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Abstract 

Head and neck squamous cell carcinoma (HNSCC) is an emergent health problem 

worldwide. These tumors present heterogeneity at phenotypic, aetiological, biological 

and clinical level. In developed countries, smoking and alcohol are implicated in the 

increase of HNSCC cases, and human papillomavirus is an important risk factor, 

especially in the rise of oropharyngeal tumors without smoke and alcohol habits. A 

significant percentage of HNSCC patients develop loco-regional and distant 

recurrences. Even with progresses in surgery, radiation and chemotherapy, 

approximately half of all patients die of the disease. Risk stratification for HNSCC is 

essential in order to decrease mortality and improve quality of life of the patients. The 

great HNSCC heterogeneity makes difficult to understand the molecular carcinogenesis 

process as well as to develop early detection and therapeutic strategies for these tumors. 

Nowadays, the majority of genome-wide molecular profiling studies of HNSCC are 

limited to single approaches, which hampers the identification of accurate and robust 

biomarkers of early diagnosis and prognosis. Indeed, there is a lack of proven 

biomarkers for predicting clinical outcomes and response to treatment. The present 

work aimed to perform a molecular characterization of HNSCC in order to predict 

recurrence/metastasis development and signaling pathways associated to targeted 

therapy and resistance to conventional drugs through the identification of different 

molecular groups with apparently different survival profiles using genomic, epigenetic 

and transcriptomic approaches. We analyzed the same HNSCC patients through 

different molecular technologies, being the identified biomarkers and molecular 

signatures validated with TCGA (The Cancer Genome Atlas) data. First, we performed 

a direct genetic and epigenetic characterization of HNSCC patients, using specific 

Multiplex Ligation-dependent Probe Amplification (MLPA) and Methylation-Specific 

MLPA (MS-MLPA) probe panels. We reported different genetic signatures related to 

tumor stage and anatomic site as well as tobacco use. Additionally, specific genomic 

and epigenetic signatures associated to patients' risk of recurrence/metastasis 

development after treatment of primary tumor and also to survival were identified. The 

genetic analysis of non-tumor samples (from surgical margins) revealed some 

imbalances similar to those identified in the tumor samples, which reinforce the 

importance of molecularly analyze the high-risk patients even before the visible 

morphological changes and also the suspicious lesions in order to early diagnose these 
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tumors and their recurrences. Secondly, we moved forward to a high-throughput 

genomic and transcriptomic approaches and we identified molecular signatures with 

capability to predict the recurrent/metastatic disease development and clinical outcome. 

In these studies, using either direct probe panels or genome-wide approaches we 

identified the most common chromosomal regions with imbalances and altered genes. 

As expected, whole-genome techniques revealed new chromosomal regions and genes 

that seem to have a role in HNSCC development and behavior. Overall, through these 

comprehensive genomic, epigenetic and transcriptomic characterization we identified 

biomarkers and molecular signatures of prognosis and survival, which open the door for 

personalized medicine in HNSCC patients. Finally, we applied these genomic and 

epigenetic technologies to perform a molecular characterization of four paradigmatic 

HNSCC patients in order to prove the benefit of these molecular knowledgement to the 

clinical management of the HNSCC patients. Several chromosomal regions and genes 

related to radiation and/or chemotherapy resistance and to patients' prognosis and 

survival were identified, which could help and guide the type or intensify of treatment 

modalities. Moreover, molecular characterization of commercial HNSCC cell lines and 

primary cell cultures established from these patients was conducted, which revealed the 

ploidy and the complex structural chromosomal rearrangements of HNSCC tumors. 

This comprehensive characterization enables cell models for further studies both in 

radiation and pharmacogenomics fields, as well as to understand the molecular 

mechanisms of HNSCC development and progression. With this work we performed a 

robust molecular characterization of HNSCC, using different omic approaches in the 

same tumor samples, which allowed the identification of new prognostic biomarkers 

and molecular signatures with potential to be translated to clinical practice. 

  

Keywords: Biomarkers; Molecular diagnosis and prognosis; Genetic and epigenetic 

signatures; Gene expression; Methylation; Copy number alterations; 

Recurrence/metastasis development; Oral cavity tumors; Head and neck squamous cell 

carcinoma; Omics integration; Non-invasive screening 
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Resumo 
O carcinoma epidermóide da cabeça e pescoço (CECP) é um problema emergente de 

saúde em todo o mundo. Estes tumores são heterogéneos a nível fenótipico, etiológico, 

biológico e clínico. Nos países desenvolvidos, o tabaco e o álcool estão implicados no 

aumento do número de casos de CECP e o papiloma vírus humano é um fator de risco 

importante para o aumento dos tumores da orofaringe não relacionados com hábitos 

tabágicos e de álcool. Uma percentagem significativa de doentes com CECP desenvolve 

recidivas loco-regionais e à distância. Mesmo com os progressos na cirurgia, 

radioterapia e quimioterapia, cerca de metade de todos os doentes morre devido ao 

CECP. A estratificação do risco de CECP é essencial de forma a contribuir para a 

diminuição da mortalidade e melhoria da qualidade de vida destes doentes. A 

heterogeneidade do CECP dificulta por um lado a compreensão dos processos 

moleculares da carcinogénese e por outro lado o desenvolvimento de estratégias de 

deteção precoce e de terapêutica. Atualmente, a maioria dos estudos moleculares de 

grande escala são restritos, o que dificulta a identificação robusta e precisa de 

biomarcadores de diagnóstico e prognóstico. De facto, há falta de biomarcadores para 

predizer o desenlace clínico e resposta ao tratamento. O presente trabalho teve como 

objetivo caraterizar molecularmente o CECP de forma a prever o desenvolvimento de 

recidivas/metástases e a identificação de vias de sinalização associadas a terapias alvo e 

resistência às terapias convencionais, através da identificação de diferentes grupos 

moleculares com diferentes sobrevivências, usando abordagens de genómica, 

epigenética e transcriptómica. Neste estudo, analisámos os mesmos doentes com CECP 

usando diferentes tecnologias moleculares, tendo validado os biomarcadores e 

assinaturas moleculares identificados usando dados do portal TCGA (The Cancer 

Genome Atlas). Em primeiro lugar, realizámos uma caraterização genética e epigenética 

do CECP direcionada, utilizando painéis de sondas específicos de Multiplex Ligation-

dependent Probe Amplification (MLPA) e Methylation-Specific MLPA (MS-MLPA). 

Identificaram-se diferentes assinaturas genéticas relacionadas com o estadio do tumor e 

as localizações anatómicas, bem como com o consumo de tabaco. Adicionalmente, uma 

assinatura genética e epigenética associada ao risco dos doentes desenvolverem 

recidivas/metástases após o tratamento do tumor primário e também associada à 

sobrevivência, foi identificada. A análise genética das amostras não tumorais 

(provenientes das margens cirúrgicas) revelou alguns desequilíbrios similares aos 

identificados nas amostras tumorais, o que reforça a importância de analisar 
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molecularmente os doentes de elevado risco mesmo antes de qualquer alteração 

morfológica visível e também das lesões suspeitas, de forma a diagnosticar 

precocemente estes tumores e as suas recidivas. Na segunda parte do estudo utilizámos 

abordagens genómicas e transcriptómicas de larga escala e, identificámos assinaturas 

moleculares capazes de prever o desenvolvimento de recidivas/metástases e evolução 

clínica dos doentes. Estes estudos, usando quer painéis de sondas direcionados quer 

abordagens de todo o genoma, permitiram identificar as regiões cromossómicas e genes 

mais comummente alterados. As técnicas de análise de todo o genoma revelaram novas 

regiões cromossómicas e genes que parecem desempenhar um papel no 

desenvolvimento e evolução clínica do CECP. No geral, através desta caraterização 

genómica, epigenética e trasncriptómica, identificámos biomarcadores e assinaturas 

moleculares de prognóstico e sobrevivência, o que abre novas portas para a medicina 

personalizada no CECP. Finalmente, utilizámos estas tecnologias de genómica e 

epigenética para caraterizar quatro doentes paradigmáticos com CECP de forma a 

provar o benefício deste conhecimento molecular na conduta clínica. Várias regiões 

cromossómicas e genes relacionados com a resistência à radiação, quimioterapia, 

prognóstico e sobrevivência foram identificados, o que poderia ajudar na escolha do 

tipo e intensidade das modalidades de tratamento. Adicionalmente, foi realizada a 

caraterização molecular de linhas comerciais de CECP e de culturas primárias 

estabelecidas a partir destes doentes de CECP, o que revelou a ploidia e rearranjos 

estruturais complexos destes tumores, garantindo modelos celulares para futuros 

estudos no campo da radiação e farmacogenómica e ainda para uma melhor 

compreensão dos mecanismos moleculares de desenvolvimento e progressão do CECP. 

Este trabalho permitiu, de uma forma robusta, caracterizar molecularmente o CECP, 

usando diferentes abordagens ómicas nas mesmas amostras tumorais, ajudando assim a 

identificar novos biomarcadores de prognóstico e assinaturas moleculares com potencial 

translação à clínica. 

Palavras-chave: Biomarcadores; Diagnóstico e prognóstico molecular; Assinaturas 

genéticas e epigenéticas; Expressão genética; Metilação; Alterações do número de 

cópias; Desenvolvimento de recidivas/metástases; Tumores da cavidade oral; 

Carcinoma epidermóide da cabeça e pescoço; Integração ómica; Rastreio não-invasivo
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Head and neck cancer (HNC) is a general term that describes malignancies 

originating from a variety of sites in the upper aerodigestive tract, being the oral and 

nasal cavities, pharynx, and larynx the most affect sites (Figure 1) [Ragin et al. 2007].  

 

 

 

 

 The most common (~90%) histologic type of HNC is squamous cell carcinoma 

(HNSCC) [Leemans et al. 2011]. This carcinoma is frequently aggressive in its biologic 

behavior, so patients exhibit malignant phenotypes with invasion of surrounding tissue 

and distant metastasis. 

 At the time of the diagnosis, the majority (60–70%) of the HNSCC patients 

present loco-regionally advanced disease, but only 10% present metastatic disease [Argiris 

et al. 2008]. Patients presenting early stage (stage I and II) HNSCC remain frequently 

disease-free after treatment, while patients with more advanced disease stage (stage III 

and IV) often relapse, either loco-regionally and/or at distant sites [Colevas 2006; Vermorken 

2005]. Patients who develop an inoperable recurrence or metastasis have a poor prognosis 

with a median survival of 6-8 months [Goerner et al. 2010]. Approximately 33-50% of patients 

in western countries relapse [Molin and Fayette 2011]. Within two years after first diagnosis, 

almost half of advanced stage HNSCC patients develop loco-regional relapses 

regardless of the treatment modalities [Cooper et al. 2004] and even 10-30% of the patients 

that develop local recurrent disease had histopathologically tumor-free surgical margins 

after resection of the  primary tumor [Tabor et al. 2001]. Despite advances in therapy and 

diagnostic approaches, the long-term survival of HNSCC patients remains poor, with 

only 40–50% of patients surviving for 5 years [Leemans et al. 2011]. The frequent late 

diagnosis, the development of metastasis, locoregional recurrences and second primary 

tumors are referred as the major reasons for the lack of significant improvements in the 

survival rate of HNSCC in the last decades.  

Chapter 1 - Figure 1. The most common anatomic sites of HNC. 
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 HNC patients need to deal not only with a life-threatening diagnosis but also 

with the serious disfiguring and functional consequences of the treatment, being HNC 

for that a psychologically traumatic cancer.  

 Overall awareness of HNC is low compared with other cancers and includes a 

lack of knowledge of the term “head and neck cancer”, its common symptoms and risk 

factors, which is unfortunate since the risk factors could be avoided and HNC prognosis 

is good when early detected [Luryi et al. 2014]. 

 

Epidemiology, Etiology and Risk Factors 

 Worldwide, HNSCC is the sixth most common neoplasm and represents the 

third cause of cancer death [Galbiatti et al. 2013], with 900 000 new cases and 300 000 deaths 

annually [van Monsjou et al. 2013]. It is mainly a disease of the adult and aging population, 

almost 98% of the diagnoses occur in patients older than 40 years and 50% in patients 

older than 60 years [Mehanna et al. 2010] and is more common in males (2:1) [Leemans et al. 2011; 

Lim et al. 2016]. However, this disparity in the male/female ratio has become less marked in 

the last years probably due to the more similar exposure of both genders to the HNSCC 

risk factors. Likewise, the incidence of oropharyngeal cancer has been on the rise, 

particularly among individuals under 45 years of age [Pai and Westra 2009]. The incidence of 

this malignancy is higher in developed countries. India presents the highest rate of 

HNSCC, accounting for approximately 25–30% of all cancer cases [Ferlay et al. 2013], 

mainly due to the lifestyle [Nagpal and Das 2003].  

 The primary risk factors related to HNSCC development include tobacco use, 

alcohol consumption, human papilloma virus (HPV) infection (in oropharyngeal cancer) 

and Epstein-Barr virus (EBV) infection (in nasopharyngeal cancer).  

 Tobacco smoking is a well-established independent risk factor for HNSCC, 

correlating with the intensity and duration of the smoking habit [Hashibe et al. 2007]. This risk 

increases in patients which smoked for more than 20 years and more than 20 daily 

cigarettes smoked [Petti 2009]. The cigarette has approximately 4 700 substances, and at 

least 50 of these are carcinogenic, including nitrosamines and polycyclic hydrocarbons, 

which have genotoxic effects and therefore can change the molecular profile of the 

individuals, causing mutations that lead to malignant transformation of normal cells [Choi 

and Myers 2008; Galbiatti et al. 2013]. For example, HNSCC patients that were smokers presented 

more frequently mutations in the TP53 gene [Pai and Westra 2009]. Smoking cessation reduces 
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but does not eliminate the risk of cancer development [Kumar et al. 2008]. Patients who keep 

smoking habits during radiotherapy are more likely to develop osteoradionecrosis and to 

require hospitalization, causing the continuation of the smoking habit during treatment 

to be associated with an adverse effect on local control and survival [Shaw and Beasley 2016].  

Betel quid - a chewed preparation composed of areca nut, lime, and sometimes tobacco, 

all wrapped in betel leaf is an important risk factor especially in Southeast Asia where 

there is a high incidence of oral cavity cancers [Trivedy et al. 2002]. 

 Alcohol does not seem to be carcinogenic per se; however, acts as a solvent to 

enhance mucosal exposure to carcinogens, increasing their cellular uptake. The 

acetaldehyde, a metabolite of alcohol, can form DNA adducts, that interfere with DNA 

synthesis and repair [Poschl and Seitz 2004]. Patients that keep drinking heavily after treatment 

for HNSCC have a significantly worse quality of life [Potash et al. 2010] with a negative 

impact on survival [Fortin et al. 2009]. Only after more than 20 years of quitting alcohol the 

risk of developing HNC reaches the values of non-drinkers [Marron et al. 2010].  

 Alcohol and tobacco have a synergistic effect, so their simultaneous 

consumption increases the HNSCC risk in about 40-50 fold [Marur and Forastiere 2008; Rodriguez et 

al. 2004]. Since not all smokers and alcohol users develop HNSCC, the individual 

variation in the genetic susceptibility to the malignant transformation of the cells is also 

of paramount importance [Liang et al. 2012]. Prevalence of smoking and alcohol consumption 

has declined in the last years but the overall incidence of HNSCC has risen, which 

seems to be due to the increase in HPV infection [Walden and Aygun 2013].  

 Human papiloma virus, a group of small circular, double-stranded DNA virus, is 

in the origin of several proliferative epithelial lesions. There are several types of HPVs 

that infect the human mucosa. These types are classified as high-risk and low-risk HPV, 

being almost 90% of HPV-related HNC linked to the presence of HPV type 16, a high-

risk HPV type [Tornesello et al. 2014]. The high-risk HPV types are considered risk factors in 

about 25% of HNSCC, independent of other known risk factors, such as alcohol and 

tobacco [Hashibe et al. 2007]. Overall, HPV positive HNSCC patients have better outcomes, 

with tumors more responsive to treatment, a better survival and consequently a lower 

risk of dying from disease [Tornesello et al. 2014]. So, positive HPV status is an important 

prognosticator of response to therapy and survival. 

 The mode of transmission of HPV in HNC has not been fully determined, but 

has been linked to patterns of sexual activity, mainly a history of multiple sexual 

partners, early age of first intercourse, and frequent oral sexual practices [D'Souza et al. 2007].  
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 HPV mediates carcinogenesis mainly through its E6 and E7 viral oncogenes. E6 

oncoprotein targets TP53 for proteasomal degradation in an ubiquitin dependent way 

and E7 oncoprotein binds to and inhibits the pRb, which promotes the aberrant cell 

proliferation (Figure 2) [Leemans et al. 2011].  

 

Chapter 1 - Figure 2. Schematic representation of malignant transformation in HNSCC 

mediated by the HPV oncoproteins E6 and E7. 

 

 Some inherited disorders that predispose to HNSCC are described, namely 

Fanconi's anemia, hereditary non-polyposis colorectal cancer, Li-Fraumeni syndrome 

and ataxia telangiectasia [Argiris et al. 2008].  

 The diet can also be associated with decreased risk for HNSCC. Diet with high 

consumption of fruit and vegetable and low intake of red meat, was associated with 

HNSCC reduced risk [Chuang et al. 2012].  

 Deficient oral hygiene, dental plaque formation and chronic irritation to the 

lining of the mouth are also risk factors for HNSCC development. The formation of 

polymicrobial supragingival plaque has a relevant mutagenic interaction with saliva 

which might trigger the development of oral cavity carcinomas, and periodontal 

diseases resulting from poor oral hygiene can lead to infections with consequent release 

of inflammatory mediators such as cytokines and the reactions against inflammation can 

also promote cancer development [Galbiatti et al. 2013]. The loss of teeth leads to the 

alterations of oral flora, with the reduction of nitrites and nitrates and the production of 
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acetaldehyde, which promotes the formation of DNA adducts [Bloching et al. 2007; Choi and Myers 

2008].  

 The family history might also play an important factor in HNSCC development 

due to the inheritable genetic factors related to HNSCC risk, such as genetic 

polymorphisms involved in the carcinogens metabolism and DNA repair [Galbiatti et al. 2013]. 

Occupational activity also seems to be associated with HNSCC. Manual occupational 

activities, low income, low occupational-social class, low educational attainment and 

unemployment correlate with increased risk for HNSCC development [Conway et al. 2010], 

due to frequent exposure to sunlight and carcinogenic substances.  

 

Signs and symptoms   

 HNSCC development is a multi-step process involving the transition from 

potentially malignant lesions to metastatic tumors. The 5-year survival of HNSCC 

patients is directly linked to stage at diagnosis, being in this way early detection the 

cornerstone to improve the survival and quality of life of the survivors. 

 Precursor lesions and earliest stages of HNSCC are often very subtle and 

asymptomatic, while later stage symptoms, depending on the primary cancer site, often 

include nonhealing sores or ulcers in the mouth, bleeding, loosening of teeth, difficulty 

wearing dentures, dysphagia, dysarthria, odynophagia, hoarseness, nasal bleeding or 

blockage, pain in the ear and growth of a neck mass [Marur and Forastiere 2008; Neville and Day 2002; 

Sanderson and Ironside 2002]. Enlargement of cervical lymph nodes, as the first symptom, is 

frequent in the tongue base, supraglottis and nasopharynx tumors [Sanderson and Ironside 2002].  

The invasive oral squamous cell carcinoma is sometimes preceded by clinically 

identifiable potentially malignant lesions of the oral mucosa, which could be either 

white or red patches, named leukoplakia and erythroplakia that with malignant 

transformation evolve to a non-healing ulcer [Neville and Day 2002].  

 The head and neck (HN) area is highly sensitive to pain due to its rich 

innervation and the confinement of many anatomical structures to a small space, and 

thus the persistent pain could be due to a direct tumor effect or nerve invasion.  

 It is important to refer that the general public has a scant knowledge about the 

signs, symptoms and risk factors of HNSCC, and since this carcinoma is preventable 

and curable through avoidance of risk factors and treatment at early stages, increased 

public awareness should benefit both prevention and survival [Luryi et al. 2014]. 
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Screening and diagnosis 

 Numerous efforts have been dedicated to the development of new strategies for 

detection, diagnosis and treatment of HNSCC. Screening for this neoplasm would be 

crucial to early diagnosis and consequently treatment with less aggressive modalities, 

which would improve the quality-of-life and the overall survival of the patients. 

  Medical screening is a strategy that allows detecting a disease or a high 

probability of developing a disease in individuals without any signs or symptoms [Awan 

2014]. HNC screening is based on thorough history and physical examination, namely 

visual and tactile examination of the oral cavity and neck, as well as indirect mirror or 

direct fiber optic examination of nasal cavity, oropharynx, larynx and hypopharynx [Luryi 

et al. 2014]. Visual and tactile examination is subjective and dependent of the clinicians' 

training and skills. Biopsy of suspicious lesions followed by histopathological analyses 

is still the core method to identify and diagnose malignant disorders, presenting the 

major limitations of being invasive, expensive and lengthy, as well as the inability to 

perform several analyses in short periods of time during the course of treatment and in 

the subsequent years of follow up [Awan 2014].  

 Some methods that might help in the early diagnosis of these tumors include 

brush biopsy, toluidine blue staining, auto fluorescence and spectroscopy. The 

identification of putative biomarkers in body fluids using genomic, transcriptomic, 

proteomic and metabolomic approaches is also being intensively explored, but without 

implementation in clinical practice until now [Guerra et al. 2016]. 

 There are several imaging techniques, such as nasopharyngolaryngoscopy, 

computed tomography (CT), magnetic resonance imaging (MRI) and positron emission 

tomography (PET), habitually used to observe the extent of the primary tumor, invasion, 

regional lymph node status, and distant metastatic disease, guiding in the HNSCC 

staging [Neville and Day 2002].  

 

Treatment 

 Currently, HNSCC is still classified only according to the T (size of tumor) N 

(involvement of loco-regional lymph nodes) and M (evidence of distant metastasis) 

system with different criteria for different primary sites. The tumors are staged I-IV 

with stages III-IV representing a more advanced disease. The tumor stage is vital in 
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clinical practice to guide the therapeutic decision making and to compare outcomes of 

therapy; however, this classification system does not take into account the variability in 

clinical outcome, lacking for instance biological and molecular markers, which leads to 

the use of the same treatment approach for different tumors [Prince et al. 2010].  

 Treatment for HNC is complex and usually debilitating. There are three 

traditional treatment modalities for HNSCC: surgery, chemotherapy, and radiotherapy 

(RT), which are characteristically aggressive and cause side effects that hamper the 

patient quality of life (Figure 3).  

 

 

 

 During the last years, the timing and combinatorial approaches of these 

treatment options have changed, with inclusion of induction chemotherapy and 

concurrent chemoradiation therapy (CTR).  

 Induction chemotherapy is given before surgery or radiation, and CRT is given 

during radiotherapy.  

 Surgical techniques have suffered advances namely with the development of 

microvascular free tissue transfer and the endoscopic and robotic techniques [Prince et al. 

2010]. In conventional RT, the primary tumor and gross adenopathy are irradiated with 70 

Gy, delivered in single fractions of 1.8 to 2.0 Gy [Marur and Forastiere 2008].  Nowadays, new 

techniques to better locoregional control consist in the alteration of dose and frequency 

of irradiation, such as hyperfractionated RT that consists of giving to the patients 

treatments more often but at lower doses (1.2 Gy twice daily; a total of 81.6 Gy over the 

Chapter 1 - Figure 3. Most common treatment algorithm for HNSCC patients; however, 

additional options and combinations could be followed by clinicians. 
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course of 7 weeks), accelerated fractionation RT that consists of giving to the patients 

more irradiation in a shorter period of time (1.6 Gy twice daily; 67.2 Gy over the course 

of 6 weeks) and accelerated fractionation with a concomitant boost (1.8 Gy daily and 

1.5 Gy daily as a boost for the last 12 days only; 72 Gy over the course of 6 weeks) 

[Marur and Forastiere 2008]. The chemotherapeutic drugs more extensively used in HNSCC are 

methotrexate, cisplatin, 5-fluorouracil (5-FU) and taxanes [Molin and Fayette 2011].  

 Early diagnosed HNSCC (stage I or II) has a good prognosis and have been 

successfully treated with single modalities, surgery or radiation [Cognetti et al. 2008], with a 

90% cure rate [Schutt et al. 2012].  

 The standard treatment modalities for patients with locally advanced and 

regional HNSCC (stage III and IV) are primary surgery followed by 

chemoradiotherapy. Induction chemotherapy is also an option that can be considered, 

since a 5% increase in survival was reported when performed with cisplatin and 5-

fluorouracil [Pignon et al. 2000]. Additionally, a reduction in metastases and an increase in 

local control of the primary tumor were also observed, which is particularly relevant, 

not only because at 2 years, almost 20% of patients with locally advanced disease, 

initially treated with concurrent chemoradiotherapy present distant metastasis, but also 

because the reduction of tumor size can turn an unresectable lesion into a tumor eligible 

for surgery [Haddad and Shin 2008].  All treatments present side-effects, and neutropenia, 

febrile neutropenia, and diarrhea are linked to induction chemotherapy, causing this 

treatment to be most useful in younger patients with good performance status, large 

primary tumors or bulky lymph node involvement, and very symptomatic disease [Haddad 

and Shin 2008].  

 Postoperative chemotherapy should be offered to patients that present positive 

margins, extracapsular invasion and the involvement of many lymph nodes [Schutt et al. 

2012]. 

 Frequently, patients with a loco-regional recurrence or metastatic disease are 

only eligible for palliative treatment, which includes supportive care, single-agent 

chemotherapy, combination chemotherapy or targeted therapies either alone or in 

combination with cytotoxic agents [P. M. Specenier and Vermorken 2008].  

 The current treatment modalities present tremendous side effects that limit their 

use in some patients, as example the disfiguring and the loss of important head and neck 

functions as result of surgery and radiation, or internal organ damage and dysfunction 
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caused by chemotherapy, specially the platinium salts that have been linked to 

neuropathy, nephrotoxicity, hearing loss, nausea, and vomiting [Tsao et al. 2006].  

 At the moment, cetuximab (Erbitux®), a chimeric monoclonal antibody of the 

immunoglobulin G1 class that binds with high affinity to the extracellular domain of the 

human EGFR (Epidermal Growth Factor Receptor), is the only targeted agent approved 

for the treatment of HNSCC, namely in combination with RT for the treatment of 

locally advanced disease and in combination with platinum based chemotherapy for the 

treatment of recurrent and/or metastatic disease.  

 EGFR is a transmembrane tyrosine kinase receptor overexpressed in almost 90% 

of HNSCC [Ang et al. 2002]. Thus, the high expression of EGFR ligands in HNSCC induces 

dimerization of EGFR, autophosphorylation of its intracellular kinase domain and, 

consequently the activation of several oncogenic pathways related to tumor cell growth, 

angiogenesis, and invasion [Kalyankrishna and Grandis 2006]. 

 The affinity of Cetuximab for EGFR is approximately 5-10 fold higher than that 

of the endogenous ligands leading to the inhibition of the receptor function by blocking 

of ligand binding, prevention of receptor dimerization, and induction of the 

internalization and degradation of EGFR [P. Specenier and Vermorken 2013]. Cetuximab together 

with RT in the treatment of locally advanced HNSCC presented a benefit of 10% in the 

overall survival of the patients without increasing toxicity [Bonner et al. 2006].  

 There are other targeted agents under evaluation, namely panitumumab (a fully 

humanized anti-EGFR IgG2 mAb), erlotinib and gefitinib (tyrosine kinase inhibitors, 

TKIs, of EGFR), lapatinib (a dual TKI of EGFR and human epidermal growth factor 

receptor 2), sorafenib (a multitargeted TKI) and bevacizumab (a humanized anti-

vascular endothelial growth factor monoclonal antibody), either  in monotherapy and/or 

combined therapies for locally advanced or in recurrent/metastatic disease [Frampton 2010]. 

Cancer immunotherapy is based in the principle that tumors can be recognized as 

foreign rather than as self and, therefore, can be effectively attacked by an activated 

immune system. So, tumor progression results from the acquisition of traits that permit 

cancer cells evading immune surveillance and, consequently an effective immune 

response [Ferris 2015]. Immunotherapy, most significantly the immune checkpoint 

inhibitors targeting cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and 

programmed cell death protein 1 (PD-1) holds great potential to fight HNSCC [Ferris 2015]. 

In this sense, the therapeutic promise for HNSCC patients reside in immunomodulatory 

therapies that are able to overcome immune suppressive signals, such as cancer vaccines 
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using tumor peptide antigens, viral, bacterial, and DNA-based vector and tumor 

antigen-specific monoclonal antibodies [Ferris 2015]. 

 Cancer treatment requires a fragile balance between complete eradication of 

tumor and preservation of the anatomical form and function of the organs. Regarding 

HN there are unique challenges in the treatment of these patients since this region 

supports several vital functions such as respiration, articulation, mastication, and 

deglutition. Quality of life is also an important factor in clinical decision-making for 

treatment planning since HN structures are the basis for human social interactions and 

individual identity of the person [Prince et al. 2010].  

 The choice of treatment modalities should take into account the performance 

status, co-morbidities prior treatments, symptoms and also patient preference. It is 

important to reinforce that HNC has a huge psychological traumatic impact in the 

patients, due to the negative effects of the tumor and also the consequences of the 

treatment in the swallowing, speaking, tasting, and smelling, as well as at esthetic level, 

which create difficulties with the social interactions leading to depression, anxiety, 

isolation and shame, being more than one third of HNC patients confronted with 

psychological problems [Zabora et al. 2001].  

 

Molecular alterations in HNSCC 

 HNSCC is a genetically and biologically heterogeneous disease that results from 

the accumulation of numerous genetic and epigenetic alterations in several signaling 

pathways, which hampers not only the efforts to precisely predict the prognosis, but also 

the identification of the altered genes that are behind the origin of tumor development 

and could become targets for new therapies [Leemans et al. 2011].  

 It is crucial to understand and identify the full spectrum of molecular alterations 

of HNSCC in order to identify new therapy targets. Molecular alterations linked to 

different pathways involved in proliferation, squamous epithelial differentiation, cell 

survival, invasion and metastasis were reported in HNC [Rothenberg and Ellisen 2012]. EGFR-

PI3K-AKT-mTOR signaling cascade seems to be a vital player in the tumorigenesis of 

HNSCC, where several components of this pathway such as EGFR, PI3K and mTOR 

have been shown to be highly activated in HNSCC patients, due to genetic and 

epigenetic alterations [Freudlsperger et al. 2011]. This pathway is attractive for molecular target 

therapy (Figure 4).  
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 Nowadays, targeting EGFR was introduced in the HNSCC therapy, with 

cetuximab being used in clinical practice in patients with locally advanced tumors and 

recurrent or metastatic disease. However, numerous preclinical and clinical studies are 

still evaluating the role of different inhibitors of this pathway to treat HNSCC, being 

this a hard task, as frequently clinical trials did not confirm the expected results, 

probably due to the complexity of this pathway and the crosstalk and redundancy with 

other pathways [Freudlsperger et al. 2011]. 

 

 

Chapter 1 - Figure 4. Overview of EFGR-PI3K-AKT-mTOR signaling pathway with some 

targeted agents under clinical trials for the treatment of HNC. 

 

• Epidermal Growth Factor Receptor (EGFR) signaling 

 EGFR signaling has been related to carcinogenesis, tumor progression and 

response to therapy in HNSCC. This was the first receptor tyrosine kinase (RTK) to be 

discovered. The receptors of the EGFR family all are composed of an extracellular 

ligand binding domain, a single transmembrane domain and a cytoplasmic domain 

containing a conserved protein tyrosine kinase (PTK) core, flanked by regulatory 

sequences [Schlessinger 2002]. The activation of receptor tyrosine kinases occurs when 

ligands bind to EGFR receptors, leading to a dimerization that is followed by 

intermolecular autophosphorylation of key tyrosine residues [Stadler et al. 2008]. 

Phosphorylated receptor has the potential to trigger several oncogenic intracellular 
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signaling pathways and, consequently hallmarks of cancer [Citri and Yarden 2006]. Several 

downstream effectors of EGFR are activated in HNSCC, namely ERK1/-2, akt, STAT3, 

STAT5 and COX2.   

 In HNSCC, EGFR is overexpressed in almost 90% of tumors, especially in more 

advanced-stage and also in poorly differentiated carcinomas, being this overexpression 

associated with decreased patient survival rates and with resistance to some therapeutic 

modalities [Kalyankrishna and Grandis 2006].  

 Nowadays there are numerous ongoing trials in HNSCC patients investigating 

potential target agents, both tyrosine kinase inhibitors and antibodies against several 

receptors. 

 The combination of RT with EGFR-specific antibody cetuximab showed an 

improvement in locoregional control and progression-free survival over RT alone, and 

also some increase in survival in the palliative setting in locoregionally advanced and 

metastatic tumors [Bonner et al. 2006; Vermorken et al. 2008].  

 

• Phosphatidylinositol-3-kinase/protein kinase B pathway (PI3-K/Akt) 

 The phosphatidylinositol-3-kinase/protein kinase B (PI3-K/Akt) signal 

transduction pathway has been shown to regulate several cellular processes related to 

carcinogenesis. This pathway has been shown to be activated in up to 50–80% of 

HNSCCs and is one of the main downstream signaling pathways activated by 

EGF/tyrosine Kinase receptor [Lothaire et al. 2006].  This pathway could also be activated 

through direct mutation or amplification of PIK3CA, amplification of AKT1, activation 

of the RAS oncogenes, and/or decreased expression of the tumor-suppressor protein 

PTEN, an inhibitor of the PI3-K/Akt pathway [Bussink et al. 2008]. PTEN is a tumor 

suppressor gene that presents homozygous deletions or inactivating mutations in 

HNSCC, correlating the lack of PTEN expression with aggressive tumors and poor 

overall survival [Di Cristofano and Pandolfi 2000]. Activated AKT promotes the increased 

expression of numerous proteins related to apoptosis inhibitors, cell cycle inhibitors and 

transcription factors, such as Bcl-2, Bcl-x and NF-kB, which leads to cell proliferation 

and survival [Tafe 2017].  The potential clinical benefit of PI3-K/Akt pathway as 

therapeutic target in HNSCC holds significant promise. 
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• Mammalian Target of Rapamycin (mTOR) 

 Mammalian target of rapamycin (mTOR), an atypical serine/threonine kinase, is 

a major downstream effector of Akt and regulates cell growth through controlling 

growth factor and nutrient signaling [Shamji et al. 2003]. There are two different mTOR 

complexes: 1) mTOR complex 1 (mTORC1), that is regulated by growth factors, 

nutrients, energy status, oxygen and cellular stress that promote protein synthesis, cell 

proliferation and survival, ribosome biogenesis, angiogenesis, migration, invasion, and 

metastasis; and 2) mTOR complex 2 (mTORC2), that functions in actin remodeling, 

cell-cycle progression, and cell survival [Gao et al. 2012]. This signaling pathway is activated 

by several growth factors, such as VEGF, FDGF, EGF, IGF1, hormones, nutrients and 

oxygen [Dancey 2006]. This pathway plays a central role in HNSCC and, consequently the 

expression levels of mTOR and downstream targets eIF4E, 4EBP1, S6K1, and S6 are 

promising diagnostic and prognostic biomarkers for HNSCC [Gao et al. 2012]. Rapamycin, a 

mTOR inhibitor and its derivatives showed antitumor activity in HNSCC both in 

vitro and in vivo [Freudlsperger et al. 2011].  

 

Biomarkers 

 Nowadays, there is a growing amount of molecular markers with potential 

clinical applicability at prognostic and diagnostic level in HNC field. The understanding 

of these biological markers and the corresponding disrupted signaling pathways is still 

beginning due to the great heterogeneity of these tumors, hampering the establishment 

of a truly personalized treatment for these patients. By tailoring treatment to the specific 

molecular profile of each tumor, the treatment response and consequently the survival 

could be improved. Thus, understanding the molecular mechanisms of HNSCC is 

pivotal to identify biomarkers, which could be detected in tumor tissue, saliva or in the 

serum and that could 1) lead to early cancer detection in diagnostic screenings; 2) be 

used as prognosticators to guide treatment modality decisions and 3) monitor patients 

during the course of treatment and in the follow-up period [Schutt et al. 2012].  Nowadays, 

several potential biomarkers have been pointed out; however, none has been translated 

to clinical practice yet. Several examples of putative biomarkers for HNSCC are listed 

in table 1. 
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 Bearing in mind the clinical and molecular heterogeneity of HNSCC and their 

multifactorial nature, it seems crucial to combine several molecular biomarkers in order 

to early diagnose these tumors and the relapses. This study has focus on omics profiles 

to predict local relapses/metastasis, signaling pathways associated to targeted therapy 

and resistance to conventional drugs through the identification of different molecular 

groups with apparently different clinical outcomes using genomics, transcriptomics and 

epigenetics (Figure 1). 

 

 

 

 

The main research question was: "Different omics profiles are associated with 

different clinical outcomes in HNSCC?" and consequently: "Can these different profiles 

be associated with biomarkers that can guide early diagnosis, prognosis and therapeutic 

management of these patients?" To address these questions the specific aims of this 

work were: 

• Identify specific molecular patterns for each stage and anatomic site of 

HNSCC and for the tumors associated with different risk factors (tobacco 

and alcohol or HPV); 

• Identify molecular signatures that could have a role in the prediction of 

metastatic/local recurrent disease, which would have an essential impact 

to choose or intensify the treatment modalities;  

• Identify possible molecular patterns related to radiation and/or 

chemotherapy resistance;  

Chapter 2 - Figure 1. Omics integration in this study for HNSCC characterization. 
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• Characterize HNSCC recurring to an integrative omic approach and 

correlate with clinical outcome; 

• Develop an easy non-invasive approach with costs compatible with 

routine diagnostic to screen high-risk populations and patients follow-up. 

 

 This work is an example of translation research in terms of strategy design with 

data integration, which can contribute to a significant step forward in the body of 

knowledge of HNSCC, with practical implications in the management of these patients 

(Figure 2).    

 

 

 

 

 

  

 

Chapter 2 - Figure 2. Design of the study with the different phases evaluated. 
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Abstract  

Purpose The identification of genetic markers associated with oral cancer is considered 

essential to improve the diagnosis, prognosis, early tumor and relapse detection and, 

ultimately, to delineate individualized therapeutic approaches. Here, we aimed at 

identifying such markers. Methods Multiplex Ligation-dependent Probe Amplification 

(MLPA) analyses encompassing 133 cancer-related genes were performed on a panel of 

primary oral tumor samples and its corresponding resection margins (macroscopically 

tumor-free tissue) allowing, in both types of tissue, the detection of a wide arrange of 

copy number imbalances on various human chromosomes. Results We found that in 

tumor tissue, from the 133 cancer-related genes included in this study, those that most 

frequently exhibited copy number gains were located on chromosomal arms 3q, 6p, 8q, 

11q, 16p, 16q, 17p, 17q and 19q, whereas those most frequently exhibiting copy 

number losses were located on chromosomal arms 2q, 3p, 4q, 5q, 8p, 9p, 11q and 18q. 

Several imbalances were highlighted, i.e., losses of ERBB4, CTNNB1, NFKB1, IL2, 

IL12B, TUSC3, CDKN2A, CASP1, and gains of MME, BCL6, VEGF, PTK2, PTP4A3, 

RNF139, CCND1, FGF3, CTTN, MVP, CDH1, BRCA1, CDKN2D, BAX, as well as 

exon 4 of TP53. Comparisons between tumor and matched macroscopically tumor-free 

tissues allowed us to build a logistic regression model to predict the tissue type (benign 

versus malignant). In this model, the TUSC3 gene showed statistical significance, 

indicating that loss of this gene may serve as a good indicator of malignancy. 

Conclusions Our results point towards relevance of the above mentioned cancer-related 

genes as putative genetic markers for oral cancer. For practical clinical purposes, these 

genetic markers should be validated in additional studies. 

 

Keywords: Oral squamous cell carcinoma; Genetic profile; Chromosomal imbalances; 

Copy number losses and gains 
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Introduction 

 Oral cavity tumors constitute a subgroup of head and neck tumors that rank sixth 

in prevalence, with an annual incidence of almost 600.000 cases worldwide [Jemal et al. 

2009]. The most common histological subtype is oral squamous cell carcinoma (OSCC). 

Tumors of the oral cavity exhibit a complex etiology involving multiple environmental, 

toxic, and viral factors. In addition to tobacco and alcohol consumption, human 

papilloma virus (HPV) infection is a well-known risk factor for OSCC [Ambatipudi et al. 2011]. 

In spite of advances that have been made in diagnostic technologies and treatment 

modalities, these tumors are still diagnosed at relatively late stages and, consequently, 

no major improvements in survival rates have been made. Patients with a positive 

OSCC diagnosis undergoing primary treatment show recurrence rates ranging from 25-

45% [Kowalski 2002; Liu et al. 2007; Nathanson et al. 1989; Rate et al. 1991; W. Wang et al. 2011; Wong et al. 2003].  

Early detection is considered the gold key for decreasing morbidity and mortality rates, 

as well as for reducing healthcare costs. OSCC development results from the 

accumulation of both genetic and epigenetic changes, and studies have been reported 

aimed at identifying aberrantly expressed genes that can be used in the classification, 

diagnosis and prognosis of OSCC, including the prediction of treatment outcome [B. J. 

Braakhuis et al. 2005; Weiss et al. 2013]. Although copy number imbalances have been reported to 

occur in almost all chromosomes, it appears that some chromosomal regions are 

recurrently affected in these tumors [Guervos et al. 2007]. Overall, however, oral cancer 

displays a vast genetic and biologic heterogeneity, and the most challenging task is to 

establish the clinical relevance of each molecular subgroup associated with specific 

histopathological features. Therefore, establishing correlations between molecular data 

and disease phenotypes appears to be crucial to (i) confirm the histological type and the 

stage of the tumor and (ii) predict more accurately the patient’s outcome. Due to the 

currently limited clinical and pathological capability of identifying patients at high-risk 

of treatment failure, better biomarkers for prognosis are urgently needed. Ultimately, it 

will be imperative to take into account the genetic profile of each individual patient in 

order to be able to delineate personalized therapeutic strategies. In the present study, we 

have established the genetic profiles of 35 OSCC samples and correlated the results 

obtained with its corresponding clinicopathological characteristics. The putative 

relevance of the most frequent genetic changes encountered, including their 

applicability in routine clinical practice are discussed. 



3. Results 

3.1. Genetic and Epigenetic Studies 

34 Ribeiro et al. Cellular Oncology (2014) 37:1 doi:10.1007/s13402-013-0161-5 

    

Materials and Methods 

Tumors and control samples 

 The present study was conducted on 35 primary oral tumor samples with 

corresponding resection margins (macroscopically tumor-free tissue) from 28 patients. 

These samples were obtained between 2010 and 2012 from the Maxillofacial Surgery 

and Stomatology Unit of the Coimbra Hospital and University Centre, CHUC, EPE, 

Portugal. All patients were submitted to surgery and the histopathologic diagnoses of 

the mirror sections of the samples were performed by two different pathologists. 

Hematoxylin and eosin staining was used to evaluate the tumor content in each 

specimen. In our cohort, all samples contained at least 50% tumor cells. Diagnosis and 

staging were performed according to the American Joint Committee on Cancer TNM 

staging system [Wittekind et al. 2003] for OSCCs. All patients provided informed consent in 

accordance with the regulations in the Declaration of Helsinki. The study was approved 

by Ethics committee of the Faculty of Medicine of the University of Coimbra. Detailed 

characteristics of our OSCC cohort are listed in table 1. As controls, gingival tissues 

from healthy donors subjected to “wisdom teeth” removal were included. DNAs from 

patient and control samples were extracted using a High Pure PCR Template 

Preparation Kit (Roche GmbH, Mannheim, Germany) according to the manufacturer’s 

instructions, and quantified using a Nanodrop 1000 Spectrophotometer (Thermo 

Scientific, USA). 

 

Multiplex Ligation-dependent Probe Amplification (MLPA) 

 MLPA was performed using four tumor-specific MLPA probe panels. Overall, 

these four panels (P005, P006, P007 and P014; MRC-Holland, Amsterdam, The 

Netherlands) included 154 probes targeting 133 different genes located on all human 

autosomes (supplementary Table 1). The P014 panel was exclusively designed for 

chromosome 8, allowing a more comprehensive study of this chromosome as compared 

to the other ones. Details of the probe sequences, gene loci and chromosomal locations 

can be found at: www.mrc-holland.com. All MLPA reactions were performed according 

to the protocol described by Schouten et al [Schouten et al. 2002]. Briefly, DNA samples (5 µl) 

were heated at 98 ºC for 10 min. After the addition of the probe mix, samples were 

heated for 1 min at 95 ºC and then incubated for 16h at 60 ºC. Ligation of the annealed 

oligonucleotide probes was performed for 15 min at 54 ºC in buffer containing Ligase-
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65. After inactivating the ligase by heating at 98 ºC for 5min, multiplex PCR was 

carried out using FAM-labeled primers, dNTPs and SALSA polymerase. PCRs were 

performed for 35 cycles of 30 sec at 95 ºC, 30 sec at 60 ºC and 1 min at 72 ºC. All the 

reactions were carried out in a thermal cycler equipped with a heat lid (ABI 2720, 

Applied Biosystems, Foster City, CA, USA). Finally, the PCR products were heat 

denatured and analyzed using a Gene Scan ABI PRISM 3130 capillary electrophoresis 

system (Applied Biosystems, Foster City, CA, USA). Three normal controls and a 

negative control (without DNA) were included in each MLPA assay. The results are 

displayed as ratios between references and experimental samples. For each MLPA 

probe we determined specific cut-off values for gain and loss, using the values limiting 

the 95% confidence interval (CI) as determined on non-cancer samples. A numerical 

gain was scored when the ratio was higher than 1.2 and a numerical loss was defined 

when the ratio was lower than 0.8.  

 

HPV typing 

 All tumor tissue samples were analyzed for HPV infection as described by 

Nobre et al [Nobre et al. 2010]. Briefly, PCR was performed using established general 

consensus and degenerate primer sets, i.e., GP5+/GP6+ and MY09/MY11, which were 

designed to amplify a fragment of the L1 gene of mucosatropic HPVs. For genotyping 

we performed Sanger sequencing of intra-primer segments within the amplified 

fragments in order to determine the specific types of HPV present in the samples. In 

addition to DNA sequencing, we complemented our analyses by DNA microarray 

hybridizations, using HPV CLART2 arrays (Genomica), to address cases that showed 

infection with multiple HPV genotypes. 

