintaining its 

activation is undoubtedly far simpler than de novo activation, through mutations, in the more 

differentiated cells that lack this self-renewal ability [15]. 

 Because the size of neoplastic tissues is dependent on the number of cells able to self-

renew, it is logic that a specific subset of oncogenes and/or tumor-suppressor genes affecting the 

self-renewal ability might be activated and/or disabled respectively in the oncogenesis process 

[231]. The best example, among cancer genes with direct control over self-renewal functions, is 

probably the B cell-specific Moloney murine leukemia virus integration site 1 (BMI-1) oncogene 

[232]. The Wnt, Notch, and Sonic hedgehog (SHH) pathways are classic examples among multiple 

signaling pathways that control BMI-1 function and implicated in oncogenesis. The findings that 

such pathways are pivotal self-renewal regulators in normal SCs and, at the same time, frequent 
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targets of activating mutations in cancer cells, propose that SCs and CSCs depend on a common 

set of signaling pathways controlling their numbers and stimulating their growth [233]. 

Henceforth, continued activation of proliferation pathways is not sufficient enough to endow 

cancer cells with unlimited growth potential [229]. It is also necessary to ensure activation of self-

renewal pathways and/or inactivation of pathways that prevent self-renewal [233].      

2. The Second Hypothesis: Cancer stem cells arise from normal progenitor cells.  

 Normal progenitor cells, being more abundant in adult tissues than SCs plus having a 

partial self-renewal capacity, can be a potential source of CSCs [215]. The tumor can sometimes 

originate from amplifying transitory cells (ATCs) in which their high proliferative rates may boost 

the risk of genetic mutations, and not exclusively in normal basal SCs. Through a reprogramming 

process, ATCs could attain remarkable self-renewal potentials, while preserving high proliferation 

rates without a complete loss of their differentiation capabilities [216]. 

 It is proposed that the first set of early transforming mutations could accumulate in the 

SC compartment, and that the second set of late mutations, which might constitute the ultimate 

transforming event giving rise to cancer, might accumulate in more mature, downstream 

progenitors that originated as the progeny of mutated SCs [234]. In other words, mutated SCs 

might represent a reservoir population of pre-cancerous cells, whereas fully transformed 

progenitors might sustain the growth of the full-blown neoplastic mass [235]. 

3. The Third Hypothesis: Cancer stem cells arise from normally differentiated cells.  

 CSCs could originate from mature, differentiated cells through de-differentiation to 

become more stem cell-like. In this hypothesis, the de-differentiation process, as well as the 
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subsequent self-renewal of the proliferating cells, could be driven through the essential 

oncogenic genetic mutations [224]. The virtual lack of proliferative cells in the superficial strata 

of normal epithelium would assure the reprogramming hurdles for differentiated cells, requiring 

major molecular changes [216]. Given that identity maintenance is an indispensable requirement 

for a differentiated cell, its reprogramming can exclusively be accomplished by powerful 

modulators of the transcriptional and/or epigenetic machinery. In oncogenesis, more than one 

transcription factor (TF) participate in the reprogramming process. The downregulation of 

somatic genes involved in the conservation of a differentiated phenotype by c-Myc has been 

reported to be vital at an early stage, whereas other TFs such as octamer-binding transcription 

factor 4 (Oct4) and SRY (sex determining region Y)-box 2 (SOX2) are implicated in reprogramming 

at a later stage [236]. 

 Differentiated cancer cells can acquire a CSC-like state through epithelial-mesenchymal 

transition (EMT) which is the liability of epithelial cells to attain polar, adhesive phenotype 

mesenchymal characteristics in response to specific environmental stimuli, in order to locally 

invade surrounding tissues and systemically disseminate to distant organs [216,237]. The activity 

of TFs such as Zinc finger protein SNAI1 (Snail) and Twist Basic Helix-Loop-Helix Transcription 

Factor 1 (Twist1) can promote EMT [238], where the polarity of epithelial cell is altered and E-

cadherin protein expression is suppressed, among other actions [239]. As reported in breast, 

nasopharyngeal cancers, and HNSCC, EMT is engaged in the acquisition by differentiated cells of 

the SCs' properties, where Twist1 triggered BMI-1, another TF involved in SC self-renewal, and 

repressed E-cadherin expression [240-242]. Recently, researchers have immortalized epithelial 

cells in an effort to mimic the process of cancer development. They have reported that 
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immortalized epithelial cells showed signs of transformation from an epithelial phenotype to a 

spindle-shaped, more mesenchymal-like phenotype. In addition, these transformed cells 

expressed a higher capability to undergo self-renewal. These findings support the hypothesis that 

EMT could be a potential mechanism for epithelial cells de-differentiation (Zhao et al., 2010). 

2.9 Cancer stem cells in head and neck cancers: 

 To date, flow cytometry/fluorescence-activated cell sorting (FACS) is the most commonly 

used technique to identify and isolate CSCs from different tumor types. Using cell surface 

antigens on HNC stem cells and tag them by fluorochrome-conjugated antibodies, Oncogenic 

researchers were able to identify these cells based on individual or a combination of markers. 

Generally, a variety of researches have stated cluster of differentiation 44 (CD44) as a CSC 

biomarker in breast, CNS, colon, prostate, and pancreas tumors [214,215,243]. Reategui et al 

[244] first discovered high levels of CD44 variant isoform 3 (CD44v3) expression in HNC tissues in 

comparison to normal ones. Despite the increased expression level of CD44v3 did not alter cell 

proliferation rate, a significant increase in cell migration was recorded. Defining CSCs in HNC was 

first based on CD44 expression (via flow cytometric analysis) as CD44bright and CD44dim 

populations. Prince et al [202] revealed the big difference between both populations to be so 

remarkable that only 5×103 CD44bright cells were capable of regenerating the tumor 

heterogeneity and demonstrating self-renewal function when transplanted into 

immunocompromised mice, whereas 5×105 CD44dim cells failed to form tumors.  

 A very interesting study, conducted by Wang et al [245] proved the intimate correlation 

between CD44v3, CD44v6, and CD44v10 isoforms and HNC lymph node metastasis with 
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advanced tumor volume status, perineural invasion plus decreased survival, and distant 

metastasis with the failure of RT, respectively. In-vivo studies utilized CD44 to assess the 

metastatic potential of CSCs in HNC, as they have shown that CD44high cells, rather than 

CD44low cells, resulted in lung lesions when injected in tails of NOD/SCID mice [246]. Since then, 

several studies have claimed that CD44 positive subpopulations, emanating from either HNC 

primary tissues or cell lines, exhibit a higher potential for proliferation, differentiation, migration, 

invasion, tumor-sphere formation, and resistance to chemotherapeutics [247-249].  

 CSCs have been shown to acquire a defense mechanism against ROS, enhanced by the 

CD44v9 isoform. Interaction of CD44v9 with xCT (a functional subunit of the cystine-glutamate 

transporter) promotes cystine uptake for the synthesis of reduced glutathione (GSH), which is 

the primary intracellular antioxidant. Therefore, tumor cells can avoid exposure to high levels of 

ROS, thus driving tumor growth and chemoresistance [250]. Patients with favorable responses to 

induction CCRT did not have a significant CD44v9 expression level in their HNC biopsy specimens, 

in comparison to CCRT non-responding patients, where CD44v9 positivity was considerably 

associated with poor prognosis along with advanced lymph nodal metastasis [251]. Recently, it 

has been suggested that a combination of CD44 with other markers, such as the cell adhesion 

molecule CD24, was more reliable in isolating HNC cancer stem cells when compared to using 

CD44 alone [252]. 

 Several new cell surface antigens have recently been reported as potential markers for 

HNC stem cells. A study reported an increase in the expression of CD10 on HNC cells after RT or 

CT treatment [253]. In this study, CD10 used peptidase activation to generates peptides 



35 
 

supporting the proliferation of stem and progenitor cells. CD10+ cells isolated from HNC possess 

enhanced sphere formation in-vitro and tumor formation in-vivo, as well as showing a higher 

expression of the stem cell marker Oct3/4. Moreover, resistant HNC tumors show elevated CD10 

expression that has been associated with local recurrence, distant metastases, and a higher 

histologic tumor grade [254]. Another recent study used sphere culture to enrich HNC stem cells 

for examining plasma membrane proteomics [255]. This group reported that CD166 (a 

transmembrane glycoprotein that mediates cell-cell adhesion) expressed significantly higher in 

spheroid cells compared with matched adherent cells. They also showed that, at low cell density, 

CD166hi HNC cells formed larger tumors than CD166lo cells after implantation in nude mice and 

were able to reproduce the heterogeneous tumor population, suggesting CSC behavior. 

Interestingly, CD166hi cells were localized at the tumor invasive front in HNC, which is a typical 

locale for CSCs. 

 CD133, also called prominin 1 (PROM1), is a surface cellular transmembrane, which was 

discovered as a normal hematopoietic SCs marker and later it has been identified as a putative 

CSC marker in brain, prostate, liver, lung, skin, and colorectal cancers [256]. Mizrak et al defined 

prominin as “molecule of the moment” in 2008 due to its importance in haematopoietic and CSCs 

identification and targeting [257].In the HEp-2 laryngeal cancer cell line, a minor subpopulation 

of CD133+ expression demonstrated sphere formation and self-renewal criteria of CSCs, plus the 

capacity to differentiate to phenotypically unique tumor daughter cells [258]. More recent 

studies have supported these findings, as CD133+ cells isolated from HNC cell lines have been 

suggested to display increased clonogenicity, proliferation, EMT phenotype, tumor-sphere 

formation, self-renewal, multilinear differentiation, and in-vivo tumorigenicity [259]. 
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 CD271 is known also as the low-affinity nerve growth factor receptor (NGFR) or p75 

neurotrophin receptor. It plays a major rule in the nervous system as it controls functions such 

as cell survival [260], differentiation [261], and migration [262] of neuronal cells. Earlier, CD271 

was reported as a squamous epithelial SCs marker in the larynx [263], oral cavity [20], and 

esophagus [25]. Recent studies reported CD271 as a CSCs marker in melanoma [22,23], 

esophageal carcinoma [24], and hypopharyngeal cancer [26]. Imai et al. were the first to 

speculate that CD271 is a marker of CSCs in HNC [26]. They reported high tumorigenicity in-vivo 

for CD271+ cells compared to the negative one and localization in the invasive front. Murillo-

Sauca et al. also reported that CD271+ in HNC is more invasive with an enhanced capacity for 

metastasis to regional lymph nodes due to upregulation of Snai2/Slug [264]. In another study, 

they showed that CD271 a functional and targetable marker in HNC through monoclonal antibody 

[265]. 

 Apart from cell surface antigens, functional activities of aldehyde dehydrogenase (ALDH) 

and ATP-binding cassette transporters (ABC transporters) have been used to identify and isolate 

HNC stem cells. ALDH is a large family of enzymes that control the transformation of aldehydes 

to carboxylic acids through oxidation and involved in converting retinol to retinoic acid [266,267]. 

Studies have reported that ALDH enriches for CSCs and is involved in EMT, self-renewal abilities, 

tumor formation, and resistance to chemotherapeutics [267,268]. The ALDH1A1 isoform is the 

most commonly reported to be responsible for enhanced ALDH activity in different types of CSCs, 

including HNC [269]. One study reported that as low as 500 ALDH + cells were able to create 

tumors, unlike the ALDH- cells [270]. Side population (SP) is a term describing a subset of cancer 

cells, that is considered CSCs, which possess the ability to efflux Hoechst DNA binding dye and 
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chemotherapeutic drugs using ABC transporters [271]. SP cells isolated from HNC are more 

tumorigenic, chemo-resistant and demonstrate self-renewal ability in-vivo [272-274]. 

Interestingly, a study reported an increase in the SP cells in HNC by the activation of EGFR, a 

receptor tyrosine kinase often overexpressed in HNC, and this phenotype was reversed by 

addition of EGFR inhibitor [275]. In another study, SP isolated form HNC metastatic cell lines had 

abnormal activation of Wnt/beta-catenin signaling as compared to non-SP cells [276]. 

2.10 Therapeutic implication of CSCs in HNC: 

 The CSC hypothesis has important implications regarding cancer therapy and may lead to 

new treatment strategies along with reviewing the conventional treatment paradigm. According 

to what we discussed earlier, within the diverse and heterogeneous cell population comprising 

the HNC mass, the small subpopulation of CSCs may be responsible for tumor recurrence, the 

initiation of metastasis because of high migration capacity, as well as resistance to both radio- 

and chemo-therapy. Intrinsic characteristics of CSCs such as an elevated level in ABC 

transmembrane proteins, a semi-quiescent state, and transformed apoptotic mechanisms limit 

susceptibility to cell death [272,277].  

 It is frequently suggested that CT resistance is related to accelerated drug transport and 

to drug metabolism [278,279]. Permeability glycoprotein (P-gp), a product of the gene ATP 

Binding Cassette Subfamily B Member 1 (ABCB1) or Multidrug Resistance Protein 1 (MDR1), is an 

ABC transporter associated with multidrug resistance, and it has been shown to induce the ability 

of resistance to multiple chemotherapeutic drugs [280]. The MDR1 gene encodes a P-gp 

transmembrane segment which function is the excretion of different drugs. Previous studies have 
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demonstrated that P-gp expression is correlated with the MDR of HNC [281-283]. Knocking down 

BMI-1 and CD44 have led to an enhanced chemo-sensitivity of CSCs in HNC.  

 Yaromina et al reported that therapeutic success after radiotherapy of human squamous 

cell carcinomas is inversely proportional to the percentage of CSCs within the tumor mass [284]. 

CSCs that survive the radiation are potentially responsible for recurrence, as they have the 

capacity for self-renewal and differentiate into the heterogeneous constituents of the tumor 

[201]. CSCs are inherently more radioresistant, by employing mechanisms which increase 

checkpoint activation and enhanced DNA damage repair responses [285]. However, increasing 

the radiation dose in HNC treatment will cause intolerable side effects that worsen the patients’ 

life quality such as xerostomia [286]. This was explained by the effect of radiation on micro-niches 

of normal salivary SCs, often in close proximity to blood vessels in the salivary glands [287].  

 Central tumor hypoxia, which is found in the center of larger masses, may also provide a 

survival advantage to CSCs against chemotherapeutics or radiation [288]. Poor perfusion of larger 

tumor masses might help the enrichment of CSC phenotype by creating specific CSC niches in the 

same way the hypoxia maintains the pluripotency of embryonic SCs. Suboptimal blood flow will 

decrease the optimal distribution of chemotherapeutic agents to cancer cells as well as lowers 

the oxygen tension needed for free radical formation in response to radio- or chemo-therapy 

[289]. Overexpression of hypoxia-inducible factors (HIFs) in CSCs was correlated to radio-

resistance in HNC [290]. Yang et al correlated the overexpression of HIF-1-α in CSCs with the 

induction of EMT which in turn increased mobility, as well as maintained their pluripotency [291]. 



39 
 

 During the surgical treatment of HNC, residual cancer cells may remain in the incisal 

margin, in the vicinity of the tumour, and in the adjacent tissues surrounding the tumor; those 

will be dealt with post-operatively or primarily with combined or primary radiotherapy. The CSCs 

model further emphasizes the great implication of safe margins during surgical intervention and 

demonstrates that the objective of revolutionary therapies must be the development of specific 

drugs against the CSCs of a tumor, which survive after the removal of the tumor bulk via 

conventional therapy modalities.  

 Because of what we discussed earlier, new strategies targeting CSCs are being under 

development to be used in combination with the traditional therapeutic means to prevent tumor 

relapse and to ensure a highly efficient and less toxic treatment for cancer (Fig.3). New 

techniques of targeting specific cell membrane growth factor receptors or downstream signaling 

pathway mutations are currently under investigation, especially in patients with metastatic 

tumors [292]. One of the most promising strategies for cancer treatment is inhibiting the key self-

renewal signaling pathways (e.g. Wnt, SHH, Notch signaling pathways) that are aberrantly active 

in CSCs [293], introducing novel therapeutic approaches for HNSCC [294-296]. These new 

therapeutic techniques have a significant reduction in the CSCs, reducing its tumorigenicity, 

apoptotic resistance, and enhanced the sensitivity to CT [297,298]. 
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Figure 2.3 Therapeutic targeting strategies for CSCs. The traditional cancer therapies kill differentiated 

cancer cells but fail to target CSCs, resulting in cancer relapse. However, CSC-targeted therapies can 

eliminate or differentiate the CSCs, and the remaining and resulting differentiated cancer cells will die 

thereafter. But it is promising to combine CSC-targeted therapies and traditional therapies for depleting 

CSCs as well as killing differentiated cancer cells, this combination therapy may have the benefits of 

increased efficacy and quick action. This figure and figure legend were originally published in [299] under 

a Creative Commons license. 

 The markers used to isolate, identify and enrich CSCs are also ideal targets for cancer 

therapy [299]. DNA damage, caused by treatment with chemotherapeutic drugs, generates pro-

apoptotic signals that are known to be suppressed by increased protein kinase B (Akt) 

phosphorylation, a mediator of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) 

pathway [300,301]. In HNC, PI3k and Rho kinase (ROCK) have been suggested to mediate HA-

CD44 promotion of CIS resistance; as simultaneous inhibition of both kinases reduced CIS 

resistance to a substantially greater degree than what was observed with inhibition of either 

enzyme alone. Also, the capacity of hyaluronic acid and CD44 to promote malignant tumor 

http://creativecommons.org/licenses/by-nc-nd/3.0/
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phenotypes (such as abnormal proliferation, migration, and invasion) could be diminished in HNC 

cell line through the inhibition of these enzymes. Therefore, CD44 and its associated signaling 

molecules (i.e., ROCK and PI3K) have been introduced as innovated targets for the future 

development of novel therapies against HNC [302]. In another study, they reported that 

knockdown of CD44 increased the sensitivity of HNC cells to CIS [303].  

 Another approach favored targeting the drug-detoxify enzyme ALDH1A1 in HNC, Kulsum 

and his colleagues reported correlation between CIS resistance and elevated ALDH1A1 

expression in HNC, which can be reversed by application of ALDH1A1 inhibitors [304,305]. 

Targeting ABC drug transporters, which in combination with other chemotherapeutic drugs, also 

offers a very powerful and selective strategy to eliminate CSCs [306]. Recent therapeutic 

strategies exploited the interdependence of CSCs and vascular endothelial cells (perivascular 

niche) in HNC to decrease the rate of tumor recurrence and distant metastasis [223].  

 Dysregulated apoptotic mechanisms (including impaired apoptotic machinery, increased 

DNA damage repair after CRT, and altered cell cycle checkpoint control) contribute to cancer 

development, progression, and CSCs resistance [307]. Therefore, induction of CSCs apoptosis 

through manipulating the apoptotic machinery reveals a great potential to eradicate CSCs for 

tumor therapy [299]. Several compounds have been introduced to induce apoptosis through 

targeting the intrinsic and extrinsic apoptosis pathways. For example, nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) is a transcription factor that inhibits apoptosis by 

elevating the expression of survival factor [308]. Hexum et al. synthesized several bicyclic 

cyclohexenones capable for inhibiting  NF-κB signaling by inhibiting NF-κB-induced interleukin-8 

(IL-8) expression, thus exerting antiproliferative activity against lung adenocarcinoma epithelial 
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cell line, T cell lymphoblast-like cell line, and prostate carcinoma cell line [309]. Another 

interesting way to manage tumor progression is inducing the terminal differentiation of CSCs (Fig. 

3) to lose their self-renewal property [310], by the means of either retinoic acids or drugs 

targeting tumor epigenetic changes [311]. 

 Recently, phytochemicals and herbs have been suggested to be potential sources of 

therapeutics for CSC elimination, for example; resveratrol, curcumin, sulforaphane, and so forth 

[312]. 

2.11 Conclusion:  

 Head and neck cancers remain a frequent occurring disease associated with a high 

mortality rate. The etiology behind such cancer is multifactorial, however, temperance from 

smoking and alcohol remains the best way to prevent HNC. Aggressive surgical resection is the 

cornerstone of treatment, with increasing roles for both radiation and chemotherapy, especially 

for organ preservation. Cancer stem cells are a subpopulation of cells inside the tumor that cause 

treatment resistance and tumor recurrence which has special implications on the cancer 

treatment and progression.   
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Chapter 3 - Sulforaphane as a natural molecule in cancer prevention and treatment.  

3.1 Preface (connecting paragraph) 

 According to recent studies, phytochemicals and herbs could be potential sources of 

therapeutics for cancer prevention and elimination as we mentioned in the second chapter. For 

example, resveratrol, curcumin, sulforaphane (SF), and so forth had been reported to suppress 

cancer and cancer stem cells. During the past few years, a number of studies have suggested 

that SF may have the potential to target the carcinogenic process through direct or indirect 

influences on several pathways, alone or in combination with other anticancer agents. 

Combination of SF with different cytotoxic drugs had an additive effect and strongly increased 

cell death and eliminated cancer stem cells characteristics including tumor-initiating potential, 

clonogenicity, spheroidal growth, and aldehyde dehydrogenase 1 (ALDH1) activity. 

 In this chapter, we reviewed the current knowledge about Sulforaphane sources, its 

metabolism, and its cancer prevention and anti-cancer effect. This literature review also 

covered Sulforaphane’s effect on cancer stem cells and the current and future human clinical 

applications in cancer. 

The study presented in this chapter has been submitted and accepted with minor 

modifications to Current Medical Sciences Journal  
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Abstract  

Tumorigenicity-inhibiting compounds have been identified in our daily diet. For example, 

isothiocyanates (ITCs) found in cruciferous vegetables were reported to have potent cancer-

prevention activities. The best characterized ITC is sulforaphane (SF). SF can simultaneously 

modulate multiple cellular targets involved in carcinogenesis, including (1) modulating 

carcinogen-metabolizing enzymes and blocking the action of mutagens; (2) inhibition of cell 

proliferation and apoptosis induction; and (3) inhibition of neo-angiogenesis and metastasis. SF 

targets cancer stem cells through modulation of NF-κB, SHH, epithelial-mesenchymal transition, 

and Wnt/β-catenin pathways. Conventional chemotherapy/SF combination was tested in several 

studies and resulted in favorable outcomes. With its favorable toxicological profile, SF is a 

promising agent in cancer prevention and/or therapy. In this article, we discuss the human 

metabolism of SF and its effects on cancer prevention, treatment, and targeting cancer stem 

cells, as well as we provide a brief review of recent human clinical trials on SF. 

 

Abbreviations:  



46 
 

APAF1, Apoptotic protease activating factor-1; CYP450, Cytochrome P450 oxidase; GSH, 

Glutathione; GST, Glutathione S-transferases; HDAC-1, Histone deacetylase 1; IAP, Inhibitors of 

apoptosis; ITC, Isothiocyanates; KDR/flk-1, Kinase insert domain receptor/ Fetal Liver Kinase 1; 

Keap1, Kelch-like ECH-associated protein 1; NF-κB, Nuclear factor kappa-light-chain-enhancer of 

activated B cells; NQO1, NAD(P)H:quinine oxidoreductase 1; PhIP, 2-amino-1-methyl-6-

phenylimidazo[4,5-b] pyridine; TRAIL, Tumor necrosis factor-related apoptosis inducing ligand. 

3.2 Introduction  

 Cancer is a cellular disease with multiple causes, genetic and/or epigenetic, leading to 

alteration in cellular homeostasis with the loss of control of cellular proliferation. It is a major 

cause of morbidity and mortality throughout the world as it is the second most frequent cause 

of death in Europe and the chief cause of death in old age [313]. Carcinogenesis is a multistep 

molecular process in which initially normal cells accumulate mutations in critical genes that 

disrupt the pathways controlling cell proliferation, apoptosis, differentiation, and senescence. It 

is generally divided into the stages of initiation, promotion and progression. The initiation stage 

is responsible for the unrestricted division and proliferation of cells mostly through genetic or 

epigenetic events. The promotion stage occurs after the initial cellular insult, when a chemical 

signal or event stimulates the expansion of the initiated cell into a clone of cancer cells which will 

acquire the appearance of a benign tumor with the cell mass remaining physically grouped and 

compact. Progression is the terminal stage of cancer when it acquires a malignant phenotype by 

cellular detachment from the tumor body to cause metastasis at distant sites [314]. One new 

emerging concept for cancer development is the “Hallmarks of Cancer” which constitute an 

organizing principle for rationalizing the complexities of neoplastic disease. These hallmarks are; 
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sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling 

replicative immortality, inducing angiogenesis, and activating invasion and metastasis. Two new 

hallmarks have been added recently for the original six; reprogramming of energy metabolism 

and evading immune destruction, which is called emerging hallmarks. Two consequential 

characteristics of neoplasia facilitate acquisition of both core and emerging hallmarks; genomic 

instability and mutation, and tumor-promoting inflammation that cause the genetic alterations 

that drive tumor progression and support of multiple hallmark capabilities [229]. 

