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ABSTRACT 

 

Head and neck squamous cells carcinoma (HNSCC) represents one of the most prevalent 

and lethal human malignancies worldwide. Despite the advances in early detection and 

implementation of interdisciplinary therapy, the aggressive and invasive tumor growth pattern in 

addition to the resistance to well established treatment modalities, remains the main cause for poor 

outcome. Thus, a better understanding of molecular features involved in early and late HNSCC 

steps is an urgent need for the improvement of patients management and outcome. In this study, 

we utilize multiscale omics based on whole-exome sequencing, global DNA methylation and gene 

expression profile to investigate cancer-related genes in tumor initiation and progression 

processes.  The combination of genetic and epigenetic alterations showed the effect of DNA 

methylation in regulating two different genes (RYR2 and SOX2) during tumor initiation and 

progression. The detection of DNA methylation and respective gene expression might help to 

predict patients risk for malignant transformation and worse outcome. 
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1. INTRODUCTION 

 

Head and neck squamous cells carcinoma (HNSCC) is one of the 17 major human cancer 

types (UHLEN; ZHANG; LEE; SJOSTEDT et al., 2017). HNSCC arises from the malignant 

transformation of epithelial cells from the oral cavity, oropharynx, larynx and hypopharynx 

mucosa. The classic risk factors are smoking habit, excessive alcohol consumption and, more 

recent, infection by high-risk human papillomaviruses (HPVs). HPV infection occurs mainly in 

oropharynx tumors, and the most prevalent HNSCC subgroup of tumors is of those originated from 

the oral cavity (OSCC) (FREIER; KNOEPFLE; FLECHTENMACHER; PUNGS et al., 2010; 

LEEMANS; SNIJDERS; BRAKENHOFF, 2018). With an annual incidence of approximately 600.000 

cases worldwide, 15.000 of those in Brazil and Germany alone. HNSCC is one of the most common 

and lethal human malignancies, representing 350.000 deaths per year (LEEMANS; BRAAKHUIS; 

BRAKENHOFF, 2011; LEEMANS; SNIJDERS; BRAKENHOFF, 2018; MICHMERHUIZEN; 

BIRKELAND; BRADFORD; BRENNER, 2016).   

During initial diagnosis, most HNSCC patients already present a locally advanced disease 

which requires complex interdisciplinary therapy consisting of surgery, radiotherapy, and 

chemotherapy. Despite this highly aggressive approach, which often significantly impairs quality 

of life, around 50% of patients develop recurrence within 2 years (CITRON; ARMENIA; 

FRANCHIN; POLESEL et al., 2017) (HADDAD; SHIN, 2008).  

Clinical parameters systems, like TNM, currently applied as standard for therapeutic 

decisions, are unable to predict the tumor biological behavior and consequently fail to predict 

patients outcome (FREIER; HOFELE; KNOEPFLE; GROSS et al., 2010). In addition, other tumors 

from head and neck regions with the same origin and diagnosis, such as squamous cells carcinoma, 

may exhibit different behavior that can not be predicted by their histopathological morphology 

alone, requiring more detailed  genetic and epigenetic profiling (BELBIN; SINGH; BARBER; SOCCI 

et al., 2002; FREIER; HOFELE; KNOEPFLE; GROSS et al., 2010; LLERAS; SMITH; ADRIEN; 

SCHLECHT et al., 2013). 

Tumor initiation, progression and metastasis of head and neck cancer involve a multistep 

and multifactorial process resulted from the build-up of DNA-level genetic and epigenetic 

alterations. The novel, high-throughput technologies have revolutionized the understanding of the 

genetic and epigenetic pocesses that drive cancer. The omics studies enable a detailed 

comprehension of multiple tumor types and their complexity. The cancer genome atlas (TCGA) is 

a complete database of molecular alterations from 33 cancer types and more than 20.000 primary 
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samples. A systematic exploration from those omics comprise genomic, epigenomic, 

transcriptomic and proteomic data (The Cancer Genome Atlas Program - National Cancer Institute, 2018; 

CIRIELLO; MILLER; AKSOY; SENBABAOGLU et al., 2013; DEMOKAN; DALAY, 2011; 

MARTINCORENA; CAMPBELL, 2015). Thus, a better understanding of molecular features involved 

in HNSCC during tumor initiation and progression is an urgent need for the improvement of 

patients management and outcome. 