 

Statistical analysis 

 The statistical analysis was carried out using the statistical software package 

IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp. The 

significance level adopted was p = 0.05. From detailed descriptive analyses and chi-

square tests corrected for multiple comparisons (Bonferroni correction), it was possible 

to reduce the number of genes with statistical meaning for distinguishing tumor tissue 

from macroscopically tumor-free tissue, selecting only those that were significantly 

imbalanced between the two groups. We then performed a logistic regression (forward: 
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conditional) model using these genes (thirteen in total), in order to assess their 

usefulness as predictors of the tissue type. 

 

 

Chapter 3.1.1 - Table 1. Patient and tumor characteristics 
 Patients (n = 35) 

Mean Age, years (range) 61.5 (37-84) 

Sex  

    Male 30 

    Female 5 

Smoking (cigarettes/day)  

    ≥20 21 

   < 20 3 

    None 11 

Alcohol  

    Yes 4 

    None 4 

    Not recorded 27 

Stage  

     I and II 14 

     III and IV 21 

Site  

    Tongue   13 

    Floor of the mouth 12 

    Buccal mucosa 4 

    Retromolar trigone 4 

    Gingival 2 

Pathological margin status  

     Positive 2 

     Negative 33 

Treatment  

    Surgery + RT  9 

    QT + Surgery   3 

    Surgery + RT + QT 7 

    Surgery only 16 

Clinical outcome  

    Alive 22 

    Death from the disease 12 

    Dead from the other cause 1 

RT - Radiation therapy; QT - Chemotherapy 

 

Results 

Genetic profiles of tumor tissues and macroscopically tumor-free tissues  

 All oral tumor samples included in this study were analyzed by MLPA in order 

to establish their genetic profiles. The sex chromosomes were excluded from the 

analyses since the control and tumor samples were not gender-matched. We observed 

genetic alterations in all 35 tumor samples analyzed and, in addition, in 23 of the 28 
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macroscopically tumor-free tissue samples recovered from surgical margins (Figure 

1A). The numbers of alterations detected in both tissues were, however, very different 

(Figure 1A, B). As expected, we detected more copy number imbalances in the tumor 

tissues than in the macroscopically tumor-free tissues. Besides this, the distribution of 

the imbalances in terms of losses and gains by chromosome was very consistent for 

some chromosomes, i.e., 3p and 8p showed mostly losses, whereas 3q and 8q frequently 

showed gains; chromosomes 4 and 5 only showed losses for the genes analyzed. 

Additionally, on chromosomes 19 and 20 we encountered more frequently gains than 

losses for the genes analyzed. In the tumor tissues of these 35 patients, we found that 

from the 133 genes analyzed, those with the most frequent gains were localized on 

chromosomal arms 3q, 6p, 8q, 11q, 16p, 16q, 17p, 17q and 19q, whereas those with the 

most frequent losses were localized on chromosomal arms 2q, 3p, 4q, 5q, 8p, 9p, 11q 

and 18q (Figure 1B). In the macroscopically tumor-free tissues, the most frequent gains 

were localized on chromosomal arms 6p, 16p, 17p, 17q and 19q, whereas the most 

frequent losses were localized on chromosomal arms 3p and 9p (Figure 1B). In contrast, 

we found that the genes tested on chromosomes 10 and 15 did not exhibit imbalances 

(gains or losses) in more than two patients.  

 

Chapter 3.1.1 - Figure 1. Genetic imbalances (gains and losses) in 35 OSCC patients detected 

by using four MLPA probe mixes. Losses of genetic material are represented in red, gains in 
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blue. A) The results above the black line correspond to macroscopically tumor-free tissue and 

the results below this line correspond to tumor tissue. Each line represents one patient and each 

pixel in this line corresponds to one gene. Gray represents genes without alteration, and each 

shade of gray shows the localization of the genes on each specific chromosome. From left to 

right, the genes are ordered by chromosome, from the short arm to the long arm. Each white 

pixel on macroscopically tumor-free tissue means that no information, since we did not have 

macroscopically tumor-free tissue for all patients analyzed. B) Picture showing the percentage 

of imbalances by chromosome in tumor tissue and in macroscopically tumor-free tissue for each 

gene analyzed, excluding the imbalances detected in HPV-positive patients. Each arrow 

represents one gene. 
  

Overall, we found that the number of samples that showed losses of genetic 

material was lower than those showing gains. Chromosome 8 showed most gains and 

losses in the largest number of patients (Figure 1B). It is important note here that in this 

study we used one probe panel specific for chromosome 8 with probes for 30 genes 

mapped on this chromosome, which allowed a more comprehensive assessment of this 

chromosome compared to the other ones. We also found that no single gene was altered 

in all patients. Figure 2 illustrates the most commonly altered genes on the 12 

aforementioned chromosomes in tumor tissues, as well as in macroscopically tumor-free 

tissues. Thus, from the 133 genes analyzed (Figure 2), the following were the ones 

showing frequent losses in tumor samples: ERBB4 (2q33.3-q34), CTNNB1 (3p21), 

NFKB1 (4q24), IL2 (4q26-q27), IL12B (5q31.1-q33.1), TUSC3 (8p22), CDKN2A 

(9p21) and CASP1 (11q23). It is also important to note that we detected homozygous 

deletions for both the CDKN2A and CDKN2B genes in one patient. Additionally, the 

following genes: MME (3q25.2), BCL6 (3q27), Hs. 570518 (3q28), VEGF (6p21.1), 

PTK2 (8q24.3), PTP4A3 (8q24.3), RNF139 (8q24), CCND1, FGF3, CTTN (11q13), 

MVP (16p11.2), CDH1 (16q22.1), exon 4 of TP53 (17p13.1), BRCA1 (17q21), 

CDKN2D (19p13) and BAX (19q13.3-q13.4) frequently showed gains in the tumor 

samples. In the macroscopically tumor-free tissues the genes that showed the most 

frequent losses were: PIK3CA (3q26.3) and CDKN2A (9p21), whereas VEGF (6p21.1), 

KCNK9 (8q24.3), MVP (16p11.2), exon 4 of TP53 (17p13.1), BRCA1 (17q21), CRK 

(17p13.3), CDKN2D (19p13) and BAX (19q13.3-q13.4), showed the most frequent 

gains. 

  

Genetic imbalances predicting clinicopathological features 

 Next, we generated a logistic regression model to predict the type of tissue 

(tumor versus macroscopically tumor-free) using the DLGAP2, TUSC3, EXT1, RNF139, 
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MYC, DDEF1, PTK2, PTP4A3 and RECQL4 genes on chromosome 8, and the CCND1, 

FGF3, CTTN and BIRC2 genes on chromosome 11 as predictors. The final model (-2LL 

= 24.004; Cox and Snell R2 = 0.630; Nagelkerke R2 = 0.843) included the TUSC3, PTK2 

and CCDN1 genes, but only the TUSC3 gene showed statistical significance (p = 

0.041). The accuracy of this model was 93.7%, compared to 55.6% if the prediction had 

been random. In this model, the probability of being tumor tissue was 27-fold higher 

when the TUSC3 gene showed loss versus this gene being normal (OR = 27.000 with CI 

95% [2.091; 348.661]). If we only take the TUSC3 gene into account to make this 

regression model, the accuracy drops to 68.3% (-2LL = 69.852; Cox and Snell R2 = 

0.233; Nagelkerke R2 = 0.312). Nonetheless, in this simplified model the value of this 

gene remains statistically significant (p = 0.017), with an OR = 21.316 for losses with 

CI 95% [2.590; 175.398]. 

 With respect to other clinicopathological features, including tumor stage, 

development of metastasis and tobacco consumption, we found similar patterns of copy 

number losses and gains across the genome in both stage I + II and stage III + IV, as 

well as in the presence or absence of metastases, and in the smokers and non-smokers 

groups (Figure 3). No single gene showed statistical significance, and we were unable to 

genetically differentiate patients belonging to stages I or II from those belonging to 

stages III or IV. The same lack of statistical significance was found for the presence or 

absence of metastasis, and for the consumption or non-consumption of tobacco. We did, 

however, observe differences in losses of genetic material between smokers and non-

smokers, i.e., only the smokers showed losses at 3p (MLH1) and 11q (ATM). 

 

 

Chapter 3.1.1 - Figure 2. Radial heatmap of the genes frequently altered in 12 most commonly 

affected chromosomes for tumor tissue and for macroscopically tumor-free tissue based on the 
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use of four MLPA probe sets. Each line represents one patient. Red lines represent losses of 

genetic material and blue lines represent gains. 

 

HPV infections in OSCC samples 

 Among the 35 tumor samples analyzed, two were found to be HPV-positive 

(data not shown). One of these samples showed a HPV type belonging to a low-risk 

class, i.e., HPV type 42, whereas the other sample showed a HPV type belonging to a 

high-risk class, i.e., HPV type 31. The low-risk HPV patient did not exhibit any other 

risk factors, such as tobacco use or alcohol consumption. 

 

Discussion 

 Cancer is considered to be a disease of the genome and to result from the 

sequential acquisition of DNA alterations by somatic cells. Besides being useful for 

early diagnostics, these alterations may also serve as specific targets for therapy. As 

such, they provide a window of hope and promise. Since the identity of the most 

relevant oral cancer-related genes is still unknown, we set out to identify at least some 

of them through genomic profiling. 
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Chapter 3.1.1 - Figure 3. Percentages of imbalances by chromosome in 35 OSCC tumors. 

Each arrow represents one gene. Losses of genetic material are represented in red, gains in blue. 

A) Genetic profiles of tumors in stage I or II, and in stage III or IV. B) Genetic profiles of 

tumors that developed metastases, and tumor without metastases. C) Genetic profiles of tumors 

in smokers and non-smokers. 
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Genomic profiling of oral cancer 

 Until now, no single gene alteration has been identified that is exclusive for oral 

cancer. After analyzing in detail the most commonly altered chromosomes in our 

cohort, we found that we could highlight specific genes that frequently show copy 

number gains or losses. Thus, on chromosome 2 we observed frequent losses of the 

ERBB4 gene (2q33.3-q34) only in tumor tissue. In the past, in breast cancer decreased 

ERBB4 protein expression has been correlated with increased recurrence rates [Barnes et al. 

2005]. This gene should, therefore be taken into account for OSCC in order to redefine its 

predictive value for recurrence risk and, consequently, for choosing additional treatment 

options. On chromosome 3, we found that most frequent losses and gains occurred at 3p 

and 3q, respectively. In a wide range of patient samples we observed copy number gains 

at 3q, highlighting the genes MME (3q25.2), BLC6 (3q27), Hs.570518 (3q28) and 

IL12A (3q25.33) as being putatively related to oral carcinogenesis. Indeed, previously 

Freier et al [Freier et al. 2010] detected frequent DNA copy number gains at 3q, and 

emphasized the possibility of several candidate proto-oncogenes being located within 

the region 3q25-qter. Intriguingly, PIK3CA (3q26.3) showed both gains and losses at 

the same frequencies in tumor tissues and, additionally, in a macroscopically tumor-free 

tissues this gene was the only one in this chromosome that showed alterations in a 

substantial number of patients (8.5%). In another study on head and neck cancer, the 

aforementioned gene had already been pointed out as a strong candidate oncogene [Singh 

et al. 2001b]. Losses observed on 3p highlighted several putative tumor suppressor genes, 

such as CTNNB1 (3p21), MLH1 (3p21.3) and VHL (3p25.3). Previously, losses of 

CTNNB1 (3p21) have significantly been associated with precursor lesions showing 

progression towards laryngeal carcinoma [Marcos et al. 2010]. It will be crucial to further 

elucidate the role of these genes in oral tumor initiation and to assess their role in tumor 

progression during clinical follow-up of the patients. Previously chromosome 3p has 

been described as being frequently involved in loss of heterozygosity (LOH) in OSCC. 

So, other tumor suppressor genes located within this region, such as FHIT, may also be 

relevant for the development of this carcinoma [Uzawa et al. 2001]. On chromosome 4 we 

only observed copy number losses, highlighting the genes NFKB1 (4q24) and IL2 

(4q26-q27). Loss of the NFKB1 gene was also observed in the macroscopically tumor-

free tissue of one patient. Deletions associated with this chromosome were initially 

considered to be relatively rare as compared to other chromosomal aberrations. 

However, Pershouse et al revealed that 92% of head and neck tumors showed deletions 
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involving chromosome 4 with the highest frequency of loss in band q25 [Pershouse et al. 1997; 

X. L. Wang et al. 1999]. Until now, no tumor suppressor gene within this region has firmly 

been established as being important for oral tumor development. On chromosome 5, 

inactivation of genes located at 5q21-22 is thought to be common and, thus, they may 

be associated with the initiation or progression of OSCC [Mao et al. 1998]. Besides that, we 

might speculate about the putative importance of the IL12B (5q31.1-q33.1), IL4 

(5q31.1) and RAD17 (5q13) genes, which frequently showed losses in our cohort. On 

chromosome 6 we observed a preferential gain of the VEGF (6p21.1) gene, both in 

tumor tissue and in macroscopically tumor-free tissue. Previously, the expression of 

VEGF and its receptors has been found to increase during tumor growth [Brekken et al. 2000], 

thus turning them into potential targets for cancer therapy. In our cohort, copy number 

alterations on chromosome 8 were observed in the largest number of patient samples. 

We showed that in two samples all the genes analyzed on 8q exhibited copy number 

gains, and that three samples showed losses of all genes analyzed on 8p. These results 

are in line with other studies and are compatible with the formation of isochromosomes 

8q [da Silva Veiga et al. 2003]. We find, however, that isochromosomes do not represent the 

main rearrangements that occur in this chromosome, since our data, as well as data 

reported by others, strongly suggest gains and losses that do not match with such 

scenario. We found that gains in 8q were more frequent than losses in 8p. Similar to our 

results, Lin et al identified gain of 8q as the most prevalent chromosomal anomaly in 

these tumors [S. C. Lin et al. 2002]. Band 8q24, which harbors the MYC gene, is considered to 

be most important. Garnis et al raised the possibility of additional oncogenes near the 

MYC gene to be relevant for the progression of oral cancer [C. Garnis et al. 2004a]. The same 

authors [Cathie Garnis et al. 2004b] observed amplifications in band 8q22 and postulated that the 

LRP12 gene, which maps in this region, could be implicated in oral carcinogenesis. Our 

study showed that the distal region of chromosome 8 is most frequently altered, i.e., the 

PTK2 (8q24.3) gene followed by the PTP4A3 (8q24.3) gene. The MYC and LRP12 

genes exhibited less frequent gains (Figure 2). Gains in PTK2 copy numbers have also 

been reported by others [Cha et al. 2011; Susanne M. Gollin 2001; Sparano et al. 2006], suggesting its 

relevance for oral carcinogenesis. Thus, in our cohort it seems that two events are 

prevalent: amplification of the 8q24 region and isochromosome 8q formation with a 

concomitant loss of 8p. These events were not always seen in the same tumors. 

Regarding the losses at 8p, our study highlights the gene TUSC3 (8p22) as being 

putatively important to oral carcinogenesis. This gene has already been suggested as an 
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important target of genomic rearrangements in epithelial cancers [Cooke et al. 2008]. On 

chromosome 9 we observed preferential copy number losses at 9p21, where the genes 

CDKN2A and CDKN2B are located. The CDKN2A and CDKN2B genes are positioned 

in tandem, spanning a region of approximately 80 kb, with CDKN2B located 25 kb 

centromeric to CDKN2A [Worsham et al. 2003]. The CDKN2A gene is considered to be the 

major tumor suppressor gene that is targeted in a wide variety of human cancers [Rocco and 

Sidransky 2001]. In our study, we identified more frequently losses of CDKN2A than of 

CDKN2B, both in tumor tissues and in macroscopically tumor-free tissues, supporting 

the idea that CDKN2A has a more important role in oral carcinogenesis than CDKN2B. 

This genomic imbalance has been pointed out as the most common of all genetic 

changes occurring in the early progression of oral tumors [van der Riet et al. 1994]. Concerning 

the second chromosome most commonly altered in terms of gain of genetic material, 

i.e., chromosome 11, we found that band 11q13 was most frequently increased (57%). 

Similarly, others have reported amplifications of band 11q13 in about 30-45% of head 

and neck cancers [C. Jin et al. 2006; Parikh et al. 2007]. Initially, the CCND1 gene was considered 

to be the most important 11q13 target gene [Freier et al. 2006; Mineta et al. 2000; Namazie et al. 2002; Yu et 

al. 2005]. More recently, however, other candidate genes have been considered as possible 

cofactors of CCND1, i.e., FGF3 and CTTN [Freier et al. 2006]. In our study we observed co-

amplification of these three genes in 20 patient samples, which corroborates the findings 

described in the literature and provides strong evidence for the importance of these 

genes in oral carcinogenesis. However, copy number gain of other genes located in this 

region, such as the TMEM16A gene, may also contribute to oral carcinogenesis [Duvvuri et 

al. 2012]. We also identified losses in 11q, mostly the CASP1 (11q23) gene. Additionally, 

two other genes appear to be interesting, i.e., ATM (11q22-q23) and BIRC2 (11q22). 

The last one showed copy number losses and gains in seven and eight patients, 

respectively. As opposed to the gains in the 11q13 region, where some genes were 

already identified and correlated to clinical outcome, such information is as yet scarce 

on the losses observed in 11q. Parikh et al proposed that haploinsufficiency or copy 

number loss of the ATM gene may contribute to defects in DNA damage responses and 

reduced sensitivity to ionizing radiation, which consequently may lead to tumor 

progression [Parikh et al. 2007]. Based on our data, we can raise the hypothesis that not only 

the ATM gene may be important but also, and perhaps even more so, the CASP1 gene, 

since its encoded cysteine-aspartic acid protease 1 is known to play a central role in 

apoptosis. Thus, loss of this gene may contribute to a decrease in apoptotic signaling. 
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Interestingly, this may open options for pro-apoptotic drugs as a valid choice for 

treatment [Nilsson 2013]. On chromosome 16 we identified mostly gains of the MVP 

(16p11.2) and CDH1 (16q22.1) genes. MVP/vaults have been associated with 

chemoresistance in primary tumors and various tumor cell lines. Therefore, MVP is 

frequently considered as a negative prognostic factor for response to chemotherapy, as 

well as disease-free survival and/or overall survival [Mossink et al. 2003]. The CDH1 gene, 

which encodes E-cadherin, is one of the most important genes regulating cell-cell 

adhesion in epithelial tissues [Pecina-Slaus et al. 2005]. This gene is considered to be an 

invasion-suppressor gene and loss of function of its encoded protein has been correlated 

with increased invasiveness and metastatic potential of tumors [Pecina-Slaus et al. 2005]. On 

chromosome 17 we detected frequent copy number gains of the BRCA1 (17q21), TP53 

(17p13.1) and CRK (17p13.3) genes. Previously, Hardisson et al detected chromosome 

17 anomalies using fluorescence in situ hybridization (FISH) analysis in pharynx and 

larynx carcinomas [Hardisson et al. 2004]. As TP53 is well-known for its role as guardian of 

the genome, loss was expected for this region. Additionally, besides deletions, TP53 

gene mutations and protein inactivation were also reported [Scully et al. 2000]. On 

chromosome 18 we observed gene losses on its q-arm. Some of these genes may 

specifically be important for oral carcinogenesis, i.e., CDH2 (18q11.2), BCL2 (18q21.3) 

and DCC (18q21.3). In head and neck cancer loss of 18q is commonly observed, and 

the putative importance of the DCC gene for these tumors has already been highlighted 

[Susanne M. Gollin 2001]. On chromosome 19 we identified copy number gains in all genes 

analyzed. The BAX (19q13.3-q13.4) and CDKN2D (19p13) genes showed gains both in 

tumor tissues and in macroscopically tumor-free tissues. Amplifications of the 19q13 

region in oral and esophageal carcinomas have already been described [Carneiro et al. 2008; 

Martin et al. 2008]. Unexpectedly, we found that some of the genes that have previously been 

described as tumor suppressor genes were amplified in our study. This observation 

could be explained by the fact that massive DNA rearrangements occurred randomly in 

some of the chromosomes. Some of these rearranged regions may harbor both tumor 

suppressor genes and dominantly acting oncogenes which, ultimately, may have led to a 

gain of these regions. A simpler explanation could be that these tumor suppressor genes 

are non-functional (e.g. due to hypermethylation) and, thus may have been amplified as 

a passenger event in samples showing genetic instability. Clearly, further studies are 

required in order to correctly interpret these rearrangements. 

 



3. Results 

3.1. Genetic and Epigenetic Studies 

46 Ribeiro et al. Cellular Oncology (2014) 37:1 doi:10.1007/s13402-013-0161-5 

    

Importance of evaluating surgical margins 

 It is worth noting that surgical margins in two of the patients included in our 

study were histologically evaluated as tumor positive. Surgical margins represent 

macroscopically tumor-free tissues. We detected genetic imbalances in both 

histologically positive and negative margins. Delineating the exact area of excision is a 

great challenge for physicians, since the presence of tumor cells within or close to a 

surgical margin may be indicative for a risk of relapse which, in turn, affects additional 

treatment options [B. J. M. Braakhuis et al. 2010]. Unfortunately, relapses also occur in patients 

with histologically tumor-free margins after surgery. Therefore, our understanding of 

the transition from normal mucosa to potentially malignant oral mucosa, and from that 

to tumor needs to be explored in more detail. Several questions need to be addressed, 

such as how many genetic events need to occur in a cell that clonally expands and 

spreads to normal epithelium in order to create a field of transformed epithelium? Is 

there a common early genetic event that drives the development of multiple tumors or 

recurrences? If at the onset of carcinogenesis the cells do carry genetic alterations but at 

the histological level seem to be normal, what happens genetically, in quantitative and 

qualitative terms, to make the distinction between a histologically normal and a 

histologically malignant appearance? The molecular understanding of this transition is 

crucial for the development and implementation of biomarkers in routine diagnostics. 

The analysis of macroscopically tumor-free tissues from surgical margins made us 

aware of the fact that these surgical margins frequently show genetic imbalances similar 

to those encountered in the tumor from the same patient. Such findings may be 

indicative for an increased risk of relapses. In light of that, a rigorous follow-up of these 

patients seems mandatory, as well as the development of a non-invasive way to perform 

this surveillance. 

 

Prediction models correlating genetic profiles with clinical features 

 Despite the fact that genomic profiling can be extremely useful for 

distinguishing different tumor sub-types, most probably because of the relatively small 

number of patients enrolled, we could not make a distinction between oral tumors with 

different clinicopathologic features on basis on their genomic profiles. We found that 

the genomic profiles of tumors in stages I or II and tumors in stages III or IV were very 

similar. The same was found for patients that exhibited metastases and those who did 
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not, as well as for smokers and non-smokers. We did find, however, that smokers 

exhibited losses at 3p (MLH1) and 11q (ATM) (Figure 3C), suggesting the occurrence of 

specific imbalances that could be characteristic for smokers. Such data might be 

important for classifying OSCC patients in different subgroups with different 

prognostics as well as different therapeutic responses. We anticipate that with a larger 

cohort it may be possible to molecularly identify such OSCC subgroups. 

 Califano et al were the first to describe a progression model for OSCC [Califano et al. 

1996]. In this model, losses at chromosomal regions 3p, 9p and 17p were considered early 

events in the carcinogenic process. In the present study, comparisons between tumor 

and matched macroscopically tumor-free tissues allowed us to build a logistic 

regression model to predict the two types of tissue. By applying this model, the TUSC3 

gene turned out to be the only one that reached statistical significance, which may be 

indicative for its relevance in the development of oral tumors. Thus, the TUSC3 gene 

may play a role in the transition from normal oral mucosa to potentially malignant oral 

mucosa. Precise and adequate prediction models are essential to determine the patients 

eligibility for clinical trials and to predict the disease outcome, as well as to select 

individualized therapies for each case. 

 

Role of HPV typing 

 In this study, we only identified two HPV-positive patient samples. This result is 

not surprising taking into account that in the group of head and neck cancers HPV 

infection has been reported most particularly in association with oropharynx carcinoma, 

where its incidence may in some cases reach up to 60% [Bahl et al. 2013; Gillison 2004]. It has 

been reported that HPV-positive and HPV-negative tumors may exhibit distinct 

clinicopathological and molecular features [Leemans et al. 2011]. In our study it was 

impossible to assess whether HPV-positive cases represent a distinct group with a 

genetic profile different from HPV-negative cases (Figure 1A). It is relevant to note 

here that the mean age of our cohort was 61.5 years, whereas the incidence of oral 

tumors has increased mostly among younger people. Perhaps in these cases HPV 

vaccination could be an option. 

 In spite of continuous technological progress, our understanding of oral tumors 

is still limited. It is, therefore, peremptory to identify genes that may serve as good 

candidates for further studies, in order to validate them as biomarkers and to translate 

their application into routine clinical practice. Our current results not only reinforce 
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previous reports, but also revealed novel imbalances in chromosomes 2, 3, 4, 5, 6, 8, 9, 

11, 16, 17, 18 and 19, with a putative impact in terms of clinical management. Selection 

of the most frequently altered genes may be instrumental for the development of 

biomarkers distinguishing between different susceptibilities for relapses and, possibly, 

different chemotherapeutic agents. In order to distinguish tumor tissue from tumor-free 

tissue, the TUSC3 gene may serve as a bona fide biomarker. In the future the logistic 

regression model presented here could help clinicians to optimize the clinical 

management of OSCC patients by improving the estimation of the risk of relapses, the 

survival rates and, ultimately, the prognosis. 
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Abstract 

Objectives Oral tumors are a growing health problem worldwide, thus, it is mandatory 

to establish genetic markers in order to improve diagnosis, early detection of tumors, 

control relapses and ultimately, to delineate individualized therapies. This study was the 

first to evaluate and discuss the clinical applicability of a MLPA probe panel directed to 

head and neck cancer. Materials and Methods 30 primary oral squamous cell tumors 

were analyzed using the P428 MLPA probe panel. Results We detected genetic 

imbalances in 26 patients and we observed a consistent pattern of distribution of genetic 

alterations in terms of losses and gains for some chromosomes, particularly for 

chromosomes 3, 8 and 11. Regarding the latter, some specific genes were highlighted 

due to frequent losses of genetic material - RARB, FHIT, CSMD1, GATA4, MTUS1 – 

and others due to gains - MCCC1, MYC, WISP1, PTK2, CCND1, FGF4, FADD and 

CTTN. We also verified that the gains of MYC and WISP1 genes seem to suggest higher 

propensity of tumors localized in the floor of the mouth. Conclusions This study proved 

the value of this MLPA probe panel for a first-tier analysis of oral tumors. The 

probemix was developed to include target regions that have been already shown to be of 

diagnostic/prognostic relevance for oral tumours. Furthermore, this study emphasized 

several of those specific genetic targets, suggesting its importance to oral tumors 

development, to predict patients’ outcomes and also to guide the development of novel 

molecular therapies.  

 

Keywords: Genetic imbalances, MLPA technique, Gains and losses, Oral squamous 

cell carcinoma  
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Introduction 

 Oral tumors belong to head and neck cancers, of which more than 90% are 

squamous cell carcinoma [Forastiere et al. 2001]. The overall incidence of oral cancer seems to 

be rising worldwide: for 2013, 36 000 new cases and 6 850 deaths are estimated, 

including lip, oral cavity, and pharynx cancer [Mitka 2013]. This shows that oral squamous 

cell carcinoma (OSCC) is an aggressive neoplasm frequently diagnosed at an advanced 

stage and associated with high mortality and morbidity. Its high incidence in young 

people has been correlated with tobacco, alcohol consumption and, mostly, with human 

papilloma virus (HPV) infection [Llewellyn et al. 2001]. At the time of diagnosis, more than 

half of oral cancer patients have local or distant metastases, which mean a 5-year 

survival rate of only 33.2% [Mitka 2013]. Albeit the technological progress and the 

improvements in therapeutic modalities, the survival rates of oral cancer have remained 

the same in the recent decades, which could indicate that the markers of prognosis, such 

as tumor size, lymph node involvement and tumor stage, are not enough to predict 

clinical outcome, choose the best treatment and least of all to improve the early 

detection. Genetic classification of oral tumors identifies subgroups with a different 

prognosis [Wittekindt et al. 2012]. In this respect, as oral cancer is a heterogeneous disease, 

attempts have been made to identify the genetic imbalances associated with the 

histological progression of oral cancer, but it remains imperative to establish biomarkers 

for oral tumors, in order to choose the most appropriate clinical therapy according to 

each patient’s genetic profile of tumor. Nowadays, in order to facilitate the early 

detection and the management of oral tumors, potentially useful diagnostic tools at 

clinical and molecular levels have been developed [Shah et al. 2011]. Multiplex Ligation-

dependent Probe Amplification (MLPA) is a molecular technique developed in 2002 by 

Schouten et al that allows amplification and semi-quantitative detection of up to 50 

sequences of DNA in the same reaction with a single pair of primers [Schouten et al. 2002]. 

This technique has been shown to be applicable not only for the diagnostic of inherited 

or congenital diseases, but also for tumor diagnostic and prediction of cancer 

progression [Homig-Holzel and Savola 2012]. This study is the first one to perform an evaluation 

of the genetic profile of oral cavity carcinomas through copy number variations using a 

MLPA probe panel specific for head and neck cancer, in a cohort of 30 patients. We 

also discuss the routine clinical application of this MLPA probe panel, highlighting the 
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most frequent imbalances detected in these tumors and, additionally, correlating these 

genetic alterations with clinical characteristics. 

 

Material and Methods 

Patients and DNA Isolation 

 The present study was conducted on 30 primary OSCC samples. These samples 

were obtained between 2010 and 2012 from the Maxillofacial Surgery and Stomatology 

Unit, of the Coimbra Hospital and University Centre, CHUC, EPE, Portugal. All 

patients were submitted to surgery and the histopathologic diagnosis of the mirror 

sections of these fragments were performed by two different pathologists. Hematoxylin 

and eosin staining was used to evaluated tumor content in each specimen. In our set, all 

samples contained at least 50% tumor cells. Diagnosis and staging were performed in 

accordance with the American Joint Committee on Cancer’s TNM staging system for 

OSCCs [Wittekind et al. 2003]. The patients gave their informed consent in accordance with 

the regulations in the Declaration of Helsinki. The study was approved by Ethics 

committee of the Faculty of Medicine of the University of Coimbra. The detailed 

characterization of our cohort with OSCC diagnosis is illustrated in table 1. Controls 

were 15 gingival tissue from healthy subjects submitted to the “wisdom teeth” removal. 

DNA from patients and controls were extracted from fresh frozen tissue using a High 

Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, Germany), according to 

the manufacturer’s instructions and quantified by UV spectrophotometric analysis using 

Nanodrop 1000 Spectrophotometer (Thermo Scientific, USA). 

 

MLPA probemix development and MLPA analysis 

 MLPA analysis was performed using a MLPA probe panel specific for head and 

neck squamous cell carcinoma (HNSCC). This MLPA assay was designed and 

optimized at MRC-Holland (Amsterdam, the Netherlands). For selection of probes 

included in this assay an extensive literature search was performed to pinpoint genes, 

which are suggested to be of diagnostic and/or prognostic importance in HNSCC. The 

probes included in this assay were selected from the MRC-Holland MLPA probe 

database, and if there were no existing MLPA probes available, new probes were 

designed. All the MLPA probes included in this assay were tested under various 

conditions by changing hybridization temperature as well as salt, probe and polymerase 
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concentration. Moreover, the variability of these MLPA probes was tested on healthy 

individuals (n = 24) and only probes that were shown to have standard deviation under 

0.10 were included this assay. After the optimization and quality testing phase, this 

P428-B1-lot1111 MLPA panel) included 41 probes targeting 36 different genes, located 

on chromosomes 3, 4, 5, 7, 8, 11, 13 and 18 (Figure 1). Additionally, 11 references 

probes were included, which detect 10 different autosomal chromosomal regions 

considered relatively quiet in HNSCC. This MLPA assay contains also nine quality 

control probes to assess DNA denaturation and DNA quantity in the MLPA reaction. 

All MLPA reactions were performed according to the standard MLPA reaction protocol 

described by Schouten et al [Schouten et al. 2002]. Briefly, 100 ng of DNA samples were 

heated at 98 ºC for 10 min. After the addition of the probemix, samples were heated for 

1 min at 95 ºC and then incubated for 16h at 60ºC. Ligation of the annealed 

oligonucleotide probes was performed for 15min at 54ºC in buffer containing Ligase-65 

enzyme. After inactivating the ligase enzyme by heating at 98ºC for 5min, multiplex 

PCR was carried out using FAM- labeled primers, dNTPs and SALSA polymerase. 

PCR was performed for 35 cycles of 30s at 95ºC, 30s at 60ºC and 1min at 72ºC. All the 

reactions were carried out in a thermal cycler equipped with a heat lid (ABI 2720, 

Applied Biosystems, Foster City, CA, USA). PCR products were heat denatured and 

analyzed on a Gene Scan ABI PRISM 3130 capillary electrophoresis system (Applied 

Biosystems, Foster City, CA, USA). Three controls and a negative control (without 

DNA) were always included in each MLPA experiment. The sample results are 

displayed as a ratio between the reference and experimental samples. Data-binning of 

raw data and comparative analysis was performed using Coffalyser.NET software [Coffa 

and Berg 2011]. For each MLPA probe we determined specific cutoff values for gain and 

loss, using the values limiting the 95% confidence interval as determined on non-cancer 

subjects. A numerical gain was scored when the values exceeded the 1.2 and a 

numerical loss was defined when the values were lower than 0.8.  

 

HPV Typing 

 All tumor tissue samples were analyzed for HPV infection as described by 

Nobre et al [Nobre et al. 2010]. Briefly, we used PCR methods employing established general 

consensus and degenerate primer sets, namely GP5+/GP6+ and MY09/MY11, which 

were designed to amplify a fragment of the L1 gene of mucosatropic HPVs. For 



3. Results 

3.1. Genetic and Epigenetic Studies 

56  Ribeiro et al. Tumor Biology (2014) 35:5 doi: 10.1007/s13277-014-1614-9 

genotyping we performed the sequencing of intra-primer DNA in the amplified 

fragments in order to determine the specific types of HPV present in the samples. In 

addition to DNA sequencing, we complemented our analysis by using DNA array 

hybridization, using HPV CLART2 arrays (Genomica), as a way to address cases that 

shown infection with multiple HPV genotypes. 

 

Chapter 3.1.2 -Table 1. Patient and tumor characteristics 
 Patients (n = 30) 

Median Age, years (range) 63.1 (37-84) 

Sex  

    Male 26 

    Female   4 

Smoking (cigarettes/day)  

    ≥20 17 

   < 20 3 

    None 10 

Stage  

     I and II 9 

     III and IV 21 

Site  

    Tongue   13 

    Floor of the mouth 12 

   buccal mucosa 4 

    Palate 1 

Treatment  

    Surgery + RT  7 

    QT + Surgery   2 

    Surgery + RT + QT 6 

    Surgery only 15 

Clinical outcome  

    Death from the disease 10 

    Dead of other cause 1 

    Alive 19 

RT - Radiation Therapy; QT - Chemotherapy 

Statistical analysis 

 The statistical analysis was carried out with IBM SPSS v.20 software package, 

assuming a significance level of 0.05. Descriptive analysis of losses and gains 

frequencies in genes, in each mouth location and tumor staging, was performed. In 

addition, we created convenient charts for better understanding the relationships 

between genes, locations and tumor staging. In order to verify the existence of an 

association, with statistical meaning, between gains/losses in genes and location, a chi-

square test was made. The same test was also applied to the association between 

gains/losses in genes and tumor staging. 
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Chapter 3.1.2 - Figure 1. Chromosomal distribution of the genes studied using P428 MLPA 

probe panel as well as references probes (Ref). 

 

Results 

Genetic profile of oral tumor tissue 

 This study showed the existence of genetic imbalances in 26 of the 30 oral tumor 

specimens analyzed (Figure 2A). Four tumor samples (13.3%, 4 of 30 specimens) did 

not harbor copy number aberrations in the target regions of the MLPA probemix. These 

patient samples were further analyzed with an oligonucleotide microarray 180 K 

(Agilent Technologies, Santa Clara, CA, USA) and we did not detect copy number 

alterations in the regions targeted by MLPA assay (data not shown). Simultaneously, we 

did not observe any genetic imbalance for the 36 genes analyzed with this MLPA probe 

panel in all the 15 gingival tissues from healthy subjects submitted to the “wisdom 

teeth” removal (data not shown), which correspond to the control group.  

Regarding the genetic profile of tumor samples, overall, we verified that the 

number of tumors that carried gains of genetic material was higher than the number of 

tumors that carried losses (Figure 2B). It was also possible to observe a pattern of 

imbalances in some chromosomes; therefore the distribution of genetic alterations in 

terms of losses and gains was very consistent for some chromosomes (Figure 2A).  In 

this sense, 3p and 8p showed mostly losses, while 3q and 8q frequently displayed gains. 

Chromosomes 4, 5, 13 and 18 presented mainly losses for the analyzed genes. On the 
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other hand, chromosome 7 showed more frequent gains than losses for the analyzed 

genes. Regarding chromosome 11, in band q13 we verified almost exclusively gains and 

in q-distal we observed predominantly losses. Regarding all these imbalances (Figure 

2A, B), we verified that the most frequently altered chromosomes were 3, 8 and 11. 

Moreover, chromosome 8 showed the highest frequency of gains (70%) in the largest 

number of patients. The second most frequently altered chromosome in terms of gains 

was chromosome 11 (66.7%), followed by 3q (46.7%). Regarding the losses of genetic 

material, the most commonly altered chromosome was 3p (40%), followed by 8p 

(36.7%).  

 

Chapter 3.1.2 - Figure 2. Genetic imbalances (gains and losses) in the 30 OSCC patients 

detected using P428 MLPA probe panel. Losses of genetic material are represented by red, and 

blue represents gains. A) Each row represents one patient and each pixel in this row corresponds 

to one gene analyzed. The gray color represents genes without alteration, and each shade of gray 

shows the localization of the genes in each specific chromosome. The genes analyzed, from the 

left to the right, are ordered by chromosome from the short arm to the long arm; B) The picture 

shows the percentage of the imbalances in all genes analyzed. Each line represents one gene 

analyzed. 

 

 No single gene was altered in all patients. On the other hand, all genes analyzed 

presented gain and/or loss of genetic material in at least three patients. It is important to 



3. Results 

3.1. Genetic and Epigenetic Studies 

Ribeiro et al. Tumor Biology (2014) 35:5 doi: 10.1007/s13277-014-1614-9   59 

notice that the following genes only presented exclusively loss of genetic material in 

these oral tumor samples: RARB (3p24.2), RASSF1 (3p21.31), FHIT (3p14.2), 

DEPDC1B (5q12.1), WDE36 (5q22.1), BTNL3 (5q35.3), ATM (11q22.3) and SMAD4 

(18q21.2). Additionally, the following genes were the ones that presented exclusively 

gain of genetic material: CCNL1 (3q25.32), PIK3CA (3q26.33), MCCC1 (3q26.33), 

CDK6 (7q21.12) and CTTN (11q13). The remaining 23 genes analyzed in this study 

presented both gain and loss of genetic material (Figure 2A, B); however, for some of 

those genes it was possible observe that one specific event is much more prevalent than 

the other, e.g. gain or loss. In this sense, after analyzing in detail every gene in the most 

commonly altered chromosomes, we verified that from the 36 genes studied it was 

possible to highlight some of those that frequently showed gains or losses of genetic 

material. Thus, taking only into account the genes altered in ≥ 30% of the oral tumor 

samples (Figure 2A, B), the following genes were the ones to present the most frequent 

losses: RARB (3p24.2), FHIT (3p14.2), CSMD1 (8p23.1), GATA4 (8p23.1) and MTUS1 

(8p22); and these were the ones that presented gains: MCCC1 (3q26.33), MYC 

(8q24.21), WISP1 (8q24.22), PTK2 (8q24.3), CCND1 (11q13.3), FGF4 (11q13.3), 

FADD (11q13.3) and CTTN (11q13.3).   

 

Association between clinicopathological features and genetic imbalances 

 Overall, regarding the different anatomic localizations and stages of tumors 

(Figure 3) it was not possible to reach statistical significance in order to discriminate the 

patients according their genetic profile and clinicopathologic characteristics. Taking into 

account only three anatomic localizations (buccal mucosa, floor of the mouth and 

tongue) - and excluding the palate due to the fact that only one tumor was located there 

- and performing correction for multiple comparisons, we did not observe any gene with 

statistical significance to perform this separation; however, if the correction of multiple 

comparisons (Bonferroni correction) was not applied, two genes from chromosome 8 

showed statistical significance. In this sense, gain in these two genes, MYC and WISP1 

could suggest that the tumor is predominantly localized in the floor of the mouth. 

Regarding HPV infection, we only detected two HPV-positive patients from the 30 

patients' analyzed (data not shown). One showed a HPV type belonging to high-risk 

classes, HPV type 31, and another belonging to low-risk classes, HPV type 42. The 

latter HPV patient did not have any other risk factors, such as tobacco or alcohol 

consumption. 
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Chapter 3.1.2 - Figure 3. Radial heatmap of the genetic imbalances for tumor samples in the 

three anatomic localizations (buccal mucosa, floor of the mouth and tongue) and in stage I or II, 

and in stage III or IV of the tumors. Each line represents one patient. Red lines represent losses 

of genetic material and blue lines gains. 

 

Discussion 

Genetic profile 

 Oral cavity tumors develop through multistep genetic pathways, involving 

typically losses of tumor suppressor genes and gains of oncogenes. Presently, the probe 

panel P428 is the only one exclusively developed MLPA assay for head and neck 

cancer. This is, therefore, the first study using this MLPA probe panel in patients with 

OSCC diagnosis. In our patient cohort the most frequently altered chromosomes were 3, 

8 and 11. We observed losses at 3p and gains at 3q, a pattern that had already been 

previously described for HNSCC [Bockmuhl et al. 1997]. Imbalances at 3p are associated to the 

early HNSCC [Redon et al. 2001]. In our cohort the most common losses in 3p included FHIT 

(40%) and RARB (33.3%) tumor suppressor genes. FHIT is frequently deleted in 

epithelial cancer cell lines [Ohta et al. 1996]. In 1996, Virgilio et al described that 55% of 

HNSCC cell lines express aberrant FHIT transcripts and that one or both FHIT alleles 

are deleted in many of these cell lines, which suggests that inactivation of FHIT is 

important for development and progression of HNSCC [Virgilio et al. 1996]. Also Saldivar et 

al have shown that loss of expression of Fhit protein causes DNA damage and genome 
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instability and otherwise expression of Fhit reduces this DNA damage and contribute to 

protection of genome stability, thus, loss of Fhit provides a selective advantage in 

sporadic cancers [Saldivar et al. 2012; Saldivar et al. 2013]. Concerning RARB, in 1995, Lotan et al 

verified that 60% of oral potential malignant lesions did not express this gene, in 

comparison to all the samples of normal tissue where this gene were expressed [Lotan et al. 

1995]. This way, loss of RARB expression could enhance carcinogenesis through loss of 

response to retinoids [Zou et al. 2001]. Hence, this receptor could eventually be a valuable 

intermediate marker in trials of retinoids for the prevention of oral carcinogenesis. This 

point needs to be more carefully explored, since retinoids have proven activity in 

treating early potential malignant lesions [O'Shaughnessy et al. 2002]. Additionally, we detected 

in a wide range of copy number gains at 3q, namely at MCCC1 (46.7%). In our cohort, 

concerning 3q, this gene was the one that presented the highest frequency of gains, 

besides aberrations in other genes, such as PIK3CA have already been described as 

extremely important for oral tumors development [Murugan et al. 2008].  

 We observed frequent losses in 8p, which is in line with literature describing 

deletions at 8p in oral tumors [Hermsen et al. 2001]. In our cohort, most frequently deleted 

genes in 8p were CSMD1 (36.7%), GATA4 (33.3%) and MTUS1 (30%). CSMD1 is 

considered to be a strong candidate at 8p23 [Sun et al. 2001] and loss of this gene is also 

present in other epithelial cancers, namely in breast and lung cancer [Ma et al. 2009]. GATA4 

has been implicated in colorectal and gastric development, where it is epigenetically 

silenced and expected to contribute to the tumor progression [Akiyama et al. 2003]; however, 

its function in human cancers is not yet fully understood. A tumor suppressor role for 

GATA4 has been described, due to the methylation and loss of expression of this gene 

observed in lung, colorectal, and gastric cancer [Akiyama et al. 2003; Hellebrekers et al. 2009; Zheng and 

Blobel 2010]. MTUS1 gene was initially identified as a candidate tumor suppressor gene in 

pancreatic cancer; moreover the ectopic expression of MTUS1 gene products has been 

shown to inhibit the cell proliferation [Seibold et al. 2003]. In 2006, Zhou et al hypothesized 

that the reduction of MTUS1 expression could be associated with advanced oral tongue 

squamous cell carcinoma [Zhou et al. 2006]. In 2007, Ye et al suggested that MTUS1 gene is a 

potential tumor suppressor gene also for HNSCC and a promising candidate for further 

functional analysis [Ye et al. 2007]. Regarding the long arm of chromosome 8, we observed 

more frequently gains of the genetic material in our cohort, which is in line with the 

literature [Squire et al. 2002]. The altered genes mapped in 8q in the largest number of patients 

were MYC (70%), WISP1 (43.3%) and PTK2 (43.3%). Nowadays, MYC gene is 
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considered the most significant oncogene mapped on 8q and has been associated to the 

pathogenesis of several human cancers [da Silva Veiga et al. 2003]. Amplification and 

overexpression of this gene has been observed in 10-40% of human oral tumors [Saranath et 

al. 1989]. In the literature, tongue carcinomas showed the highest incidence of gains (75%) 

in MYC gene among oral tumors, resulting in significantly poor survival rates [Vora et al. 

2003a]. In our cohort the highest incidence of gains in MYC gene was observed in the 

floor of the mouth. Regarding the role of WISP1 gene, it has been observed that this 

gene could enhance or inhibit tumor growth. In colon carcinoma cell lines and in colon 

tumors significant increase of genomic copies and mRNA of WISP1 were observed, in 

comparison to normal mucosa [Babic et al. 1998]. In melanoma cells WISP1 expression was 

inversely correlated with proliferation, metastasis and growth, as well as with metastasis 

of lung cancer [Hashimoto et al. 1996],[Soon et al. 2003]. Further studies will be needed to determine 

if WISP1 has, in fact, prognostic value in predicting oral cancer metastasis. 

Amplification in PTK2 (alias, FAK) gene has already been reported in HNSCC [Canel et al. 

2006]. Similarly, FAK overexpression has been shown in tumor biopsy samples from a 

wide variety of tumors [Canel et al. 2006]. This overexpression has been associated with the 

invasive potential of the tumor [Owens et al. 1995].  