 To be able to cure cancer, we need to fight it at all three stages or interfere with the 

hallmarks of cancer. Thus, a good chemopreventive agent should be able to modulate at all the 

different stages, not only the initiation stage. In this context, phytochemicals (biologically active 

compounds found in plants), such as the isothiocyanates (ITCs) from cruciferous vegetables are 

promising agents due to their ability to modulate multiple targets involved in the carcinogenetic 

process. Among ITCs, Sulforaphane (SF), which is obtained by hydrolysis of glucoraphanin was 

given special attention, as this can interfere at various levels of the carcinogenetic process [315]. 

In this review, we will discuss SF sources, metabolism, and its effects to inhibit, reverse, or delay 

the development of all the stages of carcinogenesis (Fig. 1). We will also highlight SF effect on the 

treatment-resistant cancer stem cells and how SF combined with conventional chemotherapy 

may increase the therapeutic effect. 

Figure 3.1 position (Fig 3.1 can be found on page 79 of this thesis) 

3.3 Broccoli as the main source of sulforaphane: 
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 Cruciferae or Brassicaceae is a medium-sized and economically significant family of 

flowering plant including cruciferous vegetables. This plant family gets its name, Cruciferae, from 

the fact that they have flowers with four equal-sized petals in the shape of a ‘crucifer’ cross, while 

“Brassica” is the Latin term for cabbage [316]. Some of the commonly used cruciferous 

vegetables include broccoli, cabbage, mustard, Brussels sprouts, collard greens, cauliflower, 

turnips, and Chinese cabbage. Previous epidemiological studies have shown an inverse 

association between vegetable consumption, especially cruciferous vegetables, and the risk of 

cancer development; including breast, lung, prostate, and colorectal cancer [317-323]. A diet 

containing three to five servings of broccoli per week is reported to be sufficient to decrease the 

risk of cancer development by almost 30%–40% [40]. 

 Like other vegetables, there are some nutrients and phytochemicals with cancer chemo-

preventive properties in cruciferous vegetables. These include fiber, carotenoids, folate, and 

chlorophyll. However, cruciferous vegetables are unique in being rich with glucosinolates, sulfur-

containing compounds which give these vegetables their pungent aromas and spicy (some say 

bitter) taste [324]. Glucosinolates are considered the driver behind cruciferous vegetables’ 

chemo-preventive anti-cancer effect [316,325,326]. Glucosinolates can be hydrolyzed to give 

their biologically active compounds, including indoles and ITCs, either by the plants’ enzyme 

myrosinase [327] or by the gastrointestinal microflora [328,329]. More than 100 glucosinolates 

have been identified in plants each has its unique hydrolysis products. Among them, 

glucoraphanin hydrolysis yields either sulforaphane (SF), an anti-cancerous compound, or nitrile, 

which has not been shown to exhibit any health benefits and maybe actually toxic to healthy cells 

[330]. Recent studies showed that SF or nitrile can be obtained through pH adjustments. A low 
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pH and ferrous ions favor the formation of nitrile; on the other hand, SF formation is favored by 

neutral pH [331]. 

 Initially, SF was discovered in red cabbage and correlated to antimicrobial activity. Later 

it was found to induce the expression of phase II detoxification enzymes [331,332]. Natural SF 

can only be obtained through the hydrolysis of glucoraphanin by endogenous or exogenous 

myrosinase. An American study in 2004, which included 59 kinds of cruciferous vegetables, 

reported that seeds from most broccoli cultivars were a better source for glucoraphanin than the 

others [333]. Glucoraphanin is rapidly absorbed, metabolized, and excreted, with almost 80% of 

the ingested amount appearing in the urine within 12–24 h after consumption and/or 

administration [334]. Many factors may affect the bioavailability, and thus overall therapeutic 

benefit, of dietary SF, most importantly pharmacokinetic properties, genetic variation, and 

methods of food preparation [335]. Approximately, 60%–80% of the metabolized glucoraphanin 

is converted to SF [30], with most broccoli variations contain between 0.1 and 30 µmol/g of 

glucoraphanin. A study showed that young broccoli sprouts, such as 3-day-old broccoli sprouts, 

contain as much SF as 10–100 times larger quantities of mature vegetables with fewer quantities 

of indole glucosinolates, which are considered in some studies as potential tumor promoters 

especially in the post-initiation phase [336] while others consider it an anti-cancer agents [337].  

 SF has a rapid diffusion rate into the cells of the intestinal epithelium owing to its lipophilic 

nature and low molecular weight, which after it undergoes metabolism via the mercapturic acid 

pathway [338]. Myrosinase enzyme inactivation can be caused due to cooking and/or blanching 

(during freezing process) of cruciferous vegetables and has been shown to decrease the 

bioavailability of SF [339-341]. In general, most studies suggest that only about 30%–50% of the 
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initial administered dose is excreted due to the preparation processes [342,343]. A study showed 

that myrosinase activity can be lost by boiling for more than 1 min or steaming for more than 4–

5 min [344]. 

3.4 Metabolisms of SF 

 Studies on the cell culture showed that SF is transported into cells by passive diffusion. 

Once inside the cell, it rapidly conjugates with intracellular thiols [345]. Glutathione, the most 

common intracellular thiol, conjugates to SF by an interchangeable bond with the induction of 

glutathione S-transferases (GST) [346-348]. This conjugate then undergoes sequential enzymatic 

modifications to form cysteinyl-glycine, cysteine and N-acetylcysteine (NAC) conjugates which 

are excreted in urine [345] (Fig.2).  

 SF intracellular accumulation is a rapid process, as was reported when tested with murine 

hepatoma cells that were exposed to 100 µM of SF for 30 minutes. The intracellular concentration 

of SF reached 6.4 mM, and 95% of the accumulated SF was SF-GSH conjugate [346]. GSH-

conjugated SF is rapidly exported from cells partially through the membrane transporter 

multidrug resistance-associated protein 1 (MRP1) [349,350]. Since the conjugation of GSH with 

SF is a reversible process, continuous accumulation of intracellular SF necessitates a continuous 

presence of SF in the extracellular space to promote continuous cellular diffusion and bonding 

[345].  

 Sulforaphane metabolites are distributed throughout the body and accumulate in 

different tissues. Franklin and colleagues reported that after a whole body autoradiographic 

study in rats, high concentrations of ITC metabolites were detected in the gastrointestinal tract, 
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liver, kidneys, and blood [351]. Distribution of SF depends on the high degree of binding to GSH, 

and its capacity to drive passive diffusion [339,352]. There are few studies that have successfully 

measured the distribution of SF and its metabolites in humans, mostly because of analytical 

limitations. A study in humans reported that 74% (± 29%) of SF from broccoli extracts may be 

absorbed in the jejunum, and a small portion is returning to the intestinal lumen of the jejunum 

in the form of SF-GSH [338]. Another important biomarker in the determination of SF distribution 

is the SF metabolites plasma concentration, as it reflects the amount of SF exposed to the tissues 

[353]. In one study, more than 50% of total plasma SF metabolites were SF-GSH with free 

sulforaphane, although other metabolites, including SF-NAC, were present in quantifiable 

amounts [354]. Ye et al. have reported a rapid absorption and appearance of ITC and their 

metabolites in the plasma, serum, and erythrocytes of human subjects, with this level started to 

decline after first-order kinetics (indicating rapid distribution and/or metabolism) [355]. These 4 

human subjects were given a single dose of 200 µmol broccoli sprouts ITC preparation, and the 

ITC plasma concentrations reached its peak between 0.943 and 2.27 µM withing 1 h post 

exposure, and a half-life calculated to be 1.77 h (±0.13 h). Another human study reported 2.4 

µmol/L plasma concentration in 3 hours after simple ingestion of 40g of fresh broccoli sprouts 

[335]. Comparable results were obtained from a study on rats, after a single dose of (50 µmol) 

sulforaphane, a detectable level of SF metabolites was evident after 1 h, peaking around 20 µM 

at 4 h with a half-life of 2.2 h [356].  

 Subsequent tissue accumulation after the distribution is also an important characteristic 

in the context of SF and its ability to exert chemo-preventive and anti-cancer effects. In an in-vivo 

study using mice given 300 or 600 ppm SF, they recorded SF and SF-GSH plasma concentrations 
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at 124–254 nM and 579–770 nM, respectively [357]. This group also measured the SF and SF-GSH 

concentrations within the small intestine, which were between 3–13 nmol/g of tissue and 14–32 

nmol/g of tissue, respectively. A study on the chemo-prevention of SF against breast cancer 

showed that consumption of a broccoli sprout preparation containing 200 µmol of SF gave a peak 

plasma concentration of 2.0 µM dithiocarbamate (DTCs), a sulforaphane metabolite, at 1 h after 

ingestion and mean epithelial-/stromal-enriched breast tissue DTC concentrations were 1.45 ± 

1.12 and 2.00 ± 1.95 pmol/mg tissue for the right and the left breast, respectively [358]. 

 The major organ involved in the conversion of GSH conjugates into the corresponding N-

acetyl-S-cysteine conjugates, which is a very important step for the subsequent excretion of ITC 

from the body, is the kidney [359]. It has been shown that SF excretion and its metabolites follows 

first-order kinetics, with most studies reporting clearance from the body within 72 h of 

administration [329,355]. In Ye et al. study, after a single dose of approximately 200 µM SFN, 

around 58.3% and 77.9% of the dosage was excreted in urine as SF equivalent in 8 hours and 72 

hours, respectively [355]. Interestingly, the primary urinary metabolite, SF-NAC, showed similar 

growth inhibitory potencies with the human bladder cancer cells as SF utilizing same anti-

proliferative mechanisms that have been reported with SF [360]. 

Figure 3.2 position (Fig 3.2 can be found on page 80 of this thesis) 

3.5 Chemoprevention activities of SF (inhibition of initiation phase) 

3.5.1 Inhibition of Phase I enzymes 

 Dietary and environmental pro-carcinogens need to be bio-activated by the drug-

metabolizing enzymes (DMEs) into highly reactive intermediates carcinogens that can bind with 
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macromolecules [361]. DMEs are classified into two main categories: oxidative or conjugative. 

Oxidative enzymes such as; NADPH‐cytochrome P450 oxidoreductase and cytochrome P450 

oxidase (CYP450) with their electron transfer system are responsible for phase I reactions, 

whereas conjugative enzymes such as the UDP‐glucuronosyltransferases (UGTs) are mediating 

phase II enzymes. Phase I enzymes often catalyze oxidation, reduction, and hydrolysis reactions 

and are involved in detoxification of chemicals and bio-activation of pro-carcinogens [362,363]. 

For instance, CYP2E1 activates carcinogens such as N-nitrosodimethylamine [364,365] and 

CYP1A2 caused the activation of 2-amino-1-methyl-6-phenylimidazo(4,5-b) pyridine [366]. 

CYP450 enzymes are the principal oncogenic related phase I enzymes as it contributes to 66% of 

bioactivation of carcinogen [367]. Only six CYP450s; 1A1, 1A2, 1B1, 2A6, 2E1, and 3A4 accounts 

for 77% of the reported activation reactions.  

 Several studies reported that SF can inhibit the activity of CYPs either by direct interaction 

with CYPs or by regulation of mRNA expression. For example, Maheo et. Al reported that SF dose-

dependently inhibited the activities of CYPs 1A1 and 2B1/2 in rat hepatocytes, as determined by 

7-ethoxyresorufin-O-deethylase and pentoxyresorufin- O-dealkylase, respectively, and it 

decreased CYP3A4 activity in human hepatocytes by regulating the mRNA levels [368]. Similar 

results were also found in human hepatocytes, as SF inhibited the genes’ expression for CYP1A1, 

1A2, and CYP3A4 [369]. Evidence also suggests that SF might inhibit CYP3A by acting as an 

antagonist for the human steroid and xenobiotic receptor (SXR), which is an essential TF 

regulating the expression of CYP3A genes [370]. 

3.5.2 Induction of Phase II enzymes 
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 To minimize the damage from highly reactive metabolites, cells own innate protective 

mechanisms through the induction of phase II enzymes that are of major importance in 

detoxification of carcinogenic intermediates. These enzymes include, but not limited to, GST, 

NAD(P)H:quinine oxidoreductase 1(NQO1), and UGT [371,372]. Phase II enzymes are strong 

antioxidants with a relatively long half-life and can conjugate endogenous substrates such as GSH 

to phase I metabolites to stop the biotransformation and in turn enhance elimination and 

excretion [373]. Several studies reported the capability of SF in inducing a lot of Phase II 

detoxification genes such as; ferritin, epoxide hydrolase, glutathione peroxidase, glutamate 

cysteine synthetase, and GST [374-376]. In human, with HepG2 cells for example, SF was reported 

to increase mRNA of UGT family 1 member A1 (UGT-1A1) and GST alpha 1 (GST-A1) [366], NQO1 

activity [377], and UGT1A1 protein along with bilirubin glucuronidation [378].  

 Genes of Phase II enzymes carry in their 5’-flanking region one or more DNA regulatory 

elements called anti-oxidant response element (ARE). ARE activation will lead to induction of the 

downstream genes expression [379]. The crucial activator for ARE is nuclear factor erythroid 2-

related factor 2 (Nrf2) which in unstimulated cells is normally bound by its repressor Kelch-like 

ECH-associated protein 1 (Keap1). This bond between Nrf2 and Keap1 binds Nrf2 to Cullin 3- 

dependent ubiquitinase for subsequent ubiquitination and targeted proteasomal degradation 

[326]. In case of cellular stimulation by environment insult, the Nrf2-Keap1 complex is disrupted 

in the form of conformational changes, leading to a switch in ubiquitination from Nrf2 to Keap1, 

causing nuclear translocation of Nrf2 [326]. The nuclear Nrf2 will form complexes with other 

nuclear factors and binds with ARE to induce the transcription of phase II downstream targets 

[380]. 
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 SF has been reported to directly react with the thiol groups of Keap1 to form thionoacyl 

adducts [381-383]. This specific modification of Keap1 will release Nrf2 from sequestration, 

helping the subsequent activation of ARE-driven gene expression. This mode of action by SF was 

proven by experiments in Nrf2 knockout mice [375]. Thimmulappa et al. created a transcriptional 

profile of the small intestine of wild-type (Nrf2 + / +) and knockout (Nrf2 - / -) mice which received 

SF. Many genes were reported to be regulated by Nrf2, including the previously mentioned phase 

II xenobiotic metabolizing enzymes, as well as antioxidative and cytoprotective proteins that are 

highly significant in limiting cancer progression. 

However, one new study has reported adverse effect of Nrf2 activation after lung cancer 

initiation in mouse models [384]. In this study, SF activation of Nrf2 was effective in preventing 

initiation of chemically induced lung cancer, on the other hand, this activation promoted 

progression of pre-existing tumors regardless of chemical or genetic etiology. Another study used 

transplacental and/or lactational exposure to dibenzo[def,p]chrysene (DBC) in a mouse model 

which produces T-cell lymphoblastic lymphomas during early adulthood, in addition to lung 

tumors later in life to assess the impact of maternal dietary SF on cancer risk in offspring. This 

study reported increased morbidity and no reduction in lung tumorigenesis in offspring born to 

mothers supplemented with dietary SF or broccoli sprout powders [385]. The researchers 

explained this higher mortality rate by immunotoxicity as a function of increased DBC exposure 

as the combination of SF with indole-3-carbinol showed lack of early mortality, reduced morbidity 

and tumorigenesis. These results suggesting that the use of SF or broccoli sprout supplements 

will need more detailed studies to obtain the optimal dose, schedule and duration especially 

during pregnancy. 
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3.5.3 Protection of DNA from chemical insults: 

 SF utilize multiple mechanisms to counteract the genotoxicity of several carcinogenic 

compounds. For instance, heterocyclic amines (HCA) exposure is linked with breast, colon, and 

prostate cancers development, and in vitro studies suggested that SF is a potent inhibitor of 

mutagenesis induced by HCA [386]. In another in vitro study, the co-treatment with SF and 2-

amino-1-methyl-6-phenylimidazo[4,5-b] pyridine (PhIP) significantly reduced the formation of 

PhIP-DNA adducts in HepG2 human hepatoma cells. However, the same study suggested that SF 

effect was a preventive action rather than induction of DNA repair enzymes. This was proposed 

based on when PhIP-treated cells were post-treated with SF there was no decrease in the levels 

of PhIP-DNA adducts [377].  

 In MCF-10F human mammary epithelial cells, DNA adducts formation by the exposure to 

benzo(a)pyrene and 1.6-dinitropyrene was inhibited with SF treatment [387]. Comparable results 

were reported with human colorectal cells as SF protected DNA from the single-stranded breaks 

induced by benzo(a)pyrene [388], while in human liver cells, which express CYP2E1 and CYP1A2, 

SF inhibited the double-strand breaks caused by N-nitrosodimethylamine and 2-amino-3-

methylimidazo [4,5-f] quinoline [365]. SF contrasted the genotoxicity on human lymphocytes that 

was induced by four different compounds: alkylating ethyl methanesulfonate, aneugen 

vincristine, oxidizing H2O2, and alkylating and oxidizing mitomycin C. This reduction was related 

to an enhanced apoptotic response with ethyl methanesulfonate and mitomycin C. In contrast, 

no increase in the fraction of apoptotic cells was found with SF combination when compared with 

the treatment with vincristine or H2O2 alone, suggesting a different mechanism for the 
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protective action of SF, such as the inhibition of cell proliferation or the induction of specific 

enzymes [389]. 

 Results from in vivo studies provide conflicting results. In a classic two-stage 

carcinogenesis protocol (where effects on initiation are separated from effects on promotion), 

Gills et al. [390] reported that SF topical administration before and after 7,12-

dimethylbenz(a)anthracene failed to decrease the percentage of tumor-bearing mice. In 

contrast, Kuroiwa et al. [391] reported that SF decreases the incidence of atypical hyperplasia in 

pancreatic ducts and the incidence of adenocarcinomas caused by N-nitrosobis(2-oxopropyl) 

amine injection in a hamster model of pancreatic carcinogenesis. These results suggest that SFN 

possesses an interesting antigenotoxic potential, however, research efforts need to expand 

toward the in vivo mechanisms. 

3.6 SF as a potential drug for cancer therapy 

3.6.1 Modulation of the Promotion Phase 

3.6.1.1 Induction of cell cycle arrest 

 Several research groups have reported that SF can arrest cancer cells at G1 phase 

[392,393], S phase [394], or G2/M phase [395-397] in different cell lines. The main cell cycle phase 

when SF interfere is G2/M as this cell cycle arrest has been reported in PC-3 and DU-145 human 

prostate cancer cells [398,399], HCT-116, HT29, and Caco-2 human colon cancer cells 

[398,400,401], MCF-7 human breast cancer cells [395], U2-OS human osteosarcoma cells [402], 

KB and YD-10B human OSCC [403], even in non-solid tumors as acute lymphoblastic leukemia 

(ALL) [404] and in primary myeloma tumor cells [405]. 
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 The ability of SF to induce cell-cycle arrests was explained by different mechanisms. One 

of the theories explaining SF associated G2/M cell cycle arrest in PC-3 prostate cancer cells is the 

substantial decrease in the protein levels of cyclin B1, cell division cycle 25B (Cdc25B), and 

Cdc25C, and the subsequent accumulation of Tyr-15-phosphorylated (inactive) cyclin-dependent 

kinase 1 (CDK1) [398]. The latter event was due to activation of checkpoint 2 kinase. Confirmation 

of this hypothesis came from the significant reduction of SF-induced G2/M arrest after transient 

transfection of PC-3 cells with checkpoint 2 kinase-specific small interfering RNA duplexes [398]. 

Another suggested mechanism is inhibition of tubulin polymerization, resulting in mitotic arrest 

as was reported after SF treatment resulting in condensed chromosomes lacking equatorial 

metaphase alignment in MCF-7 cells [395], and aberrant and absent mitotic microtubules in F311 

[406] and MCF-7 cells [395]. In KB and YD-10B human OSCC cells, the reported mechanism was 

the induction of p21, a potent cyclin-dependent kinase inhibitor, which led to a decrease in the 

cyclin B levels [403]. In ALL similar mechanism was reported with upregulation of p21 and 

inhibition of the Cdc2/Cyclin B1 complex [404]. These findings suggest that p21 induction might 

be one of several molecular mechanisms that SF utilize to induce cell cycle arrest. These findings 

suggest that SF can confront three of the hallmarks of caner; sustaining proliferative signaling, 

evading growth suppressors, and enabling replicative immortality. 

3.6.1.2. Induction of apoptosis 

 Apoptosis, or programmed cell death, is an imperative and highly selective biological 

mechanism in multicellular organisms that play important role in the regulation of cell 

proliferation in both physiological and pathological conditions [407]. Apoptosis is commonly 

characterized by distinct morphological characteristic changes and energy-dependent 
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biochemical mechanisms. It is considered an essential part of various processes including, but 

not limited to, proper cell turnover, normal development and functioning of the immune system, 

hormone-dependent atrophy, embryonic development, and chemical-induced cell 

death. Deficient apoptotic system (either too little or too much) is considered a factor in many 

human pathological conditions including neurodegenerative diseases, ischemic damage, 

autoimmune disorders and multiple types of cancer [408]. 

 SF has been reported to induce apoptosis in many different cancer cell lines. The first 

system used to show this was colon cancer cells [400,409,410]. This was followed by several types 

of cancers cells including; prostate tumor [392,411,412], medulloblastoma [413], mammary 

tumor [395], ovary tumor [414], pancreas tumor [397], leukemia [415,416], bladder tumor 

[393,394], melanoma [417], and myeloma [405]. 

 Numerous molecular mechanisms have been suggested explaining the pro-apoptotic 

action of SF. In PNAC-1 pancreatic cancer cell line, SF induction of apoptosis was suggested to be 

caused by cleavage of caspase-8 which activates the death receptor pathway of apoptosis [397]. 

A similar mechanism was reported with HCT-116 colon cancer cells as SF induced activation of 

pro-apoptotic caspase-7 and caspase-9, independent of p53 expression [418]. In human bladder 

5637 cancer cells, SF was correlated with the activation of caspase-8 and caspase-9, the initiating 

caspases that are essential in both extrinsic and intrinsic apoptotic pathways [419]. Park et al. 

also reported the SF ability to affect key molecular targets that are strongly involved in apoptotic 

pathways such as the downregulation of apoptosis repressors B-cell lymphoma 2 (Bcl2) and B-

cell lymphoma extra-large (Bcl-XL) genes expression, the upregulation of pro-apoptotic Bcl-2-

associated X (BAX), and proteolytic activation of caspase-3 [420]. In a more recent publication, 
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SF activated the caspase-3 dependent pathway through upregulation of BAX and p53 with 

downregulation of Bcl-2 in HEp-2 human epithelial carcinoma cell line [421] and OSCC KB and YD-

10B cell lines [422].  

 Another study on DU145 prostate cancer cells reported the activation of BAX, the 

downregulation of the inhibitors of apoptosis (IAP) protein family, and the induction of apoptotic 

protease activating factor-1 (APAF1) after SF treatment [423]. In F3II mammary cancer cells, SF 

excreted its pro-apoptotic function by fragmentation of DNA repairing protein poly(ADP-ribose) 

polymerase (PARP) along the reduction in the expression of Bcl2 [395]. This mechanism with 

fragmentation of PARP has also been reported in SF-treated DU145 and PC-3 prostate cancer 

cells with increased release of histone-associated DNA fragments [412,423] and HT29 colon 

cancer cells [400].  

 Singh et al. proposed that the initiating signal of SF-mediated apoptosis is the formation 

of ROS with disruption of mitochondrial membrane potential causing elevation of oxidative stress 

and cytosolic release of cytochrome c via both death-receptor and mitochondrial caspase 

cascade pathways [31]. This was supported by the results from the Moon et al. study on tumor 

necrosis factor-alpha (TNFα) resistant leukemia cells as SF induction of apoptosis was through 

ROS-dependent activation of caspase-3 [424]. Singh and co-workers thus indicated the 

importance of the conjugation of SF with GSH, once inside the cells, during the metabolism, in 

order to deplete intracellular concentrations of GSH and hypothetically lower the oxidative stress 

threshold of cancer cells which was reported by Pham et al. with the human pancreatic cancer 

cell lines MIA PaCa-2 and PANC-1 [397]. However, very high doses such as 40 µM SF with PC3 and 

LNCap cells induced disruption of mitochondrial membrane potential leading to the formation of 
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acidic vesicular organelles and autophagy causing inhibition in the release of mitochondrial 

cytochrome c and apoptosis [425]. Therefore, it has been suggested that ROS production after 

SF treatment has the ability to affect cell death in a different pathway to apoptosis [326]. From 

all these studies together, it is suggested that SF has an innate ability to modulate both extrinsic 

and intrinsic apoptotic pathways, via the production of ROS and regulation of gene expression. 