 

Transcription Factors 

 Transcription factors are DNA-binding regulatory proteins that influence the recruitment of RNA 

polymerase II and consequently modulate gene expression. During development and cell 

differentiation, their activity changes will guide cell-specificity and regulate this process. 

Alterations in transcription factors can cause different comorbidities such as cardiovascular 

disease, inflammatory conditions, neurological disorders, diabetes and obesity. In cancer, those 

alterations are deletion, amplification, chromosomal translocation or mutation that lead to a gain 

or loss of function of genes that encode transcription factors. Transcription factors are also 

estimated to be responsible for 20% of oncogenes (PAPAVASSILIOU; PAPAVASSILIOU, 2016). 

The SRY-related (SOX) transcriptional factor family is composed of 20 gene members, 

divided in eight groups, SOXA to SOXH, located at autosomal chromosomes plus the Y 

chromosome. The SOX family is well known for playing a crucial role in different stages of 

development, physiological, and pathological steps, being responsible for cell type-specific genetic 

programs in stem, progenitor and highly specialized cells. Due to this important function, 

modifications on this family, specially mutations are associated with congenital diseases and 

developmental disorders. Inevitably, somatic mutations or alterations on SOX genes will play a role 

also in cancer development. SOX genes are dysregulated in at least one type of cancer, at genetic, 

epigenetic, transcriptional, translational and post-translational levels, affecting cell stemness, 

survival, proliferation and migration, and acting as tumor promoter or suppressor depending on 

tumor type and environment. However, a better characterization of factors responsible for 

functional regulation of SOX genes and proteins is still needed (ANGELOZZI; LEFEBVRE, 2019). 

 

SOX2 

SOX2 belongs to the SOXB1 group that contains encoding transcriptional activators and is 

expressed in progenitor cells from embryogenesis to the most specialized adult cells. SOX2 is one 
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of the main genes responsible for specification, differentiation and pluripotence maintenance.  

SOX2 associated congenital and developmental diseases, characterized by SOX2 heterozygous 

loss-of-function, are anophthalmia or microphthalmia syndromes, which comprise craniofacial and 

skeletal abnormalities, developmental delay, learning difficulties, esophageal atresia, hearing loss 

and genital abnormalities (ANGELOZZI; LEFEBVRE, 2019). 

  In cancer, SOX2 is expressed in 25 different types implicated in tumor growth, 

tumorigenicity, drug resistance and metastasis of ovary, lung, skin, brain, breast, prostate and 

pancreatic cancers. In most cancer types, SOX2 is highly expressed and/or amplified, but the effects 

of its expression in cancer have only now beginning  to be explored and are not yet well clarified 

(WUEBBEN; RIZZINO, 2017).  

SOX2 is regulated by microRNAs, long non-coding RNAs and post-translational 

modification. In HNSCC, PI3K/mTOR signaling, the most common activating genetic event in 

HNSCC, has been shown to regulate SOX2, consequently regulating ALDH1A1 and increasing 

sphere formation, tumor growth and therapy resistance (KEYSAR; LE; MILLER; JACKSON et al., 

2017). While Sharma et al., 2010 showed that loss of SOX2 induce drug-resistance in cells selected 

by epigenetic mechanisms (SHARMA; CAO; KUMAR; ZHANG et al., 2018).  