 In our patient cohort gains at 11q13 were detected and included CCND1 

(56.7%), FGF4 (60%), FADD (66.7%) and CTTN (66.7%). Gains at band 11q13 are 

frequent in human cancer, and this event is also extremely common in HNSCC [Schuuring 

1995]. CCND1 and CTTN genes were the first to be identified [Schuuring 1995] and reported as 

candidates for driving 11q13.3 amplification, due to the fact that they are both 

recurrently co-amplified and this amplification has been correlated with its over-

expression [Gibcus et al. 2007]. Amplification of 11q13 occurs in 30-60% of HNSCC, which 

also includes FGF4 [Lese et al. 1995]. In 2007, Gibcus et al identified FADD gene as a 

potential driver gene in the 11q13 amplicon for head and neck cancer [Gibcus et al. 2007]. 

Similarly to this study, also in our cohort the FADD gene presented gains in the highest 

number of patients, when compared to the other genes analyzed in this chromosome. 

This gene plays a significant role in cell cycle regulation, which suggests its importance 

in the response to cytotoxic drugs. Thus, Gibcus et al hypothesized that HNSCC 

patients with 11q13.3 amplification and concomitant FADD overexpression could 

benefit from the administration of Taxol-based chemoradiotherapy over radiotherapy 

alone [Gibcus et al. 2007]. Similarly, loss of distal 11q contributes to chromosomal instability 
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and consequently to tumor progression as well as to resistance to therapy, namely 

reduced sensitivity to ionizing radiation [Parikh et al. 2007]. 

 

Correlation between genetic imbalances and clinicopathological features 

 Taking into account the genetic differences among the anatomic localizations, 

we have in our cohort a relatively low number of patients distributed by the four 

anatomic localizations in the oral cavity, which hinder this interpretation. In 2002, 

Huang et al found evidence indicating that subsets of HNSCC have different genetic 

patterns, allowing to perform the distinction by site of disease within the upper 

aerodigestive tract [Huang et al. 2002]. In line with that, we believe that some gains and losses 

could be tumor-site specific (Figure 3); however, in this first pilot study due to the few 

patients enrolled in each anatomic site, it was not possible to reach statistical 

significance in order to molecularly identify different subgroups of the oral cavity 

carcinoma. Besides that, in chromosome 8, gains of MYC and WISP1 genes seem to 

suggest higher propensity of tumors localized in the floor of the mouth. This finding 

could be extremely important from a clinical point of view, because it helps to 

subdivide the patients according to these clinicopathological characteristics, which 

could signify different prognosis and, ultimately, different therapies. Concerning the 

genetic profile between tumors in stages I or II and in stages III or IV (Figure 3), the 

lack of statistical significance is probably due to the small number of patients enrolled 

in each stage. In this sense, further studies evaluating a larger cohort seem to be crucial 

in order to separate these tumors according the genetic profile. Regarding HPV status, 

we only identified two HPV-positive patients. Although it has been described that HPV-

positive and HPV-negative tumors exhibited distinct clinicopathological and molecular 

entities,[Leemans et al. 2011] we cannot clarify whether  HPV-positive patients have indeed  a 

relatively favorable prognosis due to the presence of specific genetic imbalances (Figure 

2A). Nowadays, however, some clinicopathologic variables have been validated to 

classify and prognosticate oral tumor patients, the predictive value of which is, in 

general, very low [Gibcus et al. 2007; Nix et al. 2004]. We believe that with a higher number of 

patients it might be possible to molecularly identify different subgroups of OSCC with 

different clinical relevance. 
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Detection of genetic imbalances - a step forward towards clinical personalized 

medicine 

 There is a very urgent need to establish genetic markers in order to improve 

diagnosis, help in the redefinition and reclassification of histology, stage of tumors and 

predict therapeutic outcome of oral tumor patients. Our results with this MLPA probe 

panel gave a step forward in this direction. MLPA is a cost-efficient technique with 

little hands-on time and compatible with routine diagnostic. Other extremely important 

advantage in tumor analysis is the capability of this technique to identify imbalances 

even in samples with wild-type tissue contamination,[Homig-Holzel and Savola 2012; Jeuken et al. 2006] 

as well as to provide information about the intra-tumoral mosaicism. 

 We can conclude that our study showed the value of MLPA technique for the 

analysis of oral tumor tissue in order to detect imbalances in specific genomic regions. 

Moreover, our study emphasized several specific genetic targets suggesting its putative 

importance to improve diagnostic, predict patients’ outcome and also guide the 

development of novel molecular therapies, which must be further assessed and validated 

in a larger cohort of patients. This MLPA probe panel specific for HNSCC detected 

genetic imbalances in 86.7% of samples of our patient cohort, encompassing some 

genes that seem to be associated to early stage of oral tumors, other that are likely to be 

associated to development of metastasis and other possibly associated to therapeutic 

response, which could in the future represent the first step to help in the introduction of 

a clinical personalized medicine. Besides these promising results, the need to establish 

more specific biomarkers for these oral squamous tumors remains evident in order to 

implement a simple way of screening a wide range of imbalances with clinical utility 

not only in terms of diagnosis and prognosis but also to follow up high risk populations.  
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Abstract 

Purpose Oral squamous cell carcinoma (OSCC) is a frequently occurring aggressive 

malignancy with a heterogeneous clinical behavior. Based on the paucity of specific 

early diagnostic and prognostic biomarkers, which hampers the appropriate treatment 

and, ultimately the development of novel targeted therapies, we aimed at identifying 

such biomarkers through a genetic and epigenetic analysis of these tumors. Methods 93 

primary OSCCs were subjected to DNA copy number alteration (CNA) and methylation 

status using methylation-specific multiplex ligation-dependent probe amplification 

(MS-MPLA) analyses. The genetic and epigenetic OSCC profiles obtained were 

associated with the patients' clinic-pathological features.  Results We found that WT1 

gene promoter methylation is a predictor of a better prognosis and that MSH6 and 

GATA5 gene promoter methylation serve as predictors of a worse prognosis. GATA5 

gene promoter methylation was found to be significantly associated with a shorter 

survival rate. In addition, we found that PAX5 gene promoter methylation was 

significantly associated with tongue tumors. None of these genes exhibited CNAs. To 

the best of our knowledge, this is the first study that highlights this specific set of genes 

as epigenetic diagnostic and prognostic biomarkers in OSCC. Conclusions Our data 

highlight the importance of epigenetically assessing OSCCs to identify key genes that 

may serve as diagnostic and prognostic biomarkers and, potentially, as candidate 

therapeutic targets. 

 

Keywords: DNA methylation; Copy number gains and losses; Predictors of prognosis; 

Oral squamous cell carcinoma 
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Introduction 

 Oral squamous cell carcinoma (OSCC) encompasses a range of tumors that 

belong to the group of head and neck cancers. OSCC elicits serious health problems due 

to its high mortality rate and its severe impact on the quality of life [Arantes et al. 2015]. The 

incidence of OSCC is increasing among younger individuals [Markopoulos 2012] and the risk 

factors include life style, i.e., tobacco and alcohol use, and infections with high risk 

human papillomaviruses (HPV) [Mohankumar et al. 2014; Salazar et al. 2014]. Although slight 

improvements have been made over the past decade, the 5-year survival rate of OSCC 

patients is still poor (~50-60%) [Nakaoka et al. 2014; Pulte and Brenner 2010]. In spite of the easy 

access of the oral cavity for clinical examination, OSCCs are often diagnosed in 

advanced stages due to the absence of visible changes in the mucosa at early stages. 

This late diagnosis leads to a poor prognosis and, consequently, one of the worst overall 

survival rates among human cancer patients [Tokumaru et al. 2004]. The molecular and clinical 

heterogeneity of OSCCs, which results from the accumulation of multiple genetic and 

epigenetic alterations, further hampers its diagnosis, prognosis and treatment [Leemans et al. 

2011]. In routine clinical practice, TNM classification is used to predict the prognosis and 

to select the most appropriate treatment modalities, but this approach frequently fails to 

improve the disease outcome [Bezabeh et al. 2005]. Since OSCC patients often develop loco-

regional recurrences, distant metastases and second primary tumors, the identification of 

diagnostic and prognostic biomarkers is of paramount importance for the detection of, 

next to primary tumors, relapses and metastasis and, consequently, for therapeutic 

decision making. Here, we link tumor-specific (epi)genetic alterations identified 

through methylation-specific multiplex ligation-dependent probe amplification (MS-

MLPA) in 93 OSCC samples to its clinic-pathological features. By doing so, we found 

statistically significant associations of GATA5 and MSH6 gene promoter methylation 

with a worse prognosis and WT1 gene promoter methylation with a better prognosis. In 

addition, we found that PAX5 gene promoter methylation is associated with a 

localization at the tongue. 
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Materials and methods 

Study population 

 The study protocol was approved by the Committee on Ethics in Research of the 

Faculty of Medicine of the University of Coimbra. All patients provided their written 

consent to participate in the study after being informed about the research purposes, 

following the regulations in the Declaration of Helsinki. 

 The study cohort includes tissue specimens from 93 OSCC patients who 

underwent tumor resection. The patients were recruited between October 2010 and 

March 2015 from the Maxillofacial Surgery and Stomatology Units of the Coimbra 

Hospital and University Centre, CHUC, EPE, Portugal. Diagnosis and staging were 

performed in accordance with the American Joint Committee on Cancer TNM staging 

system. The participants in this study answered a survey regarding lifestyle and risk 

factors for upper aerodigestive tract malignancies, including alcohol and tobacco 

consumption. Patients were followed-up through hospital revisits during routine clinical 

appointments. The final date of follow-up was April 30, 2015. The follow-up periods 

ranged from 1 to 54 months. Details of our study cohort are listed in table 1. For the 

control group, 16 gingival tissues from healthy subjects (6 males and 10 females), with 

ages ranging from 18 to 81 years and subjected to “wisdom teeth” removal, were used.  

The tissue samples were snap-frozen in liquid nitrogen within 30 min after resection and 

stored at -80ºC until use.   

 

DNA extraction, HPV typing and MS-MLPA 

 DNA from fresh frozen tissues of patients and controls were extracted using a 

High Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, Germany), 

according to the manufacturer's instructions. The DNAs were quantified by UV 

spectrophotometric analysis using a Nanodrop 1000 Spectrophotometer (Thermo 

Scientific, USA). All tumor tissue samples were analyzed for HPV infection as 

described by Nobre et al [Nobre et al. 2010].  

 MS-MLPA analyses were performed using MS-MLPA probe sets ME001 and 

ME002 (MRC-Holland, Amsterdam, The Netherlands), which can simultaneously 

detect copy number alterations (CNAs) in 54 tumor suppressor genes and aberrant 

methylation patterns in a subset of 35 of these genes (Supplementary Table 1). All MS-

MLPA reactions were performed according to a standard protocol described by Nygren 
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et al [Nygren et al. 2005], with minor modifications. Briefly, 100 ng of each DNA samples 

was denatured and, after the addition of the probemix, the probes were allowed to 

hybridize for 15h at 60°C. Subsequently, the samples were divided into two groups, i.e., 

half of the samples was directly ligated and in the other half the ligation was combined 

with HhaI digestion. Multiplex PCR was carried out for 35 cycles of 30s at 95°C, 30s at 

60°C, and 1min at 72°C. All the reactions were carried out in a thermal cycler equipped 

with a heat lid (ABI 2720, Applied Biosystems, Foster City, CA, USA). The PCR 

products were heat-denatured and analyzed on a Gene Scan ABI PRISM 3130 capillary 

electrophoresis system (Applied Biosystems, Foster City, CA, USA). Three controls 

selected from 16 previously analyzed samples without CNAs and methylation values 

below 20%, as well as a negative control (without DNA), were always included in each 

MLPA assay. Binning of the raw data and comparative analyses were performed using 

Coffalyser.NET software. For each MLPA probe we determined the specific cutoff 

values for gain and loss, using 95% confidence intervals as determined on tissues from 

non-cancer subjects. A copy number gain was scored when a value exceeded 1.2 and a 

copy number loss was scored when a value was lower than 0.8. These cut-off values 

were based in our previous work [Ribeiro et al. 2014a]. With respect to methylation, we 

considered a gene promoter as methylated when the methylation dosage ratio was ≥ 

0.20, which means that at least 20% of the DNA was methylated, as described in 

[Chmelarova et al. 2013]. 

 

Statistical analyses 

 The statistical analyses comprised three parts: first, a variable reduction step was 

carried out followed by a multivariate analysis and, finally, a survival analysis. For the 

reduction step the percentage of patient samples showing methylation at each gene was 

calculated. Similarly, the percentages of patient samples exhibiting copy number loss or 

gain at each gene were calculated. Only genes with a patient percentage > 20% were 

considered to be relevant for the remaining analyses. After selecting the most frequently 

methylated genes, a principal component analysis (PCA) was carried out with these 

genes and other clinic-pathological variables (i.e., pT and pN classification) aiming at 

reducing the number of variables and exploring the probable existence of relations 

between them by visual inspection of the PCA chart. Since nominal variables (e.g. 

gender and metastasis) were considered in the analyses, a nonlinear PCA was carried 

out resorting to the CATPCA algorithm available in the IBM® SPSS® statistical 
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software. A more tuned examination on these relations was considered by employing 

logistic regression (enter method) using as independent variable the methylation status. 

The gene promotor methylation status was also studied with respect to its possible 

impact on patient survival. Therefore, a survival analysis was carried out. In order to 

assess differences between factors in the survival analyses, Log Rank and Breslow tests 

were applied. The statistical analyses were performed using IBM® SPSS® version 20 

and MATLAB Release 2014, the MathWorks. The significance level adopted for 

statistical meaning was 5% ( = 0.05). 

 

Chapter 3.1.3 - Table 1. Clinic-pathologic characteristics of study population. 
Patients   (n = 93) 

 n (%)  n (%) 

Gender    

Male 79 (85) Nodal status  

Female 14 (15) N0 41(44.1) 

Age at diagnosis (Years)  N1+N2 31(33.3) 

<60 48 (51.6) NA 21 (22.6) 

≥60 45 (48.4) Metastasis  

Anatomic Subsite  M0 12 (12.9) 

Tongue 40 (43) M1 1 (1.1) 

Floor of the mouth 26 (28) NA 80 (86) 

Retromolar Trigone 8 (8.6) Margins  

Jugal Mucosa 7 (7.5) R0 47 (50.5) 

Alveolar ridge 6 (6.4) R1 24 (25.8) 

Palate 5 (5.4) NA 22 (23.7) 

Tonsil 1(1.1) Differentiation  

Tobacco (nº cigarettes/day)  Well 59 (63.5) 

≥20 38 (41) Moderate 15 (16.1) 

<20 7 (7.5) NA 19 (20.4) 

None 19 (20.4) Treatment  

NA 29 (31.1) surgery alone 33(35.5) 

Alcohol  Surgery + RT 41(44) 

Yes 20 (21.5) Surgery + RT + QT 17 (18.3) 

No 9 (9.7) Surgery + QT 1 (1.1) 

NA 64 (68.8) NA 1 (1.1) 

TNM stage  Vital status  

Tumor size  Relapses/Metastasis in follow-up 31 (33.3) 

T1 + T2 56 (60.2) Dead - OSCC 25 (26.8) 

T3+T4 29 (31.2) Dead-non-OSCC 1 (1.1) 

NA 8 (8.6) Alive without disease 36 (38.8) 

NA- Not Available; RT - Radiotherapy; QT - Chemotherapy 

 

Results and discussion 

 From the 35 genes analyzed, we found that the most frequently methylated genes 

were WT1 (69/93), followed by MSH6 and PAX5 (29/93), GATA5 (25/93), RARB 

(21/93), CADM1 (14/93), PAX6 (13/93), CHFR (12/93) and ESR1 (11/93) (Figure 1). 

Based on our finding that the methylation levels for all genes in all 16 control samples 
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tested were < 20% (data not shown), this value was used as a biological cut-off for the 

presence or absence of methylation. For the nine genes mentioned above, the 

methylation levels varied from 20 to 100% in the different patient samples included in 

the cohort. In contrast, we found that the VHL, MLH1, GSTP1, BRCA2, RB1, PYCARD, 

HIC1, BRCA1 and STK11 genes did not exhibit methylation in any of the patient 

samples tested. 

 

Chapter 3.1.3 - Figure 1. Radar chart with all methylated genes in our 93 OSCC cohort, 

highlighting the nine genes most frequently methylated: WT1, MSH6, PAX5, GATA5, RARB, 

CADM1, PAX6, CHFR and ESR1. The genes are ordered by chromosome, from the short arm to 

the long arm. The scale represents the percentage of subjects presenting methylated genes. 

 

 Subsequent multivariate analyses of the nine methylated genes and the various 

clinic-pathological parameters of the patients revealed that the variables tested 

contributed differently to two dimensions (Cronbach's Alpha Coefficient = 0.862) 

(Figure 2). The first dimension (Cronbach's Alpha Coefficient = 0.695) encompasses the 

pN and pT classification scores, the MSH6 methylation status and, at the opposite end 

of the spectrum, the presence of metastases/relapses diagnosed during follow-up. The 

second dimension (Cronbach's Alpha Coefficient = 0.584) encompasses the majority of 

the nine genes, as well as the age and gender of the patients. Using a logistic regression 

model we observed a statistically significant association between the selected genes and 

the pT classification (G2 (3) = 15.045; p = 0.002), in which WT1 gene promoter 

methylation (p = 0.002; ORadj = 6.949) and GATA5 gene promoter methylation (p = 

0.010, ORadj = 0.194) showed distinct predictive effects, i.e., WT1 gene promoter 
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methylation was associated with T1 and T2 and GATA5 gene promoter methylation 

with T3 and T4 tumor stages.  With respect to pN status we found a statistically 

significant (G2 (1) = 6.794; p = 0.009) predictive value for the MSH6 gene (p = 0.011, 

ORadj = 0.259), i.e., MSH6 gene promoter methylated samples exhibited an 

approximately 4x higher probability to be N1 or N2 versus the unmethylated samples. 

Additionally, we found that MSH6 gene promoter methylation was statistically 

associated (p = 0.008, ORadj = 4.16) with the development of metastases and/or relapses 

during or after treatment. 

 

Chapter 3.1.3 - Figure 2. PCA using the nine genes most frequently methylated in our 93 

OSCC cohort and the following variables of the patients: gender, age, pN and pT classification 

of tumors and the development of metastases/relapses during follow-up. The first dimension is 

plotted on the X axis and captures 69.5% of the variance. This first dimension shows an 

association between the methylation status of MSH6, pN and pT tumor classification and the 

development of metastases/relapses during follow-up. The second dimension is plotted on the Y 

axis and captures 58.4% of the variance. This second dimension encompasses the majority of 

the genes, as well as the age and gender of the patients.  

 

 Our cohort comprises tumors derived from several sites within the oral cavity, of 

which those of the tongue are the most frequent. Considering the primary tumor 

locations, we decided to divide the cohort into two groups: one with tumors derived 

from the tongue (40 patients) and one with tumors derived from all remaining locations 

(53 patients). By doing so, we found that there was a statistically significant association 

(2 (1) = 7.015; p = 0.008) between a location in the tongue and the methylation status 

of the PAX5 gene (Figure 3), i.e., when this gene was methylated the probability of the 
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tumor being derived in the tongue was ~3 times higher than when this gene was 

unmethylated [OR = 3.36 (IC95% (1.34; 8.33)]. 

 

 

Chapter 3.1.3 - Figure 3. Radar chart with the nine genes most frequently methylated in our 93 

OSCC cohort, separated in two groups according the anatomical sites of the primary tumors. 

The green line represents the tongue site and the brown line represents all the other anatomic 

sites. Methylation of the PAX5 gene was associated with tongue tumors. The scale represents 

the percentage of subjects presenting methylated genes. 

 

 Of the 93 patients, 33 were only treated by surgery and 60 were treated by 

surgery plus radiotherapy or chemoradiotherapy. The follow-up periods of the patients 

ranged from 1 to 54 months. During follow-up 25/93 patients died. We found 

statistically significant survival differences with respect to tumor size (Log Rank: 2(1) 

= 11.187: p = 0.001; Breslow: 2(1) = 10.143; p = 0.001), i.e., patients with T1 or T2 

tumors exhibited a better mean survival time, 46.96 months (CI95% [42.3; 51.6]) 

compared to those with T3 or T4 tumors, 33.21 months (CI95% [17.4; 49.0]) (Figure 

4A).  

 We also observed significant differences between survival and nodal status (Log 

Rank: 2 (1) = 13.654: p < 0.001; Breslow: 2 (1) = 13.662; p < 0.001), i.e., 45.55 

months for N0 or N1 (CI95% [40.3; 50.8]) and 40.46 months for N2 (CI95% [27.6; 

53.3]) (Figure 4B).  
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 We observed only marginal statistically significant differences between survival 

(Log Rank: 2(1) = 3.886; p = 0.049; Breslow: 2(1) = 3.384; p = 0.066) and the GATA5 

methylation status, i.e., patients with a methylated GATA5 gene promoter exhibited the 

worst survival rates [33.92 months (CI95% [25.1; 42.7])], whereas patients with an 

unmethylated GATA5 gene promoter exhibited the best survival rates [55.21 months 

(CI95% [49.4; 61.0])] (Figure 4C).  

 

 

Chapter 3.1.3 - Figure 4. Kaplan-Meier curves showing overall survival in the 93 OSCC 

patients according to: A) pT1+T2 and pT3+T4 tumor classification; small size tumors (pT1+T2) 

present a better survival; B) pN0 + pN1 and pN2 classification; tumors with pN2 presented 

worse survival; C) GATA5 methylation status; tumors with unmethylated GATA5 have a better 

survival. Censured data means subjects that left the study.  

 

 For the MSH6 and WT1 genes we did not find any statistically significant 

associations with survival (Log Rank: 2(1) = 0.052: p = 0.820; Breslow: 2(1) = 0.051; 

p = 0.821 and Log Rank: 2(1) = 2.194: p = 0.139; Breslow: 2(1) = 1.950; p = 0.163, 

respectively). Survival parameters by the presence or absence of compromised surgical 

margins did not show any statistically significant differences (Log Rank: 2(1) = 0.507: 

p = 0.477; Breslow: 2(1) = 1.184; p = 0.277). 

 Genetic imbalances were observed for all 54 genes analyzed (Figure 5).  
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Chapter 3.1.3 - Figure 5. Genetic imbalances (gains and losses) in the 93 OSCC patient 

samples detected using two MS-MLPA probe mixes encompassing 54 genes. Losses of genetic 

material are represented in red, gains in blue. A) Each line represents one patient and each pixel 

in this line corresponds to one gene. Gray represents genes without alteration, and each shade of 

gray shows the localization of the genes on each specific chromosome. From left to right, the 

genes are ordered by chromosome, from the short arm to the long arm. B) Picture showing the 

percentage of imbalances by chromosome in tumor tissue for each gene analyzed. Each line 

represents one gene and the size of the line is proportional to the percentage of patients that 

present this alteration. The most frequent gains were detected in genes mapping to 

chromosomes 16, 17, 19, 11 and 12, being the genes highlighted in blue. The most frequent 

losses were detected in genes mapping to chromosomes 3, 9 and 18, being the genes highlighted 

in red. 

 

 We found that the same gene may exhibit either copy gain or copy number loss 

in different patient samples. The most frequent copy number gains were observed in 

chromosome 16 (CDH1 and PYCARD genes), followed by the chromosomes 17 and 19 

(BRCA1 and STK11 genes, respectively), chromosome 11 (GSTP1 gene) and 

chromosome 12 (TNFRSF1A and CHFR genes). The most frequent copy number losses 

were observed in chromosome 3 (FHIT, CTNNB1, RASSF1 and MLH1 genes), followed 

by chromosome 9 (CDKN2A and CDKN2B genes) and chromosome 18 (BCL2 gene). 

We also found genes that exclusively exhibited copy number gain: CDK6 (7q21.2), 

GSTP1 (11q13.2), CDKN1B (12p13.1), STK11 (19p13.3) and KLK3 (19q13.33). In 

A 

B 
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contrast, we found that the PAX6 (11p13), PAH (12q23.2) and PMP22 (17p12) 

exhibited only copy number losses. Genes that were less frequently altered in our cohort 

were APC (5q22.2), ESR1 (6q25.1), KLLN (10q23.31), PTEN (10q23.31), MGMT 

(10q26.3), PAH (12q23.2), RB1 (13q14.2), PMP22 (17p12) and KLK3 (19q13.33), with 

copy number gains and/or losses in at most four of the patient samples. We found that 

none of the genes evaluated exhibited both copy number loss and methylation (Figure 

6). 

 

 

Chapter 3.1.3 - Figure 6. Radar chart with all analyzed genes for methylation and the 

respective copy number alterations in our 93 OSCC cohort. Legend: M+G - methylation and 

copy number gains; M+L - methylation and copy number losses; M - methylation; G - gains; L - 

losses; N - Normal. 

 

 In contrast, we observed copy number gain and methylation in the MSH6, 

CASP8, PAX5, WT1, CHFR, GATA5 and TIMP3 genes. With respect to HPV infection, 

we identified three HPV-positive patients, two of whom were reported by us previously 

[Ribeiro et al. 2014a]. Two of the HPV infections were found to belong to the high-risk class, 

HPV type 31 and 33, whereas the third belonged to the low-risk class, HPV type 42. 

 Since gene methylation is considered to be an early event in the development of 

solid tumors, including OSCC [Maruya et al. 2004], this phenomenon may be relevant for its 

early diagnosis. In addition, it may serve as a therapeutic target based on its reversibility 

[S. Sharma et al. 2010a]. Currently, there are several human trials ongoing aimed at reversing 
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altered epigenetic patterns in both hematologic and solid tumors [Ho et al. 2013], including 

head and neck cancers [Worsham et al. 2014]. So far, however, epigenetic therapies have 

yielded relatively low efficacies in solid tumors [Federico and Bagella 2011], possibly due to 

their heterogeneity, their poor penetration and/or the development of tumor resistance 

[Ho et al. 2013]. We highlight WT1 methylation as a possible early prognostic biomarker for 

OSCC, since we found a statistically significant association between methylation of this 

gene and early tumor stages (i.e., T1 and T2). In line with our results, Oji et al [Oji et al. 

2003] suggested that WT1 could serve as a prognostic factor in these tumors, as they 

found that a high WT1expression significantly correlated with a poor tumor 

differentiation and, consequently, an advanced tumor stage. Likewise, it has been found 

that WT1 mRNA expression levels increase with the progression of chronic myeloid 

leukemia and myelodysplastic syndrome [Sugiyama 2010]. Although WT1 may act as either a 

tumor suppressor or as an oncogene [Yang et al. 2007] its oncogenic role seems to be evident 

in OSCC. The WT1 mRNA and protein expression levels remain to be evaluated in 

these tumors in order to establish its use in clinical diagnostic practice, as well as to 

establish its therapeutic applicability through e.g. WT1 peptide vaccination, which has 

already shown promising results in phase I and II clinical trials for at least some solid 

tumors [Qi et al. 2015]. 

 MSH6 gene promoter methylation turned out to be a marker for a poor prognosis 

in our cohort, being statistically associated with the presence of metastases and relapses 

during/after treatment. Since MSH6 is a DNA mismatch repair gene, its methylation 

(i.e., silencing) may enhance genomic instability, leading to a more aggressive 

phenotype and, consequently, a worse prognosis. Interestingly, Yip et al [Yip et al. 2009] 

reported that in vitro inactivation of the wildtype MSH6 protein in glioblastoma cells 

resulted in increased temozolomide (alkylating agent) resistance and that in vitro 

reconstitution of MSH6 protein expression restored the temozolomide sensitivity in 

MSH6-null glioblastoma cells. These results underscore the need to further explore the 

role of this DNA mismatch repair gene in oral carcinogenesis, including the effect of its 

methylation on the therapeutic response of OSCC patients.  

 We also observed a statistically significant association between GATA5 gene 

promoter methylation and advanced OSCC, turning methylated GATA5 into a 

biomarker for a worse prognosis. Likewise, Peters et al [Peters et al. 2014a; Peters et al. 2014b] 

reported that methylation and reduced GATA5 mRNA expression levels were associated 

with a poor clinical outcome in renal cell carcinoma patients, highlighting its role as 
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molecular marker for aggressiveness and disease progression. Importantly, it has been 

found that treatment of colorectal cancer cells, in which the expression of GATA4 and 

GATA5 was silenced, with a DNA methyltransferase inhibitor could lead to reactivation 

of these genes. As a consequence, their proliferation and migration were found to be 

impaired, substantiating the importance of GATA4 and GATA5 expression loss in cancer 

development [Zheng and Blobel 2010]. Thus, GATA4 and GATA5 gene reactivation may serve 

as a therapeutic approach for OSCC. With respect to the WT1 and MSH6 genes, we did 

not find any statistically significant associations between promoter methylation and 

survival rates, probably due to the short follow-up periods for the last patients enrolled 

in the study. 

 Regarding the different primary tumor locations within the oral cavity, we found 

that when the PAX5 gene promotor is methylated the tongue is the most likely site of 

origin. Previously, the PAX5 gene has been found to be methylated and down-regulated 

in head and neck cancers [Guerrero-Preston et al. 2014]. Our current results indicate that the 

epigenetic heterogeneity of OSCCs may explain their different clinical outcomes. Since 

different epigenetic patterns in tumors from different anatomic locations may explain 

differences in therapeutic response, this should be taken into consideration for the 

selection of therapeutic modalities. The molecular and clinical heterogeneity of OSCCs 

has been reported before [Pai and Westra 2009; Worsham et al. 2012]. The identification of specific 

biomarkers for subgroups of these tumors opens up new possibilities for their clinical 

management. It is imperative to note here that patients often receive inappropriate 

treatment due to difficulties in the detection of metastases [Robbins et al. 2002]. MSH6 gene 

promoter methylation may serve as such. In relation to copy number alterations, we 

[Ribeiro et al. 2014a] and others [Cancer Genome Atlas 2015] found that several chromosomes and 

genes are frequently altered in OSCCs. These alterations did, however, not coincide 

with the methylation patterns observed in our current cohort. The prevalence of HPV in 

OSCC has been reported to be between 5.9-21.3% [Chinn and Myers 2015]. In our cohort this 

prevalence was lower, which could be explained by the frequent presence of traditional 

risk factors and also the high number of relatively older patients included. It is 

important to reinforce that the role of HPV in OSCC remains ambiguous and 

controversial due to the relatively small number of positive patients in comparison to 

those in oropharyngeal cancer [Chinn and Myers 2015]. 

 In conclusion, we identified gene promoter methylation signatures (WT1, MSH6, 

GATA5 and PAX5) that are strongly correlated to, and can have a predictive value for 
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the clinical outcome of OSCC patients. The establishment of methylation signature 

scores offers a novel strategy to stratify patients into those with a better and those with a 

worse prognosis and, eventually, those with a risk of treatment failure. Extended follow-

up and larger multicenter validation studies are required to confirm the potential 

prognostic power of these biomarkers before its application in routine clinical practice.  
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Chapter 3.1.3 - Supplementary Table 1. Summary of gene function and chromosomal 

localization of the 54 genes in study 
Symbol Name Function Chromosomal 

localization 

TP73 Tumor protein p73 Apoptosis related gene 1p36.32 

MSH6 mutS homolog 6 DNA mismatch repair 2p16.3 

CASP8 Caspase 8, apoptosis-related cysteine peptidase Apoptosis related gene 2q33.1 
VHL Von Hippel-Lindau tumor suppressor, E3 ubiquitin 

protein ligase 

Ubiquitination and proteasomal degradation 3p25.3 

RARB Retinoic acid receptor, beta Transcription regulation, cell growth and 
differentiation 

3p24.2 

MLH1 mutL homolog 1 DNA mismatch repair 3p22.2 

CTNNB1 Catenin (cadherin-associated protein), beta 1, 88kDa Component of Wnt signaling pathway, cell 
growth and adhesion regulation 

3p22.1 

RASSF1 Ras association (RalGDS/AF-6) domain family 

member 1 

Cell cycle control 3p21.31 

FHIT Fragile histidine triad Apoptosis, cell proliferation, survival and 

nucleotide metabolism 

3p14.2 

CASR Calcium-sensing receptor Cellular calcium homeostasis 3q21.1 
IL2 Interleukin 2 Immune response 4q27 

APC Adenomatous polyposis coli Antagonist of the Wnt signaling pathway, 

cell migration and adhesion, transcriptional 

activation, and apoptosis 

5q22.2 

ESR1 Estrogen receptor 1 Transcription regulation, cellular 

proliferation and differentiation 

6q25.1 

PARK2 Parkin RBR E3 ubiquitin protein ligase Ubiquitination 6q26 

CDK6 Cyclin-dependent kinase 6 Differentiation and Cell cycle control  7q21.2 

CFTR Cystic fibrosis transmembrane conductance regulator 
(ATP-binding cassette sub-family C, member 7) 

Transport of chloride ions 7q31.2 

CDKN2A Cyclin-dependent kinase inhibitor 2A Cell cycle control, apoptosis regulation  9p21.3 

CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, inhibits 
CDK4) 

Cell cycle control 9p21.3 

PAX5 Paired box 5 Regulator in early development 9p13.2 

DAPK1 Death-associated protein kinase 1 Cell survival, apoptosis, and autophagy. 9q21.33 
PTCH1 Patched 1 Receptor for sonic hedgehog 9q22.33 

CELF2 CUGBP, Elav-like family member 2 RNA processing 10p14 

CREM cAMP responsive element modulator Component of cAMP-mediated signal 
transduction 

10p11.21 

KLLN killin, p53-regulated DNA replication inhibitor Cell cycle control 10q23.31 

PTEN Phosphatase and tensin homolog Cell cycle regulation 10q23.31 
MGMT O-6-methylguanine-DNA methyltransferase DNA repair 10q26.3 

CD44 CD44 molecule (Indian blood group) Cell-cell and cell-matrix interactions 11p13 

WT1 Wilms tumor 1 Trasncription factor binding 11p13 

PAX6 Paired box 6 Transcription regulation 11p13 

GSTP1 Glutathione S-transferase pi 1 Apoptosis regulation 11q13.2 

ATM ATM serine/threonine kinase Cell cycle control  11q22.3 
CADM1 Cell adhesion molecule 1 Cell adhesion 11q23.3 

CD27 CD27 molecule Putative role in apoptosis 12p13.31 

TNFRSF1A Tumor necrosis factor receptor superfamily, member 
1A 

Apoptosis regulation 12p13.31 

CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1) Cell cycle control 12p13.1 

PAH Phenylalanine hydroxylase Phenylalanine catabolism 12q23.2 
CHFR Checkpoint with forkhead and ring finger domains, E3 

ubiquitin protein ligase 

Cell cycle control  12q24.33 

BRCA2 Breast cancer 2, early onset DNA repair, Cell cycle control 13q13.1 

RB1 Retinoblastoma 1 Cell cycle control  13q14.2 

MLH3 mutL homolog 3 DNA mismatch repair 14q24.3 
THBS1 Thrombospondin 1 Cell-cell and cell-matrix interactions 15q14 

TSC2 Tuberous sclerosis 2 Cell cycle control 16p13.3 

PYCARD PYD and CARD domain containing Apoptosis regulation 16p11.2 
CDH1 Cadherin 1, type 1 Cell adhesion 16q22.1 

CDH13 Cadherin 13 Cell adhesion 16q23.3 

HIC1 Hypermethylated in cancer 1 Transcription regulation 17p13.3 
TP53 Tumor protein p53 Cell cycle control and apoptosis 17p13.1 

PMP22 Peripheral myelin protein 22 Growth regulation 17p12 

BRCA1 Breast cancer 1, early onset DNA repair, Cell cycle control 17q21.31 
BCL2 B-cell CLL/lymphoma 2 Apoptosis regulation 18q21.33 

STK11 Serine/threonine kinase 11 Cell metabolism, cell polarity, apoptosis and 

DNA damage response 

19p13.3 

KLK3 kallikrein-related peptidase 3 Angiogenesis regulation 19q13.33 

GATA5 GATA binding protein 5 Transcription factor binding 20q13.33 

TIMP3 TIMP metallopeptidase inhibitor 3  Matrix metalloproteinases inhibition 22q12.3 
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Abstract  

Objectives Although oral squamous cell carcinoma (OSCC) presents great mortality and 

morbidity worldwide, the mechanisms behind its clinical behavior remain unclear. 

Biomarkers are needed to forecast patients' survival and, among those patients 

undergoing curative therapy, which are more likely to develop tumor 

recurrence/metastasis. Demonstrating clinical relevance of these biomarkers could be 

crucial both for surveillance and in helping to establish adjuvant therapy strategies. We 

aimed to identify genomic and epigenetic biomarkers of OSCC prognosis as well as to 

explore a noninvasive strategy to perform its detection. Materials and Methods OSCC 

tumor and non-tumor tissue samples and cells scrapped from the tumor surface were 

genomic and epigenetically evaluated by Methylation-Specific Multiplex Ligation-

dependent Probe Amplification technique. Results Copy number alterations in ATM, 

CASR, TP73, CADM1, RARB, CDH13, PAX5, RB1 genes and GATA5, PAX6, CADM1 

and CHFR promoter methylation were shown to be associated with worse OSCC 

patients survival. Copy number alterations in BRCA1, CDKN2A, CHFR, GATA5, 

PYCARD, STK11, TP53, VHL genes and GATA5, CADM1, KLLN, MSH6, PAX5, WT1 

promoter methylation were shown to be associated with development of 

metastasis/relapses during or after OSCC patients treatment. We also found a good 

agreement in the status of CDKN2A promoter methylation evaluated noninvasively or in 

the tumor tissue. Conclusion Genomic and epigenetic signatures were validated in a 

larger and geographically separate cohort, from TCGA database, which reinforce their 

clinical applicability. Noninvasive methodologies for detection of these signatures 

require further studies before translation to clinical practice. 

 

 

Keywords: Copy number alterations; Methylation; Biomarkers, OSCC survival, 

Recurrence, TCGA data  
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 Introduction 

 Oral cancer is the most common neoplasm of head and neck region, being 

squamous cell carcinoma (OSCC) the most frequent histological type. Although the oral 

cavity region is accessible to visual examination, oral cancer is still diagnosed at 

advanced stage when signs and symptoms are already present [van der Waal et al. 2011]. On 

contrary, in early stages oral malignant lesions are usually benign in appearance and, as 

they are often asymptomatic, patients tend to depreciate the small signs [Cowpe et al. 1988]. 

When oral cancer is detected at early stages, 5-year survival rate is around 90%, 

whereas in later stages the survival rate decreases to about 30% [Omar 2015]. As so, clinical 

staging at the time of diagnosis is of utmost importance and can be used as a predictor 

of recurrence and mortality in oral cancer patients. On the other hand, the treatment of 

advanced tumors is frequently very mutilating, leading to visible deformations which, in 

turn, results in social stigmatization, speech disabilities and nutrition problems [Campbell et 

al. 2004; Holloway et al. 2005; Meyer et al. 2004]. Additionally, the behavior of OSCC is difficult to 

predict using solely conventional clinical and histopathological parameters [Oliveira and 

Ribeiro-Silva 2011]. Accurate prognostic biomarkers should have immediate applicability on 

the clinical set, allowing to select patients for more effective tailored treatment 

strategies and conceivably for shorter monitoring programs. Tissue biopsy with 

histological assessment remains the gold standard in oral diagnosis, which needs a 

trained health-care provider, and is considered invasive, painful, expensive and time 

consuming [Nair et al. 2012]. Nowadays, several advancements have been made in the 

development of potentially useful diagnostic tools at the clinical and molecular level for 

early detection of oral cancer and its relapses, such as exfoliative cytology (consisting in 

cells collection from mucosal surfaces by scrapping or brushing) that  presents as 

advantages the fact that it is painless, non-invasive, easy to perform and can be repeated 

several times to diagnose and follow-up the patients [Bremmer et al. 2005; Verma et al. 2015]. Even 

so, non-invasive tools have not yet proved their value in clinical routine since they were 

unable to reduce the problem of late diagnosis [Messadi 2013].  

 In this study we identified a specific genomic and epigenetic profile associated 

with OSCC survival and risk of relapse/metastasis development and, consequently, with 

patients prognosis. This genomic signature was validated using TCGA data, and may 

contribute for accurately stratifying patients for personalized clinical management. 

Additionally, we developed a noninvasive approach of identifying this genomic and 
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epigenetic signature by evaluating in tumor samples and in cells scrapped from the 

tumor surface of the same OSCC patients through Methylation-Specific Multiplex 

Ligation-dependent Probe Amplification (MS-MLPA) technique. This noninvasive 

approach showed good agreement for CDKN2A promoter methylation. 

 

Materials and methods 

 Study population 

 The study protocol was approved by the Committee on Ethics in Research of the 

Faculty of Medicine of the University of Coimbra. All patients provided their written 

consent to participate in the study after being informed about the research purposes, 

following the regulations in the Declaration of Helsinki. 

 The study cohort includes tumor tissue, tissue from surgery resection margin 

(macroscopically tumor-free tissue) and exfoliated cells, scrapped from the tumor 

surface, of 49 OSCC patients who underwent tumor resection. The surface of tumor, 

before surgery, was gentle scrapped with a blunt instrument to obtain exfoliated 

neoplastic cells. The material obtained was then taken in a falcon tube with phosphate 

buffered saline buffer and stored at 4ᵒC until DNA extraction, which was performed 

within one week after collection. The tissue samples were snap-frozen in liquid nitrogen 

within 30 min after resection and stored at -80ºC until use. The patients were recruited 

between October 2010 and January 2016 from the Maxillofacial Surgery Unit of the 

Coimbra Hospital and University Centre, CHUC, EPE, Portugal. Diagnosis and staging 

were performed in accordance with the American Joint Committee on Cancer TNM 

staging system. The participants in this study answered a survey regarding lifestyle and 

risk factors for upper aerodigestive tract malignancies, including alcohol and tobacco 

consumption. Patients were followed-up through hospital revisits during routine clinical 

appointments. The follow-up periods ranged from 1 to 63 months. Details of our study 

cohort are listed in table 1. For the control group of tissue samples, gingival tissues from 

16 healthy donors (6 males and 10 females, with ages ranging from 18 to 81 years) 

subjected to wisdom teeth removal were used. For the control group of tumor exfoliated 

cell samples, cells acquired by scrapping the oral surface of 14 healthy donors (4 males 

and 10 females, with ages ranging from 23 to 60 years) were used.  
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Chapter 3.1.4 - Table 1. Clinical-pathologic characteristics of study population. 
Patients   (n = 49) 

 n (%)  n (%) 

Gender  Age at diagnosis (Years)  

Male 39 (80) <60 24 (49)  

Female 10 (20) ≥60 25 (51) 

Anatomic Subsite  Invasion peri(neural)  

Tongue 26 (53) Yes 26 (53) 

Floor of the mouth 12 (25) No 20 (41) 

Retromolar Trigone 4 (8) NA 3 (6) 

Jugal Mucosa 2 (4) Differentiation  

Palate 2 (4) Well 38 (78) 

Alveolar ridge 3 (6) Moderate 9 (18) 

Tobacco  Poor 1 (2) 

Yes 31 (63) NA 1 (2) 

No 15 (31) Margins  

NA 3 (6) R0 29 (59) 

Alcohol  R1 16 (33) 

Yes 29 (59) NA 4 (8) 

No 15 (31) HPV  

NA 5 (10) Positive 1 (2) 

TNM stage  Negative 48 (98) 

I 9 (18) Vital status  

II 14 (29) Relapses/Metastasis in follow-up 16 (33) 

III 7 (14) Dead - OSCC 14 (29) 

IV 19 (39) Dead-non-OSCC 1 (2) 

Treatment   

surgery alone 13 (27) 

Surgery + RT 26 (53) 

Surgery + RT + QT 6 (12) 

NA 4 (8) 

NA- Not Available; RT - Radiotherapy; QT - Chemotherapy 

 

DNA extraction, HPV typing and MS-MLPA 

 DNA from fresh frozen tissues of patients and controls were extracted using a 

High Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, Germany), 

according to the manufacturer's instructions. The DNAs were quantified by UV 

spectrophotometric analysis using a Nanodrop 1000 Spectrophotometer (Thermo 

Scientific, USA). All tumor tissue samples were analyzed for HPV infection as previous 

described [Ribeiro et al. 2014b; Ribeiro et al. 2014a]. 

 MS-MLPA analyses were performed using MS-MLPA probe set ME002 (MRC-

Holland, Amsterdam, The Netherlands), which can simultaneously detect copy number 

alterations (CNAs) in 38 tumor suppressor genes and aberrant methylation patterns in a 

subset of 25 of these genes. All MS-MLPA reactions were performed according our 

previous work [Ribeiro et al. 2016]. Three controls selected from the previously analyzed 

control group of 16 from tissue samples and 11 from exfoliated cells, without CNAs and 
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methylation values below 20%, as well as a negative control (without DNA), were 

always included in each MS-MLPA assay. Binning of the raw data and comparative 

analyses were performed using Coffalyser.NET software. For each probe we determined 

the specific cutoff values for gain and loss, using 95% confidence intervals as 

determined on non-cancer subjects. A copy number gain was scored when a value 

exceeded 1.2 and a copy number loss was scored when a value was lower than 0.8. We 

considered a gene promoter as methylated when the methylation dosage ratio was ≥ 

0.20, which means that at least 20% of the DNA was methylated. These cut-off values 

were based in our previous works [Pinto-Leite et al. 2014; Ribeiro et al. 2014b; Ribeiro I.P 2016]. 

 

Validation cohort from TCGA data portal 

 Copy number data obtained by SNP array and patients’ clinical data of 314 

OSCC were downloaded from the TCGA Data Portal, available at https://tcga-

data.nci.nih.gov/tcga/, (accessed on the 23rd October, 2015). The available copy 

number data was Level 3 data. The clinical-pathologic features of the validation cohort 

are listed in table 2. 

 

Statistical analysis 

 Data analysis was essentially divided in three parts: one focusing the relationship 

between genetic/epigenetic data and survival information, other attempting to obtain a 

genetic and epigenetic biomarker for relapses or metastases and, finally, a part regarding 

agreement between tissue samples and scrapped cells of the tumor surface. 

 Copy number and methylation data were obtained for tumor and non-tumor 

cells, comparing the same genes between the two tissues, thus aiming to enlighten 

which genes are really contributing to tumoral features. This comparison was performed 

resorting to the difference between the entropy [Hausser and Strimmer 2009] computed for each 

gene, and genes that showed larger differences were considered to be significant to 

explain dissimilarities between tumor and non-tumor cells. Afterwards a factorial 

analysis, with two factors, was performed aiming at achieving a smaller group of genes 

and the relationship of them to each factor and to each observation. Additionally, a 

cluster analysis (two step method) was carried out and two different groups of 

observations were found. Finally, survival data was compared between these two groups 

using Kaplan-Meyer analysis and the Log Rank test. 
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 In order to achieve a form of estimating the risk of relapses or metastases a 

classification algorithm was implemented. Variable importance plots based on Gini 

index [Menze et al. 2009] were employed to select the most informative genes and a Random 

Forest method was implemented with a k-fold cross validation technique. 

Agreement between genetic data coming from tissues samples and scrapped cells was 

computed using Kappa statistics for each gene. 