 Other suggested mechanisms include inhibition of NF-κB activity [411,426] leading to the 

decreased gene expression of NF-κB-regulated vascular endothelial growth factor (VEGF), cyclin 

D1, and Bcl-XL [427]. Inhibition of the expression of estrogen receptor alpha (ERα), giving SF the 

potential to inhibit cancer cell proliferation caused by aberrant hormone ER receptor expression 

[428]. SF showed the capability to enhance tumor necrosis factor-related apoptosis inducing 

ligand (TRAIL) activity in human osteosarcoma cells (Saos2 and MG63) and hepatoma cells 

[429,430]. This mechanism was explained to be activated through reactive oxygen species-

mediated up-regulation of death receptor 5 (DR5). Taking together, these findings suggest that 

SF induce apoptosis in different cancer cells utilizing several apoptotic mechanisms, thus these 

mechanisms are not cell-specific. 

 SF was recently identified as a novel histone deacetylase (HDAC) inhibitor in multiple 

human cells such as; embryonic kidney 293 (HEK293) [431], HCT116 colon cancer cells [431], and 

three prostate epithelial cells (BPH-1, LnCaP and PC-3) [432]. HDAC inhibitors have been reported 

as apoptosis inducers through elevation of genes such as p21 and BAX [433], and they are well 

suited for cancer therapy as it induces cancer cell death at concentrations to which normal cells 

are relatively resistant [434]. At pharmacologically relevant levels, SF increased acetylated 

histones H3 and H4, and expression of p21Cip1/Waf1 [431,432]. Impact of SF on DNA 
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methylation and histone modifying enzymes on the regulation of genes commonly dysregulated 

during carcinogenesis was reviewed recently [435]. SF induction of apoptosis is opposing cancer’s 

resisting cell death one of the hallmarks of cancer. 

3.6.1.3 Induction of autophagy: 

 Autophagy is a catabolic process during which the cytoplasmic components, including 

organelles, such as mitochondria, are engulfed by the membranous vacuoles often called 

autophagosomes, which fuse with lysosomes where the contents are degraded by the lysosomal 

proteases, thereby maintaining the quality of cells [436]. Although there is no clear connection 

between autophagy and apoptotic cell death, in some systems autophagy seems to promote 

apoptosis. In some cases, apoptosis and autophagy can be seen in vivo in certain tissues, and 

both morphologies may be observed within the same cell [437]. 

 SF has shown to induce autophagy by increasing expression of protein 1 light chain 3 (LC3) 

as well as upregulating its recruitment to the autophagosome in human PC-3 and LNCaP cells 

prostate cancer cells [425]. Treatment of cells with a specific inhibitor of autophagy (3-

methyladenine) attenuated localization of microtubule-associated LC3 to autophagosomes but 

aggravated cytosolic release of cytochrome c and apoptotic cell death. In another study the 

combination of SF with bafilomycin A1, as an autophagy inhibitor, enhanced apoptotic effect of 

SF in breast cancer cell line MDA-MB-231 [438]. Relatively recent work shows SF induces a unique 

long non-coding RNA (LINC01116) in prostate cancer which significantly upregulated several 

genes including GAPDH (regulates glycolysis), MAP1LC3B2 (autophagy) and H2AFY (chromatin 

structure) [439]. 
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3.6.2 Modulation of the Progression Phase 

3.6.2.1. Inhibition of Angiogenesis 

 Angiogenesis is the biological process of forming new blood vessels, which is essential for 

the normal physiological conditions such as tissue growth, wound healing and remodeling; but it 

is also a critical process in tumor development since it provides the tumor with nourishment for 

growth, expansion, and metastasize [440]. Angiogenesis around tumors was observed over 100 

years ago [441-443]. In 1968, it was hypothesized that tumors produce a diffusible ‘angiogenic’ 

substance [444,445]. However not until 1971 Folkman proposed that tumor growth and 

metastasis can be angiogenesis-dependent, thus blocking angiogenesis might be a suitable 

strategy to hinder tumor growth [446]. This possibility inspired a rigorous search for pro- and 

anti-angiogenic molecules [447]. Angiogenesis provides nutrition and oxygen supply to the intra-

tumoral bulk and without it the tumor growth will be limited to 1-2 mm3 [29]. Tumor cells 

produce pro-angiogenic molecules which help in the progression of tumor angiogenesis such as 

VEGF [448].  

 SF was able to inhibit the formation of microcapillaries in-vitro with HMC-1 human 

microvascular endothelial cells through inhibition of VEGF. This was explained by inhibition of the 

expression of the VEGF receptor Kinase insert domain receptor/ Fetal Liver Kinase 1 (KDR/flk-1) 

at the transcriptional level along with inhibition of the Hypoxia-inducible factor-1 Alfa (HIF-1 α), 

and c-Myc [449]. This inhibitory effects of SF on angiogenesis was also reported in studies using 

human umbilical vein endothelial cells, as was shown by inhibited tube formation on Matrigel, 

[450,451] and bovine aortic endothelial cells [452]. SF inhibition of angiogenesis was also 
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demonstrated in-vivo. Intravenous administration of low doses of SF inhibited endothelial cell 

response to VEGF when used with a subcutaneous VEGF-impregnated Matrigel plug mouse 

model [452]. Treatment of human prostate cancer PC-3 cells with SF was correlated to the 

reduction of the expression VEGF through the inhibition of NF-κB activity [427]. Taking together, 

these findings indicate that SF interferes with all the crucial steps of neovascularization from 

proangiogenic signaling through endothelial cell migration to tube formation. These studies 

indicate that SF prevents angiogenesis induction, one of the hallmarks of cancer. 

3.6.2.2 Inhibition of metastasis 

 Cancer metastasis or secondary neoplastic growth is one of the major barriers for cancer 

treatment. Cancer prognosis is mostly evaluated according to the degree of invasiveness of 

cancer and its ability to metastasize. Cancer metastasis pass through multiple sequential steps 

including escape of single metastatic cancer cells from the original tumor, intravasation and 

dissemination using blood and lymphatic vessels, anchorage in the microvasculature of the 

secondary site organ, expansion and proliferation at a new site [453-455]. The key physical 

barriers for cancer metastasis are the basement membrane and the extracellular matrix, thus the 

importance of proteolytic degradation used by malignant cancers to overcome these barriers 

[456-458]. It is a complex biological event correlated to individual characteristics of the cancer 

bearer such as; general conditions and the state of immune response, and precise features of 

cancer cells including location, size, and histological characteristics [454,455,458]. 

 The attenuation effect of SF on cancer metastasis was demonstrated by inhibition of lung 

metastases induced by B16F-10 highly metastatic melanoma cells in C57BL/6 mice [459]. This 
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inhibition was presented by a significant reduction in pulmonary fibrosis markers and cellular 

proliferation markers, as well as an increase in the survival of animals bearing metastases. The 

mechanisms behind SF effects on metastasis was suggested to be due to the inhibition of the 

activation of matrix metalloprotease (MMP) 2 and 9, a family of endoproteinase with the 

capability to degrade most of the components of the extracellular matrix, permitting cell invasion 

and metastasis formation [460,461]. MMPs was shown to modulate certain neoplastic evolution 

promoting factors such as cytokines and growth factors [462]. In oral squamous cell carcinomas, 

SF was able to inhibit cellular migration and invasion in-vitro by the down-regulation of MMP-1 

and MMP-2 [463], and it was reported to reduce axillary lymph node metastasis with KPL-1 

human breast cancer cells after implanted in female athymic mice [464]. Recently, SF was 

reported to inhibit the migration and invasion of 95D and H1299 non-small cell lung cancer cells, 

which has relatively high metastatic potential, in-vitro and also it had anti-metastatic effect with 

xenografts in-vivo [465]. This effect was suggested to be due to decreasing miR-616-5p levels by 

histone modification which lowered the expression levels of the glycogen synthase kinase-3 

(GSK3) leading to inhibition of GSK3β/β-catenin signaling pathway and epithelial-mesenchymal 

transition (EMT). SF can resist activating invasion and metastasis as one of the hallmarks of 

cancers. 

3.7 SF as a cancer stem cells (CSCs)-inhibiting drug 

 CSCs can resist conventional treatment, such as radio- and chemo-therapy, due to 

enhanced DNA repair mechanism and higher levels of MDR proteins. The ablation fraction of 

tumor mass (fractional kill) is usually used as a measure for the efficacy of cancer treatments in 

the initial stages of testing and CSCs form a small proportion of the tumor, this may lead to the 
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selection of drugs that cannot affect the more resistant stem cells. The theory suggests that 

conventional cancer treatment will kill finally differentiated or differentiating cells, which form 

the major bulk of the tumor but lack the ability to generate new cells. A population of CSCs, which 

poses an unlimited proliferation ability and is responsible for the formation of tumor, could 

remain unaffected and cause relapse [15,466]. By targeting the population of CSCs, a better 

prognosis can be achieved with less morbidity. 

 A number of studies have reported the ability of SF to target CSCs either by direct or 

indirect mechanisms, alone or combined with other anticancer compounds [467]. As previously 

mentioned, sulforaphane can reduce NF-κB activity and nuclear translocation of the NF-κB 

subunit, thus decreasing the expression of NF-κB-regulated genes [426,427]. Kallifatidis et al. 

demonstrated the ability of SF to revoke the resistance of pancreatic CSCs to TRAIL by interfering 

with TRAIL-activated NF-κB signaling [468]. Specifically, SF inhibited the DNA binding capacity of 

transactivation-competent NF-κB dimers which was found in CSCs population, causing 

impairment to the expression of NF-κB target genes with antiapoptotic effects. 

 In pancreatic cancer, the SHH signaling pathway, which has a key role in embryonic 

development, is hyper-activated and contributes to the self-renew of pancreatic CSCs [469]. SHH 

pathway is activated when hedgehog binds to its receptor Patched-1 (PTCH-1) which will stop the 

inhibition of the transmembrane protein Smoothened (Smo) caused by PTCH-1, this will activate 

and translocate the Glioma-Associated Oncogene (Gli) family of TF inside the nucleus, leading to 

activation of target genes including Nanog, Oct4, VEGF, and Zinc finger E-box-binding homeobox 

1 (ZEB-1) [467,470]. Gli1 and Gli2 are acetylated in the inactive state and require HDAC-1 for 

activation through deacetylation [471]. Also, a correlation between the SHH signaling pathway 
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and NF-κB signaling was drawn, as the overexpression of SHH is activated by NF-κB [472]. In an 

in-vitro model, SF modulated SHH pathway signaling by inhibition of Smo, Gli1, and Gli2 in 

pancreatic CSCs [38]. SF was also reported to inhibit the nuclear translocation and transcriptional 

functions of Gli1 and Gli2 in a dose-dependent manner. Li and co-workers reported that similar 

results one year after but in-vivo with primary pancreatic CSCs isolated from human pancreatic 

tumors implanted into the pancreas of mice [473]. One possible explanation of the SF inhibition 

of Gli was the modulation of HDAC1 activity as was reported in human cervical cancer cells [474]. 

 EMT, which is of critical importance in tumorigenesis and metastasis [475], has been 

correlated to CSCs [476]. SF has also been reported to be able to downregulate EMT markers, 

including ZEB-1, Twist-1, and vimentin [477]. One of the suggested mechanism of that inhibition 

is SF suppressed the EMT process via COX2/MMP2,9/ZEB1, Snail, and miR-200c/ZEB1 pathways 

thus possessed the ability to suppress metastasis in human bladder cancer cells [478]. Several 

studies have also reported that SF may inhibit the pro-survival PI3K/Akt pathway, which has been 

considered as a master regulator in oncogenic cellular survival, growth, and resistance 

[32,414,479].  

 β-catenin, a dual function subunit of the cadherin protein complex involved in regulation 

and coordination of cell–cell adhesion and gene transcription with function as an intracellular 

signal transducer in the Wnt signaling pathway, has been shown to be vital for the self-renewal 

of CSCs and in the EMT process [480]. It has been reported that high ALDH activity is a marker for 

normal and malignant human mammary SCs [481]. In the human cervical carcinoma (HeLa) and 

hepatocarcinoma (HepG2) cell lines, SF had the ability to downregulate β-catenin [420]. Li et al. 

reported that SF was able to reduce the number of ALDH positive cells in breast cancer cell line 
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both in-vitro and in-vivo, as well as inhibit the Wnt/beta-catenin self-renewal pathway [482]. The 

mechanism was evaluated through western blotting analysis and β-catenin reporter assay, which 

showed SF to promote β-catenin phosphorylation and its subsequent degradation. That is why it 

was proposed that the inhibition of breast CSCs was a consequence, at least in part, of the 

downregulation of the Wnt/β-catenin self-renewal pathway [177]. 

 MicroRNAs (miRNAs), a class of highly conserved small RNA molecules with the function 

of regulating gene expression [483], have been reported recently to play a major role during 

carcinogenesis in various types of cancers [484-486]. The genomic reorganization is usually 

located at a locus near miRNA clusters in different types of cancers. A pair of neighboring miRNAs 

has been reported to be deleted in human chronic lymphocytic leukemia [487], with loss or 

amplification of miRNA genes seen in other tumors [488]. On the other hand, the deletion or 

silencing of a gene encoding a miRNA that normally suppresses the expression of oncogenes will 

cause an increase in that protein expression and cancer development [489]. miRNAs such as miR-

21 [490], miR-31 [491], miR-504 [492], miR-10b [493], let-7 [494], or miR-184 [492] were reported 

to be most commonly deregulated in OSCC. Recently, Liu et al. reported that SF targets cancer 

stemness and tumor-initiating properties in OSCC by inhibition of BMI-1 through induction of 

tumor suppressor miR-200c [39]. Treating T24 bladder cancer cells with SF led to upregulation of 

miR-200c causing inhibition of EMT and metastasis [478]. MiR-140 was reported to be 

upregulated with SF treatment in MCF10DCIS and MDA-MB-231 breast cancer cells, which 

affected the expression of SOX9 and ALDH1 [495]. In Human nasopharyngeal cancer cell lines 

Hone1, CNE1, CNE2 and Sune1, SF induced apoptosis in CSCs by inhibition of total STAT3 

expression level and STAT3 phosphorylation by upregulation of miRNA-124-3p [496]. 
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3.8 Combination of SF with conventional chemotherapy 

 As we mentioned above, SF may act as a CSCs-inhibiting drug and since conventional 

chemotherapeutic drugs may lack the ability to target the more resistant CSCs, SF can be used as 

a combination treatment to achieve better prognosis. Several studies have been conducted to 

test this hypothesis. Kallifatidis and coworkers, reported SF potentiated the cytotoxic effect of 

cisplatin (CIS), gemcitabine, doxorubicin, and 5-fluorouracil (5-FU) against pancreatic CSCs and 

CIS and taxol against prostate CSCs [36]. They found that SF combination to conventional CT 

inhibited the clonogenicity/spheroid formation capacity, as well as ALDH1 activity, indicating that 

SF targeted CSCs inside these tumors. In chronic myeloid leukemia (CML) CD34+CD38– and 

CD133+ cell populations possess the majority of stem cell activity, whereas CD34+CD38+ cells 

represent multipotent committed progenitor cells [497]. Lin and co-workers found that 

CD34+/CD38- cells have particularly high resistant to imatinib, an inhibitor which is the 

conventional treatment for leukemia, however, SF combination with imatinib sensitized 

CD34+/CD38– cells and induced apoptosis by inducing intracellular ROS [37].  

 In ovarian cancer, Chen and co-workers used both cisplatin-sensitive and cisplatin-

resistant cell lines to test the effect of SF/CIS combination. They reported that the combined 

treatment can reduce cell viability of both cell lines in a time- and dose-dependent manner. 

Furthermore, SF enhanced cisplatin-induced apoptosis and G2/M phase arrest, thereby 

eliminating the resistance to CIS on ovarian cancer cells [498]. Other study reported that CIS 

alone might increase the cancer stem cell-like properties in gastric carcinoma cells via activating 

the IL-6 /IL-6 receptor (IL-6R) /signal transducer and activator of transcription 3 (STAT3) signaling. 
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However, SF combined treatment with CIS prevent this process by activating the miR-124, which 

directly targets the 3′-untranslated regions of the IL-6R and STAT3 [499]. 

 Recently, our group showed that SF can be combined with CIS or 5-FU to enhance the 

cytotoxic effect against head and neck squamous cell carcinomas in a dose and time dependent 

manner [500]. SF increased apoptosis induction through the activation of Caspase-dependent 

apoptotic pathway without added cytotoxicity to non-cancerous cells. An interesting feature of 

SF is the ability to induce apoptosis in cells with p53 mutated or knocked-out. This allow it to 

overcome treatment resistance and enhance the efficacy of other chemotherapeutic agents as 

most of the conventional chemotherapeutic agents require the presence of intact p53 [501-503]. 

3.9 Human clinical trials of SF 

 Ever since SF showed the potential to induce phase II enzymes, many study groups have 

tried to explore the potential use of SF as a chemopreventive or therapeutic drug. Several 

commercially developed SF supplements are available nowadays; however, there is a difficulty in 

manufacturing a potent and bioavailable formula due to the intrinsic instability of SF molecule 

which interferes with this method of delivery [504]. To manufacture a sulforaphane-yielding 

supplement we need to retain both the glucoraphanin precursor and the myrosinase enzyme to 

allow metabolism and transformation to the bioactive isothiocyanate inside the body [505]. To 

the best of our knowledge, SF has not yet been investigated in humans in pure form, however, a 

number of phase I and II clinical trials on SF (from broccoli sprouts) are in progress or have been 

completed aiming to test its safety, tolerance, pharmacokinetics, and therapeutic benefit in 

healthy human subjects or in the oncogenesis field. Table 1 is listing some of the most prominent 
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clinical trials of SF. One recent human clinical trial used stabilized free sulforaphane for testing 

the effect on biochemical recurrence after radical prostatectomy in prostate cancer patients 

[506]. 

 In the year 2000, Conaway and co-workers designed a study to compare the bioavailability 

of ITC from fresh and steamed broccoli [339]. Participants were prohibited from any food 

containing glucosinolates or ITCs for 48 hours then allowed to consume a single dose of 200 g of 

broccoli either fresh or steamed followed by the collection of blood and urine samples during the 

first 24 hours, which were analyzed for total ITC equivalent level using high-performance liquid 

chromatography. They reported that the average 24-hour urinary excretion of ITC equivalents 

amounted to 32.3 +/- 12.7% and 10.2 +/- 5.9% of the ingested ITC for fresh and steamed broccoli, 

respectively. These findings suggested that the bioavailability of ITC from fresh broccoli is almost 

3 times higher than from steamed broccoli. 

 In 2005, Kensler and co-workers published a study on the effect of daily consumption of 

glucoraphanin and how it modulates aflatoxin bioavailability and disposition in residents of 

Qidong China [507]. Residents of Qidong are at high risk for the development of hepatocellular 

carcinoma, this is partially due to long-term exposure to aflatoxin-contaminated food, along with 

the airborne carcinogen, phenanthrene [508]. In Kensler study, two groups, each of 100 healthy 

adults, were selected: a group drank infusions of 3-day-old broccoli sprouts containing 400 µmol 

of glucoraphanin and the second group consumed no more than 3 µmol nightly for 2 weeks. 

Interestingly, there were no problems at all of safety or tolerance in their study. The study 

reported an inverse association between the level of SF metabolites, urinary levels of DTCs, and 

the carcinogen related markers, such as aflatoxin-DNA adducts and trans, anti-phenanthrene 
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tetraol, a metabolite of the combustion product phenanthrene. The same group in another study 

reported that SF increased the excretion of airborne pollutants in individuals consuming the 

broccoli extract beverage containing SF or glucoraphanin [509]. Although promising, this study’s 

results displayed significant variability in the bioavailability levels of the active compound. Fahey 

et al. found similar results regarding the variation in bioavailability of SF between subjects in his 

study [510]. In their work, they administrated sulforaphane-rich broccoli sprout extract (BSE) to 

two distinct populations (Chinese and Baltimoreans) which gave bioavailability difference 

between individuals in both populations, ranging from 1% to 40%.  

 In 2007, Cornblatt et al. analyzed the bioavailability of SF in human tissues using human 

breast tissue as a model [358]. Eight women with scheduled reduction mammoplasty were 

registered for the study and they were given a broccoli sprout preparation that contains 200 µmol 

SF on average 50 min before the surgery. After the surgery they measured the level of DTCs in 

the removed breast tissue and the mean breast tissue DTCs concentration was found to be 1.45 

± 1.12 and 2.00 ± 1.95 pmol/mg tissue for the right and the left breast respectively, putting in 

mind that the tissues were removed from the right breast first. In a recent intervention study, 

they measured the total SF metabolite concentration in plasma every hour in human subjects 

who consumed 40g fresh broccoli sprouts, which reached its peak after 3 hours (> 2 µM) [335].  

 In 2009, Riedl and co-workers published a clinical study on sulforaphane’s induction of 

Phase II enzymes in the upper airway of human [511]. 65 participants were enlisted in this study 

and they consumed oral SF doses contained in a standardized broccoli sprout homogenate. They 

reported that Phase II enzymes such as glutathione-s-transferase M1 (GSTM1), GSTP1, NQO1, 

and hemeoxygenase-1 (HO-1) were all up-regulated in a dose-dependent manner with no 
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significant adverse events. These findings demonstrated the potential of using SF to reduce the 

inflammatory effects that accompany oxidative stress. 

 Oregon Health & Science University Knight Cancer Institute conduct a phase II clinical trial, 

from 2010 to 2013, aimed to investigate the effect of SF-enriched broccoli extract on recurrent 

prostate cancer [512]. In their study, 20 patients who were diagnosed with recurrent prostate 

cancer were given 200 µmol/day of sulforaphane-rich broccoli extracts for a period of 20 weeks. 

The primary endpoint was set as ≥50% PSA decline (prostate-specific antigen, which is usually 

elevated with prostate cancer) but only one patient reached this endpoint and seven patients 

experienced smaller PSA declines (<50%). However, it was found that the doubling time for PSA 

was significantly lengthened during the treatment (pre-treatment: 6.1 months; on-treatment: 9.6 

months). Furthermore, 200 µmol/day SF was reported to be safe with no Grade 3 adverse event 

was observed. 

 Currently, an early phase 1 clinical trial is recruiting to test the effect of Avmacol®, a 

dietary supplement made from broccoli sprout and seed extract powder, in preventing 

recurrence in patients with tobacco-related HNSCC. This study aims to analyze the bioavailability 

of SF in this new drug as well as to determine the level of pharmacodynamic upregulation of Nrf2 

target gene transcripts in the oral epithelium of patients after finishing the treatment for 

tobacco-related HNSCC, including high grade dysplasia, carcinoma in situ, or invasive carcinoma 

[513]. 

Table 3.1 position (table 3.1 can be found on page 75 of this thesis) 

3.10 Conclusion: 
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Cancer is an extremely complex disease, with multiple genetic and molecular alterations which 

can be targeted with new pharmacological strategies. Considering the biological complexity in 

tumors, a promising strategy will be the use of non-specific agents, which can inhibit many targets 

concurrently. Phytochemicals represent an interesting source of multitarget compounds. Since 

1992, after SF was reported as a strong inducer of phase II enzymes and chemopreventive agent, 

many studies followed and revealed that SF possess multiple chemotherapeutic abilities. These 

include proliferation inhibition, apoptosis, and cytodifferentiation induction, as observed in 

several in vitro and in vivo models. SF can induce terminal differentiation, generating cells with 

no or limited replicative capacity, leading to apoptosis [514]. Thus, differentiation may represent 

an alternative tactic to more conventional anticancer agents. Although there are several drugs 

for controlling cancer growth in humans, there are no drugs available that inhibit the metastasis 

of cancer cells specifically. This is because metastatic cancer cells can respond differently to 

radiotherapy or chemotherapy [459]. However, SF demonstrated high capability to inhibit 

metastases in different tumor models. Effectiveness is, however, not the only requirement for 

developing new chemopreventive or chemotherapeutic agents. Although larger-scale clinical 

trials are necessary, the completed human clinical trials with SF reported a favorable toxicological 

profile, no genotoxicity and high tolerability and safety in humans. To conclude, the recent 

literature has clearly demonstrated that Sulforaphane is a promising and safe chemopreventive 

molecule and a powerful future tool for fighting cancer. 
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Table 3.1: Summary of the most relevant human clinical trials on 
sulforaphane related to cancers, safety and bioavailability. 

References No. of 

Subjects 

Intervention Endpoints Findings 

[339] 12 200 g fresh or 

steamed broccoli at 

a single dose 

Compare metabolic 

fate of 

steamed vs. fresh 

broccoli 

 

Bioavailability of 

ITC from fresh 

broccoli is 

approximately 3 

times greater than 

from steamed 

broccoli 

[507] 200 Hot water 

infusions of 

3-day-old broccoli 

sprouts nightly 

containing 400 µmol 

glucoraphanin for 

2 weeks 

 

Determine whether 

broccoli 

sprouts can alter the 

disposition 

of aflatoxin and 

phenanthrene 

Significant inter-

individual 

differences in 

bioavailability; an 

inverse association 

between 

urinary levels of 

DTCs and urinary 

aflatoxin-DNA 

adduct. 