 Statistical analysis was performed using R statistics platform (R version 3.3.2) 

and Matlab (R2016b, Matworks™). The statistical level of significance adopted was 

0.05. 

Chapter 3.1.4 - Table 2. Clinical-pathologic characteristics of validation cohort from TCGA. 
Patients   (n = 314) 

 n (%)  n (%) 

Gender  Age at diagnosis (Years)  

Male 209 (67) <60 133 (42.4) 

Female 105 (33) ≥60 180 (57.3) 

Anatomic Subsite  Invasion peri(neural)  

Tongue 131 (42) Yes 134 (42.7) 

Oral cavity 73 (23) No 113 (36) 

Floor of the mouth 63 (20) NA 63 (20.1) 

Buccal Mucosa 22 (7) Margins  

Alveolar Ridge 18 (6) R0 229 (72.9) 

Hard Palate 7 (2) R1 37 (11.8) 

Tobacco  Close 34 (10.8) 

Yes 215 (68.5) NA 14 (4.5) 

No 90 (28.6) HPV  

NA 9 (2.9) Positive 32 (10.2) 

Alcohol  Negative 281 (89.5) 

Yes 203 (64,6) NA 1 (0.3) 

No 104 (33,1) Country  

NA 7 (2,3) United States 212 (67) 

TNM stage  Canada 37 (11.8) 

I 12 (3.8) Brazil 10 (3.2) 

II 76 (24.2) Poland 9 (2.9) 

III 63 (20) Other 9 (2.9) 

IV 155 (49.4) NA 37 (11.8) 

NA 8 (2.5) Vital status  

Treatment  Relapses/Metastasis in follow-up 189 (60.2) 

QT  82 (26.1)  

Immunotherapy 2 (0.6) 

Targeted Molecular Therapy 1 (0.3) 

NA 229 (72.9) 

NA- Not Available; RT - Radiotherapy; QT - Chemotherapy 
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Results 

Genomic signature associated with OSCC survival  

 We evaluated whether the genetic differences between the tumor and non-tumor 

tissue samples could be used as survival predictors using entropy differences between 

the results of CNAs for the genes analyzed in these two kinds of samples. Firstly, we 

reduced data by selecting only the genes presenting a difference higher than 50%. The 

selected genes were: ATM, BRCA2, CADM1, CASR, CD44, CDH13, CDK6, CREM, 

ESR1, KLLN, MGMT, MLH3, PAX5, PAX6, PTEN, RARB, RB1, THBS, TP73 and WT1 

(Figure 1A). 

 Applying factorial and clusters analysis, we reached a division of our cohort into 

two clusters with a Cronbach alpha of 0.781 (internal consistency) and a silhouette 

Coefficient of 0.7 (cluster consistency). The genes that most contribute for this division 

were ATM, CASR, TP73, CADM1, RARB, CDH13, PAX5 and RB1. 

 Cluster 1 presented a proportion of 71% (35 patients) and cluster 2 of 29% (14 

patients). 

 The genomic signature of these two clusters is different, cluster 1 did not 

presented CNA in the selected genes and cluster 2 presented gains and losses in these 

genes (Figure 1B). 

 Kaplan-Meier curves for the two clusters, considering cluster 1 with all patients 

without CNAs for the selected genes and cluster 2 with patients that have at least one 

gene with CNA were performed. We observed that the average survival for cluster 1 

was 48.2 months (CI95% [39.5; 56.9]) whereas for cluster 2 was 40.9 months (CI95% 

[25.2; 56.6]) (Figure 2A). We did not reach statistical significance (Log-Rank: p = 

0.243). 

 A validation of these results using TCGA data was performed, including 58 

patients in cluster 1 and 254 in cluster 2. In this validation cohort, the average survival 

for cluster 1 was 98.6 months and for cluster 2 was 79.9 months (Figure 2B). In this 

validation cohort it was possible to observe 18.7 months of survival difference between 

the two clusters, which is higher than those observed in our cohort (7.3 months). 

Despite, this clinical relevant difference, we did not find statistical significance (Log-

Rank: p = 0.377). 
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Chapter 3.1.4 - Figure 1 A) Differences of entropy observed among CNA results for the genes 

analyzed in the OSCC tumor and non-tumor tissue samples. B) Copy number gains and losses 

detected in tumor and non-tumor tissue samples of cluster 1 and cluster 2. Loss is represented 

by red and gain by blue. 
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Chapter 3.1.4 - Figure 2. Kaplan-Meier curves for the two clusters identified, A) in our cohort, 

B) in the validation cohort from the TCGA database. Cluster 1 is represented by 1 and cluster 2 

by 2. 

 

 Considering the observed clinical relevant difference in survival of both clusters 

and the absence of statistical significance, we decided to joint both databases (our 

database from Portuguese patients and database from TCGA) in order to try maximize 

the observed differences and enlarge the number of patients. In this joint database the 

number of patients in cluster 1 was 93 and in cluster 2 was 268. The average survival 

for cluster 1 was 100 months and for cluster 2 was 77.8 months (data not shown). This 

joint database showed a difference of 22.2 months in the survival of both clusters. 

Despite this meaningful survival difference, statistical significance was not reached 

(Log-Rank: p = 0.167). 

 We also researched the effect of tumor stage in the survival, so we considered in 

this joint database, tumor stage I + II and tumor stage III + IV. Considering tumor stage 

I + II, Kaplan-Meier curves for the two clusters, cluster 1 with 37 patients and cluster 2 

with 74 patients, showed that the average survival for cluster 1 was 135.4 months and 

for cluster 2 was 80.0 months (Figure 3A). Patients with tumor stage I+II with and 

without CNAs (cluster 1 and 2) in the selected genes, exhibited a marginal statistical 

significance difference (Log-Rank: p = 0.049) of 55.4 months in the survival of both 

clusters. 

 Considering tumor stage III + IV, Kaplan-Meier curves for the two clusters, 

cluster 1 with 55 patients and cluster 2 with 187 patients, showed that the average 

survival for cluster 1 was 84.9 months and for cluster 2 was 71.0 months (Figure 3B). 
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We verified a 13.9 months of difference in survival between these clusters; however, we 

did not reach statistical significance (Log-Rank: p = 0.809). 

 The distribution of patients' age is very similar in both clusters, which do not 

constitute a bias in the observed statistical significance survival differences (Figure 3). 

 

 

 

 

 

 

Epigenetic signature associated with OSCC survival  

 We evaluated whether the epigenetic differences between the tumor and non-

tumor tissue samples could be used as survival predictors using entropy differences 

between the results of gene promoter methylation in these two kinds of samples. We 

reduced the data, selecting only the genes with a difference higher than 50%. The 

selected genes were: ATM, BRCA1, BRCA2, CADM1, CDKN2A, CHFR, ESR1, GATA5, 

MGMT, PAX5, PAX6, TP53 and TP73 (Figure 4A). 

 Applying factorial and clusters analysis with these selected genes, we reached a 

division of our cohort into two clusters with a Cronbach alpha of 0.718 and a silhouette 

Coefficient of 0.7. The cluster 1 presented a proportion of 57% with 28 patients and the 

cluster 2 of 43% with 21 patients. 

Chapter 3.1.4 - Figure 3. Kaplan-Meier curves for the two clusters identified in the 

joint database (our and validation cohorts) and the distribution of patients' age in both 

clusters, A) for tumor stage I + II, B) for tumor stage III + IV. Cluster 1 is represented 

by 1 and cluster 2 by 2. 
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 The epigenetic profile of these two clusters is different. We observed that cluster 

1 did not present any gene promoter methylation and cluster 2 presented methylation in 

these genes (Figure 4B). 

 

 

Chapter 3.1.4 - Figure 4. A)  Differences of entropy observed among methylation status for the 

analyzed genes in the OSCC tumor and non-tumor tissue samples, B) Methylation profile 

detected in tumor and non-tumor tissue samples of our cohort for the cluster 1 and the cluster 2.    
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 Kaplan-Meier curves for the two clusters were performed, being 47.8 months the 

average survival of cluster 1 (CI95% [38.5; 57.1]) and 44.8 months of cluster 2 (CI95% 

[31.8; 57.7]) (Figure 5). We did not reach statistical significance (Log-Rank: p = 0.330). 

 

 

Chapter 3.1.4 - Figure 5. Kaplan-Meier curves for the two clusters identified using gene 

promoter methylation results of our cohort. Cluster 1 is represented by 1 and cluster 2 by 2.  
 

 Validation using TCGA data was not done because methylation data is not 

comparable with our own data. 

 

Genomic and epigenetic signatures associated with OSCC relapse/metastasis risk  

 Random Forest model using CNA and gene promoter methylation results to 

search biomarkers with capability of predicting the relapse/metastases development risk 

in our OSCC cohort was performed.  For CNA, we verified that a set of eight genes has 

the power to discriminate between patients that developed relapse/metastases during 

clinical follow up from those without recurrence. The genomic signature with potential 

to perform this discrimination comprises the following genes: BRCA1, CDKN2A, 

CHFR, GATA5, PYCARD, STK11, TP53 and VHL (Figure 6A). We did not reach 

statistical significance. 

 A validation of genomic results using TCGA data was performed, but we did not 

find statistical significance (data not shown). 

 For gene promoter methylation, we verified that a set of six genes has the power 

to discriminate between patients that developed relapse/metastases during clinical 

follow up from those without recurrence.  
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 The epigenetic signature with potential to perform this discrimination comprises 

the following genes: CADM1, GATA5, KLLN, MSH6, PAX5 and WT1 (Figure 6B). 

We did not reach a statistical significance. 

 

 

 

Chapter 3.1.4 - Figure 6. Importance level of the genes analyzed to discriminate between the 

patients that develop or not metastases/relapses, A) using CNA data, B) using gene promoter 

methylation genes.   

 

Agreement between results obtained from tumor tissue samples and scrapped cells of 

the tumor surface  

 Evaluation of CDKN2A gene promoter methylation status in both tumor tissue 

and scrapped cells exhibited a total agreement, Kappa = 1 (Figure 7A). From all 

analyzed genes, in our cohort only the promoter methylation status of CDKN2A gene 

can be assessed using a non-invasive approach with the same result as in the tumor 

tissue.  

 For the overall copy number alterations (0.1568929 CI95% [0.0764; 0.2368]) 

and methylation status (0.005028447 CI95% [-0.0872; 0.1150]) of the analyzed genes 
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in the tumor tissue and in the scrapped cells (Figure 7 A, B) we observed a reduced 

agreement. 

 

 

Chapter 3.1.4 - Figure 7. Agreement measured by Kappa value between tumor tissue and 

scrapped cells. A) using CNAs, B) using methylation status. 

 

Discussion  

 Using a clinically well characterized OSCC cohort, followed during 1 to 63 

months, we identified a specific genomic and epigenetic signature associated with 

survival and risk of metastasis/relapse development during/after treatment. Nowadays 

we are witnessing an explosion in the knowledge of biological markers related to 

pathogenesis and progression of OSCC, which might emerge as a possibility to 

complement the selection of patients to more aggressive treatment modalities; however, 

single markers have proved insufficient predictive power, so, no biomarker was yet 

translated to clinical practice [G. R. Thomas et al. 2005].  Copy number alterations in ATM, 

CASR, TP73, CADM1, RARB, CDH13, PAX5, RB1 genes and GATA5, PAX6, CADM1 

and CHFR promoter methylation were shown to be associated with worse patient 

survival in our OSCC patients. Copy number alterations in BRCA1, CDKN2A, CHFR, 

GATA5, PYCARD, STK11, TP53, VHL genes and GATA5, CADM1, KLLN, MSH6, 

PAX5 and WT1 promoter methylation were shown to be associated with development of 

metastasis/relapses during or after treatment of our OSCC patients. These genomic 

signatures were validated in a geographically separated cohort (from TCGA database), 

reinforcing their potential for clinical application, since they were associated with  
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differences in patient survival around 20 months and more than 50 months if we 

considered only tumor stage I + II. The presence of these set of genes with copy number 

alterations could guide the clinical management of OSCC patients, indicating which 

patients have a better prognosis and also which patients must be monitored in closer 

follow up or should have an intensification of therapy due to the major risk of 

metastasis/relapse. 

 Focusing on the individual gene members of the genomic and epigenetic 

signatures related to survival and metastasis/relapse risk, we see that these genes are 

highly relevant to OSCC disease. Chief among them is TP53 gene, in which aberrations 

are the most frequent molecular events in human cancers. This gene encodes the p53 

protein, which  is involved in many key events in the cell like regulation of cell cycle 

and glucose metabolism in cancer cells, DNA-repair, apoptosis, and senescence, which 

are induced by various stress signals, including DNA damage and inflammation [Bensaad 

and Vousden 2007; Hussain and Harris 2006]. Another gene is CDKN2A, in which inactivation was 

found in 57% of HPV-negative head and neck cancer [Cancer Genome Atlas 2015]. This gene 

regulates cell cycle progression by blocking the activity of CCND1 and its associated 

kinases, CDK6 and CDK4, which phosphorylate and inactivate the tumor suppressor 

RB1 [Beck et al. 2015; Burke et al. 2012]. Patients that harbor simultaneous amplified CCND1 and 

deleted CDKN2A presented worse prognosis [Beck et al. 2015]. BRCA1 overexpression in 

leukoplakia followed by subsequent underexpression in tongue squamous cell 

carcinoma was also already described [Vora et al. 2003b]. CADM1 downregulation through 

epigenetic silencing or loss of heterozygosity is related to tumor cell invasion and 

metastatic potential [van den Berg et al. 2011; van Kempen et al. 2014]. ATM plays a role in maintaining 

genome integrity, being its aberrant promoter methylation linked to lost or greatly 

diminished expression of several tumor suppressors, namely BRCA1 [Esteller et al. 2000], 

CDKN2A [Costello et al. 1996] and VHL [Herman et al. 1994]. ATM promoter hypermethylation 

showed a significant correlation with decreased overall OSCC patient survival [Ai et al. 

2004]. We previously reported the association of MSH6 and GATA5 promoter 

methylation with OSCC worse prognosis, being the later gene also significantly 

associated with shorter survival rate [Ribeiro et al. 2016]. PAX5 promoter methylation was 

considered useful to identify patients at high risk of locoregional recurrence, after 

surgical treatment [Hayashi et al. 2015]. 

 Even with some limitations, such as, the different platform used to obtain the 

genomic results (MS-MLPA in our study cohort and SNP-microarray in TCGA cohort) 
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and also the different clinical follow-up frame time of the two cohorts, our results were 

in general validated in this larger and geographical distinct cohort (from TCGA 

database). This validation proves the clinical relevance of the identified signatures for 

OSCC patients. The reduced follow-up time of our patients (1 - 63 months) and also the 

junction of two databases with different patients’ follow-up time could explain the 

absence of survival statistical significance results; nevertheless, the survival difference 

between the two identified clusters is clear, representing a huge difference in the life 

time of these patients. Considering the genomic signature to predict the risk of relapses/ 

metastases, the absence of statistical significance in both cohorts could be due to the 

reduced number of patients that developed metastases and relapses during the time of 

follow-up. 

 Screening oral cancer implies searching oral potentially malignant and 

cancerous/recurrence lesions, typically before symptoms occur in people belonging to 

groups of risk. In 2005 Bremmer et al showed that the Multiplex Ligation-dependent 

Probe Amplification (MLPA) technique is suitable for detection of genetic alterations in 

noninvasive samples, opening the door to improve the early diagnostic of oral potential 

malignant lesions [Bremmer et al. 2005]. Four years later, the same group [Bremmer et al. 2009] 

compared the results from exfoliated cells and oral lesions biopsies of the same patients 

showing a high sensitive rate of this noninvasive technique. However, up to now, this 

technique was not validated, being still a promise for clinical practice without evidence 

of a truly practical application. We showed in our cohort that using MS-MLPA 

technique we could evaluate the CDKN2A gene promoter methylation status with same 

result either in scrapped cells from surface of tumor or in tumor tissue. The major 

limitation of these non-invasive samples could be the admixture with normal cells 

which hampers the detection of genetic and epigenetic alterations of tumor cells. Further 

studies regarding the collection of these non-invasive samples and also the technologies 

used to perform the molecular evaluations are needed. 

 

Conclusions 

 Our results suggest the involvement of a specific set of genes that together has 

the ability to predict the patients' prognosis. The genomic and epigenetic signatures 

proposed include genes that individually were already related to OSCC and together 

proved to be associated to survival and risk of metastasis/relapse development. These 
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findings are of particular clinical relevance since accurate prognostic biomarkers are 

still urgently needed in the clinical management of OSCC patients. Our genomic 

signatures were validated in a larger and geographically separate cohort, from the 

TCGA database, which reinforce their strength to future biomarker-driven clinical trials. 

We obtained the same result from CDKN2A gene promoter methylation status either in 

scrapped cells from the surface of tumor or in tumor tissue. Non-invasive 

methodologies to perform molecular screening in the high risk populations are 

promising; however, further studies are needed before a translation to clinical practice, 

namely regarding sample collection in this hard to reach population.  
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Abstract  

The head and neck squamous cell carcinoma (HNSCC) population consists mainly of 

high-risk for recurrence and locally advanced stage patients. Increased knowledge of the 

HNSCC genomic profile can improve early diagnosis and treatment outcomes. The 

development of models to identify consistent genomic patterns that distinguish HNSCC 

patients that will recur and/or develop metastasis after treatment is of utmost importance 

to decrease mortality and improve survival rates. In this study, we used array 

comparative genomic hybridization data from HNSCC patients to implement a robust 

model to predict HNSCC recurrence/metastasis. This predictive model showed a good 

accuracy (> 80%) and was validated in an independent population from TCGA data 

portal. This predictive genomic model comprises chromosomal regions from 5p, 6p, 8p, 

9p, 11q, 12q, 15q and 17p, where several upstream and downstream members of 

signaling pathways that lead to an increase in cell proliferation and invasion are 

mapped. The introduction of genomic predictive models in clinical practice might 

contribute to a more individualized clinical management of the HNSCC patients, 

reducing recurrences and improving patients' quality of life. The power of this genomic 

model to predict the recurrence and metastases development should be evaluated in 

other HNSCC populations. 

 

 

Keywords: Copy number alteration; Head and neck carcinoma; Recurrence and 

metastasis; Candidate genes; Predictive model 
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Introduction 

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

type of cancer worldwide [Ferlay et al. 2010]. The overall five-year survival rate remains of 

approximately 50% even with treatment advances [Thariat et al. 2015]. HNSCC patient 

outcomes are strongly linked to tumor stage. Patients with early stage tumors (I and II) 

have 60-95% possibility of successful treatment; however, when diagnosed two thirds 

of patients already exhibit disease in advanced stage (III and IV) [Worsham 2011]. Tumor 

recurrence and metastasis lead to a poor prognosis and quality of life, being the 

recurrence rate in HNSCC patients of about 50% during the first two years after the 

diagnosis of the primary tumor [Argiris et al. 2008]. Patients with failure after first-line 

therapy have a median overall survival of less than one year [Vermorken et al. 2008]. Some 

clinical-pathological parameters have been pointed out to prognosis, recurrence, and 

survival, namely tumor primary site, nodal involvement, tumor thickness, and the status 

of the surgical margins [Jerjes et al. 2010]. However, in the actual HNSCC clinical practice, 

treatment modalities and prognosis are still based only in the TNM staging system 

classification, which leads to a homogeneous treatment for different HNSCC tumors. 

Genomic factors also play an important role in the aetiology of these tumors, being the 

malignant transformation of the cells characterized by a progressive and sequential 

acquisition of genomic abnormalities, which provide a selective growth advantage to 

cancer cells. Accurate and reliable methods to predict which HNSCC patients are most 

likely to recur or to develop distant metastases would significantly enhance the choice 

of personalized treatment modalities and consequently improve survival of patients. 

This stratification of patients has been difficult to obtain due to the numerous anatomic 

sites, the unpredictable clinical behavior and heterogeneous molecular features of these 

tumors [Worsham et al. 2012]. In this study, we used whole genome copy number alterations 

(CNAs) to predict recurrence/metastasis development in HNSCC patients. Our 

predictive model presented an accuracy of more than 80% and it was validated in a 

TCGA cohort, representing a step further in the identification of clinically significant 

biomarkers with predictive value for HNSCC management. 
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Material and methods 

Study population 

 The study protocol was approved by the Committee on Ethics in Research of the 

Faculty of Medicine of the University of Coimbra. All patients provided their written 

consent to participate in the study after being informed about the research purposes, 

following the regulations in the Declaration of Helsinki. 

 The study cohort includes tissue specimens from 104 HNSCC patients who 

underwent treatment with curative intent. The patients were recruited between October 

2010 and August 2015 from the Maxillofacial Surgery and the Department of 

Otorhinolaryngology - Head and Neck Surgery, of the Coimbra Hospital and University 

Centre, CHUC, EPE, Portugal. Diagnosis and staging were performed in accordance 

with the American Joint Committee on Cancer TNM staging system. The participants in 

this study answered a survey regarding lifestyle and risk factors for upper aerodigestive 

tract malignancies, including alcohol and tobacco consumption. Patients were followed-

up through hospital revisits during routine clinical appointments. The final date of 

follow-up was February 29, 2016. The follow-up periods ranged from 6 to 64 months. 

Details of our study cohort are listed in table 1.  

 For control, gingival tissues from healthy donors subjected to wisdom teeth 

removal were used. 

 The tissue samples were snap-frozen in liquid nitrogen within 30 min after 

resection and stored at -80ºC until use.   

 

DNA extraction and array-CGH analysis 

 DNA from fresh frozen tissues of patients and controls were extracted using a 

High Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, Germany), 

according to the manufacturer's instructions. The DNAs were quantified by UV 

spectrophotometric analysis using a Nanodrop 1000 Spectrophotometer (Thermo 

Scientific, USA). 

 High-resolution whole genome analyses were performed using Agilent SurePrint 

G3 Human Genome microarray 180 K (Agilent Technologies, Santa Clara, CA, USA), 

according Pinto-Leite et al 2014 [Pinto-Leite et al. 2014]. DNA of tumor samples was labelled 

with Cy5 by random primer labelling. DNA from controls was labelled with Cy3. 
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Results were analysed using Agilent Genomic Workbench v6.5 software with the 

following settings: ADM1 as aberration algorithm, threshold of 6.0, moving average 2 

Mb. The results are according to Human Genome build 19 and include imbalances with 

at least three consecutive probes with abnormal log2 ratios. 

 

Chapter 3.2.1 - Table 1. Clinic-pathologic characteristics of study population - our cohort. 
Patients (n = 104) 

 n (%)  n (%) 

Gender Age at diagnosis (Years) 

Male 88 (84,6) <60 52 (50) 

Female 16 (15,4) ≥60 52 (50) 

Anatomic Subsite Invasion peri(neural) 

Tongue 44 (42,3) Yes 47(45,2) 

Floor of the mouth 28 (26,9) No 40(38,5) 

Retromolar Trigone 8 (7,7) NA 17(16,3) 

Jugal Mucosa 6 (5,8) Differentiation 

Palate 4 (3,8) Well 76 (73,1) 

Alveolar ridge 6 (5,8) Moderate 22 (21,2) 

Tonsil 2 (1,9) Poor 1(1,0) 

Hypopharynx 2 (1,9) NA 5 (4,8) 

Larynx 2 (1,9) Margins 

Supraglottis 1 (1,0) R0 59(56,7) 

Epiglottis 1 (1,0) R1 28(26,9) 

Tobacco  NA 17(16,3) 

Yes 76 (73,1) HPV 

No 28 (26,9) Positive 3(2,9) 

Alcohol  Negative 101(97,1) 

Yes 70 (67,3) Treatment 

No 31 (29,8) surgery alone 33 (31,7) 

NA 3 (2,9) Surgery + RT 42 (40,4) 

TNM stage  Surgery + RT + QT 13 (12,5) 

I 18 (17,3) Surgery + QT 1 (1,0) 

II 27 (26,0) RT + QT 12 (11,5) 

III 20 (19,2) RT alone 3 (2,9) 

IV 39 (37,5) Vital status 

 Relapses/Metastasis in follow-up 40 (38,5) 

 Dead - HNSCC 33 (31,7) 

Dead-non - HNSCC 6 (5,8) 

Alive 65 (62,5) 
 

NA- Not Available; RT - Radiotherapy; QT – Chemotherapy 

 

Validation cohort from TCGA data portal 

 Copy number data, obtained by SNP array using Affymetrix Genome-Wide 

Human SNP Array 6.0 were downloaded from The Cancer Genome Atlas (TCGA) Data 

Portal along with the patients’ clinical data of 95 HNSCC, available at https://tcga-

data.nci.nih.gov/tcga/, on the 23rd October, 2015. The available copy number data was 

Level 3 data. 
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 Tissue samples were collected by TCGA with appropriate informed consent 

from newly diagnosed HNSCC patients at the time of their surgical resection. Human 

Genome Version 19 samples without germline CNVs were used.  

 Only copy number information for tumor samples that came from the anatomical 

locations of the tumors contained in our cohort was selected. In addition, only patients 

that had available recurrence/metastasis status information were considered. The 

clinical-pathologic features of the validation cohort are listed in table 2. 

 

Chapter 3.2.1 - Table 2. Clinic-pathologic characteristics of study population - TCGA cohort. 
Patients (n = 95) 

 n (%)  n (%) 

Gender  Age at diagnosis (Years)  

Male 67 (70.5) <60 40 (42.1) 

Female 28 (29.5) ≥60 55 (57.9) 

Anatomic Subsite Invasion peri(neural)  

Tongue 44 (46.3) Yes 49 (51.6) 

Floor of the mouth 13 (13.7) No 34 (35.8) 

Buccal Mucosa 6 (6.3) NA 12 (12.6) 

Palate 5 (5.3) Margins  

Alveolar ridge 7 (7.4) R0 74 (77.9) 

Oral Cavity 20 (21.1) R1 7 (7.4) 

Tobacco  NA 14 (14.7) 

Yes 70 (73.7) Treatment  

No 24 (25.3) NA 72 (75.8) 

NA 1 (1.1) Surgery + RT + QT 1 (1.1) 

Alcohol Surgery + QT 5 (5.3) 

Yes 67 (70.5) RT + QT 14 (14.7) 

No 27 (28.4) RT alone 3 (3.2) 

NA 1 (1.1) Vital status  

TNM stage Relapses/Metastasis in follow-up 27 (28.4) 

I 6 (6.3) Dead - HNSCC 17 (17.9) 

II 18 (18.9) Dead-non - HNSCC 4 (4.2) 

III 18 (18.9) Alive 69 (72.6) 

IV 53 (55.8) NA 5 (5.3) 
NA- Not Available; RT - Radiotherapy; QT - Chemotherapy 

 

Statistical analysis 

 

Data Preparation  

 Chromosomes were binned by mean size of alterations in each chromosome, 

both in our cohort and the TCGA patients. Then, the alterations present in the patients 

were distributed by those bins, reducing significantly the number of regions to analyse 

as well as generating a more structured dataset that can be compared across cohorts.  
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Statistical Classification  

 Both our cohort and the cohort of patients from TCGA Data Portal were 

analysed. The latter was used as a means of external validation.  

 A three-class support vector machine (SVM) algorithm for statistical 

classification was applied to these data. The three studied classes were: patients with 

recurrence/metastasis, patients without recurrence/metastasis and patients of 

unidentifiable class.  

 The most important regions for the distinction between classes were selected by 

Gini’s coefficient given by a Variable Importance Plot in a bootstrapping scheme 

applied to a balanced set regarding the number of cases in each class. Since the number 

of observations in both data sets was limited, few genomic regions were used as well: 

the six most important variables, for a minimum number of 32 cases, were selected.  

 The final multiclass classifier is obtained by the combination of three binary 

classifiers that distinguishes between: i) having or not recurrence/metastasis; ii) not 

having recurrence/metastasis and being unidentifiable; iii) having recurrence/metastasis 

and being unidentifiable. The three binary classifiers are applied to data and their 

responses are combined using a voting strategy, thus obtaining the final classification.  

 Model performance is reported across 5000 iterations, executed twice. The 

algorithm’s performance was evaluated by the accuracy considering balanced sets. All 

analyses were performed using R (version 3.4.0) and Matlab (R2016b).  

 

Results  

CNAs detection in HNSCC cohort 

The genomic characterization of HNSCC through whole genome array-CGH 

revealed several copy number gains and losses in all chromosomes (Figure 1), being the 

chromosomes 3, 5, 7, 8, 9, 11, 12, 14, 15, 16, 17, 18, 19, 20 and 22 the most frequently 

altered. The most frequent copy number gains were observed at chromosomes 3q, 5p, 

7p, 7q, 8q, 11q, 12p, 14, 15, 16, 17, 19, 20, 22 and the most frequent copy number 

losses were observed at chromosomes 3p, 8p, 9p, 11qter and 18 (Figure 1). 
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Chapter 3.2.1 - Figure 1. Profile of chromosomal imbalances detected in HNSCC patients 

using array-CGH technique. Blue represents copy number gains and red copy number losses. 

The fraction of samples means the fraction of patients that exhibited the imbalance. 

 

Development of a genomic predictive model for HNSCC recurrence and metastasis  

 The identified chromosomal alteration profile of our HNSCC patients together 

with their follow up clinical data (6 - 64 months of clinical follow up) were used to 

build a predictive model for HNSCC recurrence/metastasis development. This model 

includes three phases: i) identification of patients with vs. without recurrence/metastasis 

developed after the diagnosis and treatment of primary tumor, during follow up ii) 

distinction between patients without recurrence and unidentifiable, iii) distinction 

between patients with recurrence and unidentifiable. 

 This three-phase model presented an accuracy of 83.6 % CI95% [66.7; 94.4] %, 

correct prediction of patients without recurrence/metastasis of 92.3% CI95% [66.7; 100] 

%, correct prediction of patients with recurrence/metastasis of 87.0% CI95% [50.0; 100] 

% and correct prediction of patients unidentified of 71.4% CI95% [33.0; 100] %. 

 This model was developed in three phases since we observed that in the first 

phase of the classification some patients were frequently and systematically 

misclassified. Interestingly, these misclassified patients presented an overall genomic 

profile similar to the patients that developed recurrence/metastasis (data not shown). 

After this observation, we decided to develop two new phases in this predictive model, 

where we considered the misclassified patients in the first phase of the predictive model 

as a new category labeled as unidentifiable patients.  
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 This predictive model, in the first phase: identification of patients with vs. 

without recurrence/metastasis used six chromosomal regions: 8p23.1-p22, 9p13.2-p12, 

9p24.3-p24.1, 15q26.2-q26.3, 17p12 and 17p12-p11.2 (Figure 2A). 

 The second (patients without recurrence vs. unidentifiable) and third (patients 

with recurrence vs. unidentifiable) phases of this predictive model considered the 

following specific chromosomal regions, 8p23.1-p22, 9p13.2-p12, 9p24.3-p24.1, 

15q26.2-q26.3, 17p12, 17p12-p11.2 and 6p22.1-p21.33, 11q12.2-q12.3, 12q21.2-

q21.31, 15q13.3-q14 and 17p12-p11.2, respectively (Figures 2B, C). 

 The bands 9p24.3-p24.1 and 17p12 are important for the discrimination of 

patients that developed or not recurrence/metastasis and for patients without 

recurrence/metastasis and the unidentifiable ones. 

 The band 17p12-p11.2 is important for the discrimination of patients that 

developed or not recurrence/metastasis as well as of patients that develop 

recurrence/metastases from those that are unidentifiable. 

 In the specific chromosomal regions of chromosomes 5p, 6p, 8p, 9p, 11q, 12q, 

15q and 17p that were used in this three-phase predictive model are mapped important 

genes for the carcinogenesis process. Through the analysis of the genes mapped in these 

chromosomal regions using UCSC genome browser (https://genome.ucsc.edu/) and 

GeneCards - Human gene database (http://www.genecards.org/) we identified some 

potential candidate genes connected with signaling pathways that control processes 

associated with tumorigenesis (Figure 3 and supplementary tables 1, 2 and 3).  

 

 

 

 



3. Results 

3.2 Genomic Studies 

112        Ribeiro et al.(2017)b Submitted 

 

 

 

Chapter 3.2.1 - Figure 2. Heatmap with copy number alteration profile in the chromosomal 

regions used by the predictive genomic model, A) in patients with vs. without 

recurrence/metastasis - first phase of the predictive model; B) in patients without recurrence and 

those unidentifiable - second phase of the predictive model; C) in patients with recurrence and 

those unidentifiable - third phase of the predictive model. 
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A - Patients with vs. without recurrence/metastasis - first phase of the predictive model  
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B - Patients without recurrence and those unidentifiable - second phase of the 

predictive model  
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C - Patients with recurrence and those unidentifiable - third phase of the predictive 

model 
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Chapter 3.2.1 - Figure 3. Ideogram with chromosomal regions used by predictive genomic 

model and the highlighted candidate genes in these regions. A) in patients with vs. without 

recurrence/metastasis - first phase of the predictive model; B) in patients without recurrence and 

those unidentifiable - second phase of the predictive model; C) in patients with recurrence and 

those unidentifiable - third phase of the predictive model. Blue represents the proportion of copy 

number gains and red represents the copy number losses identified in these specific 

chromosomal regions both in our HNSCC patients and in TCGA database. 

 

Validation of the predictive model for recurrence and metastasis development using a 

TCGA cohort 

 The usefulness of the developed predictive model based on CNAs was validated 

using TCGA data from 95 HNSCC, which presented full information regarding their 

vital status. 

 Our three-phase model, when applied to TCGA cohort presented an accuracy of 

59.4 % CI95% [38.9; 77.8] %, correct prediction of patients without recurrence of 

74.7% CI95% [33.3; 100] %, correct prediction of patients with recurrence of 55.1% 

CI95% [16.7; 100] % and correct prediction of patients unidentified of 48.5% CI95% 

[0; 100] %. 

 

Discussion 

 The development and progression of HNSCC is significantly correlated with the 

accumulation of genomic alterations, allowing cells to escape homeostatic controls that 

suppress inappropriate proliferation, which result not only in increased proliferation but 

also in, metabolic changes, genetic instability, induction of angiogenesis, resistance to 

cell death and increased migratory capacity [Sever and Brugge 2015]. Identification of genome-

wide high resolution DNA copy number changes through array-CGH has been applied 

to a wide range of tumors including HNSCC [Cha et al. 2011; Y. J. Chen et al. 2004; Sparano et al. 2006]. 

Genomic instability is a common characteristic of cancer cells, with aneuploidy and 

large-scale DNA rearrangements being frequently observed [Ribeiro et al. 2014b; Ribeiro et al. 2014a; 

Ribeiro et al. 2016]. However, the relevant chromosomal variations and genes that play a 

central role in the HNSCC development and progression as well as in the recurrence and 

metastasis development are not still fully elucidated. In this study we observed several 

copy number gains and losses in all chromosomes, with chromosomes 3, 5, 7, 8, 9, 11, 

12, 14, 15, 16, 17, 18, 19, 20 and 22 being the most frequently altered in our HNSCC 

cohort (Figure 1). These results revealed the great genomic complexity that underlies 
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HNSCC. Additionally, these tumors exhibit great heterogeneity in their clinical 

behavior that cannot currently be predicted using only the available set of clinical 

markers; therefore, the development of a prognosis predictive model is a novel and 

promising strategy to increase the HNSCC survival rate and improve the quality of life 

of the patients. We genomically characterized HNSCC through array-CGH technology, 

highlighting specific chromosomal alterations.  The identified genomic signature was 

used to build a predictive statistical model of recurrence and metastasis development 

(Figure 2). This predictive multivariate model presented average accuracy higher than 

80% and was validated in a TCGA cohort. This model comprises several upstream and 

downstream members of signaling pathways that lead to an increase in the cell 

proliferation and invasion (Figure 3). Components of PI3K/Akt, mTOR, Wnt, 

Hedgehog, Hippo, Notch, MAP/ERK, were identified as affected in our cohort since 

several downstream nuclear targets of these signaling pathways are deregulated in the 

chromosomal regions used by the developed predictive model, such as, NKD2 

(5p15.33), SOX7 (8p23.1), RRAGA (9p22.1) KANK1 (9p24.3), JAK2 (9p24.1), LLGL1 

(17p12.2) and FLCN (17p11.2). Likewise, genes related to regulation of telomerase, 

cytoskeletal, metabolism and DNA repair were also frequently altered in tumors and 

used in this predictive model, namely SDHA and LPCAT1 (5p15.33), MDC1 (6p21.33), 

PINX1 (8p23), ACER2 (9p22.1), PRPF19 (6p21.33), AVEN (15q14) and FLII 

(17p11.2). As consequence of tumor progression, neoplastic cells become more 

migratory and develop the capability to invade surrounding tissues, which is 

accompanied by alterations in adhesion, cell polarity, cytoskeletal dynamics and 

morphology [Sever and Brugge 2015]. Cell growth is coordinated with metabolic processes 

involved in the synthesis of macromolecules, thus, cancer cells display metabolic 

plasticity, altering their metabolic profile during tumorigenesis and metastasis. 

Altogether, these results suggest a specific set of chromosomal regions and genes that 

seem to have an important role in the development and prediction of HNSCC 

recurrence/metastasis. This model could also help in the design of targeted therapies; 

however, cancer cells seem to develop resistance to inhibition of a particular signaling 

pathway by expressing alternate protein isoforms or up-regulating compensatory 

pathways; thus, cancer therapeutic strategies should involve targeting simultaneously 

multiple deregulated signaling pathways. The observed genomic instability of HNSCC 

reflects a failure of checkpoint signaling and/or DNA repair mechanisms, denoting the 

clear need for further research in this area to establish a precise link between these 
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highlighted specific candidate genes and the HNSCC recurrence/metastasis and, 

consequently with patients’ prognosis. 

It is important to stress some limitations of this study, namely the fact that our cohort 

presented a relatively reduced clinical follow-up time (range from 6 to 64 months), so, 

some patients with a genomic profile similar to those with recurrence/metastasis could 

be incorrectly classified in the first phase of the predictive model only because the 

patients were not followed up enough time to be diagnosed with recurrence/metastasis. 

This scenario would justify the great majority of unidentified patients. Another 

limitation is the fact that patients with different anatomic tumors in the head and neck 

region were analyzed as a homogenous entity, but these tumors were indeed already 

described as clinical and molecular different entities. In the future, this predictive model 

should be tested in larger cohorts of different populations of the different head and neck 

anatomic subsites. Further studies and larger follow-up times should be performed to 

better characterize the unidentified patients. The validation of this predictive model in 

the TCGA cohort presented overall reduced quality comparatively to our cohort, which 

could be due to the fact that we are testing a model specifically developed to array-CGH 

data in results obtained with a different platform, SNP- microarray. Larger cohorts 

would also permit the use of more genes, as well as the fine tuning of the set of genes 

that are more important to the prediction and thus more involved in the development of 

metastasis/recurrence. The clinical application of this genomic predictive model is 

promising since it is possible to identify newly diagnosed HNSCC patients with risk of 

development of recurrence/metastasis and, in this sense, monitor them closely, avoiding 

or performing early detection of the recurrences and even provide more aggressive and 

personalized treatment in order to reduce the morbidity and mortality associated with 

this disease. The complexity of the cancer signaling pathways presents a significant 

challenge to the development of targeted therapies due to the redundancy of the 

pathways that control cell proliferation and survival, the crosstalk between pathways, 

and the feedback inhibition mechanisms that cause pathway reactivation; however, we 

highlighted in this study several chromosomal regions and genes that could be good 

candidates for targeted therapy studies. 

Since HNSCC has a poor overall prognosis with a high tendency to recur at the 

primary site and to involve the cervical lymph nodes, this predictive model for 

recurrence and metastasis development may pave the way to a more practical and 

individualized patient management and targeted drug design.  
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Chapter 3.2.1 - Supplementary Table 1. List of candidate genes identified in the 

chromosomal regions used by the first phase of predictive model: identification of patients with 

vs. without recurrence/metastasis. 
Candidate genes Biological function Related pathways (GeneCards)

CLDN23 Signal transduction
Blood-Brain Barrier and Immune Cell Transmigration: VCAM-

1/CD106 Signaling Pathways and Tight junction

MFHAS1 Potential oncogene -

TNKS
Wnt signaling pathway, telomere length and vesicle 

trafficking
Nicotinate and nicotinamide metabolism and HIV Life Cycle

SOX7 Tumorigenesis Wnt Signaling and ERK Signaling

PINX1 Tumor suppressor Regulation of Telomerase

MTMR9 Cell proliferation -

BLK Cell proliferation and differentiation
CXCR4-mediated signaling events and B cell receptor signaling 

pathwa

GATA4 Transcriptional regulation
DREAM Repression and Dynorphin Expression and Cardiac 

conduction

CTSB Associated with esophageal adenocarcinoma Immune System and Toll-Like receptor Signaling Pathways

NEIL2 Base excision repair of DNA

Recognition and association of DNA glycosylase with site 

containing an affected pyrimidine and Telomere C-strand 

(Lagging Strand) Synthesis

DLC1 Tumor suppressor
G-protein signaling_Regulation of CDC42 activity and 

Regulation of RhoA activity

KIAA1456 Tumor suppressor tRNA processing and Gene Expression

PAX5 Differentiation Transcriptional misregulation in cancer

FBX010 -

SHB Angiogenesis; Apoptosis
EPH-Ephrin signaling and Development VEGF signaling via 

VEGFR2 - generic cascades

ALDH1B1 Alcohol metabolism Metabolism and Cytochrome P450 - arranged by substrate type

IGFBPL1 Putative tumor suppressor -

KANK1 Putative tumor suppressor PI3K/Akt signaling

DMRT1 Putative tumor suppressor -

JAK2 Cell growth, differrentiation and histone modifications Interferon gamma signaling and RET signaling

NR2F2 Transcriptional regulation

Oct4 in Mammalian ESC Pluripotency and Regulation of lipid 

metabolism by Peroxisome proliferator-activated receptor alpha 

(PPARalpha)

IGF1R Anti-apoptotic agent by enhancing cell survival
IL-2 Pathway and Development Ligand-independent activation 

of ESR1 and ESR2

MEF2A Cell growth control and apoptosis Activated TLR4 signalling and Immune System

ADAMTS17 Peptidase activity and metalloendopeptidase activity
O-glycosylation of TSR domain-containing proteins and HIV 

Life Cycle

ALDH1A3 Aldehyde dehydrogenase (NAD) activity Drug metabolism - cytochrome P450 and Tyrosine metabolism.

TM2D3
Regulation of cell death or proliferation signal 

cascades
-

ELAC2 Mediated growth arrest tRNA processing and rRNA processing in the mitochondrion

HS3ST3B1 Epithelial-mesenchymal transition Cytochrome P450 - arranged by substrate type and Metabolism

PMP22 Growth regulation
a6b1 and a6b4 Integrin signaling and Neural Crest 

Differentiation

TRIM16 Cell growth, differentiation and pathogenesis -

ZNF286A Transcriptional regulation Gene Expression

NCOR1 Chromatin remodeling and repression of transcription
Regulation of nuclear SMAD2/3 signaling and BMAL1-

CLOCK,NPAS2 activates circadian gene expression

UBB

Involved in the maintenance of chromatin structure, 

the regulation of gene expression, and the stress 

response.

Interferon gamma signaling and Activated TLR4 signalling

ZNF287 Transcriptional regulation Gene Expression

FLCN Putative tumor suppressor  ErbB signaling pathway and mTOR signaling pathway 

COPS3 Signal transduction
Vesicle-mediated transport and Transcription-Coupled 

Nucleotide Excision Repair (TC-NER)

RASD1
Cell morphology, growth and cell-extracellular matrix 

interactions
Neuroscience and MAP Kinase Signaling.

DRG2 Cell growth and differentiation -

LLGL1  Cytoekeletal network Tight junction and Hippo signaling pathway

FLII Regulation of cytoekeletal rearrangements Cytoskeletal Signaling

TOP3A
Controls and alters the topologic states of DNA 

during transcription
Meiosis and Cell Cycle Checkpoints

ZNF286B Transcriptional regulation -

17p12-p11.2

8p23.1-p22

15q26.2-q26.3

17p12

9p13.2-p12

9p24.3p24.1
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Chapter 3.2.1 - Supplementary Table 2. List of candidate genes identified in the 

chromosomal regions used by the second phase of predictive model: identification of patients 

without recurrence/metastasis. vs. unidentifiable 
Candidate genes Biological function Related pathways (GeneCards)

SDHA Putative tumor suppressor Metabolism and Citrate cycle (TCA cycle)

PDCD6

May inhibit KDR/VEGFR2-dependent angiogenesis; the 

function involves inhibition of VEGF-induced 

phosphoprylation of the Akt signaling pa

-

AHRR Cell growth and differentiation

Regulation of lipid metabolism by Peroxisome 

proliferator-activated receptor alpha (PPARalpha) 

and Metabolism

SLC9A3 Signal transduction

Transport of glucose and other sugars, bile salts and 

organic acids, metal ions and amine compounds and 

Protein digestion and absorption.

TRIP13 Putative role in early-stage non-small cell lung cancer -

CLPTM1L Enhances cisplatin-mediated apoptosis -

NKD2 Negative regulators of Wnt receptor signaling
Wnt Signaling Pathway and Pluripotency and Wnt / 

Hedgehog / Notch

TERT Cellular senescence and oncogenesis HTLV-I infection and Chromosome Maintenance

LPCAT1
Progression of oral squamous cell, prostate, breast, and 

other human cancers
Metabolism and Acyl chain remodelling of PE

IRX1 Tumor suppressor in gastric and head and neck cancers -

ADAMTS16 Metalloendopeptidase activity
O-glycosylation of TSR domain-containing proteins 

and HIV Life Cycle

RRAGA
Inhibitor of TNF-alpha functions, affecting cell death

mTOR signalling and TP53 Regulates Metabolic 

Genes

RPS6 Cell growth and proliferation

Activation of the mRNA upon binding of the cap-

binding complex and eIFs, and subsequent binding to 

43S and Metabolism

ACER2 Cell proliferation and survival
Metabolism and sphingosine and sphingosine-1-

phosphate metabolism

IFNB1 Cell differentiation and anti-tumor defenses
Interferon gamma signaling and Regulation of nuclear 

SMAD2/3 signaling

FOCAD Potential tumor suppressor in gliomas -

KANK1 Putative tumor suppressor PI3K/Akt signaling

DMRT1 Putative tumor suppressor -

JAK2 Cell growth, differrentiation and histone modifications Interferon gamma signaling and RET signaling

CD274
Prognostic value in colon cancer and renal cell 

carcinoma

Immune System and IgA-Producing B Cells in the 

Intestine

UHRF2 Cell cycle regulation 

KDM4C
Regulation of gene expression and chromosome 

segregation

Activated PKN1 stimulates transcription of AR 

(androgen receptor) regulated genes KLK2 and 

KLK3 and Chromatin organization

PTPRD
Cell growth, differentiation, mitotic cycle, and oncogenic 

transformation

Transmission across Chemical Synapses and Protein-

protein interactions at synapses.

ELAC2 Mediated growth arrest

tRNA processing and rRNA processing in the 

mitochondrion

HS3ST3B1 Epithelial-mesenchymal transition

Cytochrome P450 - arranged by substrate type and 

Metabolism

PMP22 Growth regulation

a6b1 and a6b4 Integrin signaling and Neural Crest 

Differentiation

TRIM16 Cell growth, differentiation and pathogenesis -

ZNF286A Transcriptional regulation Gene Expression

17p12

5p15.33-p15.32

9p22.3-p21.3

9p24.3p24.1

9p24.1-p23
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Chapter 3.2.1 - Supplementary Table 3. List of candidate genes identified in the 

chromosomal regions used by the third phase of predictive model: identification of patients with 

recurrence /metastasis. vs. unidentifiable. 
Candidate genes Biological function Related pathways (GeneCards)

ZNF391; ZNF165; ZSCAN16; ZSCAN9; 

ZSCAN26
Transcriptional regulation -

HIST1H4L

Transcription regulation, DNA repair, 

DNA replication and chromosomal 

stability

Mitotic Prophase and Activated PKN1 

stimulates transcription of AR (androgen 

receptor) regulated genes KLK2 and KLK3

 HIST1H1B

Regulator of individual gene 

transcription through chromatin 

remodeling, nucleosome spacing and 

DNA methylation

Apoptosis induced DNA fragmentation and 

Regulation of activated PAK-2p34 by 

proteasome mediated degradation

 HIST1H3I

Transcription regulation, DNA repair, 

DNA replication and chromosomal 

stability

Mitotic Prophase and Immune System

TRIM27
Transcriptional repressor activity; 

Apoptosis
-

TRIM31 Negative regulator of cell growth
Interferon gamma signaling and Immune 

System

TRIM40
Negative regulator against 

inflammation and carcinogenesis
-

MDC1
Cell cycle checkpoints in response to 

DNA damage

DNA Double Strand Break Response and 

ATM Pathway

UBD Apoptosis
PEDF Induced Signaling and Beta-

Adrenergic Signaling

PRPF19 Cell survival and DNA repair

mRNA Splicing - Major Pathway and 

Transcription-Coupled Nucleotide Excision 

Repair (TC-NER)

VPS37C Cell growth and differentiation
Vesicle-mediated transport and HIV Life 

Cycle

VWCE

Target for chemoprevention of 

hapatocellular carcinoma
-

SYT7 Associated with prostate cancer.
Protein-protein interactions at synapses and 

Transmission across Chemical Synapses

DDB1 Damaged DNA binding
Toll-like receptor signaling pathway and 

Nucleotide excision repair

SCGB1D4
Involved in the regulation of 

chemotactic cell migration and invasion
-

ZBTB3 Transcriptional regulation -

GANAB Associated to lung tumor
Transport to the Golgi and subsequent 

modification and Calnexin/calreticulin cycle

MTA2

Transcriptional regulation (It is closely 

related to another member of this 

family, a protein that has been 

correlated with the metastatic potential 

of certain carcinomas)

Activated PKN1 stimulates transcription of 

AR (androgen receptor) regulated genes 

KLK2 and KLK3 and RNA Polymerase I 

Promoter Escape

AHNAK Tumor metastasis -

TUT1
Regulation of gene expression and cell 

proliferation
-

E2F7 Regulation of cell cycle progression
TP53 Regulates Transcription of Cell Cycle 

Genes and Gene Expression

PAWR Tumor suppressor -

OTUD7A Putative tumor suppressor 
Ovarian tumor domain proteases and 

Metabolism of proteins

ARHGAP11A
Cell-cycle arrest and apoptosis

Signaling by GPCR and p75 NTR receptor-

mediated signalling

AVEN Apoptosis Apoptosis and Autophagy

EMC4 Anti-apoptotic activity -

NCOR1
Chromatin remodeling and repression 

of transcription

Regulation of nuclear SMAD2/3 signaling and 

BMAL1-CLOCK,NPAS2 activates circadian 

gene expression

UBB

Involved in the maintenance of 

chromatin structure, the regulation of 

gene expression, and the stress 

response.

Interferon gamma signaling and Activated 

TLR4 signalling

ZNF287 Transcriptional regulation Gene Expression

FLCN Putative tumor suppressor
 ErbB signaling pathway and mTOR signaling 

pathway 

COPS3 Signal transduction

Vesicle-mediated transport and Transcription-

Coupled Nucleotide Excision Repair (TC-

NER)

RASD1
Cell morphology, growth and cell-

extracellular matrix interactions
Neuroscience and MAP Kinase Signaling.

DRG2 Cell growth and differentiation -

LLGL1  Cytoekeletal network Tight junction and Hippo signaling pathway

FLII
Regulation of cytoekeletal 

rearrangements
Cytoskeletal Signaling

TOP3A
Controls and alters the topologic states 

of DNA during transcription
Meiosis and Cell Cycle Checkpoints

ZNF286B Transcriptional regulation -

17p12-p11.2

6p22.1-p21.33

11q12.1-q12.3

12q21.2-q21.31

15q13.3-q14
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Abstract  

Head and neck squamous cell carcinoma (HNSCC) present complex chromosomal 

rearrangements, however, the molecular mechanisms behind HNSCC-development 

remain elusive. These patients are often diagnosed in advanced stage, which is among 

others a consequence of the lack of useful diagnostic biomarkers. The identification of 

recurrent chromosomal breakpoints could help to understand the molecular mechanisms 

behind HNSCC development, behavior, and consequently provide to the establishment 

of diagnostic biomarkers. Array comparative genomic hybridization was performed in 

104 HNSCC patients and the chromosomal breaks being involved in gene amplification 

or loss were analyzed. It turned out that low copy repeat DNA sequences are localized 

at or in close proximity to breakpoint sites identified. Frequent non-random break 

events clustered in chromosomes 12p, 8p, 3q, 14q, 6p, 4q, Xq and 8q. Chromosomes 6, 

14, 3, 8 and X exhibited a higher susceptibility to breaks than other chromosomes. The 

probability to find repeat DNA elements showed a maximum 100 kb downstream and 

100 kb to 10 Mb upstream of breakpoint, respectively. LINEs, SINEs and LTRs were 

the most frequent repeat elements identified. Thus, specific non-random genomic breaks 

involve low repeat chromosomal regions in HNSCC genomic instability. 

 

Keywords: Breakpoint, DNA repeat elements; Non-random breaks; Head and neck 

cancer 
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Introduction 

 Head and neck cancer is a heterogeneous epithelial tumor group of the upper 

aerodigestive tract, of which ~90% are squamous cell carcinomas [Pai and Westra 2009]. These 

tumors arise from the oral cavity, oropharynx, hypopharynx and larynx and are grouped 

together as head and neck squamous cell carcinoma (HNSCC). This carcinoma goes 

together with an accumulation of several complex chromosomal rearrangements. As 

frequent chromosomal alterations in these tumors, deletions, translocations, 

isochromosomes, and marker chromosomes were observed, whereas duplications, 

insertions, inversions, ring-, dicentric-, and endoreduplicated chromosomes have been 

reported less frequently [Susanne M. Gollin 2001]. These chromosomal abnormalities are 

continually acquired over the time leading to malignant transformation and 

consequently to genomic instability, a hallmark of cancer [Negrini et al. 2010]. The molecular 

basis behind this genomic instability is not yet understood. Some studies suggest that 

replication stress through common fragile sites is a major cause of genomic instability 

[Mrasek et al. 2010]. In HNSCC, despite diverse aberrations identified, several non-random 

chromosomal breakpoints are observed, being chromosomal rearrangements involving 

the centromeric or juxtacentromeric bands [Susanne M. Gollin 2001]. The origin of these 

common, repeated aberrations in HNSCC patients could be influenced by the local 

genomic architecture, which includes the presence of repeat sequences within or 

flanking the breakpoints. Repeat elements could be linked to malignant transformation 

process and also in the promotion of increased mutation and recombination rates, since 

their activity is known to be higher in tumor cells compared to normal cells [Kozeretska et al. 

2011]. Interspersed repeats represent the most common type of low copy repeats, covering 

almost 44% of the human genome [L. Chen et al. 2014]. The great majority of transposable 

elements are retrotransposons, which are mobile elements with the ability to integrate 

into different regions. Long interspersed nuclear elements (LINEs), short interspersed 

nuclear elements (SINEs), and Long terminal repeats (LTRs) represent the three major 

categories of mammalian retrotransposons [Cardoso et al. 2016] and reach  about 20%, 13% 

and 8.3% of the human genome, respectively [Kozeretska et al. 2011; Lander et al. 2001]. L1 is the 

most common LINE and Alu is the most common SINE element, encompassing 

approximately 17% and 11% of human genomic DNA, respectively [Kozeretska et al. 2011; 

Lander et al. 2001]. A full-length LINE element has approximately 8 kb, while SINE elements 

are shorter with 100 - 300 bp, as are the LTR transposons with 5 kb [Treangen and Salzberg 
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2011]. Within the human genome L1 transposon activity persisted over time being 

associated with genomic instability and tumor development. Thus L1 transposon 

activity is a merely non-random event that precedes clonal expansion [Lee et al. 2012]. It was 

pointed out as an important contributor to destabilization of the cancer genome by 

integration/mobilization in or near oncogenes or tumor suppressor genes [Iskow et al. 2010]. 

The presence of repeat elements within breakpoint region can also play a role in non-

random break events in cancer.  

 In this study we investigated if there are detectable features of DNA sequence-

structure, which could be involved in HNSCC breakpoint development, i.e. if some 

sequence motifs are co-localized with these breakpoints. Interestingly, chromosomal 

regions in the peri-centromeric and telomeric regions were more frequently involved in 

breakpoints than to be expected. Also the DNA repeat elements LINEs, SINEs and 

LTRs could be shown to be mostly absent in breakpoint regions themselves. 

 

Material and Methods 

Study population 

 The study protocol was approved by the Committee on Ethics in Research of the 

Faculty of Medicine of the University of Coimbra. All patients provided their written 

consent to participate in the study after being informed about the research purposes, 

following the regulations in the Declaration of Helsinki. 

 The cohort in analysis includes tumor tissue specimens from 104 HNSCC 

patients who underwent tumor resection. Patients were recruited between October, 2010 

and April, 2015 from the Maxillofacial Surgery and Stomatology Units, of the Coimbra 

Hospital and University Centre, CHUC, EPE, Portugal. Diagnosis and staging were 

performed in accordance with the American Joint Committee on Cancer’s TNM staging 

system. The detailed characterization of cohort in study is illustrated in table 1. For the 

control group, 16 gingival tissues from healthy subjects (6 males and 10 females), with 

age range from 18 to 81 years old, submitted to “wisdom tooth” (molar 8) removal were 

used.  

 Tissue samples were snap-frozen in liquid nitrogen within 30 min after resection 

and stored at -80ºC until use.   
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DNA extraction 

 DNA from tumor and control samples was extracted using High Pure PCR 

Template Preparation Kit (Roche GmbH, Mannheim, Germany), according to the 

manufacture’s recommendations. DNA concentration and purity were measured using a 

NanoDrop1000 Spectrophotometer (Thermo Scientific, Waltham, USA). 

 

Chapter 3.2.2 - Table 1. Clinic-pathologic characteristics of study population. 
Patients   (n = 104) 

 n  n 

Gender  Age at diagnosis (Years)  

Male 88 <60 52 

Female 16 ≥60 52 

Anatomic Subsite TNM stage  

Tongue 44 I 18 

Floor of the mouth 28 II 27 

Retromolar Trigone 8 III 20 

Jugal Mucosa 6 IV 39 

Palate 4 Differentiation  

Alveolar ridge 3 Well 76 

Gingival ridge 3 Moderate 22 

Tonsil 2 Poor 1 

Hypopharynx 2 NA 5 

Larynx 2 Margins  

Supraglottis 1 R0 59 

Epiglottis 1 R1 28 

Tobacco  NA 17 

Yes 76 HPV  

No 28 Positive 3 

Alcohol Negative 101 

Yes 70 Invasion peri(neural)  

No 31 Yes 47 

NA 
3 No 40 

 NA 17 

NA - Not Available. 

Array CGH 

 High-resolution whole genome analyses were performed using Agilent SurePrint 

G3 Human Genome microarray 180 K (Agilent Technologies, Santa Clara, CA, USA), 

according to [Pinto-Leite et al. 2014]. DNA of head and neck tumor samples was labelled with 

Cy5 by random primer labelling. DNA from control was labelled with Cy3. Results 

were analyzed using Agilent Genomic Workbench v6.5 software with the following 

settings: ADM1 as aberration algorithm, threshold of 6.0, moving average 2 Mb. The 

results are according to Human Genome GRCh37/hg 19 and include imbalances with at 

least three consecutive probes with abnormal log2 ratios.  

 We identified the common breakpoint sites of the copy number gains and losses 

presented in more than 10% of our cohort.  
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In Silico Analysis of breakpoints identified 

 The genomic sequences being present in or surrounding the identified breakpoint 

sites were retrieved from UCSC genome browser (https://genome.ucsc.edu/; 

GRCh37/hg 19). The Repeat Masker track and joined fragments of interrupted repeats 

of the UCSC genome browser was used to determine repeat DNA elements in the 

breakpoints site, 100bp, 300bp, 500bp, 100 Kb, 500 Kb, 1 Mb and 10 Mb upstream and 

downstream flanking each breakpoint. 

 

Results 

 In our HNSCC cohort we observed breaks in almost each and every 

chromosome. However, chromosomes 6, 14, 3, 8 and X presented higher number of 

breaks per chromosome (Figure 1). Most frequently observable were breaks in 

chromosomal arms 12p, 8p, 3q, 11q, 14q, 6p, 4q, Xq, while they were underrepresented 

in 8q, 2q, 4p, 13, 17p, 19q, 20p and 21 (less than 10% of our cohort) (Figure 2). 

Regarding the distribution along chromosome-axis, we observed several peri-

centromeric and telomeric breakpoints (Figure 3).  

                       

 

 

 
Chapter 3.2.2 - Figure 1. Average number of breaks observed per chromosome in 104 

HNSCC cases studied (cut-off of 10%). 
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Chapter 3.2.2 - Figure 3. Chromosomal distribution of the identified breakpoints in our cohort. 

Each line represents an identified breakpoint. Several breaks in the same chromosomal band are 

represented only by one line. 

 

 Also we determined the presence of low-repetitive DNA elements along the 

breakpoints site, 100bp, 300bp, 500bp, 100 Kb, 500 Kb, 1 Mb and 10 Mb upstream and 

downstream flanking each breakpoint identified. The percentage of characteristic repeat 

element is lower in the exact breakpoint regions identified in our HNSCC cohort 

(Figure 4). Moreover, we observed a higher percentage of these sequences around +/- 

100 Kb and +10 Mb of the breakpoint site (Figure 4). The great majority of the low 

copy repeat elements found in the breakpoint regions and in the regions ups- and 

downstream each breakpoint identified in our cohort were LINEs, SINEs and LTRs 

(Table 2). 

Chapter 3.2.2 - Figure 2. Representation of the most frequent breakpoint per chromosome 

arm and the number of patients presenting this breakpoint. It was considered for each 

chromosome arm only one single break, the one most common to a higher number of patients. 
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 Analyzing the distribution of these three most common repeat elements in all 

chromosomes, we highlighted chromosome 4 that includes the highest number of 

LINEs, especially at 300bp downstream and 500bp upstream the breakpoint site and 

chromosome 19 that presented the highest percentage of SINEs and LTRs, especially at 

500bp downstream and 300bp upstream the breakpoint site, respectively (Figure 5).  

 Considering the breakpoints being shared by several patients, we observed that 

LINE, especially the LINE-1 family is the most common repeat element present (Table 

3). Additionally, for all chromosomes the region with the presence of more repeat 

elements is located at 10 Mb upstream the breakpoint site (Tables 2 and 3).  

Chapter 3.2.2 - Figure 4. Percentage of low copy repeat elements in the breakpoint site, 

100bp, 300bp, 500bp, 100 Kb, 500 Kb, 1 Mb and 10 Mb upstream and downstream flanking 

each breakpoint identified in our HNSCC cohort. 
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Chapter 3.2.2 - Figure 5. Percentage of repeat elements observed in each chromosome at the 

breakpoint site, 100bp, 300bp, 500bp, 100 Kb, 500 Kb, 1 Mb and 10 Mb upstream and 

downstream flanking each breakpoint identified in our HNSCC cohort. A) LINEs, B) SINEs, C) 

LTRs. 
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Discussion 

 Malignant transformation is usually considered as an accumulation of genomic 

alterations, which could disrupt tumor suppressor genes or activate proto-oncogenes, 

promoting genomic instability [Hanahan and Weinberg 2011]. Tumor genomes display several 

DNA breakpoints, being some of them promoters of tumor development through the 

disruption of functional elements, which tend to recur in tumors of the same type, 

suggesting common progression mechanisms [Tolosi et al. 2013]. The breakpoints that appear 

in random locations of the genome are proposed to have none or reduced effect on 

tumor progression [Tolosi et al. 2013]. We observed in our HNSCC cohort numerous non-

random breakpoints, i.e. several structural rearrangements involving the same 

chromosomal regions were consistently present in our HNSCC patients. Since the most 

common rearrangement events were often clustered within multiple focal regions in the 

chromosomes 12, 8, 3 and 11 (Figure 2), we can hypothesize that this damage so highly 

localized in these clinical heterogeneous HNSCC patients can represent a non-random 

event. The importance of these chromosomes in HNSCC tumorigenesis has been well 

documented [Ribeiro et al. 2014b; Ribeiro et al. 2014a]. Interestingly, in our cohort the chromosome 

that presented breaks in a higher number of patients (chromosome 12) is different from 

the chromosome that exhibited higher number of breaks (chromosome 6), and 

chromosomes 3 and 8 have presented both breaks in a higher number of patients and 

exhibited higher number of breaks (Figures 1, 2), supporting their importance for 

HNSCC carcinogenesis. Genomic instability dependent on chromosomal breakage 

events seem to be non-random in HNSCC, targeting some chromosomes clearly more 

than others.  

 In our cohort, chromosome 12 showed to have the highest number of HNSCC 

patients with breaks, especially in 12p13.31, this fact could be related to its unique 

structural features, namely the abundant segmental duplications in this chromosome that 

represents 2.66% out 5.37% for the entire genome, with particular activity in the peri-

centromeric region of the p arm, and the telomeres [Scherer et al. 2006]. In relation to 

noncoding RNAs, LINEs and SINEs distribution, CpG island distribution, and overall 

GC content, this chromosome is considered typical; however, chromosome 12 is rich in 

disease-associated loci and several genes linked to cancer are mapped [Scherer et al. 2006]. 

Chromosome 6 is the one that showed the highest density of breaks in different sites, 

which might be related with its repeat content that represented almost 44%, where 
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LINEs, SINEs, LTRs and DNA transposons represent almost 21%, 11%, 8% and 3% of 

the chromosome sequence, respectively [Mungall et al. 2003]. Additionally, several tandemly 

arranged, adjoining Alu repeat fragments in 6pter are indicative of a complex series of 

duplications, where several disease phenotypes involving chromosome rearrangements 

at 6pter, which include neoplasms, were also identified [Mungall et al. 2003]. 

 Reconstructions of ancestral karyotypes proposed that evolutionary breakpoints 

are clustered in specific chromosomal regions that are prone to breakage and reorganize, 

showing the dynamic nature of mammalian genome organization [Hinsch and Hannenhalli 2006; 

Murphy et al. 2005; Peng et al. 2006; Ruiz-Herrera and Robinson 2007]. Similarly, DNA breakage is suggested 

as an initiating event of tumor genomic instability, having regions in the genome 

especially susceptible to breakage: the "fragile sites". Fragile sites can be caused by 

environmental and chemical agents, such as alcohol and cigarette smoke [Richards 2001], 

which are typical risk factors shared by the majority of our HNSCC patients. Moreover, 

repeat elements are implicated in evolutionary breakpoints and also in the genomic 

instability that cause some human genomic disorders [Ruiz-Herrera and Robinson 2008]. We 

showed in our HNSCC cohort that in less than 14% of the breakpoints site low copy 

repeat elements are located. However, we observed in the vicinity of the breakpoint 

region an increased frequency of repeat elements (Figures 4, 5). As expected according 

to the overall distribution in the human genome, also in our cohort the repeat elements 

more frequently found were LINEs, SINEs and LTRs (Tables 2 and 3), being L1 the 

most common LINE element. The most interesting finding from this study is that the 

frequency of repeat elements increased as we increase upstream and downstream 

distance from each breakpoint site, reaching the maximum of repeat elements at -/+ 100 

Kb and + 10 Mb of the breakpoint site (Figure 4). It seems that the repeat elements may 

not be the exclusive explanation for the recurrent non-random breakpoints observed. We 

verified that HNSCC displayed numerous rearrangements on several chromosomes 

simultaneously, while showing few specific chromosomes without or with scarce 

aberrations. This pattern of instability on these chromosomes is not incompatible of 

chromothripsis, as described by Stephens [Stephens et al. 2011]. We observed in our cohort 

that frequently the same patient presented simultaneous breaks in 13-16 chromosomes 

(data not shown). Using this breakpoint analysis approach, we identified the variability 

of non-random breaks and consequently the genomic instability in HNSCC samples. 

 Identifying relevant breakpoint hotspots and characterizing their influence on 

tumor development and behavior could be the missing element to understand the 
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molecular mechanisms behind tumor progression. In our cohort of HNSCC patients, we 

identified frequent non-random chromosome breakpoints underlying rearrangements 

clustered in chromosomes 12p, 8p, 3q, 14q, 6p, 4q, Xq and 8q. Moreover, chromosomes 

6, 14, 3, 8 and X exhibited a higher susceptibility to break in different sites, presenting a 

higher number of breaks. These results strongly suggest the importance of recurrent 

breakage and genomic instability in HNSCC. Evaluating the repeat DNA elements in 

and surrounding the breakpoints site, we verified that the percentage of these elements 

increased with distance of breakpoint site, presenting the maximum downstream 100 

Kb, upstream 100 Kb and 10 Mb of the each breakpoint site. The great majority of the 

repeat sequences found were LINEs, SINEs and LTRs. Overall our results demonstrate 

selective, non-random genomic breaks involving several chromosomal regions. The 

presence of low copy repeat elements in or close to the breakpoint site may contribute to 

the genomic instability, but may not be the only explanation for the common 

rearrangement events observed in specific chromosome regions of HNSCC patients. 
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Abstract  

Purpose Oral squamous cell carcinoma (OSCC) is a frequent neoplasm with an 

aggressive and unpredictable biological behavior and consequently unfavorable 

prognosis. Genome-wide mRNA expression profiling has been used for the 

classification of solid tumors into relatively homogeneous groups, predicting their 

clinical outcome. However, in clinical practice there is no biomarker to stratify these 

tumors, in order to predict the survival and help the management of the patients. In this 

study we analyzed gene expression patterns of OSCC in order to understand the 

molecular basis behind the variability in clinical outcomes. Material & Methods Gene 

expression microarray analysis in 48 OSCC patients was performed. Data analysis using 

BRB-array tools was conducted to identify gene expression signatures with ability to 

discriminate tongue from floor of the mouth tumors. Results From the 

3028 differentially expressed genes in our cohort, a statistically significant gene 

expression signature of 10 genes able to discriminate tongue from floor of the mouth 

tumors was identified. HIF3A, HOXA10 and LOX were differentially expressed in 

tongue and floor of the mouth tumors, which seems to be related to a high aggressive 

behavior and worse prognosis in the floor of the mouth tumors. Conclusion We 

identified a set of genes that seems to play a role in the behavior and prognostic 

prediction of the tongue and floor of the mouth tumors. This transcriptomic signature 

should be evaluated and validated in a larger and independent cohort, opening the door 

for personalized treatments of the different anatomic sites tumors. 

 

 

Keywords: Gene expression signatures; Transcriptomic profiling; Outcome prediction; 

Oral cavity carcinomas; Prognostic biomarkers 
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Introduction 

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

cancer worldwide and includes tumors from the upper aerodigestive tract. These tumors 

from numerous anatomic locations exhibit different behaviors, namely drug response 

and survival that are not predictable by histopathology of the primary tumor [Belbin et al. 

2008; Severino et al. 2008]. Oral squamous cell carcinoma (OSCC) and oropharyngeal squamous 

cell carcinoma are the most common tumors of HNSCC, being associated with high 

mortality and morbidity [Bose et al. 2013]. Despite improvements in nonselective treatments 

and the development and approval of targeted therapies, approximately 50% of these 

patients will experience local/regional recurrence or distant metastases and die in the 

following 5-years after diagnosis [Marta et al. 2015; Pulte and Brenner 2010]. Presently, the clinical 

decisions regarding therapy modalities are usually based upon clinical staging, which 

relies on nodal status and tumor size [Chung et al. 2004]. The development and progression of 

OSCC is a multistep process that comprises genomic instability and several molecular 

alterations. The understanding of the carcinogenesis process and the molecular 

mechanisms behind the different tumor behavior will help in the clinical management of 

this aggressive neoplasm. Nowadays, there is no biomarker used clinically to stratify 

OSCC in order to predict and improve the survival outcomes of these patients [Mendez et al. 

2009]. Gene expression analysis seems to be useful for the classification of HNSCC into 

relatively homogeneous subtypes with a potential role in the prediction of clinical 

outcome [Belbin et al. 2002; Belbin et al. 2008; Chung et al. 2004; Roepman et al. 2006; Severino et al. 2008]; however, 

its clinical applicability needs to be further explored and confirmatory studies are 

required. 

 We performed genome-wide expression analysis in 48 OSCC patients and 

identified a gene expression signature of 10 genes that discriminate tumors of tongue 

from those of the floor of the mouth. Our findings highlight the molecular heterogeneity 

in the different anatomic sites of primary OSCCs, showing that the tumor outcome and 

survival could be influenced by the tumor anatomic site and consequently its different 

gene expression signature could be used to predict the behavior of disease and to select 

the best therapeutic strategy. 

 



3. Results 

3.3 Transcriptomic Studies 

144 Ribeiro et al.(2017)d Submitted 

Material and methods 

Study population 

The study protocol was approved by the Committee on Ethics in Research of the 

Faculty of Medicine of the University of Coimbra. All patients provided their written 

consent to participate in the study after being informed about the research purposes, 

following the regulations in the Declaration of Helsinki. 

The study cohort includes tissue specimens from 48 OSCC male patients (34 

tongue and 14 floor of the month tumors). The mean age of the patients was 61 years 

old, range from 37 to 84. Patients were recruited between January 2011 and August 

2015 from the Maxillofacial Surgery Unit of the Coimbra Hospital and University 

Centre, CHUC, EPE, Portugal. Diagnosis and staging were performed in accordance 

with the American Joint Committee on Cancer TNM staging system. The participants in 

this study answered a survey regarding lifestyle and risk factors for upper aerodigestive 

tract malignancies, including alcohol and tobacco consumption. Patients were followed-

up through hospital revisits during routine clinical appointments. The final date of 

follow-up was February 29, 2016. The follow-up periods ranged from 6 to 61 months. 

Details of our study cohort are listed in table 1. 

After resection, the tumor tissue samples were stored in RNAlater (Sigma 

Aldrich, USA) at -20ºC until use.   

 

RNA extraction and gene expression microarray technology 

Total RNA was purified from each tumor tissue sample using the Qiagen 

RNeasy Mini Kit according to the manufacturer's protocol (Qiagen, Valencia, CA). The 

integrity of the RNA was determined using the RNA 6000 Nano LabChip Kit in an 

Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Only samples 

with RNA integrity number (RIN) scores ≥ 8 were used, and were then quantified using 

a NanoDrop 1000 Spectrophotometer (Thermo Scientific, USA).  

Labeling of RNA was performed using Low Imput Quick Amp Labeling Kit, 

One Color (Agilent Technologies, Santa Clara, CA, USA), according to the 

manufacturer’s instructions. 100 ng of total RNA was amplified and labeled with Cy3 

dye. This amplification product was measured for quantity and dye incorporation using 

the Nanodrop 1000 and then hybridized to Agilent SurePrint G3 Human Genome 

Expression microarray V2, 8x60K (Agilent Technologies, Santa Clara, CA, USA). All 
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microarray hybridizations were performed according to the manufacturer’s instructions 

in the One-Color Microarray-Based Gene Expression Analysis manual. The 

fluorescently labeled RNA was hybridized to the microarray at 65 °C in a rotating oven 

(10 rpm). After 17 hours, the arrays were washed consecutively in gene expression 

wash buffers. Fluorescence intensities were measured with an Agilent microarray 

scanner and extracted using Agilent Feature Extraction 10.7.3.1. 

 

Chapter 3.3.1 - Table 1. Clinic-pathologic characteristics of study population. 
Patients (n = 48)  

 n (%)  n (%) 

Gender Age at diagnosis (Years) 

Male 48 (100) <60 25 (52.1) 

Female 0 (0) ≥60 23 (47.9) 

Anatomic site Invasion peri(neural) 

Tongue 34 (70.8) Yes 21(43.8) 

Floor of the mouth 14 (29.2) No 21 (43.8) 

Tobacco NA 6 (12.5) 

Yes 40 (83.3) Differentiation 

No 8 (16.7) Well 35 (72.9) 

Alcohol Moderate 11 (22.9) 

Yes 39 (81.3) Poor 2 (4.2) 

No 8 (16.7) NA 0 (0) 

NA 1 (2.1) Margins status 

TNM stage R0 31 (64.6) 

I 8 (16.7) R1 10 (20.8) 

II 16 (33.3) NA 7 (14.6) 

III 13 (27.1) HPV 

IV 11 (22.9) Positive 0 (0) 

Treatment Negative 42 (87.5) 

surgery alone 15 (31.3) NA 6 (12.5) 

Surgery + RT 21 (43.8) Vital status 

Surgery + RT + QT 6 (12.5) Relapses/Metastasis in follow-up 16 (33.3) 

Surgery + QT 1 (2.1) Dead - OSCC 11 (22.9) 

RT + QT 4 (8.3) Dead-non-OSCC 2 (4.2) 

RT alone 1 (2.1) Alive 35 (72.9) 

NA- Not Available; RT - Radiotherapy; QT – Chemotherapy 

 

Statistical Analysis of microarray data  

 The raw gene expression dataset were input into BRB-array tools (Version 4.5.1 

Stable Release), transformed to log2 format and normalized by providing a set of 11 

housekeeping genes selected according to [Eisenberg and Levanon 2013].  

 The normalized dataset was then screened with a minimum fold change filter: if 

under 20% of the expression values did not have, at least, a minimum fold change of 3.0 

in either direction from the median value of the expression for that gene, the gene would 

be excluded. Additionally, it was established that if a gene had over 50% of missing 



3. Results 

3.3 Transcriptomic Studies 

146 Ribeiro et al.(2017)d Submitted 

values it would also be excluded from analysis. When a set of probes corresponded to 

the same gene, only the most variable probe determined by Inter- Quartile Range (IQR), 

across all the arrays, would remain. After this filtering step, a dataset of 3028 genes was 

generated.  

 

Class Comparison 

 BRB ArrayTools offers an option to compare two predefined classes using 

univariate permutation tests. The compared classes were the location of the tumor: floor 

of mouth vs. tongue. BRB ArrayTools provided a list of the genes that best 

differentiated between the classes sorted by p-value of the permutation test (p<0.001).   

 

Survival Analysis  

 The survival analysis was performed considering the survival time (in months) 

for every patient and their vital status. When the subject was still alive or the outcome 

(alive or dead) was unknown, the latest follow-up date was used as reference for the 

survival time and the patients were censured. Resorting to IBM SPSS, a Kaplan-Meier 

method was used to obtain both the survival curves considering the location of the 

tumors (floor of the mouth or tongue) and the median, in months, of the survival time 

for both groups of patients.  

 

Results  

 The high-throughput gene-expression microarray results from 48 male OSCC 

patients (34 tongue and 14 floor of the mouth tumors) exhibited, after a normalization 

step, a dataset of 3028 genes with deregulated expression (Figure 1). 

 Using class comparison of the BRB ArrayTools we identified a gene expression 

signature that molecularly discriminated tongue from floor of the mouth tumors (Figure 

2).  

 This signature that best differentiated between tongue and floor of the mouth 

tumors contains 10 genes whose aberrant expression was meaningful when we 

compared the two tumor origins (p<0.001) (Table 2). 
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Chapter 3.3.1 - Figure 1. Cluster heatmap of gene expression profile with the 3028 genes 

differentially expressed in our cohort of tongue and floor of the mouth tumors. 

 

Chapter 3.3.1 - Figure 2. Heatmap of gene expression signature that molecularly discriminate 

tongue from floor of the mouth tumors, p<0.001. 

 

 Considering the survival rate, Kaplan-Meier curves for the patients with tongue 

and floor of the mouth tumors showed that the average survival in tongue tumors was 

43.4 months (CI95% [35.5; 51.5]) and in floor of the mouth tumors was 48.7 months 

(CI95% [36.4; 61.0]) (Figure 3). We did not reach statistical significance for the 

survival differences (Log-Rank: p = 0.728).  
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Chapter 3.3.1 - Table 2. List of the genes differentially expressed between the tongue and floor 

of the mouth tumors, ordered by the parametric p-value 

Parametric p-value Gene Symbol Gene Name 

8.83E-05 C21orf58 chromosome 21 open reading frame 58 

0.0002006 LOC101927769 uncharacterized LOC101927769 

0.0003781 LINC01088 long intergenic non-protein coding RNA 1088 

0.0004332 HIF3A hypoxia inducible factor 3, alpha subunit 

0.0005487 CHST13 carbohydrate (chondroitin 4) sulfotransferase 13 

0.0008539 COL11A2 collagen, type XI, alpha 2 

0.0009333 HOXA10 homeobox A10 

0.0009637 ZNF385C zinc finger protein 385C 

0.0009655 MANEAL mannosidase, endo-alpha-like 

0.000992 LOX lysyl oxidase 

 

 

Chapter 3.3.1 - Figure 3. Kaplan-Meier curves for survival of our cohort of tongue and floor of 

the mouth tumors. 

 

Discussion 

 We identified an OSCC anatomic site-specific gene expression signature that 

seems to capture the transcriptional transition of tumors from the tongue to those of the 

floor of the mouth, which could eventually justify the differences in the tumor behavior, 

prognosis and consequently in the therapy response. This gene expression signature 

with ten genes might help not only in the understanding of the tongue and floor of the 

mouth carcinogenesis process, but also in the prediction of the aggressiveness and 

survival rate of these patients. Among the 10 genes of the gene expression signature that 

discriminate the anatomic origin of both oral tumors (Figure 2), LOX, lysyl oxidase, 

mapped at 5q23.1, was up-regulated in our tumors from floor of the mouth 

comparatively to those from tongue. The covalent cross-link of collagens and/or elastin 

in the extracellular matrix (ECM) is the main function of this gene [Kagan and Li 2003]. LOX 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=C21orf58
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=LOC101927769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=LINC01088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=HIF3A
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=CHST13
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=COL11A2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=HOXA10
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=ZNF385C
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=MANEAL
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=LOX
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expression is regulated by hypoxia-inducible factor (HIF) and therefore is associated 

with hypoxia in human breast and head and neck tumors [Erler et al. 2006]. It has been 

demonstrated that LOX could be a player in the metastatic tumor cell growth, since LOX 

is not only required for focal adhesion kinase (FAK), a mediator of cell proliferation 

and survival, but also could regulate fibronectin activity through FAK activation, 

providing an advantageous environment to metastatic disease development [Kaplan et al. 

2005]. Thus, LOX is pointed out as vital for hypoxia-induced metastasis and a good 

therapeutic target for preventing and treating metastases [Erler et al. 2006]. In our cohort, the 

up-regulation of this gene could be related to a more aggressive behavior of floor of the 

mouth tumors in comparison with tongue tumors. This gene could be a biomarker of 

prognosis and survival in these patients as well as guide the development of specific 

treatment strategies. Another gene related to hypoxia and differently expressed in our 

two groups of tumors was HIF3A, hypoxia inducible factor 3 alpha subunit, mapped at 

19q13.32. Down-regulation of this gene in tumors of floor of the mouth comparatively 

to those of tongue seems also be related with a more aggressive phenotype in the floor 

of the mouth tumors. HIF is a heterodimeric complex composed by three HIF-α genes, 

whereas HIF-1α and -2α are related to cellular and systemic adaptation to hypoxia, little 

is known about the regulation and function of HIF-3α [Tanaka et al. 2009]. In renal carcinomas 

HIF-3α down-regulation seems to enhance hypoxic gene induction and consequently 

promoting tumorigenesis [Maynard et al. 2005].  

 Down-regulation of HOXA10, homeobox A10, mapped at 7p15.2, was also 

observed in floor of the mouth comparatively to tongue tumors. HOX genes are 

members of the superfamily of homeobox genes that encode transcription factors 

associated with control of cell growth, cell-cell and cell-extracellular matrix interactions 

[Bei et al. 2007; Yoshida et al. 2006]. Deregulated expression of HOX genes has been described in 

several human malignancies including OSCCs [Bitu et al. 2012; Liborio-Kimura et al. 2015; Yamatoji et al. 

2010]. High levels of HOXA10 protein expression in OSCCs were significantly 

correlated with advanced TNM stage, and HOXA10 up-regulation was linked to worse 

overall survival rate, indicating a higher aggressiveness and progression propensity of 

these tumors [Yamatoji et al. 2010]. Overall, it has been demonstrated that HOXA10 modulates 

important cellular events for the development and progression of OSCCs, such as those 

related to metastases, namely adhesion, epithelial–mesenchymal transition, migration 

and invasion and that its expression may be associated with a less aggressive tumor 

phenotype [Carrera et al. 2015]. Thus, the expression of this gene could be a prognostic and 
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diagnostic marker and a potential therapeutic target. However, further studies are 

required since the role of this gene is still controversial in different tumor types, e.g., in 

glioblastoma where the up-regulation of HOX genes was linked to tumor stem-like cell 

phenotype and high HOXA10 protein expression was associated with resistance to 

chemotherapy [Murat et al. 2008]. 

 In the present study, the identified gene expression signature where HIF3A and 

HOXA10 are down-regulated and LOX is up-regulated in floor of mouth tumors, appears 

to play an important role in the aggressive behavior and worse survival of these tumors 

in comparison to tongue tumors, which open new opportunities to treat differently these 

tumors according to their anatomic sites and gene expression profile.  

 Although accordingly to the identified gene expression signature it was expected 

that the patients with floor of the mouth tumors exhibited a worse survival, our results 

of survival did not confirmed this hypothesis (Figure 3), possibly, due to the reduced 

cohort size and follow-up time. Likewise, we could not find a discriminative and 

predictive gene expression signature for the different tumor stages analyzed and for the 

patients that already developed metastases and relapses during this period of follow-up. 

Increasing this cohort and the inclusion of new anatomic sites of the oral cavity, as well 

as a larger clinical follow-up period of these patients will be vital to confirm our 

findings. Further studies to calculate the accuracy of the classification using this gene 

expression signature in another independent dataset is required in order to validate this 

set of genes as biomarkers of clinical outcome and prognosis prediction and 

consequently with clinical utility to patient management.  

 

Conclusions  

 With this preliminary study we identified a gene expression signature with 

different expression of HIF3A, HOXA10 and LOX in tongue and floor of the mouth 

tumors, which seems to be related to prognosis and clinical outcome of these tumors. 

Floor of the mouth tumors presented a gene expression signature linked with a high 

aggressive behavior. In this gene expression signature the microenvironmental hypoxia 

seems to have a site-specific influence in the behavior of these tumors and consequently 

in the survival and prognosis. A molecular heterogeneity in the oral cavity tumors was 

demonstrated, which could justify the clinical variability in the patients' outcome, 

highlighting the importance of gene expression profiling to identify biomarkers of 
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prognosis and guide target therapies development. The expression signature identified 

here should be validated in larger and independent cohorts.  
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Abstract 

Oral leukoplakia and erythroleukoplakia are common oral potentially malignant 

disorders diagnosed in the oral cavity. The specific outcome of these lesions remains to 

be elucidated, as their malignant transformation rate exhibits great variation. The ability 

to predict which of those potentially malignant lesions are likely to progress to cancer 

would be vital to guide their future clinical management. The present study reported 

two patients with tongue squamous cell carcinoma: Case study 1 was diagnosed with a 

simultaneous leukoplakia and case study 2 developed an erythroleukoplakia following 

the primary tumor treatment. Whole genome copy number alterations were analyzed 

using array comparative genome hybridization. The present study determined more 

genomic imbalances in the tissues from leukoplakia and erythroleukoplakia compared 

with their respective tumors. The present study also identified in tumor and potentially 

malignant lesions common alterations of chromosomal regions and genes, including 

FBXL5, UGT2B15, UGT2B28, KANSL1, GSTT1 and DUSP22, being some of these 

typical aberrations described in oral cancer and others are linked to 

chemoradioresistance. Several putative genes associated with hallmarks of malignancy 

that may have an important role in predicting the progression of leukoplakia and 

erythroleukoplakia to squamous cell carcinoma, namely gains in BNIPL, MCL1, 

STAG2, CSPP1 and ZNRF3 genes were also identified. 

 

Keywords: Oral leukoplakia; Oral erythroleukoplakia; Genomic imbalances; Malignant 

transformation; Oral carcinoma; Biomarkers 
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Introduction 

 Oral potentially malignant lesions (OPMLs) are often clinically categorized as 

leukoplakia or erythroplakia, with being leukoplakia the most common, accounting for 

85% of all these lesions [Vigneswaran and Williams 2014; Warnakulasuriya 2000]. While oral leukoplakia 

is defined as a white plaque without immediate apparent cause, erythroplakia is a bright 

red patch, which is rarely characterized as another definitive disease [Dionne et al. 2015]. 

Erythroleukoplakia has a mixed red and white appearance.  

 The diagnosis of these lesions is frequently made excluding known diseases or 

disorders lacking increased risk for cancer [Dionne et al. 2015]. These lesions precede 

malignant development in 0.13 to 34% oral squamous cell carcinoma (OSCC) cases 

[Warnakulasuriya and Ariyawardana 2016]. Histologically, leukoplakia with dysplasia is often 

associated with a high risk of malignant transformation [Kobayashi et al. 2012], dysplasia is 

currently the principal predictor of tumor development. Oral leukoplakia is more 

frequent in males; however, the malignant transformation is significantly higher in 

females [Warnakulasuriya and Ariyawardana 2016]. In addition to the presence of OPMLs being a 

risk factor for OSCC, its malignant transformation may be dependent on clinical, 

demographic, etiologic, histological and/or molecular features [William 2012]. Co-incidence 

of leukoplakia at the time of diagnosis of OSCC was demonstrated in up to 60% of 

cases [Bouquot et al. 1988; Gupta et al. 1980; Reibel 2003]. Patients with leukoplakia suffer frequently 

with recurrence and development of new leukoplakias after the primary treatment. The 

OPMLs may appear at any time, remaining stable for a considerable length of time or 

may progress into malignant tumors [Neville et al. 2009]. The molecular mechanism 

underlying malignant transformation of OPMLs remains to be elucidated and 

biomarkers which may predict this risk have not been identified. OPMLs have revealed 

several genetic alterations associated with OSCC [Califano et al. 2000; Ha and Califano 2003].  

 The present case report described one case of simultaneous OSCC and adjacent 

oral leukoplakia and another with erythroleukoplakia that evolved following treatment 

of primary OSCC. The patients were clinically followed for ~48 months. During this 

time, the patients developed local relapses of leukoplakia and erythroleukoplakia. The 

genomic analysis of the tumors and OPMLs allowed for the identification of some 

putative biomarkers of malignant transformation. 
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Case report 

Case 1 

 A Caucasian 59-year-old man, drinker, heavy smoker (≥20 cigarettes/day) and 

negative for human papillomavirus infection, was diagnosed at the Maxillofacial 

Surgery Unit, Coimbra Hospital and University Centre, EPE (Coimbra, Portugal) with a 

simultaneous primary squamous cell carcinoma in the right side of the tongue and a 

leukoplakia with severe dysplasia (Figure 1A). The diagnosis was confirmed by a 

biopsy and the well differentiated tumor was classified as early stage (I), pT1, pN0, 

pMx, without compromised margins. The primary tumor and leukoplakia were 

simultaneously removed by surgery and the leukoplakia reached the surgical margins. 

Nine months after the initial diagnosis and surgery, the patient presented a leukoplakia, 

histopathologically classified as severe dysplasia. A local relapse of squamous 

carcinoma was diagnosed 28 months after the primary tumor diagnosis and total 

surgical excision was performed. The patient is alive and without signs of disease 48 

months after the primary diagnosis. 

 

 

Chapter 3.4.1 - Figure 1. A) Patient 1presents tumor and simultaneous leukoplakia in the right 

side of the tongue. B) Patient 2 was diagnosed with erythroleukoplakia after the treatment of 

primary tumor. 

 

Case 2  

 A Caucasian 66-year-old man, drinker, smoker (<20 cigarettes/day) and negative 

for human papillomavirus infection, was diagnosed at the Maxillofacial Surgery Unit, 

Coimbra Hospital and University Centre, EPE, with a primary squamous cell carcinoma 

in the left side of the tongue (photography unavailable). The diagnosis was confirmed 

by a biopsy and the well-differentiated tumor was classified as early stage (II), pT2, 

pN0, pMx, with close but non-compromised margins. The patient underwent 
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glossectomy and ipsilateral neck dissection, followed by braquitherapy, 60 Gy. The 

patient presented an erythroleukoplakia without dysplasia 15 months after the primary 

tumor diagnosis (Figure 1B). A local relapse was suspected 46 months after the primary 

diagnosis; however, the patient refused biopsy and was lost to follow-up. 

 

Genomic study  

 The present study was approved by the Ethics in Research Committee of the 

Faculty of Medicine of the University of Coimbra (ref: 030-CE-2015) and written 

informed consent from the patients was obtained. All the experiments were performed 

according to the regulations of Helsinki Declaration. From patient 1, samples of tumor 

tissue, macroscopically tumor-free tissue from surgical margins and from leukoplakia 

were simultaneously collected during surgery. From patient 2 samples of tumor tissue 

and macroscopically tumor-free tissue from surgical margins were simultaneously 

collected during surgery. Sample from the erythroleukoplakia that evolved after the 

treatment of primary tumor was obtained during the biopsy. All samples were 

immediately stored in liquid nitrogen until use. DNA extraction was performed using a 

High Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, Germany) 

according to the manufacturer's protocol.  

 The genomic profile of all samples was analyzed through array Comparative 

Genomic Hybridization (aCGH) using Agilent SurePrint G3 Human Genome 

microarray 180K, (Agilent technologies, Santa Clara, CA, USA) as previously 

described [Pinto-Leite et al. 2014]. Reference male DNA provided by Agilent was used as 

control.  