 

[515] 

 

12 21 doses of 

glucoraphanin or 

SF over 7 days (8 

hours interval) 

 

Evaluate safety, 

tolerance, and 

metabolism 

 

No significant or 

consistent abnormal 

events 

(toxicities) associated 

with any of the 

sprout 

extract ingestions 

 

[358] 8 Single dose of oral 

broccoli sprouts 

delivering 200 

µmol SF at 1 

hour pre-surgery 

 

Evaluate whether 

Sulforaphane is 

bioavailable in 

human breast 

tissue 

 

2 pmol/mg breast 

tissue was observed 

 

[516] 3 Single dose of 68 g 

BroccoSprouts 

broccoli sprouts 

(approximately 105 

mg SF) 

Evaluate the effect of 

SF on HDAC activity 

in peripheral 

blood mononuclear 

cells (PBMC) 

During the period 3–

6 hrs. 

after ingestion, 

broccoli sprouts 

strongly inhibited 

HDAC 

activity in human 

PBMC. 
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[517] 

 

22 400 g of broccoli 

per-week for over 

6 months 

Monitor global gene 

expression 

change in prostate 

gland before, 

during and after 

broccoli-rich diet 

 

Broccoli 

consumption 

interacts with 

GSTM1 genotype to 

result 

in complex changes 

to signaling 

pathways 

associated with 

inflammation and 

carcinogenesis 

in the prostate 

[511] 

 

65 Dose-escalation 

from 25 g to 200 g 

of fresh broccoli 

sprouts 

 

Determine the effect 

of SF on 

the expression of 

phase II 

enzymes 

 

Safe and effective 

induction of Phase II 

enzymes 

in the upper airway 

of human subjects 

 

[518]  6 Single and 

repeated intake of 

300 ml of liquidized 

broccoli for 10 

consecutive 

mornings 

Pharmacokinetic 

study of SF 

SF was rapidly 

absorbed, with peak 

plasma 

levels reached within 

1.5 hour; plasma 

level 

declined rapidly to 

50% of peak level 

within 3 

hours, and then 

decreased to about 

10-15% by 

about 8 hours, and 

thereafter remained 

fairly 

constant between 8 

hours and 24 hours. 

 

[519] 

 

81 10 g and 5 g daily 

of broccoli sprout 

powder for 4 

weeks 

 

Determine whether 

broccoli 

sprout powder can 

reduce 

biomarkers of 

oxidative stress in 

type 2 diabetes 

Significant decrease 

in oxidative stress 

index. 

 



77 
 

[512] 

 

20 200 µmol/day of 

Sulforaphane-rich 

BSE 

for 20 weeks 

Determine whether 

≥50% 

reduction in PSA 

(prostate-specific 

antigen, which 

is often elevated in 

prostate 

cancer) can be 

achieved 

 

No ≥50% reduction 

in PSA was 

observed; the 

doubling time for 

PSA is significantly 

lengthened 

under treatment; 

treatment with 200 

µmol/day 

was safe with no 

Grade 3 adverse 

events. 

 

[520] 98 200 µmol/day of BSE 

for 4-8 weeks 

Evaluate if SF can 

prevent prostate 

cancer development 

and progression 

Downregulation of 

AMACR and 

ARLNC1 genes 

(prostate cancer 

development), but no 

significant difference 

in HDAC activity or 

prostate tissue 

biomarkers 

[521] 30 Constant dose of BSE 

dissolved in mango 

juice for 14 days 

Determine the 

therapeutic benefit 

(measure 

proliferative rate) of 

sulforaphane and 

evaluate the ability 

of sulforaphane to 

modulate specific 

cytoprotective 

enzymes for breast 

cancer 

Not published yet 

[522] 17 50, 100, or 200 

µmol/day of BSE 

administered orally 

for 28 days 

Determine (1) 

adverse effects (2) 

visual and cellular 

changes in 

atypical nevi, (3) 

biodistribution, 

and (4) effect of 

sulforaphane on 

STAT-1 and -3 

expression in 

melanoma 

Oral BSE-SFN is 

well tolerated at daily 

doses up to 200 μmol 

and achieves dose-

dependent levels in 

plasma and skin 
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[523] 49 High sulforaphane 

BSE 

(100 µmol 

sulforaphane) every 

other day for 5 weeks 

Identify biological 

effects of 

sulforaphane on 

normal prostate 

tissue, and determine 

whether the 

consumption of BSE 

will inhibit 

growth of prostate 

cancer 

BSE-rich broccoli 

soup affected gene 

expression in the 

prostate of men on 

active surveillance, 

consistent with a 

reduction in the risk 

of cancer 

progression. 

[524] 54 BSE oral 

supplementation (250 

mg of a broccoli seed 

extract containing 

GFN 

(BroccoMax™)) 

three times/day for 

2–8 weeks 

Determine (1) 

bioavailability, (2) 

effect of supplement 

on biomarkers 

of prognosis, and (3) 

effect on 

HDAC inhibition in 

breast Cancer 

BSE supplementation 

for a few weeks is 

safe but may not be 

sufficient for 

producing changes in 

breast tissue tumor 

biomarkers. 

[525] 70 SF caplets (Avmacol) 

in a daily dose for 12 

weeks 

Evaluate the 

protective effects of 

the nutritional 

supplement SF on 

doxorubicin-

associated cardiac 

dysfunction in breast 

cancer  

Not yet recruiting 
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Figures:  

 

Fig 3.1 SF affects all three stages of the carcinogenetic process acting as both a chemopreventive and 

chemotherapeutic agent by modulating various molecular targets. The arrows reflect changes in protein 

levels/activities as well as gene expression 
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Fig 3.2 The conversion of glucoraphanin to sulforaphane, and its subsequent metabolism. Hydrolytic 

conversion of glucoraphanin to sulforaphane occurs by either the action of plant-derived myrosinase or 

the microbiota of the human colon. After rapid passive diffusion into the cells of the intestinal epithelium, 

sulforaphane undergoes metabolism via the mercapturic acid pathway. This process involves its initial 

conjugation with glutathione, rapidly catalyzed by GST enzymes. Then metabolized sequentially by γ-

glutamyl-transpeptidase (GTP), cysteinyl-glycinease (CGase), and N-acetyltransferase (NAT). The 

conjugates are actively transported into the systemic circulation where the mercapturic acid 

(sulforaphane-NAC) and its precursors are actively secreted in urine 
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Chapter 4 - Thesis Hypothesis and Objectives  

4.1 Study hypothesis 

▪ The main hypothesis is based on the assumption that Sulforaphane can be used as co-treatment 

with the conventional chemotherapy to increase the cytotoxic effect against head and neck 

squamous cell carcinoma cancer stem cells without adding adverse effects on the non-cancerous 

tissues and cells. This implies that lower doses of chemotherapy can be achievable with the 

comparable or higher efficacy, especially in treatment-resistant cases, in the clinical settings of 

head and neck cancer treatment. 

4.2 Objectives 

To test the main hypothesis, this thesis has 3 main objectives: 

▪ To evaluate the effects of using Sulforaphane as a co-treatment with Cisplatin or 5-Fluorouracil 

against head and neck squamous cell carcinoma. 

▪ To isolate and characterize a pure cancer stem cells from head and neck cancer, as they are one 

of the causes of treatment failure and recurrence. 

▪ Assess the effect of Sulforaphane either alone or combined with chemotherapy against head 

and neck squamous cell carcinoma cancer stem cells. 
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Body of the thesis: 

Chapter 5 - Broccoli extract improves chemotherapeutic drug efficacy against head-neck 

squamous cell carcinomas.  

5.1 Preface (connecting paragraph) 

 As we mentioned in the first chapter, head and neck cancer is ranked seventh in the rate 

of incidence worldwide and despite the improvement in treatment modalities, the five-year 

survival rate for head and neck squamous cell carcinoma has remained unchanged at about 50% 

over the past 30 years. One of the suggested reasons for treatment failure is the severe toxic 

side-effects of chemotherapy that limits its doses. The conventional chemotherapies used for 

head and neck cancers are Cisplatin and 5-Flourouracil. Cisplatin can cause serious side effects 

such as nephrotoxicity, otological disorders, bone marrow suppression, hemolytic anemia, and 

neurotoxicity. While 5-Flourouracil side effects range from the common mouth sores, loss of 

appetite, thrombocytopenia, and chemotherapy-induced acral erythema to the less common but 

more serious cardiotoxicity and neurologic effects. There is a rising need to develop methods 

capable of reducing the chemotherapy side effects and increase or maintain the cytotoxic effect 

on the cancer cells. Sulforaphane possess high anti-cancerous activity as described in chapter 3. 

Promising results have been reported using sulforaphane as combination therapy with other 

conventional treatment modalities against solid tumors. 

 In this chapter, we tested sulforaphane as a combination treatment with conventional 

chemotherapy; CIS and 5-FU. SF proved to possess anti-cancer activity and it increased the 

cytotoxic effect of CIS and 5-FU against head and neck squamous cell carcinoma. Our results 

suggested that this effect is due to stimulation of apoptosis through activation of Caspase-
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dependent apoptotic pathway. This might allow the usage of lower dosages of chemotherapy 

which in turn will reduce the side-effects.  

The study presented in this chapter has been published in the Journal of Medical Oncology, 2018 

Aug 4;35(9):124. doi: 10.1007/s12032-018-1186-4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

Broccoli Extract Improves Chemotherapeutic Drug Efficacy Against Head-Neck Squamous Cell 

Carcinomas.  

Running title: Sulforaphane Synergies Chemotherapy in Head and Neck Cancers 

Osama A. Elkashty 1,2, Ramy Ashry 2, Ghada Abu Elghanam 1,3, Hieu M. Pham 1, Xinyun Su 1,4, 

Camille Stegen 5,6, Simon D. Tran 1. 

 

1 McGill Craniofacial Tissue Engineering and Stem Cells Laboratory, Faculty of Dentistry, McGill 

University, Montreal, QC, Canada; 2 Oral Pathology Department, Faculty of Dentistry, Mansoura 

University, Mansoura, Egypt; 3 Faculty of Medicine, University of Jordan, Amman, Jordan; 4 

College of Stomatology, Guangxi Medical University, Nanning, Guangxi, China; 5 Department of 

Microbiology and Immunology, McGill University, Montreal, QC, Canada; 6 Microbiome and 

Disease Tolerance Center, McGill University, Montreal, QC, Canada 

Email addresses:  

Osama.elkashty@mail.mcgill.ca; stammzelle@outlook.com; 

ghada.abuelghanam@mail.mcgill.ca; hieu.pham@mail.mcgill.ca; xinyun.su@mail.mcgill.ca; 

camille.stegen@mcgill.ca; simon.tran@mcgill.ca  

This work was done at McGill University, Montreal, QC, Canada.  

 Corresponding Author: Simon Tran. McGill University, Faculty of Dentistry, 3640 44  

University Street, Montreal, H3A 0C7, Canada, Tel: 514-398-7203 ext. 09182#; Fax: 514-398-

8900.  

mailto:stammzelle@outlook.com
mailto:ghada.abuelghanam@mail.mcgill.ca
mailto:hieu.pham@mail.mcgill.ca
mailto:camille.stegen@mcgill.ca


85 
 

Email: simon.tran@mcgill.ca  

5.2 Abstract  

Purpose: The efficacy of cisplatin (CIS) and 5-fluorouracil (5-FU) against squamous cell carcinomas 

of the head and neck (SCCHN) remains restricted due to their severe toxic side-effects on non-

cancer (normal) tissues. Recently, the broccoli extract sulforaphane (SF) was successfully tested 

as a combination therapy targeting cancer cells. However, the effect of lower doses of CIS or 5-

FU combined with SF on SCCHN remained unknown. This study tested the chemotherapeutic 

efficacies of SF combined with much lower doses of CIS or 5-FU against SCCHN cells aiming to 

reduce cytotoxicity to normal cells. 

Methods: Titrations of SF standalone or in combination with CIS and 5-FU were tested on SCCHN 

human cell lines (SCC12 and SCC38), and non-cancerous human cells (fibroblasts, gingival 

epithelial cells and salivary gland acinar cell line). Concentrations of SF tested were comparable 

to those found in the plasma following ingestion of fresh broccoli sprouts. The treatment effects 

on cell viability, proliferation, DNA damage, apoptosis and gene expression were measured. 

Results: SF reduced SCCHN cell viability in a time- and dose-dependent manner. SF-combined 

treatment increased the cytotoxic activity of CIS by two-fold and of 5-FU by ten-fold against 

SCCHN, with no effect on non-cancerous cells. SF-combined treatment inhibited SCCHN cell 

clonogenicity and post-treatment DNA repair. SF increased SCCHN apoptosis and this mechanism 

was due to a down-regulation of BCL2 and up-regulation of BAX, leading to an up-regulation of 

Caspase3. 
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Conclusion: Combining SF with low doses of CIS or 5-FU increased cytotoxicity against SCCHN 

cells, while having minimal effects on healthy cells. 

6 Keywords: Head and Neck cancer; Carcinoma, squamous cell; Sulforaphane; Drug therapy; 

Apoptosis; DNA damage. 

5.3 Introduction 

 Squamous cell carcinoma of the head and neck (SCCHN) is one of the most prevalent 

malignant neoplasms of the upper aerodigestive tract. SCCHN is now the seventh most common 

cancer worldwide, with over 500,000 new cases diagnosed and 380,000 deaths annually which is 

nearly 4.6% of all cancer cases [1,526]. Despite the improvements in treatment modalities, the 

five-year survival rate for SCCHN patients have remained unchanged at about 50% over the past 

30 years [2,527] as 40 to 60% of SCCHN survivors suffer from relapse in the form of recurrences 

or metastases [528,529].  

 Resistance to standard surgical, radiation and chemical therapies continue to be a limiting 

factor in the treatment of SCCHN. One major factor in cancer treatment failure is because the 

efficacy of current standard chemotherapy, such as cisplatin (CIS) and 5-fluorouracil (5-FU), is 

restricted partly due to their severe toxic side-effects. CIS forms DNA adducts which lead to 

induction of apoptosis in cancer cells [6], while 5-FU inhibits the thymidylate synthase enzyme 

through its metabolite to inhibit cancer cells division [10]. These mechanisms have non-specific 

chemotherapeutic effects and thus affect both cancer and non-cancer (normal) cells. The toxic 

side effects of CIS are dose-dependent and can cause nephrotoxicity, bone marrow suppression 

with hemolytic anemia and neurotoxicity [7-9]. Similarly, the side effects of 5-FU include 
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dermatologic effects, hand and foot syndrome, neurotoxicity and cardiotoxicity [10]. Incidence 

of 5-FU associated cardiotoxicity is 7.6% with mortality rate between 2.2% and 13% [8]. Reducing 

the chemotherapeutic dose while maintaining its efficacy is critical to improve the treatment 

outcome of cancers and to decrease morbidity and mortality rates. 

 Recently, studies have highlighted the potential of phytochemicals as a source of 

therapeutics for certain forms of cancer [28]. Sulforaphane (SF) is the most characterized 

isothiocyanate compound and is found in high concentrations in cruciferous vegetables, such as 

in broccoli [29]. It has been demonstrated that SF has multiple biological activities such as anti-

inflammatory, anti-oxidant and anti-cancerous [31-33]. In addition, SF has low toxicity [34], 

making it an interesting candidate as a chemotherapeutic agent. SF has been shown to target 

multiple pathways involved in cancer cells’ functions when used in combination with other anti-

cancer compounds. Specifically, SF increased the effect of imatinib and gemcitabine against 

chronic myeloid leukemia cells and pancreatic cancer cells, respectively [36,530]. However, the 

antioxidant ability of SF induced the expression of phase 2 metabolic enzymes, which may protect 

cells from reactive oxygen species [531]. This is a concern for many chemotherapeutic agents as 

they work through free radicals, so SF combination may reduce these drugs’ efficacy. There are 

very few studies that examined the SF effect on head and neck squamous cell carcinomas and to 

our knowledge no one tested the effect of SF on the activity of conventionally used 

chemotherapy CIS and 5-FU as a combined treatment. We hypothesized that SF is a suitable 

agent to lower the doses of conventional chemotherapeutic drugs (such as CIS and 5-FU) without 

losing their efficacy. This would result in a reduction or even elimination of the severe toxic side 

effects associated with current chemotherapeutic drugs. This study examined the effects of 
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combining SF with low-dose chemotherapy against human SCCHN for the first time. We also 

determined the underlying mechanism of action of the SF combined chemotherapy. 

5.4 Materials and methods 

1.  Cell culture  

  SCC12 and SCC38 cell lines were purchased from the University of Michigan and were 

used as models for SCCHN (Table 5.1). They were cultured in Dulbecco’s modified Eagle medium 

(DMEM; Gibco, Massachusetts, United States) supplemented with 1% non-essential amino acids 

(Gibco). Primary fibroblasts (FB) were isolated from human salivary glands and cultured in RPMI 

medium (Thermo Fisher, Massachusetts, United States) [532]. Both medias were supplemented 

with 10% fetal bovine serum and 1% Antibiotic-Antimycotic (Thermo Fisher). Gingival Epithelium 

Progenitors, Single Donor (HGEPs) were purchased from Cedar Lane Laboratories and were 

cultured in ready-to-use CnT-Prime medium (CELLnTEC, Switzerland) [533]. Immortalized normal 

human salivary gland acinar cell line (NS-SV-AC) was a gift from Dr. Azuma M (Tokushima 

University, Japan) and was cultured in KGM-2 (Lonza, Switzerland) supplemented with 2% 

Pen/Strep. All cell types were incubated in a humidified incubator at 37°C with 5% CO2. 

Table 5.1: 

 UM - SCC12 UM – SCC38 References  

Synonym University of Michigan-

Squamous Cell 

Carcinoma-12 

University of Michigan-

Squamous Cell 

Carcinoma-38 

[534] 
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RRID CVCL_7717 CVCL_7749 [534] 

Primary tumor 

location 

Larynx Tonsillar pillar [534-536] 

Gender Male Male [534-536] 

Age 72 years 60 years [536] 

TNM stage T2N1M0 T2N2aM0 [536,537] 

Degree of 

tumor 

Differentiation 

Moderate well 

differentiated SCC 

Moderate well 

differentiated SCC 

[536] 

Doubling time 34 h 24 h [538,539] 

Chemotherapy 

resistance 

Moderate High [540-542] 

Radiotherapy 

resistance 

High Low [536] 

 

Table 5.1. Comparison between the two head and neck squamous cell carcinoma cell lines used 

in this study. Abbreviations: RRID: Research Resource Identifiers. CVCL: Cellosaurus (on-line 

knowledge resource on cell lines). TP53: tumor protein p53. 

2. Cytotoxic agents 

  Sulforaphane (Cayman Chemical, Michigan, United States) was purchased as a solution 

in ethanol with purity ≥98% and stored at -20°C. Cisplatin (Cayman Chemical) was prepared in 
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phosphate-buffered saline to a 0.3 mg/ml stock and kept at 4°C protected from light. 5-

Fluorouracil (Sigma Aldrich, Missouri, United States) was prepared in dimethyl sulfoxide (DMSO) 

to 50mg/ml stock. Final concentrations of the solvents in the working solution medium were 0.1% 

or less. 

3.  MTT assay 

 1 to 3 × 103 cells were seeded in 96-well plates according to cell type. Twenty-four hours 

later, they were treated with different concentrations of SF and/or chemotherapeutic agents and 

further incubated for 72hours. The medium was then removed and 10% solution of 5 mg/ml MTT 

in medium (Sigma Aldrich (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was 

added to each well and incubated at 37°C for 2 hours. The medium was removed, and formazan 

was dissolved by adding DMSO to each well. The optical density was measured at 562/540 nm in 

an EL800 Microplate Reader (BIO-TEK Instruments, Vermont, United States). The assay was done 

in triplicates. 

4.  Colony-forming assay 

 Tumor cells were seeded at 1×105 cells per well in a 6-well tissue culture plates. Twenty-

four hours later, the cultures were treated with SF 3.5 μM without CIS 0.5μg/ml or 5-FU 0.13 

μg/ml and incubated for 72 hours. The cells were trypsinized, plated at a density of 400 living 

cells per well in 6-well tissue culture plates, and incubated for 10 days (changing the medium 

every 3 days). To determine colony formation, culture medium was removed, and colonies were 

fixed and stained with 1% crystal violet, 50% methanol in DDH2O for 1 hour. The number of 
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colonies with >50 cells were counted under an inverted microscope and the percentage of cell 

survival was calculated. 

 To assess the cells ability to repair DNA, the previous technique was used but the cultures 

were treated with sub-lethal doses of SF (0.875 μM) and/or CIS (0.02 μg/ml), 5-FU (0.2 ng/ml) for 

72hours.  

5.  Annexin V apoptosis detection 

 Post-treatment apoptosis was measured by using the PE-Annexin V Apoptosis Detection 

Kit (BD Bioscience, Ontario, Canada). Briefly, 1.5 × 105 cells were seeded per well in a 6-well plate 

for 24 hours and were then treated with SF and/or chemotherapeutic agents for 72 hours. Cells 

were detached using Accutase (Biolegend, California, United States), washed with annexin 

binding buffer, and then stained with PE annexin V and 7-AAD for 15 min in the dark at room 

temperature, cells were washed and resuspended in fresh buffer and analyzed by flow cytometry 

using a LSR Fortessa (BD Biosciences). Data analysis was performed using FlowJo vX (FlowJo LCC, 

Oregon, United States)  

6.  Evaluation of mRNA expression levels by quantitative real-time PCR (QPCR)  

 QPCR was used to detect changes in genes coding for BAX, Caspase3, and BCL2. Higher 

drugs concentrations were used in cells treatment to show the effect of treatment on the genetic 

level. Total RNA was extracted from SCCHN cells treated with SF 7 μM with or without CIS 2 μg/ml 

or 5-FU 13 μg/ml for 72 hours using TRIzol (Thermo Fisher Scientific). The first-strand cDNA was 

synthesized from 1 μg total RNA using High-Capacity cDNA Reverse Transcription kit (Thermo 

Fisher Scientific). For the quantification of gene amplification, QPCR was performed using 
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StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific) in the presence of PowerUp SYBR 

Green Master Mix (Thermo Fisher Scientific). Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as the endogenous expression standard. Target sequences were amplified at 

95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60-65°C annealing temperature for 

each gene for 1 min. The following gene-specific primers were used: GAPDH: (5’- 

GAGAAGGCTGGGGCTCATTT-3’, 5’- AGTGATGGCATGGACTGTGG -3’), BCL2: (5’-

CTGCACCTGACGCCCTTCACC-3’, 5’-CACATGACCCCACCGAACTCAAAGA-3’), BAX: (5’-

CGGGTTGTCGCCCTTTTCTA-3’, 5’-TGGTTCTGATCAGTTCCGGC-3’), Caspase3: (5’-

CTCGGTCTGGTACAGATGTCGA-3’, 5’-CATGGCTCAGAAGCACACAAAC-3’). All assays were 

performed in triplicate and the expression was calculated on the basis of ΔΔCt method. The n-

fold change in mRNAs expression was determined according to the method of 2-ΔΔCT. 

7.  Statistical analysis 

 Data were presented as the means ± standard deviation (SD) of three independent 

experiments with comparable results. Student’s t-test and one-way analysis of variance (ANOVA) 

were used to assess significant differences between groups; p-values < 0.05 were considered 

statistically significant. GraphPad prism 6 software was used (GraphPad Software, California, 

United States) 

5.5 Results 

1.  SF inhibited the growth of SCCHN cells 

 SCC12 and SCC38 cell lines were treated with various concentrations of SF alone. We 

found that SF inhibited the viability of both SCCHN cell lines to a similar extent (Fig 5.1a). The IC50 
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of SF was 3.81 μM and 3.87 μM for SCC12 and SCC38, respectively. Morphological changes 

indicating early apoptosis as cellular swelling, pyknosis and formation of apoptotic bodies in 

cancer cells were observed at a concentration of 3.5 μM and it was more noticeable with 7 µM 

SF concentration (Fig S 5.1a). These inhibitory effects of SF increased over time, as demonstrated 

by the MTT assay (Fig 5.1b). These results indicated that SF inhibited SCCHN cell growth in a dose- 

and time-dependent manner. 

2.  SF increased the effects of chemotherapeutic drugs against SCCHN cells 

 SCC12 and SCC38 cells were treated with SF in combination with CIS or 5-FU; cell viability 

was analyzed by morphological inspection and MTT assay after 72 hours. The addition of SF to 

CIS more than doubled the cytotoxic effect on SCCHN cells, as compared to CIS alone, as the 

combined SF treatment with 0.5 µg/ml CIS had similar or even more inhibitory effect of 1 µg/ml 

of CIS alone. This effect was even greater in the SF+5-FU combined treatment as reduction in the 

cell viability was comparable to 10-fold higher doses of 5-FU alone.  The combined SF with 0.013 

µg/ml 5-FU had similar effect of the 0.13 µg/ml 5-FU alone and the same with 0.13 dose (Fig 

5.2a&b). These results were observed in the both cell lines.  