 

Discussion  

 In case 1 it was observed that samples from tumor, non-tumor and simultaneous 

leukoplakia shared copy number alterations (CNAs) in some chromosomal regions, 

gains were identified at 1p31.1; 2p12, 2p11.2-p11.1; 3q26.1; 4q13.2; 8p23.1; 8p11.22; 

9p13.1p11.2; 12p13.31; 14q11.2; 14q32.33; 15q14; 19p12, and losses at 4p15.32; 

4q13.2; 11q11; 14q32.33; 15q11.2; 17q21.31 and 22q11.23 (Figure 2A). In several of 

these regions the present study identified some relevant genes regarding their known 

function described in the University of California, Santa Cruz (UCSC) genome browser 
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(https://genome.ucsc.edu/) and their relationship with oral carcinogenesis process, 

including FBXL5 (4p15.32), UGT2B15 and UGT2B28 (4q13.2), KANSL1 (17q21.31) 

and GSTT1 (22q11.23). Additionally, gains at 11q13.3-q13.4 were specifically observed 

in tumor and leukoplakia samples, which harbor the CCND1, ORAOV1, FGF19, FGF4, 

FGF3, FADD, CTTN, FOLR3, INPPL1, ARAP1 and P2RY2 genes. These chromosomal 

regions and genes have been associated with cancer, apoptosis, proliferation and OSCC 

[C. Jin et al. 2006; Ribeiro et al. 2014b; Ribeiro et al. 2014a]. Regarding the clinical outcome, gains at 

CTTN and FADD were associated with lymph node metastasis [Pattje et al. 2013; Rothschild et al. 

2006] and reduced overall survival [Freier et al. 2010]. Additionally, gain in the CCND1 was 

associated with poor prognosis, recurrence and metastasis [Ruiz et al. 2012]. CCND1 

amplification in OPMLs was associated with 8-fold increase in malignant 

transformation risk [Poh et al. 2012].  In the tumor sample a gain was observed at 16q24.3 

harboring the FANCA gene, which is associated with locoregional progression- free 

survival [Bauer et al. 2008]. The presence of these CNAs in tumor or in leukoplakia may 

suggest poor prognosis and a recurrence/metastasis risk. Additionally, gain at the 3q29 

that mapped the PAK2 gene and loss at 6q14.1, 10q11.22 and 16p11.2 were specifically 

identified in the non-tumor and leukoplakia samples. The present study specifically 

identified some CNAs in the non-tumor sample, namely loss at 1p36.33, mapped the 

CDK11B and CDK11A genes and gains at 2q13, mapped ZC3H8 gene, 14q24.3 and 

21q11.2. The genomic imbalances observed in non-tumor tissue, similar to the ones 

observed in the tumors, may explain the local relapse observed, since these 

morphological normal cells presented already genomic aberrations characteristic of 

malignancy process; therefore, being able to suffer clonal expansion during the 

multistep process of malignization. This is particularly relevant for the oral 

carcinogenesis, since this patient has the traditional risk factors, tobacco and alcohol 

abuse, which may lead to local relapse disease through  the field cancerization concept 

[Rettori et al. 2013; Slaughter et al. 1953].  It is on note that the present study observed more genomic 

imbalances in the leukoplakia compared with the tumor sample (Figure 2A). 

Chromosomes 5, 7 and 10 did not presented genomic imbalances in this tumor sample 

and chromosomes 13, 18 and 20 did not presented imbalances in both samples, tumor 

and leukoplakia.  

 In this case, distinct chromosomal changes and genes have been described that 

may have a strong prognostic potential to predict patients’ outcome and tumor 
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transformation. However, further studies in larger cohorts are required in order to 

validate these findings. 

 

 

Chapter 3.4.1 - Figure 2. Circus plot with aberration pattern identified by array-CGH 

technique for A) case report 1 and B) case report 2. Blue color represents copy number gains 

and red copy number losses.  
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In case 2 it was observed that tumor, non-tumor and the erythroleukoplakia that 

developed following primary tumor treatment shared CNAs in some chromosomal 

regions, particularly gains at 3q25.32, 8p11.22, 10q11.22, 11p12, 11q14.3, 14q32.33 

and 18p11.32, and losses at 3q26.1, 6p25.3, 8p23.1, 12q14.2 and Yq11.223 (Figure 2B). 

Taking the known function of the genes mapped in these regions into account DUP22 

(6p25.3) may be the stronger putative candidate gene for the oral carcinogenesis 

process. Down-regulation of DUP22 suggests its putative role as tumor suppressor 

gene; however, its function in cancer remains to be elucidated. This gene has been 

previously identified as a regulator of JNK signaling and with ability to 

dephosphorylate MAPKs [A. J. Chen et al. 2002]. DUSP22 may also regulate metastasis, as 

its overexpression inhibited cell migration and reduced FAK phosphorylation [J. P. Li et al. 

2010]. In the present study, losses at 1q21.2, 4q13.2, 14q21.1, Xp22.33 and Yp11.32 in 

tumor and non-tumor samples were observed and in non-tumor and erythroleukoplakia 

samples gain was observed at 6q22.1 and Xq11.1. Tumor and erythroleukoplakia 

samples shared copy number gains at 8q24.3, which harbored GSDMD, SCRIB, PUF60, 

GRINA, SHARPIN and SCRT1. The 8q24.3 chromosomal band is frequently amplified 

in OSCC [Ribeiro et al. 2014b; Ribeiro et al. 2014a], which may suggest its importance for malignant 

transformation. These genes may be important predictors of tumor transformation risk, 

warranting further investigation. Copy number losses in Yq11.23 were also observed in 

both of these samples. MYC (8q24.21) and PTK2 (8q24.3) were detected only in the 

erythroleukoplakia sample and have already been associated with OSCC. A previous 

study revealed that overexpression of MYC was linked with malignant transformation 

and poor survival [Susanne M. Gollin 2001]. PTK2 has been associated with resistance to 

radiotherapy [Skinner et al. 2016]. The presence of these genomic imbalances in the 

erythroleukoplakia, diagnosed 15 months following the primary tumor, may be the 

trigger for the development of relapse. There is no histological confirmation of relapse 

in this patient, as he refused to performed biopsy to verify the clinical suspicion. 

Additionally, these genes seem to be important candidates for the OSCC prognosis and 

especially for the prediction of the risk of relapse. The present study observed in the 

tumor, non-tumor and erythroleukoplakia collected from this patient, that was treated by 

surgery and braquitherapy several genomic alterations which were previously identified 

by Van den Broek and colleagues [van den Broek et al. 2007] with chemoradioresistance and 

some with chemoradiosensitivity (Table 1). Additionally, the present study highlighted 

some putative genes for these regions based in its known function described at the 
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UCSC, including DUSP22 and JARID2 (Table 1). Genomic imbalances in non-tumor 

tissues may indicate the presence of altered clones of cells even in the surrounding 

clinically and histologically normal oral mucosa, originating a progression to 

malignancy. Additionally, the present study detected more imbalances associated with 

chemoradiotherapy in erythroleukoplakia compared with primary tumor sample, which 

may suggest that these alterations occurred following the treatment for the primary 

tumor or there was a selection of radioresistant cell populations due to the treatment.  

 Overall, leukoplakia and erythroleukoplakia samples of the two patients 

presented more CNAs than the respective primary tumor. The erythroleukoplakia 

sample presented more CNAs than leukoplakia one (Figure 1A, B), which may be due 

to the fact that erythroleukoplakia is associated with significantly higher rates of 

dysplasia, carcinoma in situ and invasive carcinoma compared with leukoplakia [G. Thomas 

et al. 2003]. As this patient presented an erythroleukoplakia without dysplasia, it is possible 

that erythroleukoplakia occurred following braquitherapy, which may induce several of 

the genomic alterations detected. CNAs were identified in several genes in these two 

OPMLs, which were associated with cancer and hallmarks of the carcinogenesis 

process, including cell cycle, cell growth, proliferation, differentiation, angiogenesis, 

apoptosis/cell death, DNA repair and invasion/migration (Figure 3 A, B). The present 

study observed common genes altered in both samples, namely gains in BNIPL, MCL1, 

CSPP1 and ZNRF3 genes. These specific genes may represent important players in the 

malignant transformation of OPMLs into tumors, as these two patients relapsed. Further 

investigation is required to validate these results. Additionally, in the non-tumor sample 

of patient 1 and in the erythroleukoplakia sample of patient 2 a loss at 1p36.33 was 

identified, where the CDK11B and CDK11A genes, which are associated with cell cycle 

and apoptosis, are mapped. 

 Identifying accurately and prospectively the OPMLs likely to progress to tumor 

is of paramount clinical significance. The present study identified the chromosomal 

regions and genes with CNAs in OSCCs and in OPMLs, such as FBXL5, UGT2B15, 

UGT2B28, KANSL1, GSTT1 and DUSP22 in the two patients presented. Leukoplakia 

and erythroleukoplakia had a high genomic heterogeneity with several genes altered, 

being some of those common in these two samples, specifically gains in BNIPL, MCL1, 

STAG2, CSPP1 and ZNRF3. Therefore, the current study identified several genes that 

may be associated with malignant transformation. The presented study also highlighted 
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several putative genes that may be associated with chemoradioresistance, particularly 

DUSP22 and JARID2. 
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Abstract 

Introduction The tongue is the most common and aggressive site for tumors in the oral 

cavity. These tumors are usually located in the lateral border of the tongue and are often 

related to the use of tobacco and alcohol. Clinical management of these tumors is 

predominantly based on anatomic location and TNM classification. The identification of 

molecular signatures with ability to explain the different outcomes observed in these 

patients is of paramount importance to guide and help their management. Case 

Presentation We herein describe an 88-year-old woman diagnosed with synchronous 

bilateral tongue carcinoma. This woman did not present the traditional risk factors 

related to oral cancer - alcohol, tobacco or presence of human papiloma virus (HPV). 

Both tumors were classified by a pathologist as pT2. This patient was submitted to 

surgery, six months later was diagnosed with cervical metastasis and in the following 

two months died. Copy number alterations and methylation status of these two 

simultaneous tumors were analyzed using array Comparative Genomic Hybridization, 

Multiplex Ligation-dependent Probe Amplification (MLPA) and Methylation Specific 

MLPA. Discussion and Conclusion In both tumors we identified several molecular 

traits usually found among oral cavity tumors and some of those have been associated 

with clinical outcome, reinforcing their importance to accurately establish biomarkers 

with clinical applicability. Specific genomic and epigenetic signatures for each of these 

two tumors were also observed allowing their molecular discrimination. The tumor of 

the right side of the tongue exhibited more copy number gains than the tumor of the left 

side. In the left side tumor less and smaller copy number alterations and more 

methylated genes were observed, which could be indicative of an early phase of tumor 

development. This case shows the molecular heterogeneity of oral cavity tumors even in 

the same patient and anatomic site, which could be the key to explain the different 

outcomes of oral tumor patients.  

 

Keywords: Tongue squamous carcinoma; Genomic and epigenetic signatures; 

Methylation patterns; Bilateral tumors. 
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Introduction case report 

 Oral cavity cancer is ranked in the top 10 leading cause of deaths in males 

worldwide [H. C. Chen et al. 2015a]. Tongue cancer is considered the most aggressive tumor 

and with the worst prognosis of all oral cavity neoplasms, presenting a biological 

distinct entity when compared with other oral tumors [Bello et al. 2010]. Lymphatic 

metastases are frequently detected in tongue cancer, occurring in about 15-75% of 

cases, decreasing significantly the survival rate [Aksu et al. 2006]. Tongue cancer is typically 

diagnosed in older people, mostly males with heavy tobacco and alcohol habits [Bello et al. 

2010]. Clinical management of oral cancer is predominantly based on anatomic location 

and TNM classification, surgical excision is the mainstay of treatment for tongue 

tumors. Identification of molecular signatures in oral cavity cancers that can explain the 

different outcomes observed in these patients is of paramount importance to guide and 

help clinical management. The understanding of the biological and clinical 

heterogeneity of these tumors, highlighting biomarkers of diagnosis and prognosis, 

opens new doors for the choice of treatment modalities and for the clinical routine 

follow up of the patients. In the present study, we report an 88-year-old woman 

diagnosed with synchronous bilateral tongue carcinomas. Specific genomic and 

epigenetic signatures for each of these two tumors were observed allowing its molecular 

discrimination, highlighting specific molecular signatures for the right and left tongue 

tumors, including putative biomarkers of tongue site-specific location and prognosis, 

allowing for the genetic discrimination between the two lesions.  

 

Case report 

 In April 2013, a Caucasian 88-year-old woman, without the traditional risk 

factors related to oral cancer - alcohol, tobacco and presence of human papiloma virus 

(HPV) - was diagnosed at the Maxillofacial Surgery and Stomatology Units, of the 

Coimbra Hospital and University Centre, EPE, Portugal, with two simultaneous primary 

tumors, in the left and right side of the tongue (Figure 1A, B). Due to advanced age and 

comorbidities (heart failure, serious chronic obstructive pulmonary disease) the patient 

was deemed unfit for major surgery, and was not submitted to cervical 

lymphadenectomy. Both tumors were classified by a pathologist as pT2.  
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 In the right tongue tumor the surgical resection margins were compromised with 

carcinoma in situ. This was a moderately/well differentiated tumor with neural invasion. 

 Microscopically, the hematoxylin-eosin staining demonstrated areas of 

keratinization and areas with pleomorphism and numerous mitoses (Figure 1C). There 

was inflammatory infiltrate.  

 The left tongue tumor was well differentiated with keratinization and exophytic 

growth. The histological evaluation of this tumor also showed the presence of neural 

invasion but the surgical resection margins were free of tumor (Figure 1D).  

 In spite of these adverse pathological findings (compromised margins, neural 

invasion), the Radiation Oncology team decided that, due to advanced age, 

comorbidities and general frailty, the deleterious effects of radiation therapy would be 

superior to its potential benefits, and the patient was not submitted to radiation therapy. 

 The tongue was clinically free of tumor in the subsequent consultations, 

including on the consultation of October of 2013, when she was diagnosed with right 

cervical metastasis. The patient died two months later. 
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Chapter 3.4.2 - Figure 1. Synchronous bilateral tongue tumors. A) Photography of tumor in the 

right side of the tongue. B) Photography of tumor in the left side of the tongue. C) 

Hematoxylin-eosin stains showing the morphology of tumor in the right side of tongue (x200). 

D) Hematoxylin-eosin stains showing the morphology of tumor in the left side of tongue(x200). 

 

Genomic and epigenetic study  

 This study was approved by the Committee on Ethics in Research of the Faculty 

of Medicine of the University of Coimbra and we obtained written informed consent 

from the patient, performing all the experiments according to the regulations in the 

Declaration of Helsinki. Tumor tissue and macroscopically tumor-free tissue from 

surgical resections were obtained from both tumors. The tissue samples were snap-

frozen in liquid nitrogen and stored at -80ºC until use. DNA extraction was performed 

using a High Pure PCR Template Preparation Kit (Roche GmbH, Mannheim, 

Germany), according to the manufacturer's instructions. We analyzed copy number 

alterations (CNAs) of both tumor samples through array Comparative Genomic 

Hybridization (aCGH) using Agilent SurePrint G3 Human Genome microarray 180K, 

(Agilent technologies, Santa Clara, CA) as we previously described [Pinto-Leite et al. 2014]. 
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Multiplex Ligation-dependent Probe Amplification (MLPA) and Methylation Specific 

MLPA (MS-MLPA) using the P248 and ME002 SALSA probemixes (MRC-Holland, 

Amsterdam, The Netherlands) were performed in tumor and non-tumor tissue samples 

of both tumors in order to simultaneously evaluate the CNAs and methylation patterns 

in a specific set of genes as we previously described [Ribeiro et al. 2014; Ribeiro et al. 2016]. DNA 

from gender-matched gingival tissue was used as controls.  

 

Results and Discussion 

 Whole genome approach, aCGH, revealed more imbalances and larger in size in 

tumor of the right side of the tongue than in the left side (Figure 2). Moreover, the 

tumor of the right side presented more copy number gains than the tumor of the left 

side. Several questions can be raised: 1) could genomic and epigenetic signatures help 

to discriminate these two tumors? 2) Could the oral tumor laterality be explained by a 

different molecular profile in each tumor? 3) Could genomic imbalances explain the 

synchronism of oral tumors? 4) Should molecular findings be used in clinical routine 

management of the oral tumor patients in order to improve survival? 

 These two tongue tumors presented a specific genomic signature that allows its 

molecular discrimination and the identification of genes that could explain the laterality 

of the tongue tumors. Thus, the specific genomic profile of the right side tongue tumor 

was gains at chromosomes 1p, 3q, 5p, 6q, 7p, 8q, 13q, 20q11.21-q13.33 and losses at 

chromosomes 9p21.3-p21.1, 11p, 14q, 18p, 21q22.13-q22.2 and Xq. Similarly, the 

specific genomic profile of the left side tongue tumor was gain at 9p21.3-p21.1 and 

losses at 2q terminal, 4q, 10q terminal, 11q23.3-q24.1, 13q terminal, 18q, 19p13.1 and 

22q terminal.  
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Chapter 3.4.2 - Figure 2. Circus plot with aberration pattern of tumors in the right and left side 

of the tongue. Blue represents copy number gains and red copy number losses. 

 

 These results were corroborated by MLPA and MS-MLPA techniques as 

depicted in figure 3A, where specific CNAs were identified in the right and left tumors. 

Gains at TP73, CCNL1, PIK3CA, TP63, EGFR, WISP1, PAX6, WT1, CD44, BRCA2, 

RB1 and GATA5 and losses at VHL, RARB, FHIT, CSMD1, GATA4, MTUS1, CDKN2A 

and MLH3 were specifically detected in right tumor. Gains at CDKN2A, CCND1, 

FGF4, FADD and BRCA1 were specifically detected in left tumor. Besides these 

genomic differences observed, in common both tumors shared losses at 3p, 8p, 21q22.3, 

Xp and Xq21.2-q21.32 and gain at chromosome 9, namely in 9p23-p21.3, 9p21.1-p11.2 

and 9q. In the development of both tumors the chromosomes 12, 15, 16 and 17 seem to 

do not have a significant role since they are normal regarding CNAs. These common 

imbalances identified could be site-specific and in this way determine the anatomic 

location of the tumors in the tongue. Likewise, some of these common imbalances 

detected could also be the key for the simultaneous development of these tumors, 
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without traditional risk factors and respective cancer cancerization. Smoking is an 

epidemiological risk factor for squamous cell carcinoma of the tongue, but its functional 

impact on carcinogenesis mechanism is still poorly understood and even the 

carcinogenesis may differ among anatomic sites [Pickering et al. 2014]. Using MLPA and MS-

MLPA, we found in both tumors gains at MCCC1, MYC, PTK2, PAX5 and loss at 

CREM genes (Figure 3A), which make these genes promising targets for further studies 

related to tongue site-specific tumors development and also to development of tumors 

simultaneously. These hypotheses could be addressed in large cohorts.   

 

 

Chapter 3.4.2 - Figure 3. Results from MLPA and MS-MLPA. A) Radar chart with copy 

number alterations detected by P248 and ME002 probemixes. Blue represents copy number 

gains and red copy number losses. B) Radar chart with methylation status detected by ME002 

probemix. 

 

 Furthermore, the overall imbalances detected in these two tumors are in common 

with the ones more usually identified in oral carcinomas, i.e., the gains at 3q, 5p, 7p, 8q 

and losses at 3p, 8p, 9p, 11q, 18q and 21q [Susanne M. Gollin 2001; S. M. Gollin 2014], which 

reinforce the presence of genomic patterns in these carcinomas despite the different 

anatomic locations, tumor stage and clinical outcome. Regarding the presence of these 

patterns, the identification of specific signatures in each patient or group of similar 

patients could explain the clinical and biological heterogeneity of the patients and guide 

the treatment choices and clinical follow-up management. Thus, in both tumors we 

observed genomic aberrations related to presence of metastasis, poor survival and 

unfavorable outcome, such as loss at 3p (SEMA3F gene), at 8p21-22 (NEFL gene) and 

gain at 9q (Table 1).  
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Chapter 3.4.2 - Table 1. Several genomic imbalances identified in the both tumor samples and 

their clinical association described in the literature. 
Chr. Genes Type of 

alteration 

Clinical association References Right 

tumor 

Left 

Tumor 

3p21.31 SEMA3F Loss High metastasis and poor survival [Doci et al. 2015] Yes Yes 

3p22.2 MLH1 Loss Early stages of disease [Ghosh et al. 2010] Yes Yes 

3p14.2 FHIT Loss Early Event [C. Garnis et al. 2003] Yes Yes 

3q26.32 PIK3CA Gain Poor prognosis 
[Brauswetter et al. 2016; 

Suda et al. 2012] 
Yes No 

3q26.33 SOX2 Gain 
Metastasis , worse outcome, 

resistance to cisplatin 
[Schrock et al. 2014] Yes No 

4q32.3 

PALLD, 

DDX60L, 

MAML3 

LOH Poor survival [X. Chen et al. 2015b] No Yes 

4q35.2 ING2 LOH Advanced stage [Borkosky et al. 2009] No Yes 
4q35.2 FAT1 LOH Advanced tumor stage [Pickering et al. 2013] No Yes 
7p11.2 EGFR Gain Poor prognostic [Chung et al. 2004] Yes No 

7p  Gain Nodal metastases, poor prognosis [Pathare et al. 2011] Yes  

8p21.2 NEFL LOH Increased mortality risk [Coon et al. 2004] Yes Yes 

8p21- 22  Loss 
Advanced tumor stages and poor 

survival 
[Bockmuhl et al. 2000] Yes Yes 

8p  Loss Nodal metastases [Pathare et al. 2011] Yes Yes 

8q24.21 MYC Amplification 
Advanced primary tumors/ late 

event in the tumorigenesis 
[Rodrigo et al. 1996] Yes No 

9p21.3 CDKN2A Loss 
High frequency of recurrences; 

early event in HNSCC progression 
[Danahey et al. 1999] Yes Gain 

9p21.3 CDKN2B Loss Early event in HNSCC progression [Worsham et al. 2006] Yes Gain 

9q  Gain Unfavorable outcome [Pathare et al. 2011] Yes Yes 

18q21.2 SMAD4 Loss Advanced stage and poor prognosis [Bornstein et al. 2009] No Yes 

18q  LOH 
Advanced stage, aggressive tumor 

behavior 

[Takebayashi et al. 

2004] 
 Yes 

22q13.2 CYB5R3 Loss 
Worse prognosis, decreased 

survival 
[Reis et al. 2002] No Yes 

 

 These genes could be important biomarkers of prognosis; however, more studies 

are needed. This predictive knowledge could change the clinical management of the 

patients increasing their survival and quality of life. 

 The left side tumor was not only the tumor that presented less and smaller CNAs 

but also the one that presented more gene promoter methylation (Figures 2, 3B). Thus, 

we found more methylated genes in the left than in the right tongue tumor (Figure 3B). 

Despite, both tumors have been diagnosed at the same time, we could hypothesize that 

the left side tumor of the tongue was in an early phase of development comparatively to 

the tumor in the right side. This assumption was based in the fact that gene promoter 

methylation is considered as an early event for solid tumors development [Maruya et al. 2004] 

and also that malignant cells will be progressively acquired CNAs during the 

carcinogenesis process. Thus, the left tumor presented more methylated genes and the 

right tumor exhibited larger CNAs. In both tumor samples methylation of MGMT and 

WT1 were found (Figure 3B). WT1 gene promoter methylation was also found in the 

non-tumor sample belonging to left tongue tumor. In our previous work [Ribeiro et al. 2016] 
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we showed that WT1 gene promoter methylation was associated with early tumor stage, 

which is in agreement with this reported patient that had two tumors with pT2. WT1 

gene promoter methylation in non-tumor sample could be indicative of the presence of 

morphologically normal cells already with some molecular features of malignancy. 

 MGMT gene promoter methylation was significantly correlated with increased 

tumor recurrences and decreased patient survival, independent of other risk factors and 

chemoradiation therapy [Zuo et al. 2004]. Our patient exhibited MGMT methylated, 

developed metastases and died in a short period of time, thus, this gene could be 

explored as a poor prognosis biomarker with clinical application.  

 Moreover, we found that none of the genes evaluated exhibited both copy 

number loss and methylation. In contrast, we observed copy number gain and 

methylation in WT1 and GATA5 in the right side tumor and in PAX5 and BRCA1 in the 

left side tumor. We reported [Ribeiro et al. 2016] that when PAX5 gene is methylated the 

tongue is the most likely site of tumor origin. However, considering that in the reported 

patient, PAX5 gene promoter methylation was only found in the left tongue tumor, 

could be interesting to verify if there are differences in the methylation pattern of this 

gene regarding the left and right side of tongue. This could be an important gene to 

explain the differences in tongue tumor laterality. 

 Contrarily to what could be expected, the non-tumor sample of the right tumor, 

which belonged to a compromised resection margin, did not present any genomic or 

epigenetic alterations. Explanations for that could be the sampling of a portion of the 

margin truly non-compromised, the presence of alterations in other genes rather than 

those of the probemixes used or a sample with higher normal cells admixture, which 

diluted the genomic and epigenetic alterations and made its detection impossible with 

the molecular techniques used. 

 

Conclusions 

 The analysis of the patient here reported highlighted genomic and epigenetic 

differences in synchronous tumors of the right and left side of the tongue. We identified 

a specific genomic and epigenetic signature for each of these tumors, which could be 

associated with the laterality of these tumors, the synchronism and eventually the 

tongue site-specific anatomic site. CNAs and methylation patterns identified in the 

tumors of this patient have been associated with clinical outcome, reinforcing their 
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importance to accurately establish diagnostic, prognostic and, ultimately patient 

selection biomarkers potentially useful to identify the optimal treatment and clinical 

management. Examples of such potential biomarkers are: CREM, GATA5, MCCC1, 

MGMT, MYC, NEFL, PAX5, PTK2, SEMA3F and WT1. More studies addressing the 

role of these genes in oral cancer are needed. This case report also shows the molecular 

heterogeneity of these tumors even in the same patient and anatomic site. 
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Abstract 

Background The choice of therapeutic modality for oral carcinoma in recurrent or 

second primary tumors remains controversial, as the treatment modalities available 

might be reduced by the treatment of the first tumor, and the overall survival is lower 

when compared with patients with a single or first tumor. Identifying biomarkers that 

predict the risk of relapse and the response to treatment is an emerging clinical issue. 

Case presentation A Caucasian 49-year-old man was treated with chemotherapy 

followed by chemoradiotherapy for a primary left side tongue tumor, achieving a 

complete response. After 49-months of follow-up, a local recurrence was diagnosed. 

After three months, a second primary tumor at the pharyngoesophageal region was 

detected. Genomic and epigenetic characterization of these three tumors was performed 

using array Comparative Genomic Hybridization, Multiplex Ligation-dependent Probe 

Amplification (MLPA) and Methylation Specific MLPA. Results The three tumors of 

this patient shared several imbalances in all chromosomes excluding chromosomes 9, 

20 and 22, where genes related to important functional mechanisms of tumorigenesis 

are mapped. The shared genomic imbalances, such as losses at 1p, 2p, 3p, 4q, 5q, 6q, 

7q, 8p, 10p, 11q, 12p, 12q, 13q, 15q, 16p, 16q, 17p, 17q, 18q, 19p, 19q, 21q and Xp and 

gains at 3q, 7q, 14q and 15q showed a common clonal origin for the diagnosed relapses.  

We identified some chromosomal imbalances and genes mapped in the chromosomes 2, 

3, 4, 6, 7, 11, 14, 17, 18 and 22 as putative linked to chemoradioresistance and 

chemoradiosensitivity. We also observed that gains in short arm of chromosomes 6, 7, 8 

and 18 were acquired after treatment of the primary tumor. We identified losses of VHL 

gene and promoter methylation of WT1 and GATA5 genes, as predictors of relapses. 

Conclusions A common clonal origin for the diagnosed relapses was observed and we 

identified some putative candidate biomarkers of prognosis, relapse risk and treatment 

response that could guide the development of management strategies for these patients.   

 

Keywords: Recurrence, Second primary tumor, Genetic and epigenetic profile, Oral 

cancer, Chemoradioresistance 
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Background 

 Oral squamous cell carcinoma (OSCC) is the most common malignant tumor of 

the head and neck [Bagan and Scully 2008]. These tumors are associated with high morbidity 

and mortality and their incidence is increasing in the younger population [Cabanillas et al. 

2013; Markopoulos 2012]. Considering all tumors that arise in the head and neck region, tongue 

tumors are among the worst in terms of prognosis [Sano and Myers 2007]. Treatment of OSCC 

is predominantly based on tumor location and TNM classification and includes surgery, 

radiotherapy and chemotherapy, either individually or in combination [van Kempen et al. 2015]. 

These treatment modalities do not benefit patients equally and are often associated with 

side effects that reduce compliance and prevent timely completion of therapy [Bossi et al. 

2013]. OSCC survivors have a high risk of developing relapses (tumor recurrences or 

second primary tumors (SPT)) and also distant metastasis, which leads to treatment 

failure and hampers the overall survival [Gonzalez-Garcia et al. 2009]. The 5-year survival rate 

and disease-free survival of OSCC patients are negatively affected by the presence of 

recurrences, which lead to a poor prognosis and a poor quality of life. Since local 

recurrence and treatment resistance are the major obstacles in achieving a cure in this 

neoplasm, the identification of molecular markers to predict the risk of relapse 

development and the response to the treatment is important in the management of these 

patients. We report a Caucasian 49-year-old man diagnosed with a primary squamous 

cell carcinoma in the left side of the tongue. 49-months after the completion of 

treatment a local recurrence was diagnosed followed in the next three months by a 

second primary tumor at the pharyngoesophageal region. Genomic and epigenetic 

studies were conducted allowing the identification of shared imbalances by these three 

tumor samples in several chromosomal regions and genes, which could indicate a 

common clonal origin. 

 

Case Presentation 

Sample 1 - Primary Tumor 

 In January 2011, a Caucasian 49-year-old man, drinker and heavy smoker (≥20 

cigarettes/day), was diagnosed at the Maxillofacial Surgery and Stomatology Unit, of 

the Coimbra Hospital and University Centre, CHUC, EPE, Portugal, with a primary 

squamous cell carcinoma in the left side of the tongue. The diagnosis was confirmed by 
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a biopsy and the well differentiated tumor was classified in advanced stage (IVa), cT4, 

cN2, cM0. Microscopically, the hematoxylin-eosin staining demonstrated the tumor 

formed by polygonal-shaped cells with eosinophilic cytoplasm and mild nuclei showing 

pleomorphism and hyperchromatic chromatin (photomicrograph unavailable). The 

treatment was three-cycles of chemotherapy (cisplatin 75mg/m2 x 1day, docetaxel 

75mg/m2 x 1 day and 5-fluorouracil 1000mg/m2 x 5 days, on days 1, 22 and 43)) 

followed by three-cycles of chemoradiotherapy (cisplatin 75mg/m2 before the radiation 

– 60Gy/30 fractions on days 1, 22 and 43). One month after the completion of treatment 

the patient did not have any sign of neoplasm, achieving an apparent clinical and 

radiological complete response as evaluated by computed tomography scan. In July 

2015, 49-month after the conclusion of treatment, the clinician observed a small 

suspicious lesion (5mm) in the left side of the tongue, in the same localization of the 

primary tumor. 

 

Sample 2 - Recurrence of the primary tumor 

 In September 2015, a squamous cell carcinoma recurrence of the primary tumor 

in the left side of the tongue was diagnosed in this patient, according to the Warren and 

Gates criteria [Warren S and Gates O 1932]. In October 2015, the patient underwent surgery and 

the tumor was completely removed. Microscopically, the hematoxylin-eosin staining 

showed tumor cells with eosinophilic cytoplasm, pleomorphic nuclei and numerous 

mitoses (Figure 1A). The tumor showed a high mitotic index and areas of necrosis with 

vascular and neural invasion. All resection margins were negative for neoplastic 

involvement. The tumor was classified as early stage (II), rpT2, cN0, cM0. The patient 

stopped his smoking habits after the primary tumor diagnosis but kept the alcohol 

consumption. 

   

Sample 3 - Second primary tumor 

 In December 2015, a second primary tumor at the posterior wall of the 

pharyngoesophageal junction was diagnosed at the Department of Otorhinolaryngology 

- Head and Neck Surgery, Coimbra Hospital and University Centre, CHUC, EPE, 

Coimbra, Portugal. The diagnosis was confirmed by a biopsy and the well differentiated 

squamous cell carcinoma was classified in advanced stage (IVa), cT4b. 

Microscopically, the hematoxylin-eosin stain demonstrated a presence of dyskeratotic 
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cells, polygonal-shaped cells with eosinophilic cytoplasm and nuclei showing mild to 

moderate atypia (Figure 1B).  The therapeutic decision was palliative care. In April 

2016 the patient died. 

 

 

Chapter 3.4.3 - Figure 1. Hematoxylin-eosin stains showing the morphology of tumor cells 

(H&E 200x). A) recurrence, B) Second primary tumor (SPT). 

 

Genomic and epigenetic study  

 This study was approved by the Committee on Ethics in Research of the Faculty 

of Medicine of the University of Coimbra and written informed consent from the patient 

was obtained, performing all the experiments according to the regulations in the 

Declaration of Helsinki. Tumor tissue samples were obtained of the primary tumor and 

SPT from biopsies and of recurrence from the surgical resection. Additionally, 

macroscopically tumor-free tissue was also obtained from recurrence and SPT. This 

tissue, in the case of recurrence was collected from surgery resection margin and from 

an identical distance of the tumor in the case of SPT. The tissue samples were 

immediately snap-frozen in liquid nitrogen after resection and stored at −80 °C until 

use. DNA from fresh frozen tissues was extracted using a High Pure PCR Template 

Preparation Kit (Roche GmbH, Mannheim, Germany), according to the manufacturer's 

instructions. We analyzed copy number alterations (CNAs) of the three tumor samples 

through array Comparative Genomic Hybridization (aCGH) using Agilent SurePrint G3 

Human Genome microarray 180K, (Agilent technologies, Santa Clara, CA) as 

previously described [Pinto-Leite et al. 2014]. Multiplex Ligation-dependent Probe 

Amplification (MLPA) and Methylation Specific MLPA (MS-MLPA) using the P248 

and ME002 SALSA probemixes (MRC-Holland, Amsterdam, The Netherlands) were 
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performed in tumor and non-tumor tissue samples in order to simultaneously evaluate 

the CNAs and methylation patterns in a specific set of genes as we previously described 

[Ribeiro et al. 2014; Ribeiro et al. 2016]. DNA from gender-matched gingival tissue of healthy 

subjects submitted to wisdom teeth removal was used as controls. The same three 

controls were used for MS-MLPA and MLPA techniques and one of those controls was 

used for aCGH technique. 

 

Results and Discussion 

 When we compared the primary tongue tumor with recurrence and SPT, we 

found that these three tumors shared several genomic imbalances in almost all 

chromosomes, excluding chromosomes 9, 20 and 22 (Figure 2).  

 The simultaneous altered genes identified in these three tumor samples are 

linked with several cellular processes, namely regulation of apoptosis, cell cycle, cell 

proliferation, cell migration, angiogenesis, chromatin remodeling, DNA repair and 

ubiquitination (Figure 3). These shared genomic imbalances seem to indicate that these 

three tumors have arisen from a common cell clone. Regarding the imbalances 

associated with chemoradioresistance and chemoradiosensitivity by Van den Broek and 

colleagues [van den Broek et al. 2007], we observed that in terms of size our samples presented 

some smaller chromosomal imbalances than those described (Table 1), which allow us 

to suggest some putative candidate genes in these specific chromosomal regions with an 

apparent link to radiotherapy response (Table 1). However, studies addressing the role 

of these genes in the chemoradioresistance and chemoradiosensitivity are needed. Our 

samples exhibited more imbalances associated with chemoradioresistance than 

chemoradiosensitivity. We could hypothesize that the recurrence evolved after the 

chemoradiotherapy treatment of the primary tumor, due to the presence of 

chemoradioresistance clone cells. Additionally, some imbalances of the recurrent and 

SPT cells seem to be further acquired after treatment, such as in short arm of 

chromosomes 6, 7, 8 and 18. Only the tumor from recurrence, diagnosed at stage II, 

presented simultaneous losses at 3p, 9p and 17p, the first imbalances described as 

associated with early tumor stage, by Califano and colleagues [Califano et al. 1996] (Table 2). 

All three tumor samples presented imbalances linked to poor patient outcome, being in 

the recurrence and SPT samples more evident the putative biomarkers of poor survival 

and of the presence of metastasis, namely gains in EGFR gene and at 11q13.3 (Table 2).  
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The MLPA and MS-MLPA results demonstrated that for all the analyzed genes the 

three tumors shared gain at 11q in the GSTP1 gene (Figure 4A). Considering recurrence 

and SPT we observed several shared imbalances, namely at 3p, 5q, 7p, 8p, 11q and 13q. 

We observed some different results between aCGH and MLPA/MS-MLPA due to the 

different sensibility of these techniques to detect low-level imbalances. The non-clonal 

chromosome aberrations evidenced the genomic heterogeneity and complexity that is 

the reflex of chromosomal instability in the cellular population; however its frequency 

is relatively low, being for that often reported in the literature only the clonal 

chromosome aberrations [Heng et al. 2016].  

 

Chapter 3.4.3 - Figure 2. Circus plot revealing aberration pattern differences among the three 

tumor samples: primary tumor, recurrence and second primary tumor (SPT). Blue represents 

copy number gains and red copy number losses. 
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Non-tumor sample of the recurrence presented genomic imbalances, namely losses at 

VHL, CDKN2A and CHFR genes (Figure 4B). Primary tumor did not present 

methylation in any of the evaluated genes. Both recurrence and SPT presented RARB, 

PAX5, WT1 and GATA5 methylated (Figure 4B). The highest number of gene promoter 

methylation was observed in the recurrent tumor sample. Tumor recurrence and the 

corresponding non-tumor sample exhibited WT1, CHFR and GATA5 methylated (Figure 

4B). The presence of several genetic and epigenetic imbalances in both tumor and 

macroscopically non-tumor samples is indicative of the dissemination of cells with 

malignant features even without visible morphologic changes, remaining these cells 

after the resection of the tumor, and consequently increasing the risk of relapse. Thus, 

loss at VHL gene and WT1 and GATA5 gene promoter methylation seem to be important 

in the observed relapses, since these genetic and epigenetic imbalances were observed 

in both tumor and non-tumor tissue of recurrence and also in SPT tissue. These specific 

alterations have a role in the prognosis, relapse prediction and in the therapeutic 

response; however, a validation in a cohort of patients is needed. Clinical examination 

and histological assessment of surgical margin status alone have been considered not 

enough to predict the risk of recurrence [Tabor et al. 2002], which was corroborated by our 

data of this patient. Moreover, a significant correlation between epigenetic profiling of 

clinically and histologically negative surgical margins and the development of SPT was 

also reported [de Carvalho et al. 2012].  

 Our results are in agreement with the field cancerization theory, described in 

1953 by Slaughter et al [Slaughter et al. 1953] and with the cancer stem cell network model 

[Cabanillas and Llorente 2009; Gutierrez et al. 2012], since the synergetic effect of alcohol and tobacco 

abuse lead to cumulative DNA alterations with higher progression to malignancy in the 

left side of the tongue (primary tumor), consequently, the genomic imbalances related to 

therapeutic resistance guarantees the persistence of cells with malignant features even 

after treatment which culminated in a local recurrence and also in the development of a 

SPT in a distant anatomic site (pharyngoesophageal region). The patient here described 

is a good example that genetic and epigenetic signatures should be taking into account 

in order to help in clinical management of OSCC patients. 
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Conclusions 

 The clinical management of OSCC patients is complex and challenging. In the 

reported patient, we verified shared genomic imbalances, namely losses at 1p, 2p, 3p, 

4q, 5q, 6q, 7q, 8p, 10p, 11q, 12p, 12q, 13q, 15q, 16p, 16q, 17p, 17q, 18q, 19p, 19q, 21q 

and Xp and gains at 3q, 7q, 14q and 15q, which are indicative of a common clonal 

origin for the relapses diagnosed. In the recurrent and SPT cells some imbalances seem 

to be acquired after treatment, such as in short arm of chromosomes 6, 7, 8 and 18. 

Losses at VHL gene and promoter methylation of WT1 and GATA5 genes seem to be 

important predictors of relapses. Further studies are needed in order to validate the 

putative biomarkers of diagnostic and prognostic highlighted with this patient. 
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Abstract   

Oral cavity carcinoma develops from squamous epithelial cells by acquisition of 

multiple (epi)genetic alterations that target different genes and molecular pathways. We 

performed a comprehensive genomic and epigenetic characterization of HSC-3 cell line, 

through karyotyping, multicolor Fluorescence In Situ Hybridization, array Comparative 

Genomic Hybridization and Methylation-Specific Multiplex Ligation-dependent Probe 

Amplification. HSC-3 turned out to be a near-triploid cell line with a modal number of 

61 chromosomes. Banding and molecular cytogenetic analysis revealed that non-

random gains of chromosomal segments occurred more frequently than losses. Overall, 

gains of chromosome 1, 3q, 5p, 7p, 8q, 9q, 10, 11p, 11q13, 12, 13, 14, 17, 18p, 20, Yp 

and Xq were observed. The largest region affected by copy number loss was observed at 

chromosome 18q. Several of the observed genomic imbalances and their mapped genes 

were already associated with oral carcinoma and adverse prognosis, invasion and 

metastasis. The most common observed rearrangements are translocations in 

centromeric/near-centromeric regions. RARB, ESR1 and CADM1 genes were both 

methylated and showed copy number loss, while TP73 and GATA5 presented both 

methylation and copy number gain. The here reported comprehensive characterization 

of HSC-3 enriches the resources available for oral cancer research using this cell line, 

especially for testing therapeutic agents. 

 

Keywords: Oral cavity cell lines; HSC-3, Chromosomal rearrangements, Translocation, 

Copy number alterations; Methylation 
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Background 

 Oral squamous cell carcinoma (OSCC) is ranked among the top 10 malignancy 

incidences worldwide and includes lips, tongue, gingival tissue, floor of the mouth, 

parotid and salivary glands tumors [Rivera 2015]. Carcinoma of the tongue is the most 

common type of malignant tumors in the oral cavity [Fang et al. 2014]. Despite developments 

in tumor therapy, the survival rates and overall prognosis of OSCC patients have not 

improved significantly in the last years, with a 5-year survival rate of around 50-60% 

[Pulte and Brenner 2010]. These tumors often invade adjacent bones and metastasize to cervical 

lymphnodes or distant organs [Erdem et al. 2007]. Thus, tumor recurrence and distant 

metastasis are the main contributors for the poor overall survival due to treatment 

failure and ultimately death [Gonzalez-Garcia et al. 2009]. Importantly, the rate of OSCC 

metastasis after recurrence is high, and relapse/recurrence is associated with increased 

treatment resistance [Z. G. Chen 2009]. Nowadays, there is no prognostic model available to 

predict disease outcome, treatment response or risk of metastasis development after 

primary treatment [G. R. Thomas et al. 2005].  

 OSCC results from accumulation of genetic alterations, where numeric and 

structural chromosome changes play an important role [Saunders et al. 2000]. This carcinoma 

is heterogeneous at clinical and molecular levels, having different aberrant pathways 

that contribute to the maintenance of a cancer phenotype. Understanding OSCC 

metastasis on a genetic and epigenetic level would be of significance to provide new 

possibilities of treatment and improve clinical management. Oral cavity cell lines 

represent useful in vitro models for studies related to oral carcinogenesis, allowing 

functional analysis of interesting candidate genes, proteins and drugs. The value of cell 

lines as models of disease is controversial, but it has been shown very clearly that 

OSCC cell lines are accurate reflections of the original tumor [Worsham et al. 1999]. Well 

characterized cell lines are pivotal for the establishment of reliable cell culture models 

used in pharmacogenomic studies, being available a wide variety of primary and 

metastatic OSCC cell lines [C. J. Lin et al. 2007b] which need an accurate molecular 

characterization. In general, OSCC cell lines present ploidy levels that ranged from 

diploid to pentaploid, including high frequencies of aneuploidy with multiple 

chromosomal rearrangements, such as unbalanced and balanced translocations, 

deletions, isochromosomes, and homogeneously staining regions (hsrs) [Martin et al. 2008]. 

Here, we present the comprehensive characterization of a metastatic OSCC cell line 
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from the tongue (HSC-3) and discuss the biological significance of the imbalances 

identified in terms of disease outcome. A combination of G-banding techniques and 

molecular technologies such as array Comparative Genomic Hybridization (aCGH), 

multicolor Fluorescence In Situ Hybridization (mFISH) and Methylation-Specific 

Multiplex Ligation-dependent Probe Amplification (MS-MLPA) allowed detailed 

identification and characterization of numerical and structural aberrations as well as 

methylation patterns in this cell line. 

 

Methods 

Cell lines and culture conditions 

 HSC-3 cell line (JCRB Cell Bank: JCRB0623), isolated from a 64-year-old 

Japanese man, is a moderately differentiated cell line derived from a primary tumor of 

the tongue with lymphnode metastasis. HSC-3 was cultured in DMEM medium 

containing 10% of fetal bovine serum (FBS) and 1% of penicillin and streptomycin (all 

reagents from Gibco, Life Technologies, California, USA). The cell line was validated 

by STR DNA fingerprinting using the AmpFlSTR Identifiler PCR Amplification Kit 

according to manufacturer instructions (Applied Biosystems, Foster City, California, 

USA). Conventional PCR was used to detect the presence of mycoplasma in samples 

using primers specific: MycoF-GTAATACATAGGTCGCAAGCGTTATC and 

MycoR-TGCACCATCTGTCACTCTGTTAACCTC [Shipitsyna et al. 2010]. HSC-3 cell line 

infected with mycoplasma was treated with BM-Cyclin (Sigma-Aldrich, USA) 

according to the supplier’s recommendations.  

 Controls were obtained from healthy patients undergoing surgical removal of 

wisdom teeth. They were cultured in DMEM medium containing 1% of FBS, 1% of 

hydrocortisone (Sigma-Aldrich, Missouri, USA) and 1% of penicillin and streptomycin. 

Both cultures and controls were maintained in an incubator at 37ºC in a 5% CO2 

atmosphere. After reaching confluence, the samples were subcultured by incubation 

with a solution of trypsin (Gibco, Life Technologies, California, USA) and seeded into 

fresh tissue culture flasks. 

 

Karyotyping  

 HSC-3 cell line from passages 45 and 52 were studied. Metaphase chromosomes 

were prepared and analysed by GTG-banding using standard protocols. Chromosomes 
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of overall 32 metaphases were analyzed. Metaphases were digitally imaged and 

karyotyped resorting to a microscope (Eclipse-400, Nikon, Tokyo, Japan) and 

Cytovision software (Applied Imaging System, USA). Karyotype description followed 

the International System for Human Cytogenetic Nomenclature 2013 recommendations. 

 

mFISH 

 mFISH using all 24 human whole chromosome paints as probes was performed 

as described previously [Liehr 2008]. 30 metaphases from the passage 45 were analyzed. 

 

DNA extraction 

 DNA from passages 45, 50 and 52 of HSC-3 cell line and from three controls 

cultured cells was extracted using High Pure PCR Template Preparation Kit (Roche 

GmbH, Manmheim, Germany), according to the manufacture’s recommendations. DNA 

concentration and purity were measured using a NanoDrop1000 Spectrophotometer 

(Thermo Scientific, Waltham, USA). 

 

Array CGH 

 High-resolution whole genome analyses were performed using Agilent SurePrint 

G3 Human Genome microarray 180 K (Agilent Technologies, Santa Clara, CA, USA), 

according to [Pinto-Leite et al. 2014]. DNA of HSC-3 cell line from passage 45 was labelled 

with Cy5 by random primer labelling. DNA from control was labelled with Cy3. 

Results were analysed using Agilent Genomic Workbench v6.5 software with the 

following settings: ADM2 as aberration algorithm, threshold of 6.0, moving average 2 

Mb. The results are according to Human Genome build 19 and include imbalances with 

at least three consecutive probes with abnormal log2 ratios. Results are given 

accordingly to GRCh37/hg19. 

 

MS-MLPA 

 MS-MLPA analyses were performed using ME002 probemix (MRC-Holland, 

Amsterdam, The Netherlands), which can simultaneously detect copy number 

alterations (CNAs) in 38 tumor suppressor genes and aberrant methylation patterns in a 

subset of 25 of these genes (Supplementary Figure 1). All MS-MLPA reactions were 

performed according to [Ribeiro et al. 2016] using DNA from passages 45, 50 and 52. 
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Results 

 Morphologically, HSC-3 cells presented a shape between round to polygonal 

with small granules in the cytoplasm (Figure 1). These cells formed a monolayer and 

piled up after reaching confluence. 

 

Chapter 3.5.1 - Figure 1. Morphology of the HSC-3 cell line, photographed by phase- contrast 

inverted microscopy (Axio Cam ERc55 camera, Zeiss, Germany) (x100). 

 

 The identity of this cell line as confirmed by STR DNA fingerprinting 

(Supplementary Table 1), was in agreement with that described in the Japanese 

Collection of Research Bioresources Cell Bank (JCRB cell bank). 

 

Banding cytogenetic analysis 

 Numerical and structural chromosomal abnormalities were found in HSC-3 cell 

line. HSC-3 is a near-triploid cell line with an average number of 61 chromosomes 

(range from 58 to 63). The most common rearrangements observed are derivatives 

chromosomes from translocations, in which the breakpoints often happen in 

centromeric/near-centromeric regions. The composite karyotype of HSC-3 cell line can 

be described as follows (Figure 2A): 

58~63,der(X)t(X;1)(q10;p10)[31],der(X)t(X;8)(q10;q10)[32],Y,-Y[4],-1[3], 

+del(1)(q10)[30],der(1)t(1;?;11)(p10;?;q10)[29], -2[4], -2,-2[1],-

3[1],der(3)t(1;3)(p10;q10)[32],+der(3)t(3;11)(p10;p10)[29], 

+der(3)t(3;11)(p10;p10)x2[1],+der(3)t(3;18)(p10;q10)[32],-

4[1],+4[3],del(4)(p12)[30],+del(4)(q12)[32],-

5[3],+5[2],+add(5)(q?)[7],+i(5)(p10)[30],+ i(5)(p10)x2[1], -6[2],-

7[1],+7[2],del(7)(q31?)[31], del(7)(q31?)x2[1],der(7)(p11;q22?)[29],-
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8[27],+8[1],+i(9)(q10)[31],-10[1] ,+del(10)q(24)[31],der(10)t(Y;10)[1],-11[1], 

+11[1],der(11)t(11;22)(p10;q10)[32],+der(11)(5;11;10)(p13;p11.2;q11.2)[29],-

12[2],+12[1],+der(12)add(p11)(2p?)(13?),+13[4],der(13)t(11;13)(q23?;q11)[32], 

idic(13)(p11.1)[31], idic(13)(p11.1)x2[1], -14[1],+14[1], 

add(14)(p?)[31],+der(14)t(2;14)(q21;p10)[29],-15[1],der(15)t(8;15)(q13q26)[29], 

+16[2],der(16)t(7;16)(p13;p13.3)[30],+17[2],del(17)(p13)[28],+del(17)(q12)[27],-

18[32],+20,+20[26],+20[5],+20,+20,+20[1],+21[1],der(21)t(18;21)(q10;p10)[31],-

22[2],del(22)(q11.2)[25],+mar[30],+2mar[2][cp32]. 
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Chapter 3.5.1 - Figure 2. . HSC-3 cell line. A) karyogram of a representative G-banded 

metaphase cell. B) Representative Multicolor fluorescence in situ hybridization (mFISH)  

karyogram  

 

 We observed several simple rearrangements involving just two chromosomes 

and also complex rearrangements involving multiple chromosomes (Table 1). 

Isochromosomes 5p and 9q were identified in almost all metaphases. Regarding 

aneuploidies, only chromosome 18 was lost. However, partial deletions in chromosomes 

1, 7, 10, 17p, 17q and 22 were observed. Chromosome 20 presented the highest number 

of extra copies. In 14p we observed an insertion of a portion from an unidentified 

chromosome. 

 

Molecular cytogenetic analysis based on mFISH  

 Based on mFISH results, HSC-3 cell line had a complex karyotype with multiple 

chromosomal aberrations. The most common type of the observed rearrangements 

involved peri-centromeric regions and resulted in whole-arm chromosome 

translocations. The stemline karyotype of the cell line is near-triploid and can be 

described as follows (Figure 2B): 

61,der(X)t(X;1),der(X)t(X;8),Y,del(1),der(1)(1::11::X::11), 

-2,der(3)t(1;3),der(3)t(3;11),+der(3)t(3;18),der(4)t(4;6),der(4)t(4;9),der(5),-
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6,der(7)t(7;14),dic(7;22),-8,idic(9)(q10),del(10), 

der(11)(5::11::4::10),der(11)t(11;22),dic(12;13)(13::12::7::12::17),idic(13;13), 

der(13)(5or12::11::16::11::8or17::13),14p+?,der(14)t(14;?),der(14)(2::4::2::4::14),-

15,der(15)t(8;15),-16,der(16)t(7;16),der(17),-18,-18,-19,+20, 

-21,der(21)t(18;21),del(22),+mar. 

 However, the stemline karyotype was observed only in 4 out of 30 analyzed 

metaphases (~13%) with other metaphases showing additional non-recurrent 

chromosome aberrations. The composite karyotype of HSC-3 cell line based on the 

analysis of 30 mFISH metaphases is as followed: 

58~63,der(X)t(X;1)[28],der(X)t(X;8)[29],der(X)t(X;11)[1], 

der(X)(12::12?::1::X::13)[1],Y,-Y[1],del(1),del(1)[1],del(1)[1], 

der(1)(1::11::X::11)[27],der(1)(1::11::X::11::2)[1],der(1)(1::10::3)[1], 

dic(1;5)(5::?::12::1)[1],-2,-2[1],der(2)t(2;11)[1],t(2;3)[1], 

+3[1],der(3)t(1;3)[29],der(3)(1::3::1)[1],der(3)t(3;11)[29],+der(3)t(3;18), 

dic(3;5)(5::12::7?::4::11::3)[1],+der(3)t(X;3)[1],der(4)t(4;6)[29], 

+der(4)t(4;6)[1],der(4)t(4;9),der(4)t(4;?)[1],del(4)[1],-5[2],der(5),del(5)[1], 

del(5)[1],+der(5)t(5;12)[2],+der(5)(5::12::9)[1],+der(5)(5::16::12)[1], 

+der(5)(5::16::12::16?)[1],+der(5)(5::16::12::5)[1],+der(5?)(5?::12::7?::12::8)[1], 

+der(5?)(5?::12::?::5)[1],+der(5)(5::12::7?::12)[1],+der(5)(5::12::7::12::5)[1], 

+der(5)(5::?::12::2)[1],+der(5)(5::12::16?::12::2)[1],+der(5)(5::12::7::12::14?)[1], 

-6,der(7)t(7;14)[29],dic(7;22)[28],dic(7;22)(20::7::22)[1], 

dic(7;12)(7::14::13::12::7?::12::17)[1],der(7)t(7;13)[1],der(7?)t(5;7)[1], 

-8,-8[2],t(8;10)[1],-9[1],der(9)t(9;14)[1],idic(9)(q10)[29],del(9)[1],del(9)[1], 

del(10),der(10)t(Y;10)[1],-11[1],der(11)(5::11::4::10)[29],der(11)(5::11::4::10::5)[1], 

der(11)t(11;22),dic(12;13)(13::12::7::12::17)[28],der(12)t(8;12)[1],idic(13;13)[29], 

dic(13;13)(13::13::7)[1],der(13)(5or12::11::16::11::8or17::13)[27], 

der(13)(5or12::11or17::16::8or17::13::X)[1],der(13)(11::12::11:16::11?::13)[1], 

14p+?,der(14)t(14;?),der(14)t(5;14)[1],der(14)(2::4::2::4::14)[27], 

-15,der(15)t(8;15),-16,der(16)t(7;16),der(17),der(17)[1],-18,-18,-19,+20[28], 

-21,der(21)t(18;21),der(21)t(5;21)[1],-22[1],del(22),der(?)(?::X::11)[1], 

der(?)(?::11::X::11)[1],+mar[29],+mar[1][cp30]. 

 

 Except for chromosomes 19, 20 and Y, all other autosomes and X chromosome 

were involved in structural chromosomal aberrations. Interestingly, almost 50% of cells 
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had an additional derivative chromosome (different in all the analyzed metaphases) 

which seemed to be “based” on der(5)t(5;12) – perhaps representing a jumping 

translocation hotspot (Figure 3). 

 

 

Chapter 3.5.1 - Figure 3. Different derivative chromosomes based on der(5)t(5;12) identified 

in almost 50%  of cells observed by mFISH. 

 

 Some chromosomal rearrangements previously observed by GTG-banding could 

be confirmed, and others could be redefined by mFISH (Table 1). 

However, mFISH approach cannot detect any intrachromosomal rearrangements 

or identify the exact breakpoints; the complexity of combinatorially labeled probes 

means that small translocations may be even more difficult to detect than with singles 

color paints [Kearney 2006]. Also, mFISH technique cannot reliably identify small 

translocations/rearrangements involving peri-centromeric and near-telomeric regions. In 

our study, mFISH could not reveal the origin of the small marker chromosome in HSC-

3 cell line and we cannot reliably assign the centromeric region in derivative 

chromosomes resulting from the whole-arm translocations. 
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Copy number alterations detected by aCGH 

 Results from the whole genomic approach, i.e. aCGH helped establishing 

breakpoints as well as the copy number gains and losses in HSC-3 cell line (Figure 4 

and Table 1). Gains of the entire chromosomes 1, 10, 12, 13, 14, 17 and 20 were 

observed. Gains of the whole short arms were identified in chromosomes 5, 7, 11, 18 

and Y. On the other hand, whole long arm gain was detected in chromosomes 3, 8, 9 

and X. Copy number losses were observed at 11q12.1-q12.2 (2.6 Mb), 15q26.2-q26.3 

(5.9 Mb), 16p13.3 (267 Kb), 18q11.2 (3.2 Mb), 18q12.2-q21.1 (50.6 Mb) and Xp11.23-

p11.22 (2.7 Mb), being suggestive of the breakpoints of rearrangements involving these 

chromosomes. 

 It is important to note that aCGH results were considered based on a diploid cell 

line, since HSC-3 is a near-triploid cell line and this technique is not able to detect 

ploidy changes. 

 

 

Chapter 3.5.1 - Figure 4. Copy number alterations detected by aCGH in HSC-3 cell line. 

Losses are represented in red and gains in blue. 

 

Copy number alterations and methylation signature based in MS-MLPA 

 From the 25 genes analyzed for methylation signature, we found that TP73, 

RARB, ESR1, PAX5, PAX6, WT1, CADM1 and GATA5 genes were methylated. The 

levels of methylation in these eight genes vary from 32 to 96% (Figure 5A). In opposite, 
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MSH6, VHL, CDKN2A, KLLN, MGMT, CD44, GSTP1, ATM, CHFR, BRCA2, RB1, 

THBS1, PYCARD, CDH13, TP53, BRCA1 and STK11 genes did not present methylation 

(data not shown).  

 Copy number alterations in 20 of the 38 genes analyzed were detected (Figure 

5B). Copy number gains were observed in chromosomes 1 (TP73), 3 (CASR), 9 

(PTCH1), 10 (KLLN and PTEN), 11 (CD44 and GSTP1), 13 (RB1), 14 (MLH3), 17 

(TP53 and BRCA1) and 20 (GATA5). Copy number losses were identified in 

chromosomes 3 (RARB), 4 (IL2), 5 (APC), 6 (ESR1), 7 (CFTR), 11 (ATM and CADM1) 

and 16 (CDH13). Considering simultaneous copy number alterations and methylation 

status, we verified that TP73 and GATA5 presented both methylation and copy number 

gains. Likewise, RARB, ESR1 and CADM1 presented both methylation and copy 

number losses (Figure 5C). 

 

 

Chapter 3.5.1 - Figure 5. MS-MLPA results for HSC-3 cell line using ME002 probe panel. A) 

Methylation signature of HSC-3, showing the percentage of methylation for the eight 

methylated genes identified.  B) Copy number variations detected in this cell line. Losses are 

represented by red and gains by blue. C) Simultaneous visualization of copy number alterations 

and methylation signature of HSC-3. Legend: M+G - methylation + copy number gains; M+L - 

methylation + copy number losses; M- methylation; G - gains; L- losses. 

 

Comparison of banding and molecular (cyto)genetics with MS-MLPA results 

 The simultaneous analysis of the results from these four techniques allowed a 

comprehensive characterization of HSC-3 cell line (Table 1).  

Considering the der(11)t(11;22) observed in all metaphases analyzed in both banding 

cytogenetic and mFISH techniques, the entire long arm of chromosome 22 was 

translocated with chromosome 11. Additionally, these two techniques identified a 

chromosome 22 with a partial deletion (del(22)(q11.2)). aCGH technique demonstrated 

an amplification (four copies) of ~4.7 Mb at the 22q11.1-q11.21 (17.430.492- 
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22.186.389), which seems to represent the portion of chromosome identified as 

(del(22)(q11.2)) (Figure 6A).  

 

 

Chapter 3.5.1 - Figure 6. Example of imbalances obtained in HSC-3 cell line by the different 

techniques: conventional cytogenetics, mFISH and aCGH. A) del (22); B) der (11) 

(5::11::4::10) and del(10); C) der(15)t(8;15) and der(X)t(X;8). 

 

 In the der(11)(5::11::4::10) it was not possible to determine the specific 

breakpoints of these rearrangements, since chromosomes 4, 5 and 11 are also involved 

in other derivative chromosomes. We verified by aCGH, four regions of gain in 

chromosome 4: 4p16.3-p15.31 (19.5 Mb) and 4p12-p11 (1.7 Mb) with three copies; 

4q13.1 (1.4 Mb) and 4q13.3 (5.2 Mb) with four copies; two regions in chromosome 5: 

5p15.33-p11 (46 Mb), with four copies and 5q31.2-q35.3 (42 Mb) with three copies. 

Whole chromosome 10 presented gain by aCGH, 10p15.3-p11.1 (with three copies), 

10q11.22-q24.2 (with four copies) and 10q24.2-q26.3 (with three copies). Banding and 

molecular cytogenetics allowed the clarification of this imbalance as not only a numeric 

but also a structural rearrangement. Since, cytogenetically we have two normal 

chromosomes 10, one more with a deletion (defined by aCGH as 10q24.2-q26.3, due to 

the presence of only 3 copies) and an entire 10q arm that was inserted in chromosome 

11, involved in the aforementioned der(11)(5::11::4::10). We verified by aCGH, six 

regions of gain in chromosome 11: 11p15.5-p13 (33.3 Mb) with three copies; 11p13-

A) 

B) 

C) 
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p11.2 (13.3 Mb) 11q12.3-q13.4 (9.9 Mb) and 11q14.1 (600 Kb) with four copies; 

11q14.3 (43 Kb) and 11q22.1-q22.3 (3.9 Mb) with five copies (Figure 6B). In 

agreement with aCGH, MS-MLPA technique highlighted gain in 11p13 (CD44) and 

11q13.2 (GSTP1) and loss at 11q22.3 (ATM and CADM1). This loss could map the 

specific breakpoint in one rearrangement involving this chromosome.  

 Another example was chromosome 15, in which, by both banding cytogenetic 

and mFISH, it was possible to observe a der(15)t(8;15). Additionally, aCGH 

demonstrated on one hand a whole 8q (8q11.1-q24.3) gain and on the other hand a 5.9 

Mb distal 15q (15q26.2 -q26.3) loss, suggesting the breakpoints of this rearrangement 

(Figure 6C). It is important to refer that through the analysis of aCGH log ratios we 

identified two regions of amplification: 8q11.1-q12.3 (16.8 Mb) with three copies and 

8q12.3-q24.3 (77.6 Mb) with four copies. Considering the visual analysis of this 

derivative chromosome we hypothesized that the translocated segment for chromosome 

15 were the 8q12.3-q24.3, being the following probable breakpoints: 64.408.653-

142.041.711 at chromosome 8 and 96.488.170-102.383.473 at chromosome 15. The 

entire 8q arm seems to be fused at the X chromosome, der(X)t(X;8) (Figure 6C). In this 

sense, one X chromosome presented unbalanced translocation with chromosome 8 

(der(X)t(X;8)) and the other with chromosome 1 (der(X)t(X;1)). Array-CGH 

demonstrated a gain in the Xq, which seems to be due to insertion in chromosome 1 

(der(1)t(1::11::X::11)).  

 Another example of the agreement between recurrent chromosomal structural 

rearrangements (conventional cytogenetics and mFISH) and DNA copy number 

aberrations (aCGH and MS-MLPA) is the identification by conventional cytogenetic of 

i(5)(p10) and i(9)(q10), mFISH showed der(5) and idic(9)(q11), and by aCGH it was 

observed four copies of 5p and 9q, respectively. MS-MLPA has only one probe for 9q, 

PTCH1 gene, which also presented gain. 

Furthermore, deletions in chromosomes 1, 10, 17 and 22 were observed in all evaluated 

metaphases and these chromosomes presented only gains in aCGH. This result 

apparently contradictory is explained by the insertion of portions of these chromosomes 

in other chromosomes, originating derivate chromosomes (Table 1).  

 Using these combined techniques, we highlighted in this HSC-3 cell line several 

chromosomal aberrations and genes associated with therapy response, disease 

progression and outcome (Table 2). This association with clinic features seems to be 
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vital in order to choose the most suitable in vitro models for each study allowing 

functional analysis of interesting candidate genes, proteins and drugs. 
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Discussion 

 HSC-3 has been used in several studies [Cha et al. 2011; C. C. Lin et al. 2007a; Neves et al. 2006] 

and to the best of our knowledge, only one study [Uchida et al. 2006] evaluated this cell line at 

genetic level. Additionally, this cell line was included at COSMIC-Cell Lines Project 

[COSMIC 2016]. The present comprehensive and complementary characterization will be 

extremely useful to accurate design basic and translation studies in future and maybe to 

interpret better previous undertaken ones. 

In our study, banding and molecular cytogenetic analyses characterized the overall 

genome-wide alterations occurring in OSCC, showing that the molecular genetic 

composition of the HSC-3 cell line mirrors that of primary tumors. Example of these 

alterations is 3q, 8q, 11q13 gains and 18q losses, which have been previously reported 

in various studies [Freier et al. 2010; Susanne M. Gollin 2001; C. Jin et al. 2006; S. C. Lin et al. 2002; Parikh et al. 2007; 

Ribeiro et al. 2014b; Ribeiro et al. 2014a]. 

 The karyotype of HSC-3 is highly complex and contains numerous structural 

and numeric aberrations. It was possible to identify different translocations, being 

described as a underlying mechanisms of oncogenes activation by gene fusion [Haluska et al. 

1987]. The high frequency of CNAs and structural rearrangements, such as derivative, 

dicentric or isochromosomes, observed in this cell line could suggest that combinations 

of these chromosomes may occur non-randomly and bear a relationship with OSCC 

carcinogenesis. Non-random chromosomal loss of chromosome 18q has frequently been 

reported in OSCC, whereas three distinct breakpoints (18q11, 18q12, and 18q22) were 

identified by Martin and colleagues [Martin et al. 2008] using CGH technique. In our study we 

further confirmed these findings by identification of losses at 18q11.2 and 18q12.1-q23. 

In HSC-3 the most common chromosomal breakpoints were detected around 

centromeric/near-centromeric regions, which are typical cytogenetic features of OSCC 

[Singh et al. 2001b]. The chromosomal breakpoints can affect genes that may be disrupted and 

thereby either cause loss of function or translocation to another part of the genome 

leading to altered gene function [Zitzelsberger et al. 2010]. By banding cytogenetics and MS-

MLPA the 45 and 52 cell line passages were studied and similar results were obtained 

by both techniques. Comparing our results with those previously published, in 2006 by 

Uchida and colleagues [Uchida et al. 2006], we verified several common rearrangements 

(Table 1). Intriguingly, in opposite to our data, these authors did not identified i(5p), 

which is very common in OSCC [Y. Jin et al. 1995]. It is also important to state that Uchida 
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and collaborators [Uchida et al. 2006] identified 61~63 chromosomes and the cell line passage 

was not mentioned. Some additional and unique aberrations can emerge during in vitro 

cultivation [Kudo et al. 2001; Tabor et al. 2001]. Since, in spectral karyotyping (SKY) and CGH 

analyses small copy number alterations are not detectable, our integrated study allowed 

to deeper insights into specific complex chromosomal rearrangements, defining the size 

and breakpoints of the induced imbalances. The progression of cancer is often related 

with genomic and epigenetic instability that lead to an advantageous adaptive evolution 

of malignant clones [Prasad et al. 2008], which justify the highly OSCC heterogeneity and 

consequently differential responses to therapy. Genetic and epigenetic mechanisms are 

correlated during tumorigenesis, since on one hand alterations in epigenetic mechanisms 

can originate genetic aberrations and on the other hand genetic aberrations in epigenetic 

regulators can cause an altered epigenome [You and Jones 2012]. Thus, CNAs and gene 

promoter methylation can point out interesting candidate genes that may play a role in 

tumor development and/or progression. The development of nodal metastasis is the 

most significant clinical prognostic factor in OSCC. Wreesmann et al [Wreesmann et al. 2004] 

observed on one hand a high degree of concordance between genetic abnormalities in 

cell lines derived from primary tumors and their corresponding nodal metastases, which 

reflects a common clonal origin, and on the other hand to molecularly differentiate the 

metastases samples through the identification of several genetic aberrations that seem to 

be involved in the onset and/or progression of a metastatic phenotype. Amplification of 

11q13 correlates with increased invasive disease, regional metastasis and more frequent 

recurrence, being amplification and overexpression of cortactin gene (CTTN) implicated 

in tumor cell motility and invasion, which seems to be due to increased binding between 

cortactin and Arp2/3 complex [Rothschild et al. 2006]. Luo et al [Luo et al. 2006] showed that both 

CTTN amplification and overexpression are associated with lymph node metastasis in 

esophageal squamous cell carcinoma since these aberrations contribute to tumor 

aggressiveness through increasing the capacity of cell migration and anoikis resistance. 

Ruiz et al [Ruiz et al. 2012] suggested that ANO1 gene facilitates regulation of the cell 

volume and leads to cell migration, which contribute to metastatic progression in head 

and neck cancer. We highlighted in table 2 several chromosomal regions and genes 

associated with OSCC progression and outcome.  
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 Since we were studying a cell line with lymphnode metastasis, it was not 

surprising to verify that we found several genetic aberrations previously related with 

advanced clinical stage, adverse prognosis and presence of metastatic disease. Several 

chromosomal aberrations and genes that we found have already been identified 

presenting promising diagnostic and prognostic biomarkers, without being, so far, 

applicability in the clinical practice [Chang and Califano 2008]. Thus, HSC-3 cell line is, indeed, 

a good in vitro model, not only to understand the advanced clinical stage of OSCC, 

which represents the most frequent diagnoses in these patients, but also to study within 

the well-characterized molecular profile of HSC-3 the effect of potential therapeutic 

modalities. Regarding the distribution of the genes highlighted with MS-MLPA 

technique by their biological processes, we verified that in general, the cellular 

functions of all reported genes were related to apoptosis, transcription regulation, cell 

growth and differentiation, cell cycle control and cell adhesion, all hallmarks of 

malignant transformation and cancer progression [Ribeiro et al. 2016]. 

 All techniques used in this study introduced advantages and an improvement in 

the characterization of the HSC-3 cell line. This cell line showed aneuploidy and several 

structural rearrangements after G-banding analyses. Adding the mFISH technique 

allowed a precisely identification of the majority of the chromosomes involved in each 

rearrangement. Both techniques enabled the examination of individual tumor cells, 

which is very informative due to the high percentage of intratumoral heterogeneity. 

aCGH approach highlighted the specific chromosomal bands with copy number gains 

and losses. It identified several rearrangements, specific chromosomal regions and 

helped in the delimitation of the size of the imbalances, allowing the establishment of 

specific breakpoints. MS-MLPA provided a methylation signature of this cell line, 

highlighting several genes with loss and gain and also genes where co-occurred 

methylation and CNAs. 

 

Conclusions 

 HSC-3 cell line presents a complex karyotype with multiple rearrangements 

involving the majority of all human chromosomes, which reflects the general OSCC 

signature. Simultaneously, at genetic and epigenetic level several altered genes 

associated with malignant transformation and cancer progression hallmarks were 

identified. This metastatic cell line presents several genetic imbalances associated with 
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adverse disease outcome. With this genetic and epigenetic characterization, HSC-3 cell 

line could be a more attractive and helpful resource to understand the evolution of 

OSCC and to study drug-therapeutic approaches for the treatment of OSCC patients, 

since they are frequently diagnosed in advance stages. 
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Chapter 3.5.1 - Supplementary Figure 1. All genes analyzed for copy number alterations and 

methylation status in this study using the ME002 probemix. The asterisk means that these genes 

were only analyzed for copy number alterations. 

 

Chapter 3.5.1 - Supplementary Table 1. STR DNA fingerprinting of HSC-3 cell line. The 

asterisk means that these STRs are not described in the Japanese Collection of Research 

Bioresources Cell Bank (JCRB cell bank). 

STR Marker DNA profile Fragment size (pb) 

Amelogenin X:  X 107 

Amelogenin Y:  Y 112 

TPOX  (8;8) (230;230) 

D2S1338* (19;23) (324;341) 

Vwa (14;17) (167;179) 

D3S1358* (17;17) (132;132) 

FGA* (23;27) (239;255) 

CSF1PO (11;11) (326;326) 

D5S818 (11;13) (151;160) 

D7S820  (13;13) (283;283) 

D8S1179* (13;13) (144;144) 

TH01 (6;9.3) (171;187) 

D13S317  (12;12) (233;233) 

D16S539 (9;9) (268;268) 

D18S51* (16;16) (299;299) 

D19S433* (14.2;14.2) (123;123) 

D21S11* (30;32) (208;216) 
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Abstract 

Head and neck squamous cell carcinoma cell lines are useful preclinical models to 

understand the molecular processes behind these tumors development and to search 

targeted therapies. We performed a comprehensive (cyto)genomic and epigenetic 

characterization of three new established primary human head and neck squamous cell 

carcinoma cultures and a BICR 10 cell line, through karyotyping, multicolor 

Fluorescence In Situ Hybridization, array Comparative Genomic Hybridization and 

Methylation-Specific Multiplex Ligation-dependent Probe Amplification. The three 

primary cultures turned out to be a near-triploid and BICR 10 is near-diploid. Banding 

and molecular cytogenetic analysis revealed non-random numerical and structural 

aberrations. The most common rearrangements identified in BICR 10 cell line were 

non-complex derivatives of reciprocal translocations, in which the breakpoints often 

happen in centromeric/near-centromeric regions. In primary cell cultures the most 

common rearrangements observed were isochromosomes and derivatives chromosomes 

from translocations. Overall, gains of 7p, 8q and losses at 3p, 8p, 9p, 18q and Xp were 

observed in all primary cultures and in the cell line. Some of the observed genomic 

imbalances and their mapped genes observed in all cell cultures were already associated 

with head and heck carcinoma and clinical outcome. From the analyzed gene, BICR 10 

cell line exhibited higher number of gene promoter methylation, being PAX5, WT1 and 

GATA5 methylated in all primary cells and BICR 10 cell line. The here reported 

comprehensive characterization of BICR 10 cell line and the new established cultures 

enriches the resources available for head and cancer research, mainly for testing 

therapeutic agents. 

 

Keywords: Primary cell cultures; BICR 10 cell line, Head and Neck cancer; 

Chromosomal rearrangements; Copy number alterations; Karyotyping; Methylation  
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Introduction 

 Cell lines derived from tumors are extensively used as cancer models in research 

allowing to increase the understanding of cancer biology [Domcke et al. 2013]. Ironically, 

human carcinomas exhibited a wildly growth in the body but in culture they are 

frequently difficult to establish and grow [Ince et al. 2015]. The difficulty in the establishment 

of primary human tumor cell cultures is cross-cutting to a wide range of tumor types. 

Only a small number of primary cells have been established in culture, being reported in 

the literature a low success rate [Gazdar et al. 1998; Heo et al. 1989; White et al. 2007], which suggest a 

lack of representativeness of the patients heterogeneity in the available tumor cell line 

collections [Ince et al. 2015]. An emerging question in cell culture studies is to understand if 

the established cell lines keep the characteristics of the original tumor, since these cells 

have been cultured in the absence of stroma, lacking the original microenvironment and 

tissue architecture as well as the tumor heterogeneity present in the primary cancer 

[Webster et al. 2010]. However, it has been demonstrated that at genetic level cell lines 

accurately represent the tumors of origin [Douglas et al. 2004; Greshock et al. 2007; Ottaviano et al. 2010; Ross 

et al. 2000; Stratton et al. 2009]. The genetic characterization of cell lines helps in the optimized 

choice of tumor model cells for each specific research questions, increasing the value of 

preclinical studies. Cell line model systems with the capability to predict the patient 

response to drugs enable the development and implementation of new personalized 

treatments [Ince et al. 2015]. Head and neck cancer (HNC) is the sixth most common type of 

cancer worldwide and, despite advances in diagnosis and treatment, the mortality and 

morbidity rates are still high, which could be the reflection of a high variation of genetic 

instability and molecular heterogeneity [Singchat et al. 2016], reinforcing the need of 

investigating novel and targeted therapies. Immortalized HNC cell lines have been an 

useful resource for molecular, biochemical, genetic, and immunological studies of these 

tumors [C. J. Lin et al. 2007b]. Available well characterized HNC cell lines are crucial in order 

to allow the selection of the most appropriate preclinical models for HNC tumor biology 

or therapeutic targets studies. In the present study, we reported the establishment and 

(epi)genomic characterization of three new primary human head and neck squamous 

cell carcinoma (HNSCC) cultures from surgical tumor samples of patients with different 

phenotypes. Additionally, a commercial recurrent buccal mucosa cell line, BICR 10, 

was also characterized, which could improve the translational research and preclinical 

optimization of personalized drug therapy using this line. This comprehensive 
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characterization showed the high heterogeneity of HNSCC, emphasizing the needed of 

understanding the molecular carcinogenesis mechanisms behind this neoplasm to truly 

treat the patients. 

 

Material and methods 

Cell lines and culture conditions 

 BICR 10 cell line (ECACC: 04072103), isolated from a Caucasian female, was 

kindly provided by Professor Marilia Dourado (Faculty of Medicine of University of 

Coimbra). This adherent cell line is derived from a recurrent squamous cell carcinoma 

of the buccal mucosa.  

 Three HNSCC primary cell cultures (PC) were established at the Cytogenetics 

and Genomics Laboratory of the Faculty of Medicine, University of Coimbra from 

surgical tongue and retromolar trigone tumor resected samples. PC1 was established 

from a stage II tongue tumor (pT2) of a Caucasian 88-year-old woman, without the 

traditional risk factors related to oral cancer, such as alcohol, tobacco and presence of 

human papiloma virus (HPV). Due to advanced age and comorbidities the patient was 

deemed unfit to major surgery, and was not submitted to cervical linfadenectomy. Six 

months after the diagnosis, this patient developed right cervical metastasis and died two 

months later. PC2 was established from a stage II tongue tumor (pT2) of a Caucasian 

84-year-old man, only with alcohol abuse as risk factor. PC3 was established from a 

stage IV retromolar trigone tumor (pT3, pN2) of a Caucasian 46-year-old man, with 

alcohol and tobacco consumption as risk factors. Thirty months after the diagnosis, 

these two man patients (PC2 and PC3) that have gone through surgery and radiotherapy, 

are still alive and without signs of disease. 

 This study was approved by the Committee on Ethics in Research of the Faculty 

of Medicine of the University of Coimbra and we obtained written informed consent 

from the patient, performing all the experiments according to the regulations in the 

Declaration of Helsinki. 

 BICR 10 cell line was cultured in DMEM medium (Gibco, Life Technologies, 

California, USA) containing 10% of Fetal Bovine Serum (FBS) (Gibco, Life 

Technologies, California, USA), 1% of hydrocortisone (Sigma-Aldrich, Missouri, USA) 

and 1% of penicillin and streptomycin (Gibco, Life Technologies, California, USA). 

This cell line was validated by STR DNA fingerprinting using the AmpFlSTR 
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Identifiler PCR Amplification Kit according to manufacturer instructions (Applied 

Biosystems, Foster City, California, USA).  

 Primary cell cultures from tumor and control samples (obtained from healthy 

patients undergoing surgical removal of wisdom teeth) were cultured in DMEM 

medium containing 1% of FBS, 1% of hydrocortisone and 1% of penicillin and 

streptomycin. 

 All cell cultures were maintained in an incubator at 37ºC in a 5% CO2 

atmosphere. After reaching confluence, the samples were subcultured by incubation 

with a solution of trypsin (Gibco, Life Technologies, California, USA) and seeded into 

fresh tissue culture flasks. 

 Conventional PCR was used to detect the presence of mycoplasma using primers 

specific: MycoF-GTAATACATAGGTCGCAAGCGTTATC and MycoR-

TGCACCATCTGTCACTCTGTTAACCTC [Shipitsyna et al. 2010]. Cell line and primary 

cultures were treated for mycoplasma infection with BM-Cyclin (Sigma-Aldrich, 

Missouri, USA) according to the supplier’s recommendations.  

Cell cultures were keep in liquid nitrogen for future studies. 

 

Karyotyping  

 BICR 10 cell line from passages 30, 34, 35, and 36 and primary cell cultures 

were studied. Metaphase chromosomes were prepared and analyzed by GTG-banding 

using standard protocols. Chromosomes of 30 metaphases were analyzed for PC1 and 

PC3 and 10 metaphases for PC2. Metaphases were digitally imaged and karyotyped 

resorting to a microscope (Eclipse-400, Nikon) and Cytovision software (Applied 

Imaging System). Karyotype description followed the International System for Human 

Cytogenetic Nomenclature 2013 recommendations. 

 

mFISH 

 mFISH was performed in BICR 10 cell line as described previously in Liehr, 

2008 [Liehr 2008]. 30 metaphases from the passage 30 were analyzed. 

 

DNA extraction 

 DNA from passages 30, 34 and 35 of BICR 10 cell line, from three primary cell 

cultures and from three cultured control cells was extracted using High Pure PCR 
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Template Preparation Kit (Roche GmbH, Manmheim, Germany), according to the 

manufacture’s recommendations. DNA concentration and purity were measured using a 

NanoDrop1000 Spectrophotometer (Thermo Scientific, Waltham, USA). 

 

Array CGH 

 High-resolution whole genome analyses were performed using Agilent SurePrint 

G3 Human Genome microarray 180 K (Agilent Technologies, Santa Clara, CA, USA), 

according Pinto-Leite et al 2014 [Pinto-Leite et al. 2014]. DNA of BICR 10 cell line from 

passage 30 and from the three primary cell cultures was labelled with Cy5 by random 

primer labelling. DNA from control was labelled with Cy3. Results were analysed using 

Agilent Genomic Workbench v6.5 software with the following settings: ADM2 as 

aberration algorithm, threshold of 6.0, moving average 2 Mb. The results are according 

to Human Genome build 19 and include imbalances with at least three consecutive 

probes with abnormal log2 ratios. 

 

MS-MLPA 

 MS-MLPA analyses were performed using ME002 probemix (MRC-Holland, 

Amsterdam, The Netherlands) to detect aberrant methylation patterns in a subset of 25 

genes. All MS-MLPA reactions were performed according to [Ribeiro et al. 2016] using DNA 

from passages 30, 34 and 35 of BICR 10 and from the three primary cell cultures. 

 

Results  

 The identity of BICR 10 cell line as confirmed by STR DNA fingerprinting 

(supplementary Table 1), was in agreement with that described in the European 

Collection of Authenticated Cell Cultures (ECACC). 

 

Banding cytogenetic analysis 

 Numerical and structural chromosomal abnormalities were found in BICR 10 

cell line and primary cultures. BICR 10 cell line is near-diploid with an average number 

of 41 chromosomes (range from 38 to 44). Primary cell cultures are near-triploid. The 

modal number of chromosomes were 70 (range from 62 to 72), 64 (range from 59 to 

65), and 69 (range from 64 to 72) for PC1, PC2 and PC3, respectively.  
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 The most common rearrangements observed in BICR 10 cell line were non-

complex derivatives of reciprocal translocations, in which the breakpoints often happen 

in centromeric/near-centromeric regions.  

The composite karyotype of BICR-10 cell line can be described as follows 

(Figure 1A):  

38~44,-X[29],XX[1],-1[30],der(2)t(1;2)(q21;p23)[30], 

der(2)t(1;2)(p13;q21)[28],der(2)t(1;2)(p13;q21)x2[2],der(3)t(3;7)(p10;p10)[25]; 

der(3)t(3;7)(p10;p10)x2[3];-4[24],-2x4[3],+4[3],-5[7],+5[1],der(5)t(3;5)(p13;p15)[27]; 

-6[2],-7[19],der(7)t(7;11)(q21.3;q11.1)[24];der(7)t(7;11)(q21.3;q11.1)x2[4];-8[11], 

der(8)t(8;8)(q10;q?)[24],der(8)t(8;8)(q10;q?)x2[2],-9[6],+9[4],del(9)(p22)[24],-10[5], 

-11[27],der(11)t(7;11)(p10;p10)[28],der(11)t(7;11)(p10;p10)x2[2],-12[2],-13[22], 

+13[3],der(13)t(11;13)(q13;q10)[4],der(13;13)[1],-14[24],der(14)t(7;14)[3],-15[2], 

der(15)t(X;15)(q10;q10)[27],-16[7],2x16[1],-17[9],der(17)t(7;17)(q10;q10)[21], 

+18[1],der(18)t(14;18)(q10;q10)[24],der(18)t(17;18)[23],+19[3],-20[7],-2x20[1], 

-21[4],-2x21[1],-22[11],+mar1[30],+mar2[10],+mar3[3][cp30]. 

In primary cell cultures the most common rearrangements observed were 

isochromosomes and derivatives chromosomes from translocations. 

 The composite karyotype of PC1 can be described as follows (Figure 1B): 

72~62X,der(X)t(X;13)(q10;q10)[29];-X[30];-1[4];+1[1];+der(1)t(1;15)(q10;q10)[24]; 

+del(1)(q25?)[25];-2[3];+del(2)(p23)[4];-3[5];+i(3)(q10)[27];-4[9];+5[5]; 

+i(5)(p10)[28];+i(5)(p10)x2[2];-6[2];-7[5];+del(7)(q22)[28];+8[2];i(8)(q10)[23]; 

-9[7];del(9)(p22)[7];del(9)(p22)x2[22];der(9)t(2;9)(p10;q10)[23]; 

der(9)t(2;9)(p10;q10)x2[5];der(9)t(2;9)(p10;q10)x3[1];-10[24];-2x10[6];+11[23]; 

+2x11[1];-12[2];-13[6];der(13)t(13;18)[22];-14[25];-2x14[1]; 

der(14)t(8;14)(q10;q10)[30];-16[8];-17[5];-18[29];-19[1];+19[2];-20[5];+20[12]; 

i(20)(q10)[26];i(20)(q10)x2[2];-21[7];add(21)(p11.1?)[20];-22[5];+22[3];+2x22[1]; 

+mar1[13];+mar2[6][cp30]. 

 The composite karyotype of PC2 can be described as follows (Figure 1C): 

65~60, XY[1];+X[3];-Y[9];der(1)t(1;7)(q10;p10)[9];der(1)t(1;7)(q10;p10)x2[1]; 

+del(1)(p13?)[2];-2[4];i(2)(p10)[8];del(2)(p11.2?)[8];-3[6];der(3)t(2;3)(p10;p10)[10]; 

-4[10];-5[9];-7[3];+add(7)(q36?)[2];-8[4];+der(8)t(2;8)(p?;p23)[5]; 

-9[7];del(9)(p21?)[3];-10[4];+10[2];-11[6];+der(11)t(11;13)(p10;p10)[6]; 

+2xder(11)t(11;13)(p10;p10)[4];-12[5];+12[2];-3x13[7];add(13)(p11.2?)[3];-14[2]; 
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der[14]t[3;14](p10;q10)[4];2xder(14)t(13;14)(p10;q10)[6];-16[6]; 

der(16)t(16;17)(q10;q10)[4];-17[2];-2x17[8];-18[2];-2x18[8];-19[2];add(19)(q13?)[6]; 

-20[4];+20[1];-2x21[8];-21[2];-3x22[4];-2x22[4];+mar[3];+der(?)t(?;?)[8] [cp10]. 

The composite karyotype of PC3 can be described as follows (Figure 1D): 

64~72,XY,der(X;17)(p22.1;q12)[24];der(X;17)(p22.1;q12)x2[1];-X[5];-Y[24]; 

-1[2],+1[2]; i(1)(p10)[24];del(1)(p13)[24];del(1)(p13)x2[1];del(1)(p13)x3[2]; 

+i(1)(q10)[8]; del(1)(q21?)[4];del(1)(q21?)x2[1];-2[7];+del(2)(q13)[6]; 

+del(2)(q13)x2[1];-3[2]; del(3)(p14?)[11];del(3)(p14?)x2[11];del(3)(q13.3?)[9]; 

-4[6];del(4)(p14)[23];del(4)(p14)x2[1];-5[9];der(5)t(5;22)(p12;q11.2)[25]; 

der(5)t(5; 22)(p12;q11.2)x2[3];+der(5)t(5;9)(p10;q10)[14];+del(5)(p15.1?)[5]; 

+del(5)(q11.2)[3];-6[11];-7[5];+del(7)(q21)[15];+del(7)(q21)x2[16];-8[6]; 

del(8)(p23)[22];+9[5];der(9)t(9;19)(p12;q13?)[26];i(9)(p10)[26];del(9)(p21)[26]; 

del(9)(p21)x2[2];+i(9)(q10)[4];-10[5];-2x10[3];+11[6];der(11)t(9;11)(q22.3;q23.1)[25]; 

-12[4];-2x12[1];-13[13];-2x13[11];-3x13[2];-14[8];-2x14[2];-15[8];-2x15[4]; 

der(15)t(8;15)(q22;p11.2)[18];+16[11];-16[4];-17[6];-2x17[2];dic(7;17)(q31?;p13)[3]; 

-18[4];-2x18[26];-19[24];-2x(19)[1];-20[20];-2x20[7];-3x20[1];-21[7];-2x21[7]; 

add(21)(p11.2)[23];-22[21];-2x21[7];+mar1[5];+mar2[11];+mar3[7];+mar4[6]; 

+mar5[1];+mar6[1] [cp30]. 

 All three primary cultures presented isochromosomes, being from the most 

frequently altered to the least frequently i(5)(p10), i(3)(q10), i(20)(q10), and i(8)(q10) 

observed in PC1. The i(2)(p10) was the most common isochromosome detected in PC2, 

whereas i(9)(p10) and i(1)(p10) were the ones most frequently observed in PC3. 

 In PC1 and PC2 it was frequently observed whole chromosomal arm 

translocations, whereas in PC3, youngest of the three patients, reciprocal translocations 

between chromosomal segments were more common. 

 From the most frequently altered to the least frequently, in PC1, 

der(14)t(8;14)(q10;q10), der(X)t(X;13)(q10;q10), der(1)t(1;15)(q10;q10), 

der(9)t(2;9)(p10;q10), der(13)t(13;18) were observed. From the most frequently altered 

to the least frequently, in PC2 der(3)t(2;3)(p10;p10), der(1)t(1;7)(q10;p10), 

der(11)t(11;13)(p10;p10), der(14)t(13;14)(p10;q10) and der(8)t(2;8)(p?;p23) were often 

found, whereas der(9)t(9;19)(p12;q13?), der(5)t(5;22)(p12;q11.2), 

der(11)t(9;11)(q22.3;q23.1) and der(X)t(X;17)(p22.1;q12) were common in PC3. 

However, in several cases it is difficult to distinguish which chromosomal material 

represents the centromere of the derivative chromosomes. 
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Chapter 3.5.2 - Figure 1. Karyogram of a representitive G-banded methaphase. A) BICR 10 

cell line; B) PC1 cells; C) PC2 cells and D) PC3 cells.  

 

Molecular cytogenetic analysis based on mFISH for BICR 10 Cell Line 

 Based on mFISH results, BICR 10 is not karyotypically stable, presenting some 

translocations in centromeric/near-centromeric regions (Figure 2). This cell line seems 

to exhibit two major clones: clone 1 has a der(15)t(X;15), clone 2 instead of it has a 

der(15)(3::X::15) (Figure 3). 

 Interestingly, 8 out of 19 metaphases (~42%) of clone 1 and 2 out of 10 

metaphases (~20%) of clone 2 showed two copies of der(7)t(7;11). 

Two metaphases out of clone 1 showed the presence of two identical aberrations: 

der(8)(8::5::11) and der(13)t(11;13). One metaphase had two copies of der (13)t(11;13).  

 The stemline karyotype of clone 1 can be described as follows:  

41,X,der(1)t(1;?),der(2)t(1;2),der(2)t(1;2),der(3)t(3;7),-4,der(5)t(3;5),-7,der(7)t(7;11), 

der(8),der(8)t(5;8),del(9),-11,der(11)t(7;11),-13,-14,der(15)t(X;15),der(17)t(7;17), 

der(18)t(14;18),der(18)t(17;18),+mar. 