 We found that the CIS treatment reduced the clonogenic ability of SCC12 and SCC38 to 

64% and 60%, respectively, when compared to untreated (no drug) controls. SF reduced colony 

formation to 46% and 41% compared to untreated controls. The combined SF+CIS treatment 

further decreased colony formation to 25%. 5-FU also decreased the numbers of colonies formed 

to 50% and 38% in SCC12 and SCC38, respectively; however, the SF+5-FU combination further 

reduced the clonogenicity to 7% compared to controls (Figure 5.2c&d, Appendix table 5.1). 
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 Related results were obtained when we tested the effects of SF on DNA repair post- 

treatment. SF, CIS, and 5-FU were administered at a concentration of 0.875 μM, 0.02 μg/ml and 

0.2 ng/ml respectively based on dose–response experiments demonstrating that these 

concentrations were sub-lethal (Appendix figure 5.2a&b). CIS reduced clonogenicity to 75% and 

77% for SCC12 and SCC38, respectively while SF reduced colony formation to 71% and 69% when 

compared to untreated controls. When combined, CIS+SF showed an additive effect and reduced 

colony formation to 24% and 22%. We had comparable results with 5-FU which reduced the 

clonogenicity to 77% and 70% for SCC12 and SCC38 respectively but when we used combined 5-

FU+SF this reduction improved to 15% (Figure 5.2e&f, Appendix table 5.2). Taken together, our 

data showed that SF increased the drug-mediated cytotoxic effects on cellular viability, 

clonogenic ability and DNA damage in SCCHN tumors. 

3.  Sulforaphane has minimal cytotoxic effects on normal (non-cancerous) cells  

 We examined the toxicity of SF on non-cancerous cells. Human primary salivary 

fibroblasts (FB), human gingival epithelial progenitor cells (HGEPS), and a human salivary gland 

acinar cell line (NS-SV-AC) were treated with SF. Although SF had minimal toxic effect on FB and 

HGEPS, except when we used at a concentration 14 μM, with IC50 23.46 μM and 23.32 μM 

respectively, we found a stronger toxic effect on the NS-SV-AC cell line with IC50 6.36 μM but still 

higher than IC50 for SCCHN (Figure 5.3a). The morphological appearance of the tested cells did 

not change when less than 14 µM of SF was added (Figure S5.1b). Moreover, the difference 

between the combined treatment and the standalone effects of CIS or 5-FU on the tested cells, 

including NS-SV-AC, revealed no statistical significance (Figure 5.3b,c,d). This suggested that 
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normal (non-cancerous) mesenchymal and epithelial cells were not negatively affected by SF, 

while the viability of immortalized or malignant cells was reduced. 

4.  Sulforaphane increased drug-mediated cytotoxicity by induction of apoptosis  

 We then aimed to verify the induction by SF of apoptosis on cancer cells. SCC12 and SCC38 

cells were treated with CIS or 5-FU with or without SF for 72 hours before being stained for 

annexin V and analyzed by flow cytometry. Single treatment with CIS induced early apoptosis in 

12% and 8% of SCC12 and SCC38 cells, respectively. The combined treatment of SF+CIS increased 

the apoptosis to 20% (Figure 5.4a). Similarly, 5-FU as a standalone treatment induced apoptosis 

in 15% and 12% of the SCC12 and SCC38 populations. The combined treatment of SF+5-FU 

increased apoptosis to 20% and 24% (Figure 5.4b). This suggested that sulforaphane could reduce 

SCCHN cell numbers through the induction of apoptosis (Figure 5.4c,d). 

5.  Sulforaphane affected the regulation of pro- and anti-apoptotic genes 

 To better understand the enhancement of induction of apoptosis by chemotherapy in 

SCCHN cells through the addition of SF, we examined expressions of the genes that are critical 

for cell apoptosis in carcinoma. SCC12 and SCC38 cells were treated with SF, CIS, or 5-FU alone 

or in combination for 72 hours, followed by QPCR for the expression of the selected genes. 

Compared to the control group, BAX and CASP3 expression was significantly increased while the 

BCL2 was significantly decreased when 7 μM of SF was used. Similarly, the expression of BAX and 

CASP3 was increased while BCL2 was decreased significantly in the CIS and 5-FU treatments. 

However, when we used the combined SF+CIS or SF+5-FU treatments it elevated the expression 
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levels of BAX and CASP3 and reduced the expression level of BCL2 significantly when compared 

to CIS or 5-FU treatment alone. (Figure 5.5a,b). 

5.6 Discussion 

 Squamous cell carcinoma of the head and neck is one of the most common malignant 

neoplasm. 60% of the reported cases for treatment present with locally advanced tumors and 

require combined modality therapy including surgery, radiotherapy, and chemotherapy [543]. 

One major reason for cancer treatment failure is the limited efficacy of the conventional 

chemotherapy by its severe toxic side effects. In this study, we presented an approach to 

decrease the chemotherapeutic dose while maintaining therapeutic efficacy by combining CIS or 

5-FU with the low-toxicity, natural product sulforaphane.    

 Numerous studies reported the anti-neoplastic effect of SF against solid tumors such as 

breast tumors, hepatic tumors, brain tumors, pancreatic tumors, prostate tumors and skin 

tumors [29]. Recently, it was shown that SF has comparable cytotoxic effects on the squamous 

cell carcinoma of the head and neck [39,544,545]. Our results showed that SF decreased the 

SCCHN cell lines viability through increasing treatment dosage and duration. SF inhibitory effect 

on head and neck cancer cells is comparable to other types of cancers as the IC50 measured after 

72 hours of treatment for SCC12 and SCC38 were very close to acute lymphocytic leukemia 

[545,546]. We used 3.5 µM SF dose for the rest of the experiment as this dose showed the first 

signs of apoptosis, was relatively safe to non-cancerous healthy cells and expected to be achieved 

by simply ingestion of fresh broccoli sprouts. Clarke reported SF 2.5 µM/L plasma concentration 

after 3 hours from ingestion 40 grams of fresh broccoli sprouts [335].  
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Our preliminary data suggest that SF can be used as a co-treatment to improve conventional 

chemotherapy against SCCHN. When we tested this hypothesis, we found that SF co-treatment 

decreased SCCHN cells viability two-fold more than CIS alone, and ten-fold more than 5-FU alone 

after 72 hours (p<0.05). This increase in cytotoxic effect can be used to reduce the conventional 

doses of CIS and 5-FU used in treatment and, in turn, reduce the dose-dependent side effects. 

The co-treatment with SF did not only affect the viability but also reduced the self-renewal ability 

of the SCCHN cells, as observed by measuring colony formation following a 72 hours treatment. 

The co-treatment significantly reduced the number of colonies formed when compared to the 

single treatment of CIS or 5-FU. Our results were comparable to those obtained by using SF 

against other types of cancers such as gastric carcinoma, pancreas and prostate cancers [36,547]. 

 One of the causes for treatment failure is the ability of the cancer cells to evade the 

damage caused by the chemotherapy [548]. However, the synergetic effect of SF with CIS or 5-

FU was noticeable in the inhibition of DNA repair after treatment. This was observed after 

treating SCCHN cells with a sub-lethal dose of CIS or 5-FU with or without SF for 72 hours, 

followed by a colony forming assay for 10 days. The co-treatment significantly decreased the 

clonogenic ability of the cells when compared to a single treatment. This indicated that the cells 

were unable to repair their damaged DNA after chemotherapy termination when SF was 

introduced. Our data demonstrated, for the first time, that the antioxidant properties of SF did 

not affect chemotherapy efficacy but actually increased the cytotoxic effects of chemotherapy 

on SCCHN cells.   

 One of the important criteria that make sulforaphane a suitable candidate for 

chemotherapy is the low toxicity on non-cancerous cells. We tested this by applying different 
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concentrations of SF on human primary fibroblasts, epithelial cells and a salivary acinar cell line 

for 72 hours followed by measuring cell viability. SF had minimal toxic effects on primary cells, 

except when administered in high doses. This was not the case with the acinar cell line which had 

a significantly lower IC50 when compared to the primary cells, but still higher than the SCCHN 

cells. This result could be because acinar cells were no longer normal (primary) cells since they 

were immortalized with the simian virus 40. This immortalization procedure likely led to 

expression of genes that were targeted by SF. We also tested the effects of the co-treatment on 

these cells, which showed comparable results; the co-treatment had no significant difference 

when compared to CIS or 5-FU treatment alone. This was observed in all of the tested cell types, 

including the acinar cell line. This observation was also reported in primary fibroblasts, 

endothelial cells, and immortalized 293 Kidney cells [36] and with a human gastric epithelial cell 

line (GES-1) [547]. 

  The decreased SCCHN cell viability after using sulforaphane seemed to be caused by an 

increased induction of apoptosis. By using the annexin V assay, we found that SF treatment 

significantly increased early apoptosis in treated cancer cells. The combined treatment of SF and 

low doses of CIS or 5-FU led to increased apoptosis compared to using a single drug as a 

treatment. This was in agreement with reports by other groups [36,422].  

 It is suggested that various anti-cancer agents will stimulate different apoptotic pathways, 

including the death receptor–mediated pathway, the mitochondrial apoptotic pathway and the 

endoplasmic reticulum pathway [549]. While those pathways have different initiation 

mechanisms, they all have the same final phase in which the executioner caspases become 

activated [550]. The BCL2 proteins family is the center of regulation for Caspase3 – one of the 
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executioner caspases. Cellular apoptotic susceptibility with chemotherapy is regulated by the 

ratio between anti-apoptotic gene BCL2 and pro-apoptotic genes BAX, Bid and Bak [551]. In our 

study, QPCR results showed that SF increased chemotherapy-induced apoptosis utilizing the 

Caspase-dependent pathway by increasing the expression of Caspase3 through the up-regulation 

of BAX and down-regulation of BCL2. The combined treatment almost doubled BAX expression 

when compared to the single treatment. Comparable results were obtained via Western blotting 

by others [421,422]. Further investigations at the protein level changes should be made. 

 In summary, we demonstrated that SF did not decrease the cytotoxic effects of 

chemotherapy, but rather strongly enhanced their efficacy against SCCHN. The combined 

treatment efficiently increased apoptosis along with inhibiting clonogenicity and DNA repair 

without increasing the cytotoxicity in non-cancerous cells which will be of great clinical 

significant. The combined treatment may be of therapeutic benefit in the clinical settings in 

reducing the toxic side effects of chemotherapy and increasing its effect. Our data, combined 

with the works of others, suggest that SF can be used with lower doses of chemotherapy as co-

treatments for the benefit of the patients. 
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Figures:  

 

Fig 5.1 Sulforaphane affected SCCHN cell viability in a time- and dose-dependent manner. (a) SCC12 

and SCC38 cells were treated with 0, 0.875, 1.75, 3.5, 7 and 14 μM of SF for 72 h. Cellular viability was 

measured in triplicate in three independent experiments by MTT assay. Data are presented as mean ± 

SD (“a” significance relative to 0 μM, “b” significance relative to 0.875 μM, “c” significance relative to 

1.75 μM, “d” significance relative to 3.5 μM, “e” significance relative to 7 μM. P < 0.05). (b) SCC12 and 

SCC38 were treated with 3.5 μM of SF for the indicated times (“a” significance relative to 0 h, “b” 

significance relative to 24 h. P < 0.05) 
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Fig 5.2 Sulforaphane synergized the effects of CIS and 5-FU against SCCHN cells. (a) SCC12 and (b) SCC38 

cells were treated with 3.5 μM of SF with or without 0.1, 0.5, 1, 2 μg/ml of CIS or 0.013, 0.13, 1.3, 130 

μg/ml of 5-FU for 72 h. Cellular viability was assessed using a MTT assay in triplicates in three 

independent experiments. Data are presented as mean ± SD (* P < 0.05 and ** P < 0.01 relative to 

treatment in the absence of SF, @@ P < 0.01 relative to control). (c) To verify the effects of SF on 

clonogenic cell division, SCC12 and SCC38 cells were pretreated with SF (3.5 μM) with or without CIS (0.5 

μg/ml) or 5-FU (0.13 μg/ml) for 72 h before being seeded in 6-well plates for 10 days (400 cells/well). 

Fixed and stained colonies containing > 50 cells were counted under an inverted light microscope. Data 

are presented as mean ± SD (** P < 0.01 relative to treatment in the absence of SF, @@ P < 0.01 relative 

to control without treatment). Photographs of the fixed and stained colonies are presented on the (d) 

panel. (e) SCC12 and SCC38 cells were pretreated with sub-lethal doses of SF (0.875 μM) with or without 

CIS (0.02 μg/ml) or 5-FU (0.2 ng/ml) for 72 h and 400 cells per condition were seeded in 6-well plates for 

10 days Fixed and stained colonies containing > 50 cells were counted under an inverted light microscope. 

Data are presented as mean ± SD (** P < 0.01 relative to treatment in the absence of SF, @ P < 0.05 and 

@@ P < 0.01 relative to control without treatment). Photographs of the fixed and stained colonies are 

presented on the (f) panel 
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Fig 5.3 Sulforaphane had minimal to no effect on non-cancerous human cells. (a) Primary fibroblasts, 

primary gingival epithelial cells and a salivary acinar cell line were treated with 0, 0.875, 1.75, 3.5, 7 and 

14 μM of SF for 72 h. The cell viability was evaluated in triplicate in three independent experiments by 

MTT assay. Data are presented as mean ± SD. (b) Primary fibroblasts, (c) primary gingival epithelial cells 

and (d) a salivary acinar cell line were treated with 3.5 μM of SF in the presence or absence of 0.5 and 1 

μg/ml of CIS or 0.13 and 1.3μg/ml of 5-FU for 72 h, respectively. Viability were measured by a MTT assay 

in triplicates in three independent experiments. Data are presented as mean ± SD 

 

 

Fig 5.4 Sulforaphane increased drug-mediated cytotoxicity by inducing apoptosis. (a) SCC12 and (b) 

SCC38 were treated with 3.5 μM of SF with or without 0.5 μg/ml of CIS or 0.13μg/ml of 5-FU for 72 h. 
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The induction of apoptosis was assessed in triplicates in three independent experiments using annexin 

V/7AAD staining and flow cytometry. The data presented are gated on single cells. (c, d) The percentage 

of early apoptotic cells is presented as mean ± SD (** P < 0.01 compared with treatment in the absence 

of SF, @ P < 0.05 and @@ P < 0.01 relative to control without treatment) 

 

Fig 5.5 Sulforaphane mediated the up-regulation of pro-apoptotic and down-regulation of anti-

apoptotic genes. (a)SCC12 and (b) SCC38 were treated with 7 μM of SF with or without 2 μg/ml of CIS or 

13 μg/ml of 5-FU for 72 h. The expression of BAX, CASP3 and BCL2 was measured by QPCR and normalized 

to GAPDH expression. All assays were performed in triplicate in three independent experiments and were 

calculated on the basis of ΔΔCt method. Data represent mean ± SD (* P < 0.05 and ** P < 0.01 compared 

with treatment in the absence of SF) 

Appendix Supplemental Figure 5.1 : 
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Appendix Supplemental Figure 5.1. Effect of increasing doses of SF on the morphology of cancerous 

and non-cancerous (healthy) cells. (a) Representative pictures of the changes in the morphology of 

SCC12 cells after SF treatment. Scale bar (5X magnification: 90 μm, 10X magnification: 43 μm). (b) 

Representative pictures of the changes in the morphology of SCC12 cells after SF treatment. Scale bar 

(5X magnification: 90 μm, inserts are 6X digital magnification). 

Appendix Supplemental Figure 5.2: 

 

Appendix Supplemental Figure 5.2. Measuring the sub-lethal dose for CIS and 5-FU. (a) SCC12 and 

SCC38 cells were treated with 0, .02, 0.1, 0.5 and 2.5μg/ml of CIS for 72 h. The cell viability was evaluated 

in triplicate by MTT assay. Data are presented as mean ± SD. (b) SCC12 and SCC38 cells were treated with 
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0, 0.2, 0.8, 4 and 20μg/ml of 5-FU for 72 h. The cell viability was evaluated in triplicate by MTT assay. 

Data are presented as mean ± SD. 

  

Appendix table 5.1. Sulforaphane increased the inhibitory effects of CIS and 5-FU against SCCHN cells 

clonogenicity. SCC12 and SCC38 cells were pretreated with SF (3.5 μM) with or without CIS (0.5 μg/ml) or 

5-FU (0.13 μg/ml) for 72 h before being seeded in 6-well plates for 10 days (400 cells/well). Fixed and 

stained colonies containing > 50 cells were counted under an inverted light microscope. Data are 

presented as mean percentage of colony forming units compared to untreated controls ± SD.  



107 
 

  

Appendix table 5.2. Sulforaphane increased the inhibitory effects of CIS and 5-FU against SCCHN cells 

DNA repair after treatment. SCC12 and SCC38 cells were pretreated with sub-lethal doses of SF (0.875 

μM) with or without CIS (0.02 μg/ml) or 5-FU (0.2 ng/ml) for 72 h and 400 cells per condition were seeded 

in 6-well plates for 10 days. Fixed and stained colonies containing > 50 cells were counted under an 

inverted light microscope. Data are presented as mean percentage of colony forming units compared to 

untreated controls ± SD. 
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Chapter 6 - Cancer stem cells enrichment with surface markers CD271 and CD44 in 

human head and neck squamous cell carcinomas.  

6.1 Preface (connecting paragraph)  

   Head and neck squamous cell carcinoma is a major public health concern with 

poor prognosis and a 50% 5-year overall survival rate. This low survival rate is due to a 

number of factors, including local recurrence, distant metastasis, and therapeutic 

resistance. Recent data indicate the presence of cancer stem cells in many solid tumors, 

including HNSCC. As we presented in chapter two, the cancer stem cell theory suggests 

that a subpopulation of cells in the tumor possesses stem cell properties with the 

potential to self-renew and generate the entire heterogeneous tumor bulk in a unique 

‘hierarchic’ pattern.  

First step to target the treatment-resistant CSCs is to accurately isolate and 

characterize these cells from the total cell population. According to many studies, CD44 

surface marker can be used to identify CSCs. The purified CD44+ cells from the primary 

tumors can give rise to tumors faster and by injecting less cell number in xenograft model 

compared to CD44- cells, and these xenograft tumors subsequently reproduce the 

original tumor heterogeneity observed in the primary tumor. Recently, CD271 was 

identified as a marker of CSCs in many tumors, such as human melanoma and 

hypopharyngeal carcinoma. 

 In this chapter, we used the two cancer stem cell markers, CD44 and CD271, to 

isolate a pure CSC population. CD271+ cells turned out to be a subpopulation of CD44+ 
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cells. CD44+/CD271+ cells showed higher proliferation rates, self-renewal ability, 

treatment resistance, stem cells-related genes expression, and in-vivo tumorgenicity. Our 

work suggested that CD271+/CD44+ double staining is better method to isolate cancer 

stem cells compared to the commonly used CD44 alone. 

The study presented in this chapter has been published in Carcinogenesis Journal 2019, 

bgz182, https://doi.org/10.1093/carcin/bgz182 
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6.2 Abstract:  

 Head and neck squamous cell carcinoma (HNSCC) has poor five-year survival rate of 50%. 

One potential reason for treatment failure is the presence of cancer stem cells (CSCs). Several 

cell markers (particularly CD44) have been used to isolate CSCs but this remains a challenging 
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task to isolate a pure population in HNSCC. Recently, normal oral stem cells were isolated using 

CD271. We investigated the combined use of CD271 and CD44 to isolate an enriched CSCs 

followed by characterization in-vitro, in-vivo. and in patients’ tissue samples.  

 Fluorescent-activated cell sorting was used to isolate CD44+/CD271+ and CD44+/CD271- 

from human HNSCC cell lines. Cell growth and self-renewal was measured with MTT and 

sphere/colony formation assays. Treatment-resistance was tested against chemotherapy 

(cisplatin and 5-flurouracil) and ionizing radiation. Self-renewal, resistance, and stemness-related 

genes expression was measured with qRT-PCR. In-vivo tumorgenicity was tested with orthotopic 

immunodeficient mouse model of oral cancer (N=50). Finally, we examined the localization of 

CD44+ and CD271+ in patients’ tissue samples (N=10). 

 We found that CD271+ cells were a subpopulation of CD44+ cells in human HNSCC cell 

lines and tissues. CD44+/CD271+ cells exhibited higher cell proliferation, sphere/colony 

formation, chemo- and radio-resistance, upregulation of CSCs-related genes, and in-vivo 

tumorigenicity when compared to CD44+/CD271- or the parental cell line. These cell markers 

showed increased expression in patients with the increase of the tumor stage. 

 In conclusion, using both CD44 and CD271 allowed an enriched isolation of CSCs from 

HNSCC compared to CD44 alone. This pure CSCs will be more relevant in future treatment and 

progression studies. 

6.3 Introduction: 

 Cancer is the leading cause of death in Canada, and it is responsible for over than 30% of 

all deaths annually [59]. Head and neck squamous cell carcinoma (HNSCC) is the seventh most 
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common cancer worldwide, as it accounts for over 500,000 new diagnosed cases and 380,000 

deaths annually [526]. In Canada, 5850 new cancer patients were diagnosed with HNSCC and it 

was responsible for 1690 deaths in 2017 [59]. Despite the recent techniques for diagnosis and 

cancer treatment, the current prognosis for HNSCC is poor due to relapse in the form of local 

recurrence or metastasis. The five-year survival rate has remained around 50% for the last three 

decades [2,527].  

 One reason for cancer treatment failure is considered to be related to the presence of a 

subpopulation of cells in the tumor called “cancer stem cells” (CSCs), which are suggested to have 

tumor-initiating potential combined with the ability of self-renewal and multilineage 

differentiation [14]. Acute myeloid leukemia was the first malignancy that was discovered to 

contain CSCs; this was followed by the discovery in multiple tumor types, including lung, breast, 

brain, liver, pancreas and colon cancers [211,552]. CSCs share some of the characteristics of 

normal stem cells, such as the ability to undergo self-renewal, maintain quiescence, show 

multipotentiality, and exert survival/anti-apoptosis proteins [552]. In some tumors, CSCs were 

linked to chemo-resistance [553], radio-resistance [554], recurrence [555] and metastasis [556].  

 Cluster of differentiation 44 (CD44) is a transmembrane glycoprotein and a receptor for 

hyaluronic acid, an important component of the extracellular matrix, and a co-receptor for many 

growth factors and cytokines. The CD44+ cell population in cancer was shown to be CSC, as these 

purified CD44+ cells from the primary tumors gave rise to tumors faster and with injecting a lesser 

cell number in a xenograft model when compared to CD44- cells; these xenograft tumors 

subsequently reproduced the original tumor heterogeneity observed in the primary tumor. 

CD44+ cells can resist oxidative stress and, as such, is more radio-resistant [19]. CD44+ cells have 
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a greater ability to metastasize to regional lymph nodes in animal models [557]. Patients whose 

tumors had greater percentages of CD44+ cells had a significantly poorer clinical outcome [249]. 

Recent studies used CD44 surface marker expression as a sole marker for HNSCC-CSCs [558-560]. 

However, some studies demonstrated that CD44− cells can also initiate tumor in-vivo, form 

tumor-spheres and express treatment resistance, like CD44+ cells [561,562]. With different 

microenvironments, there will be some heterogeneity in the CSCs [563], and the CD44+ cells may 

not represent pure HNSCC-CSCs. 

 In normal human oral epithelium, we can find a subpopulation of cells with stem cell–like 

properties. These cells express a cell surface molecule, designated as the CD271+ cells [20,21]. 

Recently, this molecule was identified as a marker of CSCs in many tumors, such as human 

melanoma [23], esophageal carcinoma [24,25], and hypopharyngeal carcinoma [26]. Besides 

being expressed in discrete cells within the basal layer of normal oral epithelium, CD271 is also 

found in oral epithelial dysplasia and oral squamous cell carcinoma [27]. Oihana Murillo-Sauca 

has reported that CD271+ cells are a subpopulation the HNSCC and CD271 is a targetable marker 

to inhibit CSCs [265]. 

 In the present study, we have used head and neck cancer cell lines to analyze the 

expression of CD44 and CD271 followed by isolation of CD44+/CD271+ and CD44+/CD271- 

subpopulations for further experiments. These populations were subjected to various molecular 

and cellular assays to determine whether CD271 has any significant contribution in the context 

of CD44 population towards defining CSC marker. We have clearly demonstrated that CD271+ 

cells comprised a purer CSCs subpopulation within the CD44+ cells, especially with regards to 

self-renewal, proliferation, treatment resistance and strong in-vivo tumorigenic capacity. 
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6.4 Materials and methods: 

Human squamous cell carcinoma cell lines and patient tissue samples: 

 SCC12 (laryngeal SCC, RRID: CVCL_7717) and SCC38 (tonsillar SCC, RRID: CVCL_7749) cell 

lines were purchased from the University of Michigan and were used as models for HNSCC [500]. 

They were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 1% non-

essential amino acids, 10% fetal bovine serum and 2% Antibiotic-Antimycotic (Thermo Fisher). All 

experiments were performed with mycoplasma-free cells. 