 However, the intact stemline karyotype was observed only in one metaphase. 

The composite karyotype of the clone 1 can be described as follows: 

38~42,X,-X[1],+del(X)[1],der(X)t(X;21)[1], der(1)t(1;?)[14],der(2)t(1;2)[16], 

der(2)(1::2::4)[1],der(2)t(1;2),-3[1],der(3)t(3;7),-4, del(4)[1], -5[1], der(5)t(3;5), 
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der(5)t(3;5)[1],-6[1],-7,der(7)t(7;11),+der(7)t(7;11)[8],der(8),der(8)t(5;8)[13], 

der(8)(8::5::11)[1],der(8)(17::18::8::5)[1],der(8)(8::5::15)[1],der(8)(8::5)[1], del(9)[16], 

-del(9)[1],der(9)t(X?;9)[1],+min(10),-11,der(11)t(7;11),-der(11)t(7;11)[1], 

+der(11)t(7;11)[1],der(11)t(11;22)[1],-12[1],-13,-13[1],-14,-14[1],der(15)t(X;15), 

-16[1],-17[1],der(17)t(7;17),der(18)t(14;18),der(18)t(17;18),-der(18)t(17;18)[2], 

der(18)t(8;18)[1],-20[1],-21[1],-22[4],der(22)t(9?::22)[1],der(22)t(7;22), 

der(22)t(9;22)[1],+mar[cp17]. 

 

 

Chapter 3.5.2 - Figure 2. Representative Multicolor fluorescence in situ hybridization 

(mFISH) karyogram for BICR 10 cell line. 

 

 The stemline karyotype of clone 2 seems to be as follows; however, there were 

no metaphases truly identical: 

41,X,der(1)t(1;?),der(2)t(1;2),der(2)t(1;2),der(3)t(3;7),-4,der(5)t(3;5),-7,der(7)t(7;11), 

der(8),der(8)t(5;8),del(9),-11,der(11)t(7;11),-13,-14,der(15)t(3::X::15),der(17)t(7;17), 

der(18)t(14;18),der(18)t(17;18),+mar 

 The composite karyotype of the clone 2 can be described as follows: 

39~42,X,der(1)t(1;?),der(2)t(1;2),der(2)t(1;2),der(3)t(3;7),+der(3)t(3;7)[1],-4, 

der(4)t(4;9)[1],-5[3],der(5)t(3;5),-7,der(7)t(7;11),+der(7)t(7;11)[2],der(8), 

der(8)t(5;8)[9],der(8)(8::5)[1],del(9),-11,der(11)t(7;11),-13,-14,der(15)t(3::X::15), 
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der(17)t(7;17),+der(17)t(7;17)[1],der(18)t(14;18),-der(18)t(14;18)[1], 

der(18)t(17;18)[9], del(18)[1],idic(21;21)[1,]+mar[cp10]. 

 With mFISH technique we could confirm some chromosomal rearrangements 

previously observed by GTG-banding and also redefine others. We are not able to 

identify the origin of the small marker chromosomes, assign the centromeric region in 

derivative chromosomes resulting from the whole-arm translocations and also detect 

any intrachromosomal rearrangements or identify the exact breakpoints [Kearney 2006].  

 

 

Chapter 3.5.2 - Figure 3. In BICR 10, der (15)t(X;15) and der(15)t(3::X::15) the typical 

rearrangement of clone 1 and 2, repectively.  

  

Copy number alterations detected by aCGH 

 Results from aCGH helped establishing breakpoints as well as the copy number 

gains and losses. In BICR 10 cell line, whole short arm gain in chromosome 7, in the 

most part of long arm of chromosomes 5 (5q13.2-q35.3, 109 Mb) and 8 (8q13.1-q24.3, 

77 Mb) was observed (Figure 4). Loss of whole chromosomes 4 and 13 was detected as 

well as loss of 11q and Xp. Terminal losses of chromosome 8 (8p23.3-p21.2, 27 Mb) 

and 11 (11p15.5-p15.4, 9.5 Mb) were identified. Interestingly, chromosomes 2 and 18 

presented simultaneous loss of p-terminal and q-terminal, namely at 2p25.3-p22.3 (32 

Mb), 18p11.32 (268 Kb), 2q33.1-q37.3 (37.6 Mb), and 18q22.3-q23 (8.3 Mb) 

respectively. Additionally, copy number losses were also observed at 1p21.1-p12 (16 

Mb), 3p14.2-p11.1 (28.9 Mb), 7q22.3-q36.3 (54.4 Mb), 9p24.1-p21.1 (19.9 Mb), 

14q11.2-q12 (12.4 Mb), being suggestive of the breakpoints of rearrangements 

involving these chromosomes. On the other hand, chromosomes 6, 10, 12, 15, 16, 19, 
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20, 21 and 22 did not exhibited major copy number alterations (Figure 

4).

 

Chapter 3.5.2 - Figure 4. Copy number alterations detected by aCGH in BICR 10 cell line and 

in the three primary cultures. Each line represents one sample. BICR10 is represented by orange 

line, PC1 by violet line, PC2 by green line and PC3 by brown line. Losses are represented in the 

left and gains in the right side. 

 

 Regarding the three primary cultures, we observed that all presented gain of 20q 

and loss of 3p, 8p, 18q and 21q (Figure 5). Additionally, these three cultures also 

exhibited gain at 8q22.2-q24.3 (46.8 Mb), 11q13.1-q13.2 (2.4 Mb) and loss at 9p24.3-

p23 (10.4 Mb) and 9p21.3-p21.1 (12 Mb).  

 Both cultures from stage II tongue tumors (PC1 and PC2) presented several 

common aberrations, namely, loss at 1p31.2-p12 (47, 3 Mb), 2q11.2-q12.1 (7.4 Mb), 

2q33.3-q37.3 (37 Mb), 4q11-q13.1 (13.9 Mb), 4q28.3-q35.2 (57 Mb), 5q11.1-q35.2 

(12.6 Mb), 10p15.1-p13 (9.7 Mb) and gain in 1q21.2-q23.1 (7 Mb) and whole 5p. 

 Both samples belonging to man patients (PC2 and PC3) presented gain in whole 

short arm of chromosomes 7 and 12, whole long arm of 16, 17 and X, as well as loss of 

entire Y chromosome. Moreover, these two samples also exhibited gain at 3q13.12-q29 

(90 Mb) and 14q22.1-q24.3 (25 Mb). 

 Both samples PC1 and PC3 shared the losses of whole short arm of 

chromosomes 4 and X. 

 It is important to note that aCGH results were considered based on a diploid cell 

line, since this technique is not able to detect ploidy changes. 
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Methylation signature based in MS-MLPA 

 From the 25 genes analyzed for methylation signature, we found that PAX5, 

WT1 and GATA5 genes were methylated in all primary cells and BICR 10 cell line 

(Figure 5). Additionally, TP73, ESR1, CADM1, PYCARD and CDH13 presented gene 

promoter methylation only in BICR 10 cell line (Figure 5). 

 

 

Chapter 3.5.2 - Figure 5. Methylation results using ME002 probe panel, for BICR 10 cell line 

and the three primary cultures. 

 

Comparison of banding and molecular (cyto)genetics results 

 The simultaneous analysis of the results obtained with the different techniques 

allowed a comprehensive characterization of these cells. In BICR 10 cell line, 

considering for example the chromosome 7, we observed by both banding cytogenetic 

and mFISH its involvement in four derivative chromosomes, der(3)t(3;7), der(7)t(7;11), 

der(11)t(7;11) and der(17)t(7;17). Additionally, array-CGH demonstrated gain at 

7p22.3-p11.2 (56.1 Mb) and loss at 7q22.3-q36.3 (54.4 Mb), suggesting the breakpoints 

of these rearrangements. Through the visual analysis of these derivative chromosomes 

(Figure 6), we hypothesized that the translocated segment for chromosomes 3 and 11 

were 7p22.3-p11.2, being the following the plausible breakpoints: 45.130-56.174.888 at 

chromosome 7, 61.452.794-90.309.110 at chromosome 3 and 196.855-55.031.988 at 

chromosome 11. Moreover, the entire 7q arm seems to be fused at the chromosome 17 

in the der(17)t(7;17)(q11.1; q11.1). Likewise, the 7p and 7q-proximal seems to be 
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involved in the der(7)t(7;11)(q21.3;q11.1), being the probable breakpoints 45.130-

104.746.960 at chromosome 7 and 55.031.988-134.945.165 at chromosome 11. 

 

Chapter 3.5.2 - Figure 6. Example of imbalances involving chromosome 7 in BIRCR 10 cell 

line, obtained by the different techniques: conventional cytogenetics, mFISH and aCGH. 
 

 Considering the BICR 10 cell line, we observed that chromosome 7 is the one 

more frequently involved in structural rearrangements (Table 1). Considering the 

primary cell cultures we observed that chromosomes 1, 2, 8, 9 and 13 are the ones more 

frequently involved in structural rearrangements (Table 2). The presence of some 

apparently discrepant results between the conventional cytogenetics and aCGH could be 

due to the fact that aCGH does not take into consideration the ploidy of the cells and 

also because tumor is constituted by different subclones with different structural and 

numerical aberrations (intra-tumor heterogeneity), having these cells great instability in 

their genetic content, which is frequently diluted in the molecular analysis. 
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Chapter 3.5.2 - Table 1. Numerical and structural rearrangements observed in BICR 10 cell 

line through conventional and molecular (cyto)genomics. 

 

Chr 
Karyotype  mFISH aCGH 

Alteration Alteration Gains Losses 

1 
-1     p21.1-p12 

  der(1)t(1;?)     

2 
der(2)t(1;2)(q21;p23) der(2)t(1;2) 

  
p25.3-p22.3 

der(2)t(1;2)(p13;q21) der(2)t(1;2) q33.1-q37.3 

3 der(3)t(3;7)(p10;p10) der(3)t(3;7)   p14.2-p11.1 

4 -4 
    

p16.3-p11 

q11-q35.2 

5 der(5)t(3;5)(p13;p15) der(5)t(3;5) q13.2-q35.3   

6         

7 

-7       

der(7)t(7;11)(q21.3;q11.1)  der(7)t(7;11) p22.3-p11.2   

      q22.3-q36.3 

8 

-8     p23.3-p21.2 

der(8)t(8;8)(q10;q?) der(8) q13.2-q23.3   

  der(8)t(5;8) q24.11-q24.3   

9 del(9)(p22) del(9)   p24.1-p21.1 

10         

11 
der(11)t(7;11)(p10;p10) der(11)t(7;11) 

  

p15.5 - p15.4 

p11.2 - p11.12 

-11     q11 - q25 

12         

13 -13     q12.11-q34 

14 -14     q11.2-q12 

15 der(15)t(X;15)(q10;q10) 
der(15)t(X::15) 

    der(15)t(3::X::15) 

16         

17 der(17)t(7;17)(q10;q10) der(17)t(7;17)     

18 
der(18)t(17;18) der(18)t(17;18)   q22.3-q23 

der(18)t(14;18)(q10;q10) der(18)t(14;18)     

19         

20         

21         

22 -22       

X 
      

p22.33-p11.1 

q11.1-q13.2 

X 
+mar1 

      +mar2 
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 Through the integration of these techniques we found several chromosomal 

aberrations and genes previous linked in other studies with clinical outcome of the 

HNSCC patients (Table 3), which could be crucial to choose the most appropriate in 

vitro models for each experimental study. 

Chapter 3.5.2 - Table 3. Chromosomal aberrations and genes identified in the primary cultures 

and BICR 10 cell line that are associated with disease outcome. 
Chr. Chromosomal region Genes Alteration Clinical association References 

1 1q34  Gain LRP-free survival [Bauer et al. 2008] 

 

3 

3p  Loss Early Event [Hogg et al. 2002] 

3q25.31 CCNL1 Amplification Loco-regional metastases [Sticht et al. 2005] 

 PIK3CA Amplification Poor prognosis [Suda et al. 2012] 

4 4q35.1 ING2 LOH Advanced stage 
[Borkosky et al. 

2009] 

7 7p11.2 EGFR 
Amplification or protein 

overexpression 

Poor prognosis; poor 

clinical outcome 

[Sheu et al. 2009; 

Temam et al. 2007] 

8 

8p23  Loss Poor prognosis 
[Bockmuhl et al. 

2001] 

8p21.2 NEFL LOH Increased mortality risk [Coon et al. 2004] 

 MYC Amplification 

Advanced primary tumors/ 

late event in the 

tumorigenesis 

[Rodrigo et al. 1996] 

9 

9p21-22  LOH Early Event 
[van der Riet et al. 

1994] 

 CDKN2A Inactivation 
High frequency of 

recurrences 

[Danahey et al. 

1999] 

11/18 +11q13 and -18q   Poor prognosis [Pathare et al. 2011] 

16 16q23-24 FANCA Gain LRP-free survival [Bauer et al. 2008] 

18 18q  LOH Poor patient survival 
[Pearlstein et al. 

1998] 

 

Discussion 

 Human tumor-derived cell lines are important preclinical models to understand 

the molecular bases of carcinogenesis, identify therapeutic targets and drugs screening. 

We established three primary cultures from tongue and retromolar trigone carcinomas. 

A comprehensive (cyto)genomic and epigenetic characterization of theses cell cultures 

and also the BICR 10 cell line were performed. These cells with a detailed molecular 

characterization are attractive resources to further studies of pharmacogenomics, to 

investigate potential candidate genes playing a role in radiation sensitivity and 

resistance and to explore the candidate genes associated to tumor stage, location and 

clinical outcome, with respect to their clinical-pathological and prognostic properties. 

 The karyotype of BICR 10 and primary cultures is highly complex and contains 

several structural and numeric aberrations. It was possible to identify several 
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isochromosomes and translocations, which is described as underlying mechanisms of 

carcinogenesis and oncogenes activation by gene fusion [Haluska et al. 1987]. In our study, we 

frequently identified der(1), der(9), der(11), isochromosomes of 1p, 3q, 5p, 8q, 9p and 

20q, which is common rearrangements of HNSCC lines [Singh et al. 2001a; Squire et al. 2002; Van 

Dyke et al. 1994]. Furthermore, banding and molecular cytogenetic analyses allowed to 

characterize the overall genome-wide alterations occurring in these cells, in which the 

molecular genetic composition mirrors that of primary tumors, namely, gains at 3q, 7p, 

8q, 20q and losses at 3p, 8p, 9p, 18q, 21q, previously reported in various HNSCC 

studies [Freier et al. 2010; Susanne M. Gollin 2001; C. Jin et al. 2006; S. C. Lin et al. 2002; Parikh et al. 2007; Ribeiro et al. 

2014b; Ribeiro et al. 2014a]. All cells in study presented PAX5, WT1 and GATA5 gene promoter 

methylated, which seem to be interesting candidate genes that may play a role in tumor 

development and/or disease progression as we previous reported [Ribeiro et al. 2016]. Thus, 

the numerical and structural rearrangements identified in these cells could suggest that 

aberrations involving these chromosomes may occur non-randomly and bear a 

relationship with HNSCC carcinogenesis, therapy response and clinical outcome.  

 The integration of the techniques applied in this study introduced advantages and 

an improvement in the molecular characterization of the BICR 10 cell line and the new 

established primary cell cultures. In all characterized cells, we observed aneuploidy and 

several structural rearrangements, identifying the majority of the chromosomes involved 

in each rearrangement. This comprehensive characterization of individual tumor cells is 

crucial due to the high percentage of intratumoral heterogeneity. The aCGH technique 

demonstrated the specific chromosomal bands with copy number gains and losses, 

helping in the delimitation of the size of the imbalances and the establishment of 

specific breakpoints. Additionally, MS-MLPA technique identified a methylation 

signature of these cells. 

 

Conclusions  

 The here reported (cyto)genomic and epigenetic landscape of BICR 10 cell line 

and the three new established HNSCC-derived cells provided a new opportunity to 

understand the molecular basis of HNSCC, since we have identified multiple alterations 

underlying the most frequent oncogenic events in this neoplasm. Our integrated study 

allowed to deeper insights into specific numerical and chromosomal aberrations, 

defining the size and breakpoints of the imbalances. These well molecular characterized 
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cells constitute an attractive cellular model system to identify novel actionable 

molecular targets, which could facilitate the pre-clinical evaluation of emerging 

therapeutic modalities regarding their effectiveness according each specific genomic 

signature exhibited by different clinical-pathological HNSCC tumors. 

 The present comprehensive and complementary characterization will be useful 

to accurate design basic and translation studies in future and maybe to interpret better 

previously undertaken ones. 
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Chapter 3.5.2 - Supplementary Table 1. STR DNA fingerprinting of BICR 10 cell line. The 

asterisk means that these STRs are not described in the European Collection of Authenticated 

Cell Cultures (ECACC). 

 

 

STR Marker DNA profile Fragment size (pb) 

Amelogenin X:  X 107 

Amelogenin Y:  NA NA 

TPOX  (8;8) (230;230) 

D2S1338* (25;25) (348;348) 

Vwa (17;17) (179;179) 

D3S1358* (17;17) (132;132) 

FGA* (22;22) (235;235) 

CSF1PO (12;14) (330;338) 

D5S818 (11;13) (151;160) 

D7S820  (11;12) (275;279) 

D8S1179* (14;15) (149;153) 

TH01 (9.3) (187;187) 

D13S317  (8;14) (217;241) 

D16S539 (9;13) (268;284) 

D18S51* (15;20) (295;317) 

D19S433* (13.2;15) (120; 126) 

D21S11* (30.2;32.2) (210;218) 
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General Discussion 

Tumorigenesis is described as a multistep process involving genetic and 

epigenetic aberrations that guarantee a selective growth advantage to the tumor cells 

[Colella et al. 2008].  Malignant cells acquire several capabilities during transformation process 

that are shared among different tumor types, which constitutes the hallmarks of cancer 

[Hanahan and Weinberg 2000]. Fragile sites associated with replication stress are important 

contributors to genome instability in neoplastic lesions [Gaillard et al. 2015; Macheret and Halazonetis 

2015]. Incomplete replication and/or damage repair at common fragile sites are correlated 

with increased chromosomal breakpoints, resulting in chromosomal mis-segregations, 

CNVs, chromosomal rearrangements and consequently in cancer development [Sarni and 

Kerem 2016]. Nowadays, the molecular mechanisms underlying the recurrent cancer 

aberrations are still elusive, and the genotype-phenotype correlations would be vital to 

predict the clinical course of the neoplasm, to adequate the surveillance programs of 

individuals at high risk and also to develop gene-based therapies.  

 The current studies describing the molecular HNSCC profiles have highlighted 

the great inter and intra tumor heterogeneity [Mroz and Rocco 2016; The Cancer Genome Atlas 2015], but 

this knowledge had no effect in terms of improvement of survival and early detection. It 

is necessary to improve the understanding of the molecular basis and genomic 

instability behind HNSCC initiation and progression and consequently to identify and 

validate biomarkers that can guide early diagnosis, therapeutic strategies and patients’ 

surveillance. Tumor outcome can differ even among patients whose tumors have similar 

clinical-pathological parameters and who undergo the same treatments. Besides that, the 

prognosis of HNSCC patients' remains mostly determined by the tumor stage at the 

diagnosis, which takes into account the extent of the tumor, the presence of lymph-node 

metastases and the distant metastases. Lately, HPV in oropharyngeal tumors has also 

been shown as of significant prognostic importance [Elrefaey et al. 2014]. Since patients with 

HNSCC in the same anatomic location, with the same tumor stage and treated with a 

similar protocol may have different outcomes, it is of paramount importance to identify 

prognostic factors at diagnosis that could be able to predict the patients' risk of 

recurrence and metastasis during the clinical follow-up as well as the response to 

therapies. Predictors of recurrence may induce a wider surgical resection, neck 

dissection or adjuvant therapy. 
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 There are several studies that proposed single biomarkers of outcome for 

HNSCC; however, these biomarkers kept their status of candidates without translation 

to clinical practice. Frequently, these biomarkers presented insufficient predictive power 

in HNSCC patients and even discordant results among studies, which could be due to 

different anatomic sites of the primary tumors, and their molecular heterogeneity, to 

different sensitivity of the techniques and platforms used as well as to the quality of the 

specimens analyzed (frozen or paraffin-embedded) [G. R. Thomas et al. 2005]. The presence of 

low quantity of tumor DNA in the samples is also a problem to the correct interpretation 

of molecular abnormalities that could be missing due the mixture of tumor cells and 

normal cells. Thus, the signal of the aberrant DNA from the tumor cells could be 

overshadowed by an excess of normal DNA from non-tumor cells. Lack of validation of 

the candidate biomarkers in different HNSCC cohorts as well as integrative approaches 

of different molecular data generated for the same patients with the same methodologies 

are urgently needed in order to find precise diagnosis/prognosis biomarkers and to 

predict therapeutic responses. Moreover, a non-invasive way to search these biomarkers 

in high-risk populations and during/after patients' treatment is also vital to improve 

survival rates and decrease mortality. Considering CNAs detection, it has been reported 

several chromosomal regions and genes with aberrations in HNSCC and a sequential 

accumulation of genomic alterations from oral precursor lesions to invasive tumors. 

Identification of epigenomic biomarkers has so far focused mainly on DNA 

methylation, as this is a well-known epigenetic phenomenon with an established role in 

cancer, leading to altered gene function and malignant cellular transformation. 

Simillarly, gene expression analyses have shown the great heterogeneity of HNSCC and 

the classification of these tumors into subgroups with apparent different clinical 

outcomes. 

 Having this in mind, we divided our study in different phases using different 

technologies to accomplish a detailed molecular characterization of HNSCC. 

 

1st Phase  

 In the first phase of this work we evaluated the genetic and epigenetic profile of 

tumor and non-tumor samples from the same patients with OSCC diagnosis, using 

probe panels directed to genes related to human carcinogenesis process (Chapter 3.1). In 

35 OSCC patients, we analyzed 133 cancer related genes using MLPA technique and 



4. General Discussion and Conclusions 
 

251 

 

we verified that the most frequently copy number gains were mapped on chromosomal 

arms 3q, 6p, 8q, 11q, 16p, 16q, 17p, 17q and 19q, whereas the most frequently copy 

number losses were mapped on chromosomal arms 2q, 3p, 4q, 5q, 8p, 9p, 11q and 18q 

(Chapter 3.1.1). We observed a pattern of imbalances in several chromosomes, e.g., 

specific chromosomal regions presented gains and losses in the great majority of our 

OSCC patients. After analyzing the most frequent altered chromosomes we highlighted 

specific genes that showed copy number gains or losses, such as: ERBB4, CTNNB1, 

NFKB1, IL2, IL12B, TUSC3, CDKN2A and CASP1 with loss and MME, BCL6, VEGF, 

PTK2, PTP4A3, RNF139, CCND1, FGF3, CTTN, MVP, CDH1, BRCA1, CDKN2D, and 

BAX, as well as exon 4 of TP53 with gain. Additionally, we also evaluated 

macroscopically tumor-free tissue close to the surgical margin, being the majority of 

these tissues histologically classified as tumor negative. We observed some genetic 

imbalances common to those observed in the tumor tissue in both histological positive 

and negative margins, without any morphological manifestation. The presence of tumor 

cells or cells with genetic imbalances related to the tumorigenesis process within or 

close to a surgical margin could be indicative of relapse risk, which also happens in 

patients with histologically tumor-free margins after surgery. Thus, the identification of 

genetic imbalances that could indicate the risk of relapses is of utmost importance in 

patients' management, which could include tighter clinical and molecular follow-up 

periods, using non-invasive approaches. By comparing tumor and matched 

macroscopically tumor-free tissue, we built a logistic regression model to predict the 

two types of tissue based on genetic data. In this model, loss of TUSC3 gene showed 

statistical significance, which seems to be indicative of its relevance in the development 

of oral tumors, namely the role of this gene in the transition from normal oral mucosa to 

potentially malignant oral mucosa. We also identified specific imbalances in the 

smokers comparatively to non-smokers, namely the presence of losses at 3p (MLH1) 

and 11q (ATM), which suggests different molecular signatures according to the risk 

factors that originated these tumors. 

 We also tested, for the first time, in 30 OSCC patients of our cohort, a 

specifically and newly developed HNSCC probe panel (P248 MLPA probe panel), 

comprising 36 different genes, in order to verify its relevance to genetic characterization 

of these tumors and also the clinical utility in terms of decision guiding (Chapter 3.1.2). 

Similarly, to the previous study, we observed a consistent pattern of genetic imbalances 

distribution in terms of losses and gains of genetic material, which were predominantly 
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detected in specific chromosomes, such as 3, 8 and 11. Specific genes were highlighted 

due to the high frequent losses and gains detected, such as RARB, FHIT, CSMD1, 

GATA4, MTUS1 and MCCC1, MYC, WISP1, PTK2, CCND1, FGF4, FADD, CTTN, 

respectively. Moreover, reinforcing the presence of different genetic signatures 

accordingly to the tumor localization, we verified that gain of MYC and WISP1 genes 

was more frequent in tumors localized in the floor of the mouth.  

 With both these studies (Chapters 3.1.1 and 3.1.2) we proved the heterogeneity 

of oral tumors and also the presence of consistent specific chromosomal imbalances in 

these patients. We reinforced the utility of MLPA technique and this specific MLPA 

probe panel (P248 - HNSCC) for genetic characterization of oral tumors. However, we 

also verified that a more comprehensive genomic study of these tumors is needed, using 

high-throughput technologies in order to do a better selection of chromosomal regions 

and genes to be included in these probe mixes, since we observed that some of our 

patients did not exhibited imbalances in the genes selected for the MLPA probe panels.

 In order to complement the genetic study, we performed an epigenetic analysis 

using a MS-MLPA technique that allows to simultaneously evaluate CNAs and 

methylation status of a specific set of genes (Chapters 3.1.3, 3.1.4). This epigenetic 

analysis was divided in two studies. In the first study (Chapter 3.1.3) we analyzed tumor 

samples of 93 OSCC patients using two MS-MLPA probe mixes, where 54 tumor 

suppressor genes and aberrant methylation patterns in a subset of 35 of these genes were 

analyzed. Through the correlation of the obtained genetic and epigenetic profiles with 

the patients' clinical-pathological features we found that WT1 gene promoter 

methylation is a predictor of a better prognosis and that MSH6 and GATA5 gene 

promoter methylation serve as predictors of worse prognosis. GATA5 gene promoter 

methylation was found to be significantly associated with a shorter survival rate. 

Additionally, PAX5 gene promoter methylation was significantly associated with tongue 

tumors, reinforcing once again the molecular heterogeneity in the different tumor 

locations of the oral cavity, which could explain the different disease behavior and 

therapeutic response. We observed CNAs in all 54 analyzed genes. Interestingly, none 

of the evaluated genes exhibited both copy number loss and methylation, but in contrast, 

we observed copy number gain and methylation in the MSH6, CASP8, PAX5, WT1, 

CHFR, GATA5 and TIMP3 genes.  

 The intrinsic reversibility of epigenetic alterations makes the DNA methylation 

an attractive target for the development of novel strategies for cancer prevention and 
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treatment, and several drugs with ability to change the levels of methylation are in 

clinical trials [Egger et al. 2004].  

 In the second methylation study (Chapter 3.1.4) we analyzed tumor samples and 

tissue from surgery resection margin (macroscopically tumor-free tissue) of 49 OSCC 

patients using MS-MLPA technique. We identified a genomic and epigenetic signature 

associated with worse OSCC patients’ survival that comprises copy number alterations 

in ATM, CASR, TP73, CADM1, RARB, CDH13, PAX5 and RB1 genes and GATA5, 

PAX6, CADM1 and CHFR promoter methylation. Copy number alterations in BRCA1, 

CDKN2A, CHFR, GATA5, PYCARD, STK11, TP53 and VHL genes and GATA5, 

CADM1, KLNN, MSH6, PAX5 and WT1 promoter methylation were shown to be 

associated with development of metastasis/relapses during or after OSCC treatment. A 

validation in a larger and geographically separate cohort, from TCGA database 

reinforced the clinical applicability of these signatures to stratify the patients. 

 Additionally, cells scrapped from the tumor surface of these 49 OSCC patients 

were also analyzed. We verified good agreement in the status of CDKN2A promoter 

methylation evaluated in both noninvasive and tumor tissue samples; however, further 

studies regarding the non-invasive collection of samples and the genomic and epigenetic 

analysis are required. 

 With these two studies (Chapters 3.1.3, 3.1.4), we identified a specific set of 

genes that together has the ability to predict the prognosis of OSCC patients. 

 

2nd Phase  

 In the second phase of the study, we moved forward the high-throughput 

technologies. We applied a whole genome approach, aCGH, to identify new 

chromosomal regions and genes related to HNSCC and to correlate these genomic 

imbalances with clinical-pathologic features of the patients (Chapter 3.2).  In order to 

achieve these goals, we analyzed 104 HNSCC patients (the OSCC patients previously 

analyzed were included plus new samples from hypopharynx, larynx, supraglottis and 

epiglottis). Several copy number gains and losses in all chromosomes were detected 

(Chapter 3.2.1), being the chromosomes 3, 5, 7, 8, 9, 11, 12, 14, 15, 16, 17, 18, 19, 20 

and 22 the most frequently altered. Copy number gains were commonly observed at 

chromosomes 3q, 5p, 7p, 7q, 8q, 11q, 12p, 14, 15, 16, 17, 19, 20, 22 and copy number 

losses at chromosomes 3p, 8p, 9p, 11qter and 18. By applying these genomic patterns of 
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CNVs we build a robust genomic model for predicting the development of HNSCC 

recurrence/metastasis. This predictive model showed a good accuracy (> 80%) and was 

validated in an independent population from TCGA data portal. This predictive 

genomic model presented three phases and comprises chromosomal regions from 5p, 

6p, 8p, 9p, 11q, 12q, 15q and 17p, where several upstream and downstream members of 

signaling pathways are mapped, enhancing cell proliferation and invasion, namely 

components of PI3K/Akt, mTOR, Wnt, Hedgehog, Hippo, Notch, MAP/ERK, 

regulation of telomerase, cytoskeletal, metabolism and DNA repair. With this genomic 

predictive model, it is possible to identify newly diagnosed HNSCC patients at risk of 

developing recurrence/metastasis and therefore, monitor them closely, avoid or perform 

early diagnosis of the recurrences and even provide more aggressive treatment. 

 In both studies using either MLPA (Chapter 3.1) or aCGH (Chapter 3.2), we 

verified that the most common altered genes are mapped in chromosomes 3, 8, 9, 11, 

16, 17, 18 and 19. Additionally, as expected, whole-genome aCGH technique revealed 

new chromosomal regions and genes whose role as players in the HNSCC development 

and behavior needs to be explored in larger independent cohorts. 

 Since we observed a pattern of imbalances using aCGH, e.g., frequent CNAs 

observed in the same chromosomal regions in several of our 104 HNSCC patients, we 

raised the hypothesis that the imbalances observed were caused by non-random breaks, 

which could be due to the presence of low copy repeat DNA sequences localized at or in 

close proximity to the identified breakpoint sites (Chapter 3.2.2). In our cohort, we 

observed frequent non-random break events clustered in chromosomes 12p, 8p, 3q, 14q, 

6p, 4q, Xq and 8q. Chromosomes 6, 14, 3, 8 and X exhibited a higher susceptibility to 

breaks in different sites. This pattern of highly localized rearrangements in these clinical 

heterogeneous HNSCC patients seems to be non-random since it targets some 

chromosomes more than other, leading to genomic instability and eventually to tumor 

progression. We used the Repeated Masker track and joined fragments of interrupted 

repeats of the UCSC genome Browser to determine repeat DNA elements in the 

breakpoint site, 100 bp, 300 bp, 500 bp, 100 kb, 500 kb, 1 Mb and 10 Mb upstream and 

downstream flanking each breakpoint. The probability to find repeat DNA elements 

showed a maximum 100 kb downstream and 100 kb to 10 Mb of breakpoint. LINEs, 

SINEs and LTRs were the most frequent repeat elements identified. However, less than 

14% of breakpoint sites have DNA repeat elements, which seems to show that the 
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presence of DNA repeats is not the only reason for the non-random pattern of break 

events observed in HNSCC. 

 

3rd Phase  

 Genomic studies do not represent all aspects of cellular biology, having 

integrative models higher predictive power comparatively with each individual dataset 

[Goodspeed et al. 2016]. Thus, in pursuit of a multi-biomarker strategy for HNSCC patients and 

with the belief that only with omic integration it will be possible to face the high 

mortality and morbidity of this neoplasm, we move to a third phase of this study - a 

transcriptome approach (Chapter 3.3), in order to complement the genomic and 

epigenetic data of our patients. In order to address this transcriptome signature, we 

performed gene expression microarray analyses in 48 OSCC patients (34 tongue tumors 

and 14 floor of the mouth tumors), which were previously genomically and 

epigenetically characterized. We identified a gene expression signature with capability 

to discriminate between tumor sites (tongue vs. floor of the mouth). A set of 10 

differently expressed genes in both tumor locations seems to be predictor of outcome in 

OSCC and may be useful for the development of novel diagnostic markers and 

therapeutic modalities. Thus, among the differently expression of these 10 genes, we 

highlighted HIF3A and HOXA10 down-regulation and LOX up-regulation in floor of the 

mouth tumors comparatively to tongue tumors, which seems to be related with a highly 

aggressive behavior of tongue tumors, opening the door to differently treat these tumors 

accordingly to their anatomic locations and consequently gene expression profile. 

  The development of genome-wide technologies has opened the possibility of 

identifying, simultaneously, several alterations at genetic, epigenetic and gene 

expression level of the cancer cells. The major question that rose with this study was 

which combination of omics alterations at the different analyzed levels could be 

integrated to build a robust and reliable set of prognosis biomarkers, helping in the 

routine clinical management of the patients. Further studies are needed to conclude this 

integration of the omic data and to validate in different cohort the identified biomarkers. 

 Whole genome technologies and computational interpretation and correlation of 

molecular data with clinical-pathological features of the patients might become 

revolutionary to the clinical management of HNSCC patients. 
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 Initially, genetic data did not drive diagnosis but had a confirmatory role, being 

now a great challenge to convert pathogenic genetic data into a diagnostic tool that, in 

combination with clinical observation, could help and guide the clinical decisions and 

long-term management of the patients [Katsanis and Katsanis 2013]. 

 

4th Phase  

 In the last phase of this work, we applied genomic and epigenetic technologies 

to study specific selected paradigmatic patients (Chapter 3.4.1, 3.4.2, 3.4.3) in order to 

molecularly characterize these patients and individually explore the improvement that 

this molecular knowledge could bring to routine clinical practice and therapeutic 

decision-making.  

 In the first case report (Chapter 3.4.1) we analyzed two patients with tongue 

squamous cell carcinoma, being the first patient also diagnosed with a simultaneous 

leukoplakia while the second patient developed an erythroleukoplakia following the 

primary tumor treatment. In both tumor and potentially malignant lesions, we identified 

common alterations in chromosomal regions and genes, namely FBXL5, UGT2B15, 

UGT2B28, KANSL1, GSTT1 and DUSP22, being some of these typical aberrations 

described in oral cancer and others linked to chemoradioresistance. Additionally, we 

also highlighted some putative genes related to hallmarks of malignancy that could have 

an important role in predicting the progression of leukoplakia and erythroleukoplakia to 

squamous cell carcinoma, namely gains in BNIPL, MCL1, STAG2, CSPP1 and ZNRF3 

genes. 

 Several oral cancers and their related complications could be preventable 

through early detection, unfortunately, oral potentially malignant lesions are usually 

misdiagnosed, which leads to delay of treatment and consequently malignant 

transformation [Mortazavi et al. 2014]. At present, there are no reliable clinical, pathological or 

molecular biomarkers to predict malignant transformation that can be used in clinical 

practice to prevent this event in individual patients [van der Waal 2014]. Thus, since these 

lesions present a risk of malignancy, it is crucial to identify molecular biomarkers with 

the ability to predict their behavior over the years and in this sense to make early 

diagnosis and treatment a reality for every patient. With genomic data of our two 

reported patients, we attempt to give a step forward in the identification of several 
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putative biomarkers of malignant transformation and contribute to the creation of a 

clinical and molecular follow-up program for these lesions. 

 In the second case report (Chapter 3.4.2) we analyzed an 88-year-old woman 

diagnosed with synchronous bilateral tongue carcinoma and without the traditional risk 

factors related to oral cancer - alcohol, tobacco or presence of HPV. In both tumors 

from left and right side of the tongue, we identified several molecular traits similar to 

those described for tumors of the oral cavity, such as gains at 3q, 5p, 7p, and 8q and 

losses at 3p, 8p, 9p, 11q, 18q and 21q. Moreover, specific genomic and epigenetic 

signatures for each of these two tumors were also observed allowing its molecular 

discrimination, which could eventually be associated with the laterality of these tumors, 

the synchronism and the tongue site-specific anatomic site. Several CNAs and 

methylation patterns identified in the tumors of this patient have already been associated 

with clinical outcome, such as CREM, GATA5, MCCC1, MGMT, MYC, NEFL, PAX5, 

PTK2, SEMA3F and WT1, which reinforces the importance of accurately establish 

diagnostic, prognostic and, ultimately patient selection biomarkers for the choice of 

treatment options and general clinical management of the patients. In this patient, we 

showed the molecular heterogeneity of oral cavity tumors even in the same patient and 

anatomic site, which could be the key to explain the different outcomes of oral tumor 

patients and consequently the need of different therapeutic options.  

 In the third case report (Chapter 3.4.3) we analyzed a 49-year-old man with a 

primary left side tongue tumor, a local recurrence after 49-months of follow-up and 

following three months, a second primary tumor at the pharyngoesophageal region.  The 

three tumors of this patient present a clonal origin since they shared several 

chromosomal imbalances, such as losses at 1p, 2p, 3p, 4q, 5q, 6q, 7q, 8p, 10p, 11q, 12p, 

12q, 13q, 15q, 16p, 16q, 17p, 17q, 18q, 19p, 19q, 21q and Xp and gains at 3q, 7q, 14q 

and 15q, where genes related to important functional mechanisms of tumorigenesis are 

mapped. Moreover, we identified some putative candidate biomarkers of prognosis, 

relapse risk and treatment response that could have a great impact in the clinical practice 

of HNSCC patients.  

 The study of these four patients opens new directions of research, addressing the 

role of the highlighted genes in oral cancer development and progression, reinforcing 

the molecular and clinical heterogeneity of these tumors that should be treated as 

different entities, where the genomic profile seems to have a great potential to help in 

the early detection, prognosis and selection of treatment. We applied array-CGH to all 
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these patients, since this technology offers the potential for high throughput and high-

resolution genome analysis, identifying the most relevant chromosomal regions and 

genes with imbalances. In this way, a first whole genome screening of imbalances 

related to HNSCC was made; opening the door to the selection of directed and specific 

probe panels with clinically useful genes that could be used in routine clinical practice, 

in a cost- and time-effective way.  

 We finalized our work by performing two studies using two commercial OSCC 

cell lines and three primary cultures established in our laboratory from OSCC patients. 

A comprehensive (cyto)genomic and epigenetic characterization of HSC-3 and BIRC 10 

cell lines, as well as of three newly established cell cultures from tongue and retromolar 

trigone primary tumors were performed (Chapters 3.5.1, 3.5.2). 

 In cancer research, tumor-derived cell lines are frequently used as models since 

they carry imbalances that arose in the tumor from which they were derived [Goodspeed et al. 

2016]. Cancer cell lines are used to study several biological processes and have been 

widely used in pharmacogenomics studies. Tumor-derived cell lines have been used 

since long time ago as drug discovery tools, but only recently have the researchers 

realized the presence of genomic heterogeneity across the human cancer patient 

population, and therefore across tumor-derived cell lines, which plays a significant role 

in the response to treatment [S. V. Sharma et al. 2010b]. Cancer cell lines genomically well 

characterized allows linking genomic profiles to therapeutic response. With the 

improvement of high-throughput data generation techniques, we could “omic profile” 

the human cancer cell lines and consequently choose the appropriate in vitro genomic 

model for studying a primary tumor or specific aspects of tumor biology [Goodspeed et al. 

2016]. 

 Initially, chromosomal imbalances such as aneuploidies and segmental 

aneusomies had to be larger than 3–5 Mb in size to be detected by conventional 

cytogenetics techniques [Shaffer and Lupski 2000]. However, significant improvements were 

made in chemistry and microscopy in order to increase the resolution of cytogenetics 

through the development of multi-probe FISH and chromosomal CGH [Katsanis and Katsanis 

2013]. Nowadays we are in the era of genomic technologies that are able to detect 

genomic variations in patients with high accuracy and at reduced cost, offering the 

promise of personalized medicine [Katsanis and Katsanis 2013]. Additionally, it is expected that, 

in the future, researchers will be working with cell lines that were routinely molecularly 

characterized in order to increase the quality of the conclusions and the validity of the 
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studies. It is important to note that when the genomes of cell lines are unstable, such as 

in HeLa, it is often needed to update their characterization, guaranteeing the integrity of 

the cell lines and the quality of the biological insights derived from them [Landry et al. 2013]. 

 With the characterization of the two cell lines and the three primary cell cultures 

(Chapters 3.5.1, 3.5.2), we identified the most frequent numerical and structural 

chromosomal rearrangements in these cells as well as the genes with CNAs and 

methylation, thus enriching the resources available for oral cancer research, especially 

for testing therapeutic agents. Overall, these cells revealed complex karyotypes with 

multiple structural rearrangements involving the great majority of chromosomes. The 

most common observed rearrangements in HSC-3 and BICR 10 cell lines were 

translocations in centromeric/near-centromeric regions. In primary cell cultures the most 

common rearrangements observed were isochromosomes and derivative chromosomes 

from translocations. 

 After this comprehensive characterization, these cells became a more attractive 

and helpful in vitro resource to understand the evolution of OSCC and to study the 

molecular mechanisms behind its progression. 

 

Conclusions 

 With this work, we provide new insights in HNSCC field, namely the 

identification of different molecular signatures associated to patients' prognosis and 

correlated to different clinical-pathological features, such as anatomic site, tumor stage 

and risk factors. The molecular characterization of HNSCC recurring to an integrative 

omic approach in pursuit of accurate and robust prognostic biomarkers was the golden 

target of this project that gives a step forward through the analysis of different omics 

results for the same HNSCC patients. A validation of these identified biomarkers using 

online available data of geographical different HNSCC patient from the TCGA portal 

proved the predictive power of the identified biomarkers as well as the utility of their 

translation to clinical practice. 

 We performed a comprehensive and robust molecular characterization of 

HNSCC, identifying new prognostic biomarkers with potential to lead to the creation of 

new screening methods to early detection, diagnosis and ultimately to develop new 

therapeutic strategies. Our main conclusions are: 
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• The genetic, epigenetic and transcriptomic characterization of our cohort showed 

different molecular signatures related to tumor stage, anatomic site and tobacco 

consumption (Chapters 3.1, 3.3); 

• Specific genomic and epigenetic signatures associated with HNSCC patients' 

prognosis and survival were identified (Chapters 3.1, 3.2); 

• Genomic and epigenetic signatures with capability to predict recurrences and/or 

metastasis (Chapters 3.1, 3.2) were identified, presenting potentially great 

impact in the clinical management of patients; 

• Genomic and epigenetic imbalances in non-tumor samples (from surgical 

margins) and scrapped cells (Chapters 3.1.1, 3.1.4) were observed, which 

reinforce the importance of molecularly analyze the high-risk patients even 

before the visible morphological changes and also the suspicious lesions in order 

to early diagnose these tumors and their recurrences. 

 

 The identification of these biomarkers/signatures of prognosis and survival 

opens the door of personalized medicine for these clinically and molecularly 

heterogeneous HNSCC tumors. Due to variations in the sample population, small 

sample size of each anatomic subsites, different experimental designs and analysis 

methods, different studies for the same disease can exhibit different candidate 

biomarkers, which reinforces the importance of the integrated analysis of different 

omics data to identify consistent biomarkers. Thus, considering the molecular 

integration of the highlighted biomarkers in this study and with further validation in 

different HNSCC cohorts, it might be possible to develop a probe panel with costs 

compatible with routine diagnostic to be used in patients’ follow-up. 

 The development of a non-invasive approach to repeatedly search these 

biomarkers is extremely important. Our attempt using scrapped cells did not present the 

expected results (Chapter 3.1.4), further studies need to be do with our clinicians. 

Biofluids are an alternative that could be considered in the future. 

 We proved the clinical utility of this molecular characterization since we 

analyzed four paradigmatic HNSCC patients (Chapter 3.4) and we identified several 

chromosomal regions and genes that could help and guide the clinical management, 

namely in terms of type or intensification of  treatment modalities, since we identified 

some genomic patterns that seem to be related to radiation and/or chemotherapy 
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resistance and also several genomic and epigenetic patterns related to patients' prognosis 

and survival. We took advantage of high-throughput technologies not only to 

molecularly characterize the HNSCC patients but also to characterize commercial 

HNSCC cell lines and primary cell cultures established from our patients (Chapter 3.5), 

which allowed us to understand the ploidy and the complex structural chromosomal 

rearrangements of these tumors. This comprehensive characterization enables cell 

models for further studies both in radiation and pharmacogenomics fields, as well as to 

understand the basic biological mechanisms of HNSCC tumor development and 

progression. 
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 Taking into account our results, there are several paths that should be explored 

in the future, such as: 

• The integration of our omic data;  

• The study of other omics approaches, namely proteomics and metabolomics; 

• A validation of the identified signatures in geographically separate HNSCC 

populations; 

• A validation in large cohorts from each anatomic site, tumor stage and risk 

factors; 

• The selection of directed and specific probe panels with clinically useful genes 

that could be used in routine clinical practice, in a cost- and time-effective way;  

• The identification of the highlighted biomarkers in the biofluids, namely in the 

circulating tumor DNA - "liquid biopsies", of HNSCC patients, in order to non-

invasively search these biomarkers in high-risk populations and during/after 

patients' treatment; 

• The establishment and comprehensive molecular characterization of more 

primary cell cultures to perform radiation and pharmacological studies using 

these molecularly well-characterized cell cultures. 

 

It is important to emphasize that the follow-up of patients is crucial, thus our 

HNSCC cohort should be continually followed up in order to allow the establishment of 

strong genotype/phenotype correlations. 

 As a final remark, it is important to mention that nowadays, although there are 

some studies with full characterization of HNSCC at different biological levels, using 

different omics approaches, the challenge is to move forward from these huge molecular 

profiles to clinical practice translation. Integrate and validate the data from different 

biological levels, namely, genomic, epigenetic and transcriptomic are expected to 

produce new insights of biological behavior of these tumors, improving their clinical 

classification and identifying diagnostic and prognostic biomarker signatures. New 

study designs using bioinformatics algorithms and single cell DNA/RNA sequencing of 

tumors and biofluids should allow the identification and characterization of distinct 

intratumor subpopulations, which could indicate the distinct contributions of each of 

these populations to tumor pathogenesis. 
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