 A total of 10 oral squamous cell carcinomas were obtained from the Pathology 

Department of the McGill University Hospital Center. The sections were obtained from formalin 

fixed paraffin embedded (FFPE) tissue blocks. All tumor samples were intraoral and either located 

in the tongue, floor of the mouth, or gingiva. Six samples were from male patients and four from 

female patients. This study was performed with approval from the McGill Faculty of Medicine 

institutional review board (IRB study number A05-M62-05B). The specimens were obtained as an 

incisional biopsy or surgical resection for oral squamous cell carcinoma. Normal mucosa was 

obtained from blocks of the same patient but were free of dysplasia and distant from the primary 

tumor location (taken from the farthest margin of the surgical resection).  

Flow cytometry and fluorescence‑activated cell sorting (FACS): 

 Alexa Fluor® 700 Mouse Anti-Human CD44 (Clone G44-26) and PerCP-Cy™5.5 Mouse Anti-

Human CD271 (Clone C40-1457) monoclonal antibodies for flow cytometry and sorting were 

obtained from BD Pharmingen. Tumor cells were harvested using Accutase™ Cell Detachment 

Solution (BD Bioscience) and resuspended as a single-cell suspension in staining buffer (1% FBS 
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in ice-cold PBS) with a final concentration 1x106 cells/100µl. Cells were then incubated with the 

Fixable Viability Stain 450 (BD Bioscience) for 15 min on ice protected from light and washed 

twice in staining buffer to allow the exclusion of non-viable cells. Cells were blocked by incubation 

with Human TruStain FcX™ (Fc Receptor Blocking Solution, Biolegend) for 10 min then washed 

once with the staining buffer to block non-specific staining. Cells were then stained by the 

antibodies for CD44 and CD271 at a dilution of 1:20 for 30 min on ice protected from light and 

washed twice with the staining buffer. The samples were analyzed using LSR Fortessa (BD 

Biosciences). Data analysis was performed using FlowJo vX (FlowJo LCC). FACS of CD44+/CD271- 

and CD44+/CD271+ cells were performed using a BD FACSARIA III cells sorter (BD Bioscience). 

Only the highly positive stained cells were isolated as CD271+ cells. Cells incubated with the 

viability stain, blocking agent and the monoclonal antibodies and passed through the BD 

FACSARIA III cells sorter without sorting were used as the parent cell population. UltraComp 

eBeads™ Compensation Beads (Thermo Fisher) was used as control.  

Immunofluorescent staining. 

 5 μm thick sections were cut on coated slides from FFPE tissue samples blocks. Slides were 

dewaxed with CitriSolv and rehydrated through graded alcohol. For antigen retrieval, they were 

immersed in 10% citrate buffer and treated in a water bath at 98°C for 15 min and then blocked 

with Power Block Universal Blocking Reagent (Biogenex) for 10 min followed by goat and donkey 

serum 5% for 1 hour to inhibit any potential non-specific binding. The slides were reacted with 

various prediluted primary antibodies overnight at 4°C in a humid chamber. The primary 

antibodies used in this study were: Mouse monoclonal anti CD44 (1:150, ab6124) and Rabbit 

monoclonal anti CD271 (1:200, ab52987) from Abcam. After 3 times washing in PBS, slides were 
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incubated with secondary antibodies (1:100) in the dark for 1 hour at room temperature. 

Secondary antibodies were Fluorescein (FITC) AffiniPure Donkey Anti-Mouse IgG (H+L) and 

Rhodamine Red™-X (RRX) AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoReserach). 

Then 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI, Invitrogen) was added for 3 min to 

label the nucleus of cells. Same tissue sections treated without the primary antibodies was used 

as negative controls and human skin tissue slides were used as positive control (photos not 

shown). Fluorescence pictures were taken by Leica DM4000 fluorescent microscope and the 

corrected total cell fluorescence (CTCF) using ImageJ software (NIH).  

MTT assay 

 1.5 × 103 cells from CD44+/CD271-, CD44+/CD271+ , and unsorted parental cells were 

seeded in 96-well plates. After 1, 2, 3, 4, 5, 6 and 7 days, the medium was removed and 10% 

solution of 5 mg/ml MTT in medium (Sigma Aldrich (3-(4,5-Dimethylthoiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) was added to each well and incubated at 37°C for 2 hours. The 

medium was removed, and formazan was dissolved by adding DMSO to each well. The optical 

density was measured at 562/540 nm in EL800 Microplate Reader (BIO-TEK Instruments). The 

assay was done in triplicates and three independent experiments were carried out. 

Colony-forming assay 

 CD44+/CD271-, CD44+/CD271+, and the unsorted parental cells were prepared as single 

cell suspensions and 400 cells/well were plated into a 6 well plate. Cells were allowed 2 weeks to 

form colonies under standard conditions, and the rate at which this occurred was recorded. To 

determine colony formation, culture medium was removed, and colonies were fixed and stained 
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with 1% crystal violet, 50% methanol in DDH2O for 1 hour. The number of colonies with >50 cells 

were counted under an inverted microscope. The assay was done in triplicates and three 

independent experiments were carried out. 

Sphere-forming assay: 

 CD44+/CD271-, CD44+/CD271+, and the unsorted parental cells were cultured overnight 

to eliminate dead cells. Next day, 5000 cells/500µl per well of 24 Ultra-Low Attachment Multiple 

Well Plate (Millipore Sigma) in DMEM-F-12 serum-free media (Gibco) reconstituted with 20 

ng/ml of Epidermal Growth factor, 20 ng/ml of Basic Fibroblast Growth Factor, 0.5% N2 

supplement (STEMCELL Technologies), 1% B27 supplement and 2% Antibiotic-Antimycotic 

(Thermo Fisher). The medium was added every 2–3 days. Formation of sphere-like structures was 

visible at 4–7 days and the photographs of groups were captured under Leica DM IL phase-

contrast microscope (Leica Microsystems) using QICAM (QImaging) at 5× and 40× magnification 

at 14 days. All experiments were done in triplicate. Spheres were then collected by centrifugation 

and dissociated by trypsin (Thermo Fisher) to single cells. Cells were counted for each group using 

hemocytometer with Trypan blue staining to exclude the dead cells. 

Drug resistance assay 

 Cisplatin (Cayman Chemical) was prepared in phosphate-buffered saline to a 0.3 mg/ml 

stock and kept at 4°C protected from light. 5-Fluorouracil (Sigma Aldrich) was prepared in 

dimethyl sulfoxide (DMSO) to 50mg/ml stock. Final concentrations of the solvents in the working 

solution medium were 0.1% or less. CD44+/CD271-, CD44+/CD271+, and the unsorted parental 

cells were seeded in 96-well plate at a density of 1500 cells/well and allowed to grow in normal 
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medium. After 24 h, the medium was replaced by 100 µl fresh medium containing Cisplatin 

(Cayman Chemical) at concentration of 0, 0.125, 0.25, 0.5, 1 or 2 µg/ml or 5-fluorouracil (Sigma 

Aldrich) at concentration of 0, 0.125, 0.5, 2, 8, or 32 µg/ml in triplicates and kept under standard 

culture conditions for another 72 h. Afterward, MTT assay was performed as mentioned above. 

Four independent experiments were carried out. 

Radiation resistance assay 

 CD44+/CD271-, CD44+/CD271+, and the unsorted parental cells were subjected to 

ionizing radiation of 0, 2 or 4 Gray using RS200 X-ray biological irradiator (Rad source 

technologies). After that, 400 single live cells were seeded in 6 well plates and colony forming 

assay was continued as mentioned above. The assay was done in triplicates and three 

independent experiments were carried out. 

Real-time qRT-PCR:  

 Total RNA was extracted from CD44+/CD271-, CD44+/CD271+ and the unsorted parental 

cells using TRIzol (Thermo Fisher Scientific). The first-strand cDNA was synthesized from 1 μg total 

RNA using High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). For the 

quantification of gene amplification, QPCR was performed using StepOnePlus™ Real-Time PCR 

System (Thermo Fisher Scientific) in the presence of PowerUp SYBR Green Master Mix (Thermo 

Fisher Scientific). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the 

endogenous expression standard. Target sequences were amplified at 95°C for 10 min, followed 

by 40 cycles of 95°C for 15 s and 57.5-65°C annealing temperature for each gene for 1 min. The 

following gene-specific primers were used:  
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GAPDH: (5’-GAGAAGGCTGGGGCTCATTT-3’, 5’-AGTGATGGCATGGACTGTGG-3’), BMI-1: (5’-

TCCTTAACAGTCTCAGGTATCAACC-3’, 5’-CACAGTTTCCTCACATTTCCA-3’), SMO: (5’-

TGGTCACTCCCCTTTGTCCTCAC-3’, 5’-GCACGGTATCGGTAGTTCTTGTAGC-3’), GLI1: (5’-

TTGGAGAAGCCGAGCCGAGTATC-3’, 5’-GAGTAGACAGAGGTTGGGAGGTAAGG-3’), NOTCH1: (5’-

GCAGAGGCGTGGCAGACTAT-3’, 5’-ACTTGTACTCCGTCAGCGTG-3’), SOX2: (5’-

ACACCAATCCCATCCACACT-3’, 5’-CAAACTTCCTGCAAAGCTCC-3’) OCT4: (5’-

CTCGAGAAGGATGTGGTCCG-3’, 5’-GAAGTGAGGGCTCCCATAGC-3’) and ALDH1A1: (5’-

ATCAAAGAAGCTGCCGGGAA-3’, 5’- GCATTGTCCAAGTCGGCATC-3’). All assays were performed in 

triplicate and the expression was calculated on the basis of ΔΔCt method. The n-fold difference 

in mRNAs expression was determined according to the method of 2-ΔΔCT. 

In-vivo tumor formation assay 

 The animal experiments were approved by the University Animal Care Committee at 

McGill University (Protocol #5330, www.animalcare.mcgill.ca). The total number of animals used 

was 50 NU/NU Nude (Crl:NU-Foxn1nu) mice (Charles River). Mice were anesthetized with 

isoflurane (Isoba VetTM) (Schering Plough) (4% induction and 2% maintenance). Six to ten weeks 

old male mice were injected with either 1 X 103, 1 X 104 or 1 X 105 viable CD44+/CD271+, 

CD44+/CD271- or unsorted SCC12 cells in the side of the tongue, suspended in in 30 μl of normal 

saline using a 1-ml tuberculin syringe with a 30-gauge hypodermic needle. There were 5 mice per 

experimental group (5 mice x 6 experimental groups) and 5 mice in the control group. The mice 

were examined for tumor formation on the tongue every week, starting the first week from the 

day of injection and measured bidirectionally using a caliber, under gas anesthesia. Tumor size 

was calculated using the following formula: Volume = (width2 * length)/2. Animals were sacrificed 
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after 32 days, and their tongues were collected, fixed in 10 % neutral buffered formalin and 

embedded in paraffin. Tumor formation was confirmed using H&E stained sections. Tumor sizes 

(in mm3) from the 1X105 cells injected group, as recorded every week, were compared between 

the three animal groups (CD44+/CD271+, CD44+/CD271-, and unsorted parental). 

Statistical analysis 

 Data were presented as the means ± standard deviation (SD) of three independent 

experiments with comparable results. One-way analysis of variance (ANOVA) followed by post 

hoc Tukey’s test were used to assess significant differences between three groups or more, while 

Student’s t-test (Unpaired) was used between two groups. p-values < 0.05 were considered 

statistically significant and < 0.01 were considered extremely statistically significant. GraphPad 

Prism 8 software was used (GraphPad Software) 

6.5 Results:  

CD271+ cells are a subpopulation of CD44+ cells: 

 We assessed the prevalence of CD271 and CD44 expressions in the two tested human 

HNSCC cell lines using immunofluorescence staining and flow cytometry. The two cell lines were 

uniformly CD44+ with a negligible number of CD44- cells in SCC12 and SCC38 (less than 0.4% and 

0.1% respectively). CD271+ cells were a subpopulation of CD44+ ones as it comprised 42.6% 

(±7.7) of the CD44+ cells in SCC12, and 23.1% (± 11.8) in SCC38 (Fig 6.1a&b). To validate the 

presence of the co-localization of CD271 and CD44 in HNSCC in human tissues, we used 

immunofluorescent staining from patient’s oral squamous cell carcinoma tissue samples (Fig 

6.1c). By using double anti CD44/CD271 staining, we detected a discrete expression of CD271 
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surface receptor on a distinct subpopulation of cells in normal oral epithelium (N=3) (Fig 6.1c). 

The dysplastic oral epithelium, as well as the well-differentiated oral SCC tumors, showed higher 

expression of CD271 in the “basal” aspect of the malignant epithelium (invasion front) compared 

to the normal epithelium while maintaining polarity (N=6). In more poorly differentiated tumors 

(N=3), CD271 expression was less organized with an increase in the CD271 expression, with the 

higher the tumor grade as shown by the measuring the CTCF of the CD271 staining (Fig 6.1d). 

Most importantly, since the basal half of the normal and basal two-thirds of dysplastic oral 

epithelium and most of the epithelial cell nests in HNSCC are CD44+, there was a co-localization 

of CD44 and CD271 expression in the normal and cancerous epithelial cells with CD271+ being a 

part of CD44+ cells.  

CD44+/CD271+ cells have a higher growth rate in 2D and 3D culture conditions: 

 MTT assay was used to assess the proliferation of the isolated subpopulation in SCC12 

and SCC38. CD44+/CD271+ cells showed higher proliferation rate compared to the 

CD44+/CD271- cells and the parent cell population in both tested cell lines. Furthermore, 

CD44+/CD271+ cells did not reach stationary growth phase until up to 5 days while the unsorted 

parental cells reached it after 4 days and the CD44+/CD271- cells reached a stationary phase after 

3 days (Fig 6.2a).  

CD271+ cells formed more colonies and in a shorter period of time when compared to 

CD44+/CD271- and the unsorted parental cells in SCC12 and SCC38 cell lines (Fig 6.2b&c). SCC12 

cell line was selected for further experiments because it yielded more CD271+ cells. 
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 The ability to grow in 3D conditions was tested by tumor sphere formation in a suspension 

culture. CD44+/CD271+ cells have significantly more spheres formation compared to 

CD44+/CD271- and the parental cell line (Fig 6.2d). Because we had different sizes of tumor-

spheres, we collected the spheres, dissociated them and counted the living cells using trypan 

blue staining (Fig 6.2e). By dividing the cells number by spheres’ number, we obtained an 

estimated number of cells we have per sphere. CD271+ cells had ~6729 cells/sphere while the 

CD271- cells had ~4949 cells/sphere and the parental population had ~5516 cells/sphere (Fig 

6.2f). Because the cells’ size is comparable, we can deduce that the spheres formed by CD271+ 

cells are bigger in size (Fig 6.2e&f). 

CD44+/CD271+ cells possess higher resistance to chemotherapy and radiotherapy treatments: 

 To assess the chemo-resistance ability of the isolated cell populations, we exposed the 

cells to different concentrations of Cisplatin (CIS) and 5-Fluorouracil (5-FU) and calculated the 

inhibitory drug concentration that kills 50% of the cells (IC50). The drug resistance assay showed 

a statistically significant difference between the IC50 values of CIS in the three populations with 

four separate experiments. IC50 of CIS was 0.817 μg/ml for CD44+/CD271+, 0.375 μg/ml for 

CD44+/CD271- , and 0.496 μg/ml for the unsorted parental cell line (Fig 6.3a). The same trend of 

results was observed with 5-FU as the IC50 was 3.644 μg/ml, 0.766 μg/ml and 1.49 μg/ml with 

CD44+/CD271+, CD44+/CD271- and the unsorted parental cell line, respectively (Fig 6.3b).  

 CD44+/CD271+ cells showed more resistance to radiotherapy when compared to 

CD44+/CD271- cells and the unsorted parental cell line. The examined cell populations were 

exposed to 2Gy and 4Gy radiation doses then plated as single cells and allowed to form colonies 
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for 14 days. CD271+ cells formed significantly more colonies compared to the CD271- cells with 

2Gy radiation and more than both CD271- and the total cells populations with 4Gy radiation (Fig 

6.3c&d) 

CD44+/CD271+ cells expressed higher levels of stem cell-related markers 

 qRT-PCR revealed that compared to CD44+/CD271- cells, the CD44+/CD271+ SCC12 cells 

have significantly higher expression levels of genes previously reported as self-renewal organizing 

genes, namely BMI1, SMO, and GLI1. While NOTCH gene expression was found expressed at the 

same level by both CD44+/CD271+ and CD44+/CD271- SCC12 cells (Fig 6.4a). Additionally, 

expression of stemness-related genes SOX2 and OCT4 were found to be higher in CD44+/CD271+ 

SCC12 cells compared to the CD44+/CD271- cells; however even with the higher expression of 

drug resistance related gene ALDH1A1 in CD44+/CD271+ SCC12 cells, the difference was not 

statistically significant (Fig 6.4b). 

CD44+/CD271+ cells have higher in-vivo tumorigenicity in an orthotopic immunodeficient 

mouse model of oral cancer. 

 FACS sorted CD44+CD271+ cells, CD44+CD271- cells, unsorted parental SCC12 cells were 

implanted into the tongue of NU/NU Nude (Crl:NU-Foxn1nu) mice (N=50) through a limiting 

dilution approach (Fig 6.5a). The results indicated that CD44+CD271+ cells have the greatest 

capacity to form tumors among these three cell populations (Table 6.1). CD44+CD271+ cells also 

have generated tumors with the most robust in-vivo tumor growth (Fig 6.5b). H&E staining was 

used to identify morphological differences between the three groups. Stained sections were 

observed, and digital images were captured with a light microscope. All formed tumors appeared 
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to have a typical SCC tumor morphology, well differentiated, with keratin pearl formation, 

cellular and nuclear pleomorphism and invasion into the surrounding skeletal muscle with no 

intercellular bridges and abnormal mitosis. (Fig 6.5c). 

6.6 Discussion: 

 The inability to eradicate CSCs is among the most supported theories to explain cancer 

treatment resistance, recurrence, and metastases. Designing treatments targeting CSCs should 

decrease the mortality rates of cancers. To accurately identify CSCs in cancer is a crucial step and 

requires the fulfillment of three characteristics [223,564]. First, CSCs must express specific stem 

cell-related genes. Second, CSCs have a high self-renewal ability. And third, CSCs are tumorigenic 

and generate tumors in mice, even with a very few cell numbers. In this study, we extend the 

current understanding and characterization of CSCs in HNSCCs by demonstrating that within the 

CD44+ cell population in HNSCC, the CD44+/CD271+ cell subpopulation is an enriched CSC 

population. In addition, we demonstrated that CD44+/CD271+ cell subpopulation may play a 

major role in the development of treatment resistance of CD44+ cells, making these cells a more 

suitable target for therapy. 

 Our data are compatible with the theory that CSCs come from deregulated normal stem 

cells. In normal human oral epithelium, CD271 was used to identify a subset of cells in the basal 

layer of the epithelium that possessed stem cell-like characteristics [20]. These CD271+ cells 

showed a higher growth rate, had more colonies in-vitro, and formed cellular layers expressing 

key differentiation markers, comparable to culturing stratified epithelium on amniotic 

membranes. Because cells in the basal half of the oral epithelium express CD44, the CD271+ cells 
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are a subset of CD44+ cells in normal oral tissues. Our flow cytometry analysis and 

immunofluorescence staining showed co-localization of CD271 and CD44 in HNSCC cell lines and 

human tissue samples (Fig 6.1). Immunofluorescence staining showed that the number of 

CD271+ cells increased proportionally with tumor severity with more random organization (Fig 

6.1c and d). This suggests increased cell proliferation and a loss of normal function, especially at 

the invasion front. Comparable results were obtained from hypopharyngeal cancer [26,565]. 

Thus, we suggest that CD44+/CD271+ cells in HNSCC possess many similar stemness 

characteristics as those CD44+/CD271+ cells found in the normal oral epithelium, but their 

number increased when the epithelium become more dysplastic. 

 Several studies have correlated the percentage of CSCs in cancer with patient prognosis. 

The higher percentage of CD44+ cells in HNSCC was found correlated to metastasis and 

recurrence [249]. Our data, along with what was reported in esophageal carcinoma [566], 

hypopharyngeal carcinoma [26], and oral carcinoma [567] suggest that the percentage of 

CD44+/CD271+ cells could be an indicator of prognosis (Fig 6.1c, d). Perineural invasion (PNI) was 

documented to be an indicator related to poor prognosis in HNSCC, as it was associated with a 

higher rate of recurrence and metastasis [568]. It was suggested that CD271 expression may 

cause PNI in HNSCC as it might become activated by nerve growth factors (NGF) in Schwann cell 

surrounding neurons [569]. Indeed, CD271 expression was correlated with PNI in melanoma 

[570], pancreatic cancer [571] and oral cancer [572]. 

 Our results revealed that the growth rate of CD44+/CD271+ cells was much higher and 

reached a stationary phase much later when compared to CD44+/CD271- cells and the unsorted 

parental cells (Fig 6.2a). These results were similar to those reported by studies comparing 
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CD271+ cells to the CD271-negative cells in tongue carcinoma [573], oral carcinoma [265], 

hypopharyngeal carcinoma [26], gastric cancers [574], prostate cancer [575] and melanoma [23]. 

Self‑renewal is a hallmark of CSCs, as these cells can give rise to new cells that will expand and 

proliferate. The colony‑forming ability of a cell is used to measure its self-renewal characteristic 

and previous studies have used this assay as one of the methods to characterize CSCs in 2D 

culture [576,577]. Analogously in 3D suspension culture, the sphere-forming ability of cells is 

used to measure the self-renewal ability of different cancer cells [578]. Our results demonstrated 

that CD44+/CD271+ cells not only possessed both a greater colony forming and a sphere-forming 

ability when compared to the CD271- cells and their unsorted parental cells but also formed 

bigger spheres (Fig 6.2b to f). 

 Due to the increasing evidence that CSCs from several types of cancers possess more 

chemotherapeutic- and radiotherapeutic-resistance when compared to the non-CSCs 

population, cancer treatment strategies are being developed to target CSCs [562]. In HNSCC, 

CD44+ cells showed more resistance to oxidative stress and remained in higher numbers in 

xenografts following radiotherapy, when compared to CD44- cells [19]. In esophageal squamous 

cell carcinoma, CD271+ cells were found more resistant to the oxidative stress (which is a 

cytotoxic effect of cisplatin) [24,579]. Tolerance to reactive oxygen species was found increased 

in PC12 cells using neurotrophins in a CD271-dependent manner [580]. Also, CD271+ cells were 

more resistant to DNA-damaging agents in melanoma when compared to CD271- cells [581]. 

These studies support our findings that CD44+CD271+ cells were the subpopulation with the 

most resistance to oxidative stress in HNSCC. The exact mechanisms remain to be confirmed, but 

current studies suggest several mechanisms in CD271+ cells, such as the increased expression of 
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ALDH1A1, ALDH1A1-dependent activation of drug-efflux pump, ATP-binding cassette sub-family 

B member 1(ABCB1), and survival proteins (AKT and BCL2) [582]. 

 CD44+/CD271+ cells showed higher expression of self-renewal related genes, namely 

BMI1, SMO and GLI1, when compared to CD44+/CD271- cells and the unsorted parental cell 

population (Fig 6.4). These finding suggest higher activation of the Hedgehog signaling pathway 

of self-renewal. There was also higher expression of stemness-related genes, SOX2 and OCT4, 

which is responsible maintain pluripotency [583]. Our results are in line with previous studies  

reporting that CD271+ cells expanded and possessed stem-like characteristics of the oral mucosa 

[20], esophagus [25] and esophageal cancer [566]. 

 In addition to in-vitro assays using human HNSCC derived cell lines, we performed in-vivo 

tumorigenic assays by injecting these cells using a limiting dilution approach (table 6.1). 

Compared to CD44+/CD271- cells, CD44+/CD271+ subpopulation was found to have a higher 

tumor formation incidence and with a faster tumor growth rate when implanted at the same low 

injection cells number into immune-deficient mice. Other studies, which tested CD271 

expression only, reported high tumorigenicity of CD271+ cells when compared to the negative 

subpopulation of other solid tumors such as hypopharyngeal carcinoma and oral cancer 

[565,584].   

 In conclusion, we demonstrated that using two cell markers CD44+/CD271+ was better 

than using CD44 alone. This was because CD271+ cells represented a subpopulation of CD44+ 

cells with increased tumorigenicity and treatment resistance in HNSCC. In the future, it should be 

possible to target CD271+ cells to eradicate HNSCC resistance [265]. Our findings support the 
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idea of CSCs role in the development of treatment resistance and tumor progression. Further 

studies on this subpopulation should be conducted for a better understanding of the 

pathogenesis and development of targeted cancer treatments. 
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Figures:  
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Fig 6.1. CD271+ cells are a subpopulation of CD44+ cells. (a) SCC12 and SCC38 cells were examined for 

the expression of CD44 and CD271 markers using flow cytometry. (b) Percentage of CD44+/CD271- cells 

and CD44+/CD271+ cells in SCC12 and SCC38. (c) Human normal and oral SCC samples (N=10) were stained 

with H&E and monoclonal immunofluorescence antibodies against CD44 and CD271 for the assessment 

of the tumor grade and the localization of CD44+ and CD271+ cells (20X magnification. Scale bar: 37 μm). 

(d) Quantification of cell fluorescence of CD271+ from stained images in panel C with ImageJ software 

(n=3 to 6 per group). Data are presented as mean ± SD (* P < 0.05 and ** P < 0.01). 

 

Fig 6.2. CD44+/CD271+ cells have higher growth rate in 2D and 3D culture conditions. (a) CD44+/CD271+, 

CD44+/CD271- and the unsorted parental cell population from SCC12 and SCC38 cell lines were seeded in 

96-well plates and their cell growths were assessed using MTT assay (in triplicates from three independent 

experiments). Data are presented as mean ± SD (* P < 0.05 and ** P < 0.01 with CD44+/CD271-, # P < 0.05 

and ## P < 0.01 with parental cells). (b) Assessment of self-renewal characteristic in 2D culture with the 

colony forming assay. Single cells from each of the three cell populations from SCC12 and SCC38 were 

seeded in 6-well plates and allowed to form colonies for 14 days (400 cells seeded per well). Fixed and 

stained colonies containing > 50 cells were counted under an inverted light microscope. Data are 

presented as mean ± SD (** P < 0.01). Sample photographs of the fixed and stained colonies are presented 

on the (c) panel. (d) To assess self-renewal in 3D culture, tumor-sphere formation assay was used. Single 

cells from each of the three cell populations from SCC12 were cultured in anchorage-independent and 

serum-free culture conditions and allowed to form spheres for 14 days. Data are presented as mean ± SD 

(** P < 0.01). (e) The spheres were dissociated into single cells and counted in the presences of trypan 

blue stain. Cells numbers are presented as mean ± SD (** P < 0.01). (f) The spheres were counted, and 

photos were taken under a phase-contrast microscope with 5X (the main photos) and 40X (the inserts) 

magnification. Scale bar = 90 µM and 10 µM respectively. 
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Fig 6.3. CD44+/CD271+ cells possess higher onco-treatment resistance. (a) CD44+/CD271+, 

CD44+/CD271-, and the unsorted parental cell population from SCC12 cells were treated with 0, 0.125, 

0.25, 0.5, 1, and 2 μg/ml of CIS for 72 h. Cell viability was evaluated in triplicate by MTT assay. Data are 

presented as mean ± SD (b) The three cell populations from SCC12 were treated with 0, 0.125, 0.5, 2, 8, 

and 32 μg/ml of 5-FU for 72 h. Cell viability was evaluated in triplicate by MTT assay. (c) The three cell 

populations from SCC12 were exposed to 0, 2, or 4 Gy radiation doses then 400 single live cells were 

seeded in 6 well plate and allowed to form colonies for 14 days. Fixed and stained colonies containing > 

50 cells were counted under an inverted light microscope. Data are presented as mean ± SD (*P < 0.05, 

** P < 0.01). Sample photographs of the fixed and stained colonies are presented on the (d) panel. 
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Fig 6.4. CD44+/CD271+ cells expressed higher levels of stem cell-related markers than CD44+/CD271- 

cells. Expression levels of CSCs self-renewal related genes; (a) BMI1, SMO, GLI1 and NOTCH1, (b) 

stemness-related genes; SOX2 and OCT4, and drug resistance-related gene ALDH1A1 were analyzed by 

quantitative RT-PCR. Y-axis shows the relative expression of the gene compared to GAPDH. The horizontal 

dashed line represents the relative genes expression level of the unsorted parental cell population. All 

assays were performed in triplicate in three independent experiments and were calculated on the basis 

of ΔΔCt method. Data represent mean ± SD (** P < 0.01).  

 

Fig 6.5. CD44+/CD271+ cells have higher tumorgenicity when compared to CD44+/CD271- cells. (a) 

CD44+/CD271+, CD44+/CD271-, and the parental cell population from SCC12 were injected in the tongue 

of NU/NU Nude (Crl:NU-Foxn1nu) mice (N=50) and tumor formation and size were followed weekly. (b) 

Tumor volume (mm3) was measured weekly after cancer cell inoculation. Data represent mean ± SD (* P 

< 0.05 and ** P < 0.01 compared to CD44+/CD271- and # P < 0.05 compared to parental cells). (b1) Normal 

mouse tongue as negative control, (b2) tumor formation after 35 days with CD44+/CD271+ injection, (b3) 

tumor formation with CD44+/CD271- injection, (b4) tumor formation with the unsorted parental cell 

population injection. (c) Tumor formation following inoculation with the three cellular populations 

(hematoxylin and eosin staining). (c1) Normal mouse tongue as negative control, (c2) CD44+/CD271+, (c3) 

CD44+/CD271-, (c4) Unsorted parental cell population, and (c5) Well differentiated human HNSCC, used 

as a positive control (5X magnification. Scale bar: 150 μm, inserts 20X magnification. Scale bar: 37 μm). 
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Mice with tumor formed in relation to the number and types of cells injected. 

 1 x 103 cells 1 x 104 cells 1 x 105 cells 

CD44+/CD271+ 3/5 mice 5/5 mice 5/5 mice 

CD44+/CD271- 0/5 mice 1/5 mice 3/5 mice 

Unsorted parental 

cells 

0/5 mice 2/5 mice 4/5 mice 

 

Table 6.1. Tumorigenicity of CD44+/CD271+, CD44+/CD271-, and unsorted SCC12 cells in a nude mouse 

orthotopic xenograft model. 
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Chapter 7 - Broccoli Extract Increases Drug-mediated Cytotoxicity Toward Cancer Stem Cells of 

Head and Neck Squamous Cell Carcinoma.  

7.1 Preface (connecting paragraph) 

   The recurrence and/or lack of response of certain tumors to radio- and chemotherapy 

has been credited to the presence of cancer stem cells. As we reviewed in the second chapter 

and showed in the sixth chapter, cancer stem cells are characterized by their capacity for self-

renewal, their ability to introduce heterogeneity within a tumor mass, genomic instability, and 

their high resistance to both radiation and chemotherapy. Sulforaphane, type of isothiocyanate, 

is converted from glucoraphanin, a major glucosinolate in broccoli and broccoli sprouts. As 

discussed in the second chapter, Sulforaphane has been shown to not only be effective in 

preventing cancers, but also in inhibiting the growth of established tumors in animal models. We 

suggested using Sulforaphane as a co-treatment with Cisplatin and 5-Flourouracil to decrease the 

CSCs resistance and increase the effectiveness of the conventional treatments. 

 In this chapter, we isolated the head and neck cancer stem cells using CD44/CD271 double 

staining with FACS sorting. The effect of sulforaphane either alone or combined with 

conventional chemotherapy, Cisplatin and 5-Fluorouracil, has been evaluated on the isolated 

cellular population. Sulforaphane either alone or combined decreased cancer stem cells’ viability, 

self-renewal and tumor formation ability in-vitro and in-vivo. Sulforaphane had minimal to no 

effect on the non-cancerous human stem cells and on the animal models. Our work suggested 

that sulforaphane can be used as a combination treatment with the conventional modalities to 
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enhance the cytotoxicity against cancer stem cells in head and neck cancers, while having 

minimal effects on healthy cells. 

The study presented in this chapter has been submitted to British Journal of Cancer 
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7.2 Abstract:  

Background  

Head and neck squamous cell carcinomas (HNSCC) are among the malignant neoplasms with poor 

prognosis. Treatment-resistant cancer stem cell (CSC) is one of the reasons for treatment failure. 

Considerable attention has focused on sulforaphane (SF), a phytochemical from broccoli, which 

exhibits anti-cancer properties. We investigated whether SF could enhance the 
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chemotherapeutic effects of Cisplatin (CIS) and 5-Fluorouracil (5-FU) against HNSCC-CSCs and the 

mechanisms of action.  

Methods  

FACS-isolated CSCs from SCC12 and SCC38 human cell lines were treated with SF alone or 

combined with CIS or 5-FU. Cell viability, colony and sphere-forming ability, apoptosis, CSC-

related genes expression, and in-vivo tumor progression was assessed. Safety was tested on non-

cancerous stem cells, and in-vivo.  

Results 

SF reduced HNSCC-CSCs viability in a time- and dose-dependent manner. SF-combination 

increased the cytotoxicity of CIS two-fold and of 5-FU ten-fold, with no effects on non-cancerous 

stem cells viability and functions. SF-combined treatments inhibited CSCs colony and sphere 

formation, and tumor progression in-vivo. Suggested mechanisms include stimulation of the 

Caspase-dependent apoptotic pathway, inhibition of SHH pathway, and decreasing the 

expression of SOX2 and OCT4. 

Conclusions 

Combining SF with lower doses of CIS or 5-FU enhanced drug cytotoxicity against HNSCC-CSCs, 

with minimal effects on healthy cells. 

7.3 Introduction:  

 Head and neck squamous cell carcinoma (HNSCC) is the 7th most common malignancy 

worldwide, accounting for 580,000 new cases and over 380,000 deaths annually and is 
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representing approximately 6% of all cancer cases [1,526,585]. The current standard treatment 

of HNSCC is by multimodal approaches consisting of surgery, radiotherapy, and/or chemotherapy 

[586]. Despite advances in diagnostic tools and treatment modalities, HNSCC 5-years survival rate 

is about 50% [2,587]. Cancer stem cells (CSCs), also known as tumor-initiating cells, is a special 

subpopulation within the tumor [552]. When compared to the remaining tumor cells, CSCs are 

often more resistant to chemoradiotherapy and more tumorigenic [588]. Therefore, it is of great 

importance to develop strategies for targeting CSCs in order to improve HNSCC treatment 

outcomes. 

 Sulforaphane (SF), a phytochemical that exists in a large amount in cruciferous plants, has 

showed a promising anti-inflammatory, anti-oxidant, and anti-tumor effects [29,31-33]. Recent 

studies have proposed that SF exerts its anti-tumor effects through inhibiting both proliferation 

and cell cycle mechanisms, promoting apoptosis and protecting the precancerous cells from 

methylation [33,500]. However, its effect on cancer stem cells in HNSCC either alone or in 

combination with conventional chemotherapy remains poorly understood [505]. Therefore, our 

present study was designed to investigate whether SF could be a potent agent, to facilitate the 

chemotherapy efficacy of Cisplatin (CIS) and 5-Fluorouracil (5-FU) on HNSCC stem cells and to 

determine the mechanisms behind. 

7.4 Material and Methods: 

Cell culture  

 UM-SCC12 (laryngeal SCC, RRID: CVCL_7717) and UM-SCC38 (tonsillar SCC, RRID: 

CVCL_7749) human cell lines were purchased from University of Michigan in 2015 and used as 
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models for HNSCC [500]. These cell lines have been authenticated using STR analysis in 2019 at 

Genome Quebec. They were cultured in Dulbecco’s modified Eagle medium (DMEM; Thermo 

Fisher, Waltham, Massachusetts, United States) supplemented with 1% non-essential amino 

acids.  PDLSCs and DPSCs were isolated from extracted teeth and cultured in Minimum Essential 

Medium (MEM, Thermo Fisher) [589]. Both medias were supplemented with 10% fetal bovine 

serum and 1% Antibiotic-Antimycotic (Thermo Fisher). All cell types were mycoplasma-free and 

were incubated in a humidified incubator at 37°C with 5% CO2.  

Cytotoxic agents 

 Sulforaphane (Cayman Chemical, Ann Arbor, Michigan, United States) was purchased as 

a solution in ethanol with purity ≥98% and stored at -20°C. Cisplatin (Cayman Chemical) was 

prepared in phosphate-buffered saline (PBS) to a 0.3 mg/ml stock and was kept protected from 

light at 4°C. 5-Fluorouracil (Sigma Aldrich, St. Louis, Missouri, United States) was prepared in 

dimethyl sulfoxide (DMSO) to 50 mg/ml stock. The final concentrations of the solvents, either 

PBS or DMSO, in the working solution medium were 0.1% or less. 

Fluorescence‑activated cell sorting (FACS) 

 Flow cytometry and fluorescence‑activated cell sorting was performed as previously 

described[590]. Briefly, Alexa Fluor®700 Mouse Anti-Human CD44 (Clone G44-26) and PerCP-

Cy™5.5 Mouse Anti-Human CD271 (Clone C40-1457) monoclonal antibodies were obtained from 

BD Pharmingen. Tumor cells were harvested using Accutase™ (BD Bioscience, San Jose, Canada) 

and resuspended with a final concentration of 1x106 cells/100 µl for the staining procedures. 
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FACS of CD44+/CD271+ cells were performed using a BD FACSARIA III cells sorter (BD Bioscience). 

UltraComp eBeads™ Compensation Beads (Thermo Fisher) were used as control. 

MTT assay 

 1500 cells were seeded in 96-well plates and they were treated with different 

concentrations of SF and/or chemotherapeutic agents for 72 hours. The medium was then 

removed and 10% solution of 5 mg/ml MTT in medium (Sigma Aldrich) was added and incubated 

at 37°C for 2 hours. Formazan was dissolved by adding DMSO to each well after MTT removal. 

The optical density was measured at 562/540 nm in EL800 Microplate Reader (BIO-TEK 

Instruments, Winooski, Vermont, United States). For analyzing the effect of SF over time, the cells 

were treated with 3.5 µM SF and the same steps were followed daily for 4 consecutive days.  

Colony-forming assay 

 CD44+/CD271+ cells were seeded at 1×105 cells/well in 6-well tissue culture plates. The 

cells were treated with SF and/or chemotherapeutic agents for 72 hours. Then, cells were 

detached, plated at a density of 400 single living cells/well in 6-well tissue culture plates, and 

incubated for 10 days while the medium was being changed every 3 days. The cell colonies were 

fixed and stained with 1% crystal violet, 50% methanol in DDH2O for 1 hour. The number of 

colonies with >50 cells were counted under an inverted microscope.  

Sphere-forming assay 

 5000 CD44+/CD271+ cells/500µl per well were seeded in 24 Ultra-Low Attachment 

Multiple Well Plate (Millipore Sigma, Burlington, Massachusetts, United States) in DMEM-F-12 
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medium (Thermo Fisher) reconstituted with 20 ng/ml of Epidermal Growth Factor, 20 ng/ml of 

Basic Fibroblast Growth Factor, 0.5% N2 supplement (STEMCELL Technologies, Vancouver, 

Canada), 1% B27 supplement, and 2% Antibiotic-Antimycotic (Thermo Fisher). After 24 hours, SF 

and/or the two chemotherapeutic agents were added according to the concentrations in the 

graph (Fig 2). The medium was added every 2–3 days. Photographs of groups were captured at 

14 days, using phase-contrast microscope.  

 For serial passage, single cells were obtained from Accutase-treated spheroids. Then, the 

same steps were followed as described above. Spheres were then collected by centrifugation and 

dissociated by Accutase to single cells to get the cells count. 

Annexin V apoptosis detection 

 Post-treatment apoptosis was measured by using the PE-Annexin V Apoptosis Detection 

Kit (BD Bioscience). Briefly, 1.5 × 105 CSCs from SCC12 cell line were seeded per well, in a 6-well 

plate for 24 hours and were then treated with SF and/or the chemotherapeutic agents for 72 

hours. Cells were detached using Accutase (Biolegend, San Diego, California, United States) then 

all procedures followed the manufacturer’s protocol. Cells were analyzed by flow cytometry 

using LSR Fortessa (BD Biosciences). Data analysis was performed using FlowJo vX (FlowJo LCC). 

Real-Time qRT-PCR: 

 Genes expression levels in CD44+/CD271+ cells from the SCC12 cell line after exposure to 

SF and/or chemotherapeutic agents for 3 days were measured as previously described[590]. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the endogenous expression 

standard. Check the appendix for the gene-specific primers were used. The expression was 
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calculated based on ΔΔCt method. The n-fold difference in mRNAs expression was determined 

according to the method of 2-ΔΔCT. 

Western blot assay 

 CD44+/CD271+ cells from the SCC12 cell line were exposed to SF and/or chemotherapeutic 

agents for 3 days, then harvested using trypsin. A lysis buffer that consisted of 10 mM Tris-HCl, 

pH 7.2, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 0.1% 

sodium dodecyl sulfate (SDS), and 1% Na-Deoxycholate used to lysate the cells. After 

centrifugation at 15,000 g for 20 min, supernatants were recovered, and the protein content was 

quantified by the Pierce™ BCA Protein Assay Kit (Thermo Fisher). Protein samples (20–60 μg) 

were size-separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels under 

reducing conditions. Separated proteins were electroblotted onto nitrocellulose membranes. 

The blot was blocked by 5% skim milk and incubated with one of the following primary 

antibodies: anti-human BMI1, anti-BCL2 (Cell Signaling, Danvers, Massachusetts, United States), 

anti-SOX2, Anti-OCT4 and anti-β actin (Abcam, Cambridge, United Kingdom) overnight at 4°C. 

Horseradish peroxidase (HRP)- conjugated anti-goat or rabbit secondary antibody was then used. 

Antibody-bound proteins were detected by the spray on ECL (Zmtech Scientifique, Montreal, 

Canada) and ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, California, United States). 

Osteogenic differentiation  

 DPSCs and PDLSCs were treated by 3.5 µM SF for 3 days, then the cells were collected and 

seeded in 6 well plates, 2×105 cells/well, and allowed to grow to 70% confluency in normal 

medium. Thereafter, the growth media were replaced with the osteogenic medium containing: 
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α-MEM supplemented with 1% Antibiotic/Antimycotic, 20% FBS, 2 mM Glutamine, 10−8 M 

dexamethasone sodium phosphate, 55 µM 2-Mercaptoethanol, 0.1 mM L-ascorbic acid and 2 

mM beta-glycerophosphate. Control cells were cultured in normal growth medium. Both media 

were changed every 3 days. All cultures were allowed to grow for 21 days, then fixed and stained 

with Alizarin Red (Sigma). Photographs of all groups were captured using phase-contrast 

microscope at 5× magnification. Osteogenic quantification was done by unbinding the Alizarin 

Red stain using 10% (v/v) acetic acid followed by reading the absorbance at a wavelength of 405 

using microplate reader.  

Chondrogenic differentiation 

 DPSCs and PDLSCs were treated by 3.5 µM SF for 3 days, then the cells were collected as 

5 × 105 cells in 15 ml polypropylene tubes. Cells were centrifuged, and the media were replaced 

with the StemXVivo Chondrogenic Base Media supplemented with StemXVivo Chondrogenic 

Supplement (R&D Systems, Minneapolis, Minnesota, United States) and 1% 

Antibiotic/Antimycotic. Control cells were cultured in normal growth medium. Every 3 days half 

of the medium was replaced by a new medium. All cultures were grown for 21 days, then the 

pellets were collected and frozen by OCT compound (Thermo Fisher), cryosectioned, and stained 

by Collagen Type II immunofluorescent staining. Photographs were captured using phase 

contrast microscope at 20× magnification. Chondrogenic quantification was done using ImageJ 

software (NIH).  

In vivo assay and tumor xenografts 
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 In the in-vivo experiment we used SF and CIS only, without 5-FU to decrease the number 

of mice. This animal research study was approved by the University Animal Care Committee at 

McGill University (Protocol #5330, www.animalcare.mcgill.ca) and conform to ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines. The animals used in this study were 23 

NU/NU Nude (Crl:NU-Foxn1nu) mice (n = 5 in each group and n = 3 in the sham control group) 

(Charles River, Wilmington, Massachusetts, United States). All the mice were kept in clean 

conditions with soft food and water in the animal resource center at McGill University. Six to ten 

weeks old male mice received 1 X 104 CD44+/CD271+ SCC12 cells in the side of the tongue, 

suspended in 30 μl of normal saline using a 1-ml tuberculin syringe with a 30-gauge hypodermic 

needle, under general anesthesia with isoflurane (Isoba VetTM). After one week, mice bearing 

tumors were randomly divided into groups and different treatments were started. Mice were 

treated intraperitoneally (I.P) with the vehicle (normal saline) , SF (4 mg/kg), CIS (3 mg/kg) , or 

combination of SF and CIS every 3 days for a total of 6 doses [513]. The mice were examined 

weekly to measure the body weight and the tumor size bidirectionally using a caliber, under 

isoflurane gas anesthesia. Tumor size was calculated using the following formula: volume = 

(width)2 * length/2. Animals were sacrificed after 49 days with CO2 inhalation, and tongues, 

livers, and kidneys were collected. Tumor formation and liver or kidney necrosis were assessed 

using H&E stained sections. Means of the body weights and tumor sizes as recorded every week 

were compared between the five animal groups. 

Statistical analysis 

 Data were presented as the means ± standard deviation (SD) of three independent 

experiments done in triplicates with comparable results. One-way analysis of variance (ANOVA) 

http://www.animalcare.mcgill.ca/
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followed by post hoc Tukey’s test were used to assess significant differences between three 

groups or more, while Student’s t-test (Unpaired) was used between two groups. p-values < 0.05 

were considered statistically significant and < 0.01 were considered extremely statistically 

significant. GraphPad Prism 6 software was used for the statistical analysis (GraphPad Software, 

San Diego, Canada).  

7.5 Results:  

Effects of sulforaphane on the viability and proliferation in HNSCC-CSCs 

 We exposed the isolated CSCs from the two cell lines to different concentrations of SF 

treatment which showed that SF can reduce the viability of HNSCC-CSCs in a dose-dependent 

manner (Fig 7.1a). The half maximal inhibitory concentration (IC50) of SF on CSCs was 5.54 μM 

and 5.13 μM for SCC12 and SCC38, respectively. The inhibitory effects of SF on cellular viability 

increased over time, as was shown by exposing the cells to 3.50 μM SF for different time periods 

(Fig 7.1b).  

 Adding 3.50 μM SF had a statistically significant increase in the inhibition of cell viability 

compared to the usage of CIS (Fig 1c) or 5-FU (Fig 7.1d) as single chemotherapy with almost every 

tested drug concentration. The effect is nearly doubled with CIS and increased ten times with 5-

FU, especially at the lower chemotherapy concentrations.  

 By using 3.50 μM of SF alone, the clonogenic ability of the CSCs was reduced to 

29%±10.1% and 24%±3.9% in SCC12 and SCC38, respectively, compared to control, which was 

comparable to using 0.5 μg/ml CIS. CIS as a single treatment, also reduced the clonogenic ability 

to 28%±2.4% and 19%±4.6% while 5-FU reduced it to 52%±6.8% and 38%±14% for SCC12 and 
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SCC38, respectively. However, the combined SF+CIS or SF+5-FU treatments completely 

prevented the colony formation (Fig 7.1e&f). 

Effect of sulforaphane on self-renewal and apoptosis in HNSCC-CSCs 

 While single treatment with SF and to a more extent with CIS or 5-FU reduced spheroid 

formation, combined treatments inhibited spheroid formation most effectively (Fig 7.2a&c). The 

effect was not on the number only, but also on the size of the formed spheres; the combination 

treatments produced smaller spheres with less cell number (Fig 7.2b&d).  

 SF alone and to a more extent CIS or 5-FU inhibited secondary sphere formation, but the 

combined treatments had the most inhibitory effect on both, the number and the size of spheres 

(Fig 7.2e-f).  

 Single SF treatment induced early apoptosis in 46%±3.4% of CSCs compared to 32%±7.3% 

in the control group. The single treatment with CIS induced early apoptosis in 50.3%±2.4% in the 

CSCs, while the combined treatment of SF+CIS increased the apoptosis to 70.2%±11.1%. Similarly, 

5-FU as a standalone treatment, induced apoptosis in 41.2%±6.4% in the CSCs and the combined 

treatment of SF+5-FU increased apoptosis to 60.3%±8.1% (Figure 7.2g&h). This suggested that 

sulforaphane could reduce HNSCC-CSCs numbers through the induction of apoptosis alongside 

inhibition of proliferation and self-renewal. 

Effect of sulforaphane on HNSCC-CSCs genotype 
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 By combining SF to CIS or 5-FU, there was a significant decrease in the expression levels 

of NOTCH1, SMO and GLI1 genes compared to using CIS or 5-FU alone. This led to inhibition in 

their downstream gene BMI1 too (Fig 7.3a).  

 The combined SF treatment decreased SOX2 expression significantly with both CIS and 5-

FU compared to either chemotherapy alone. However, the reduction in expression of OCT4 was 

significant only with CIS combination treatment. Drug resistance and stemness-related gene 

ALDH1A1 expression was analyzed too. SF combination with CIS or 5-FU significantly reduced 

ALDH1A1 expression compared with either single treatment (Fig 7.3b). 

 Our results showed a significant decrease in BCL2 expression after combining SF to CIS or 

5-FU, and although there was an increase in the expression of BAX with the combined treatment, 

it was not significant. Caspase3 expression was elevated with SF addition to CIS or 5-FU compared 

to using each chemotherapy alone (Fig 7.3c). qRT-PCR results were confirmed by western blotting 

to detect the changes at the protein level (Fig 7.3c). 

Effect of sulforaphane on non-cancerous (healthy) stem cells 

 To examine the effect of SF alone or combined with each chemotherapy on non-

cancerous human stem cells (nCSCs), periodontal ligament stem cells (PDLSCs) and dental pulp 

stem cells (DPSCs) were used as models. SF alone did not show any significant toxicity on the 

nCSCs in low concentrations up to 3.50 μM (Fig 7.4a). Comparable results were obtained with the 

combined treatments; there was no significant difference between using CIS or 5-FU as a single 

treatment or after SF combination (Fig 7.4b&c). 
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 There was no significant difference between the SF treated and untreated cells, in the 

ability of osteogenic differentiation in both types of tested cells (Fig 7.4d&e). We had similar 

results with chondrogenic differentiation in both PDLSCs and DPSCs (Fig 7.4f&g). 

Effect of SF+CIS combination treatment in-vivo 

 To assess whether SF might influence the sensitivity of HNSCC-CSC xenografts toward 

chemotherapy, we transplanted CD44+/CD271+ cells from SCC12 cell line into the tongue of nude 

immunocompromised mice. Mice were I.P injected with vehicle (normal saline), SF, CIS or both 

agents together and tumor growth was measured weekly during a period of 49 days (Fig 7.5a). 

Compared to the control group, treatment with SF or CIS alone inhibited tumor growth and tumor 

volumes showed marked reduction by 59% or 54.5%, respectively. However, SF+CIS reduced the 

tumor volume by 73% at the end of the experiment. The significant difference in the tumor size 

was observed between the control group and the treatment groups after 14 days from treatment 

starting, and there was a significant difference between the combined treatment group and the 

other groups after 35 days (Fig 7.5b). Sulforaphane had no toxic effect on the mice either alone 

or combined with CIS, as determined by body weight compared to the sham group. There was an 

insignificant reduction in the body weight with the combined treatment during the 

administration period, however, the mice re-gained weight after treatment cessation. The 

control group showed a marked reduction in the body weight during the experiment (Fig 7.5c). 

There were no liver or kidney necrosis as shown in histological, H&E stained, sections in all mice 

groups (Fig 7.5d). 

7.6 Discussion 
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Therapeutic efficacy of SF: 

 In a previous study, we demonstrate that SF can increase chemotherapeutic cytotoxicity 

of CIS and 5-FU toward HNSCC [500]. That was in line with other studies on oral cancers [403,422] 

and a variety of other types of cancers [36,547]. But little is known about the effect of the SF 

combined treatment on the HNSCC-CSCs. In our last published work, we suggested that 

CD44+/CD271+ is a suitable marker to isolate CSCs from HNSCC[590] and in this study we used 

these CSCs to examine the effect of SF/chemotherapy combination treatments. Our results 

showed that SF has a cytotoxic effect on HNSCC-CSCs, that elevate in both dose and time-

dependent manner. Other studies on oral carcinoma [39] and other cancer types [468,482,591] 

reported comparable results. What we found new in our study, is that SF can be used as a 

combination treatment to enhance the toxicity of CIS and 5-FU against the more resistant CSCs 

in HNSCC. The usage of 3.50 µM of SF nearly doubled the effect of CIS and multiplied the effect 

of 5-FU by 10 times, especially at lower chemotherapy doses. This SF selected dosage is expected 

to be achievable in human bodies simply by oral ingestion of fresh broccoli sprouts. It was 

reported that following the ingestion of 40g of broccoli, SF plasma concentration reached 2.50 

µM /L within 3 hours [335]. Remarkably, the SF cytotoxic effect was the same on the two selected 

cell lines, SCC12 and SCC38, even with the SCC38 being more chemo-resistant compared to SCC12 

[540,542]. This suggests that SF effects CSCs in both chemo-resistant and chemo-sensitive HNSCC 

by the same mechanism making SF a promising tool in fighting tumors resistant for conventional 

chemotherapy.  

 Our results demonstrate that 3.5µM SF alone can reduce CSCs clonogenicity to the same 

extent as 0.5µg/ml CIS and more efficient than 1.3µg/ml 5-FU, however, the combination 
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treatments eliminated the clonogenic ability completely, either with CIS or 5-FU. Similar results 

were reported with Gemcitabine on pancreatic cancer, Taxol on prostate cancer [36] and CIS on 

gastric cancer [547]. Comparable results were obtained with sphere formation assay, as SF either 

alone or combined with CIS or 5-FU significantly reduced the number and size of primary and 

secondary spheres, compared to control or using each chemotherapy alone. The used SF dosage, 

3.5 µM, was similar to the range, 0.5 to 10 µM, that used with other cancer types in similar 

studies, to inhibit tumor-sphere formation [36,482,591].  

 By using the annexin V/7-AAD assay, we found that SF treatment significantly increased 

early apoptosis in treated CSCs, which was equal to using 0.5µg/ml CIS and higher than 1.3µg/ml 

5-FU. However, the combined treatment of SF and low doses of CIS or 5-FU, led to increased 

apoptosis compared to using a single chemotherapeutic drug or SF as a treatment. These results 

point out that SF might work with multiple mechanisms to target the CSCs, which could reduce 

the chance of developing resistance against its effect. SF induction of apoptosis on CSCs was 

reported also with pancreas and prostate cancer stem cells [36,468]. 

 Our results demonstrated that SF+CIS combination has reduced the tumor size that is 

formed by the inoculation of HNSCC-CSCs in the tongue of immunocompromised mice, as 

compared to SF or CIS alone. During the period of the combination treatment, the mice had an 

insignificant reduction in the body weight compared to the sham group (no tumor burden), but 

the mice regained their weight after the treatment conclusion. This indicates that combination 

treatment is stressful for these mice but still tolerable. All tumor-bearing mice had decreased 

body weights compared to the sham group and it was highly significant with the control group 

(treated with saline only). This can be explained by the increase in the tumor size which caused 
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interference with the normal feeding process, even with the usage of soft food. SF biosafety was 

shown by H&E staining of the mice liver and kidney, as there was no necrosis with SF alone or 

combined with CIS. Several studies reported similar biosafety profile for SF combined with other 

drugs [36,592,593]. To our knowledge, we are the first to show that SF enhances the cytotoxicity 

of CIS and 5-FU toward HNSCC-CSCs. 

Safety of SF on non-cancerous human stem cells: 

 Several studies demonstrated little to no toxicity of SF on non-cancerous human cells, 

including our recent study [39,421,500]. In the current study, however, we assessed the effect of 

SF on non-cancerous human stem cells viability and function. To our knowledge, it is the first time 

that SF combination with chemotherapy is tested on human stem cells. We demonstrated that 

SF does not affect the viability of human stem cells up to 3.50 µM, either alone or combined with 

CIS or 5-FU. In addition, the dose we selected for our experiments did not affect the 

differentiation function of stem cells, both osteogenic and chondrogenic. Several studies 

reported low doses of SF did not affect mesenchymal stem cells viability and protected it from 

carcinogens [594-596].  

Molecular mechanism of SF-mediated targeting of HNSCC-CSCs: 

 Mechanistically, we recently demonstrated that SF enhanced the cytotoxicity of 

chemotherapy (CIS or 5-FU) against HNSCC by stimulation of Caspase-dependent apoptosis 

pathway [500]. In the current study, we report a comparable result with HNSCC-CSCs, as SF 

increased the apoptotic effect of CIS and 5-FU on CSCs by inhibition of BCL2. Numerous other 

molecular mechanisms have been suggested for the pro-apoptotic effect of SF, as the cleavage 
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of caspase-8 in pancreatic cancer [531] and fragmentation of DNA repairing protein poly (ADP-

ribose) polymerase (PARP) while decreasing the expression of BCL2 in mammary, prostate and 

colon cancers [400,412,597]. 

 Aldehyde dehydrogenase 1 (ALDH1) is a member of the aldehyde dehydrogenase family 

of cytosolic isoenzymes, which are highly expressed in many stem and progenitor cells [270]. 

Interestingly, ALDH1+ HNSCC cells showed high self-renewal ability along with increased tumor 

formation, invasion, and treatment resistance [268]. The tumorigenic ability of CSCs is related to 

self-renewal, as it initiates tumor growth and spread [598]. It is suggested that dysregulation of 

self-renewal pathways in CSCs, such as; SMO, NOTCH1, and BMI1, is the cause of tumorigenicity 

and treatment resistance [232,598,599]. There are multiple studies reported that 

chemotherapies like CIS and 5-FU may cause selection of CSCs and increase the expression of 

self-renewal and drug resistance related genes, like BMI1 [600,601], or ALDH1A1 [36,602,603] 

which was also reported in our study. In our in vitro experiment, combined SF treatments 

prevented CIS and 5-FU induction of BMI1 and ALDH1A1 expression and enhanced 

downregulation of SMO, GLI1, and NOTCH1. Therefore, SF co-treatments might have contributed 

to the resensitization of CSCs to chemotherapeutic drugs. Interestingly, a similar effect was 

reported with other cancer types, either with gemcitabine or cisplatin [36,547].   

 It is suggested that octamer-binding transcription factor 4 (OCT4) is one of the best 

indicators for stemness and maintaining an undifferentiated state [604]. It was reported in a 

recent meta-analysis study, a close correlation between OCT-4 overexpression and poor overall 

survival of HNSCC patients [605]. SOX2 overexpression also was reported to affect invasion and 

metastasis induction in laryngeal squamous cell carcinoma [606]. Our results showed that SF 
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inhibited the expression of both SOX2 and OCT4 alone and significantly increased the inhibitory 

effect of CIS on both markers, while it had this effect with 5-FU on SOX2 only.  

 In conclusion, we demonstrated that SF strongly enhanced the cytotoxic effect of 

chemotherapy; CIS and 5-FU, against HNSCC-CSCs and prevented the elevation of self-renewal 

and drug-resistance related genes expression with conventional treatment modalities. The 

combined SF/chemotherapy treatments may be a promising option in clinical settings. Since our 

data combined with other studies suggest that SF could enhance the effect mediated by chemo- 

and radiotherapy, in vitro and in vivo, lower doses of these treatment agents might form 

successful treatment modalities when combined with SF. 
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Figures:  

 

Fig 7.1 Effects of sulforaphane on the viability and proliferation in HNSCC-CSCs. (a) HNSCC-CSCs were 

treated with 0, 0.875, 1.75, 3.5, 7 and 14 μM of SF for 72 h. Data are presented as mean ± SD for N=3(“a” 

means a p-value < 0.05 relative to 0 μM, “b” to 0.875 μM, “c” to 1.75 μM, “d” to 3.5 μM, “e” to 7 μM.). 
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(b) HNSCC-CSCs were treated with 3.5 μM of SF for the indicated times (“a” significance relative to 0h, “b” 

significance relative to 24h, “c” significance relative to 48h. P < 0.05). HNSCC-CSCs were treated with 3.5 

μM of SF with or without 0.1, 0.5, 1, 2 μg/ml of CIS (c) or 0.013, 0.13, 1.3, 130 μg/ml of 5-FU (d) for 72 h. 

Data are presented as mean ± SD for N=3 (* P < 0.05 and ** P < 0.01 relative to treatment in the absence 

of SF). (e) HNSCC-CSCs were pre-treated with SF with or without CIS or 5-FU for 72 h before being seeded 

in 6-well plates for 10 days. Fixed and stained colonies containing > 50 cells were counted under an 

inverted light microscope. Data are presented as mean ± SD for N=3 (** P < 0.01). Photographs of the 

fixed and stained colonies are presented on the (f) panel. 

 

Fig 7.2 Effect of sulforaphane on self-renewal ability and apoptosis induction in HNSCC-CSCs. HNSCC-

CSCs were seeded at clonal density (5000 cells/500µl per well) in ultra-low attachment plates for spheroid 

formation. Twenty-four hours later cells were treated with SF and/or CIS, or 5-FU and allowed to form 

spheres for 14 days. The spheres were counted (a), dissociated into single cells that were counted in the 

presences of trypan blue stain (b). (c) Representing photos taken under a phase-contrast microscope with 

5X (the upper panel) and 40X (the lower panel) magnifications, a scale bar = 90 µM and 10 µM, 
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respectively, for the 1st generation. (d-f) Spheroids were dissociated to single cells and equal numbers of 

live cells were re-plated, and 14 days later, spheroids formation was quantified, photographed and 

dissociated to count the cells, this represents the 2nd generation. Data are presented as mean ± SD for 

N=3 (* P < 0.05, ** P < 0.01 relative to treatments in the absence of SF). (h) The percentage of early 

apoptotic cells is presented as mean ± SD for N=3 (* P < 0.05). (g) Flow cytometry graphs show the gating 

strategy as the vertical line represent the cutline for Annexin V staining and the horizontal line represents 

the cutline for 7-AAD staining.  

 

Fig 7.3 Effect of sulforaphane on the genotype of HNSCC-CSCs. HNSCC-CSCs were treated with 3.5 μM of 

SF with or without 0.5 μg/ml of CIS or 1.3 μg/ml of 5-FU for 72 h. The expression of (a) self-renewal related 

genes; BMI1, SMO, GLI1, and NOTCH1, (b) stemness and drug-resistance related genes; SOX2, OCT4, and 

ALDH1A1 and (c) apoptosis related genes; BAX, BCL2, and CASP3 was measured by qRT-PCR and 

normalized to GAPDH expression. Data represent mean ± SD for N=3 (* P < 0.05 and ** P < 0.01 relative 

to treatments in the absence of SF). (d) Proteins were harvested from the treated cells and expression of 

OCT4, BMI1, SOX2 and BCL2 proteins were analyzed by western blot. Expression of β-actin served as the 

loading control. 
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Fig 7.4 Effect of sulforaphane on non-cancerous stem cells. (a) Periodontal ligament stem cells (PDLSCs) 

and dental pulp stem cells (DPSCs) were treated with 0, 0.875, 1.75, 3.5, 7 and 14 μM of SF for 72 h. Data 

are presented as mean ± SD for N=3 (** P < 0.01 compared control). (b) PDLSCs and (c) DPSCs were treated 

with 3.5 μM of SF in the presence or absence of 0.5 and 1 μg/ml of CIS or 0.13 and 1.3μg/ml of 5-FU for 

72 h, respectively. Data are presented as mean ± SD. (d) PDLSCs and DPSCs were treated with 3.5 µM SF 

for 72 hours, induced to undergo osteogenic differentiation, then stained with Alizarin Red stain for 

identification and quantification. Photos were taken under a phase-contrast microscope with 5X 

magnification, scale bar = 90 µM. (e) PDLSCs and DPSCs were treated with 3.5 µM SF for 72 hours, induced 

to undergo chondrogenic differentiation, then cryosectioned and stained with Collagen Type II 

immunofluorescence staining, for identification and quantification. Photos were taken under a phase-

contrast microscope with 20X magnification, scale bar = 47 µM. 
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Fig 7.5 Effect of SF+CIS combination treatment in-vivo. (a) Intra-oral tongue xenografts of HNSCC-CSCs in 

nude immunocompromised mice were treated with IP injection of vehicle (normal saline), SF, CIS, or SF 

plus CIS (n=5/group), the tumor size and the bodyweight were monitored weekly. Black arrow indicates 

tumor formation after one week of tumor implantation. (b) Tumor volumes and (c) mice body weights 

were determined as described in “Materials and Methods” section. Data represent mean ± SD for N=5 (* 

P < 0.05 and ** P < 0.01 compared with control, @ P < 0.05 and @ P < 0.01 compared with combined 

treatment). (d) A representative H&E staining of kidney (upper row) and liver (lower row) tissues after 

treatments with SF and/or CIS or vehicle is shown with 5X magnification in the main photos and 20X 

magnification in the inserts; scale bar = 130 μm & 34 μm for the main photo and the insert, respectively). 

Appendix:  

Fluorescence-activated cell sorting (FACS) 

Tumor cells were harvested using Accutase™ Cell Detachment Solution (BD Bioscience) and 

resuspended as a single-cell suspension in staining buffer (1% FBS in ice-cold PBS) with a final 

concentration of 1x106 cells/100 µl. Cells were then incubated with the Fixable Viability Stain 450 

(BD Bioscience) for 15 min on ice, protected from light and washed twice. Cells were blocked by 
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incubation with Human TruStain FcX™ (Biolegend) for 10 min, then washed once. Cells were 

incubated with the antibodies for CD44 and CD271 at a dilution of 1:20 for 30 min on ice, 

protected from light, then washed twice. 

Real-Time qRT-PCR 

The first-strand cDNA was synthesized from 1 μg total RNA using High-Capacity cDNA Reverse 

Transcription kit (Thermo Fisher). For the quantification of gene amplification, qRT-PCR was 

performed using StepOnePlus™ Real-Time PCR System (Thermo Fisher) in the presence of 

PowerUp SYBR Green Master Mix (Thermo Fisher). The following gene-specific primers were 

used:  

GAPDH: (5’-GAGAAGGCTGGGGCTCATTT-3’, 5’-AGTGATGGCATGGACTGTGG-3’), BMI-1: (5’-

TCCTTAACAGTCTCAGGTATCAACC-3’, 5’-CACAGTTTCCTCACATTTCCA-3’), SMO: (5’-

TGGTCACTCCCCTTTGTCCTCAC-3’, 5’-GCACGGTATCGGTAGTTCTTGTAGC-3’), GLI1: (5’-

TTGGAGAAGCCGAGCCGAGTATC-3’, 5’-GAGTAGACAGAGGTTGGGAGGTAAGG-3’), NOTCH1: (5’-

GCAGAGGCGTGGCAGACTAT-3’, 5’-ACTTGTACTCCGTCAGCGTG-3’), SOX2: (5’-

ACACCAATCCCATCCACACT-3’, 5’-CAAACTTCCTGCAAAGCTCC-3’) OCT4: (5’-

CTCGAGAAGGATGTGGTCCG-3’, 5’-GAAGTGAGGGCTCCCATAGC-3’), ALDH1A1: (5’-

ATCAAAGAAGCTGCCGGGAA-3’, 5’- GCATTGTCCAAGTCGGCATC-3’), BCL2: (5’-

CTGCACCTGACGCCCTTCACC-3’, 5’-CACATGACCCCACCGAACTCAAAGA-3’), BAX: (5’-

CGGGTTGTCGCCCTTTTCTA-3’, 5’-TGGTTCTGATCAGTTCCGGC-3’) and Caspase3: (5’-

CTCGGTCTGGTACAGATGTCGA-3’, 5’-CATGGCTCAGAAGCACACAAAC-3’). 
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Chapter 8 - General discussion, conclusion and Future Directions: 

8.1 Discussion and conclusion: 

 Cancer is the second leading cause of death worldwide just after cardiovascular diseases. 

While in Canada it is the leading cause of death as one in two Canadian will develop cancer in 

their life time and one in four will die from the disease. Head and neck cancer is one of the most 

prevalent malignant tumors across the world especially in developing countries such as India and 

Sudan. Despite the advanced improvement in diagnosis and treatment modalities for HNC, it still 

has an unacceptable high rate of mortality. One of the reasons behind HNC treatment failure is 

that the efficacy of the conventional chemotherapy is restricted because of its high toxicity to 

the non-cancerous tissues, making it very difficult to increase the used dosages for better results 

without adding more risk to the patient’s health. The chemotherapy dose dependent side effects 

range from mild as mouth sores, loss of appetite, and thrombocytopenia, to the more sever 

cardiotoxicity, nephrotoxicity, and neurotoxicity with neurological disorders.  

 Recently, phytochemicals, biologically active compounds found in plants, have shown 

very promising results to function as anti-cancerous agents. Sulforaphane, the most 

characterized isothiocyanate compound found in cruciferous vegetables, has been reported to 

have an antioxidant, anti-inflammatory with chemopreventive and therapeutic effect against 

several cancer types either alone or as a combination with other drugs. However, its effect as a 

combined treatment with Cisplatin or 5-Fluorouracil on HNC still remains unknown.  

 In Chapter 5 of this thesis, we demonstrated that SF has a dose and time dependent 

inhibitory effect on HNSCC cells and this effect was associated with stimulation of apoptosis, 
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specifically the Caspase-dependent apoptotic pathway. Moreover, SF enhanced the cytotoxic 

effect of CIS by 2-fold and 5-FU by 10-fold when used as a combination treatment. Sulforaphane 

combination with CIS or 5-FU also increased the inhibition of colony formation and DNA repair 

compared to single treatment. Most importantly, that cytotoxic effect on the HNSCC cells was 

not accompanied by any toxicity to non-cancerous cells either SF as a solo treatment or as a 

combination with chemotherapy.  

 Another reason for HNC treatment failure is the recurrence or metastasis after treatment 

completion. Recently, recurrence and metastasis have been correlated to the presence of the 

more treatment-resistant cancer stem cells. These cells possess two main criteria; self-renewal 

ability with unlimited proliferation while maintaining undifferentiated state, and multilineage 

differentiation so it can give rise to the other types of cells that form the tumor heterogenicity.   

The first step to develop strategies or drugs that target CSCs is to correctly identify and isolate 

them. In Chapter 6 of this study, we reported that CD271+ cells are a subpopulation of CD44+ 

cells in HNSCC. This was evident in laryngeal and oropharyngeal squamous cell carcinoma cell 

lines and human oral squamous cell carcinoma tissues. We also demonstrated that using 

CD44/CD271 double immunostaining is a more precise method to isolate CSCs from HNSCC 

compared to the widely used CD44 alone. CD44+/CD271+ cells have more tumorigenic ability 

both in-vitro and in-vivo compared to CD44+/CD271- cells and might be responsible for the 

reported tumorigenicity of CD44+ cells in previous studies. CD271+ cells expressed more cancer 

stem cells related gene expression such as, BMI1, SMO, GLI1, SOX2 and OCT4 compared to 

CD271-. 
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 Now since we know that SF can inhibit HNSCC and we have a suitable method to isolate 

CSCs from the cell lines we need to assess the effect of SF alone or combined with chemotherapy 

on the HNC-CSCs. Chapter 7 of this study demonstrated that SF has an inhibitory effect on HNC-

CSCs in dose- and time-dependent manner. SF combination with the conventional chemotherapy 

elevated the cytotoxic effect of Cisplatin and 5-Fluorouracil on CSCs significantly and inhibited 

colony and sphere formation. We also reported different mechanisms for this effect as SF 

reduced the expression of stemness-related genes SOX2 and OCT4, inhibited self-renewal related 

gene BMI1 through inhibition of SHH pathway, and stimulated Caspase-dependent apoptotic 

pathway by inhibition of BCL2 gene expression. SF also prevented selection of cancer stem cells 

or elevation of stem cells related gene ALDH1A1 that was associated with CIS and 5-FU. 

Interestingly, SF either alone or combined with chemotherapy had no effect on the viability or 

function of non-cancerous human stem cells. Sulforaphane combination with Cisplatin 

significantly reduced the size of the xenograft tumors in the tongues of immunocompromised 

mice compared to Cisplatin or Sulforaphane alone. The combination treatment was tolerable 

with the mice with no significant loss of the body weight and no necrosis in kidney or liver.    

 This thesis preliminarily investigated the effect of SF combination with conventional 

chemotherapy to target HNSCC-bulk cells and CSCs and suggested the mechanism behind it. It 

provides the experimental basis for the future clinical application of this natural product in cancer 

treatment. By increasing the efficacy of the conventional chemotherapy and targeting CSCs we 

can reduce the conventional doses which will decrease the dose-dependent side effects and 

reduce the incidence of recurrence or metastasis which will improve the outcome of HNC and 

the life quality of the treated patients.   
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8.2 Future plan: 

 Investigating the underlying mechanisms of SF anti-cancerous apoptosis induction effect 

on HNSCC. SF cytotoxicity has been reported to be caused by complex, concurring, and multiple 

mechanisms as we mentioned in the third chapter. Among these mechanisms, the generation of 

ROS is important in promoting apoptosis and autophagy of target cells [607,608]. We will assess 

if the main drive behind the anti-cancer effect on HNC is the ROS by measuring of intracellular 

ROS using flow cytometry following staining with hydroethidine (HE) and 6-carboxy-2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA), which have been shown to be somewhat 

specific for detection of  and H2O2, respectively [608,609]. We will then neutralize the ROS 

formation either by pretreatment with NAC, diphenyleneiodonium chloride and rotenone or 

after SF treatment using Sodium Azide, which is a scavenger of ROS. We will repeat our 

experiments to detect if ROS depletion will rescue the cells from the SF induced apoptosis. 

 Since SF has been reported to induce ROS in cancer cells, we will investigate the effect of 

SF on radiotherapy induced cytotoxicity. Our preliminary results (not published) showed that SF 

combination with radiotherapy enhanced the cytotoxic effect and prevented colony formation 

post-treatment significantly compared to using RT alone. We will investigate the mechanism 

behind these results and will assess the safety of this combined treatment modality on non-

cancerous human cells and stem cells, specifically the effect on the gene and protein level. 
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