Freier et al., 2010, established 20 HNSCC primary cell lines from different anatomic sites 

to functionally analyze the role of key genes involved in pathogenesis, previously described as 

relevant clinical signatures by transcriptome analyses, and to better characterize the complexity of 

HNSCC. By means of chromosomal comparative genomic hybridization (cCGH), the study 

revealed typical chromosomal aberration in HNSCC primary cell lines. The most frequent 

aberrations are the copy number gains on autosomal chromosomal arms, especially at the 3q arm  

where several oncogenes, such as PIK3CA, CCNL1, FGF12, ACK1 and SOX2, are located. 

PIK3CA is a well known gene in HNSCC, related to cell survival, proliferation and migration. This 

gene present genomic amplification and consequent high protein expression in OSCC dysplasias, 

primary tumors and metastasis. The others oncogenes also play an important role in HNSCC, as 

CCNL1 is associated with lymph node metastases, FGF12 with cell survival, and ACK1 with cell 

migration and invasiveness (FREIER; HOFELE; KNOEPFLE; GROSS et al., 2010; FREIER; 

KNOEPFLE; FLECHTENMACHER; PUNGS et al., 2010). 

Copy number gain of SOX2 in OSCC was described before as one of the most frequent 

chromosomal aberration by the same research group (FREIER; KNOEPFLE; FLECHTENMACHER; 

PUNGS et al., 2010). Analyzing 40 OSCC samples, they found high amplification levels at the 

3q26.33 arm that was directly associated with high SOX2 mRNA level. This was also the first time 
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that high expression of SOX2 was reported in OSCC and underlines SOX2 as an attractive candidate 

oncogene to be explored due to the suggestive enrolment in OSCC tumor initiation and progression.   

Bayo and Jou et al., 2015 after silencing SOX2 in HNSCC primary cell lines (FREIER; 

HOFELE; KNOEPFLE; GROSS et al., 2010) observed an induction of cell motility and a more 

mesenchymal phenotype of cell lines with amplification on chromosome 3q. The low SOX2 

expression has shown to be an independent prognostic marker for patients with HNSCC. These 

data suggest  that there is an heterogeneous population of cells regarding SOX2 expression, and 

tumor cells with high SOX2 expression due to 3q are more likely of epithelial phenotype, with stem 

cell characteristics and lower invasive capacity, while cells with 3q gain and low SOX2 expression 

developed a mesenchymal phenotype with higher migration and invasive capacities (BAYO; JOU; 

STENZINGER; SHAO et al., 2015).  

The molecular mechanism underlying the regulation of SOX2 expression in cases with 

amplification of chromosome 3q is still misunderstood. In this study, we will explore the effect of 

the most common epigenetic alteration on the regulation of SOX2 expression in cases with 

amplification of chromosome 3q. 

 

Genetic Alterations  

Genetic alterations are heritable changes that affect the DNA sequence, and are responsible 

for the change of gene activity or function through mutations, deletions, insertions or translocations 

in DNA sequence (MOORE; LE; FAN, 2013). They are induced by aging, mutagenic factors, UV 

light exposure, radiation and oxygen radicals (TAKESHIMA; USHIJIMA, 2019). 

Copy number alteration 

Copy number alterations (CNAs) are gains or losses of a large region of tumor DNA.  

Somatic copy-number alterations (SCNAs) affect a larger fraction of the genome in cancers than 

in any other type of somatic genetic alteration. Those alterations can occur in different levels: focal, 

arm-level, copy-neutral loss-of-heterozygosity (LOH) and whole-genome duplications (WGD), 

and play critical roles in activation of oncogenes or inactivation of tumor suppressors (SONG; JI; 

GLEASON; YANG et al., 2019; ZACK; SCHUMACHER; CARTER; CHERNIACK et al., 2013). 

Cancers with the same origin, e. g. SCCs, tended to have similar rates of amplification and 

deletion in peak SCNA regions. In HNSCC, 43% of SCNA are WGD, and most focal or arm-level 
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SCNAs amplifications occur after WGD. Amplification is highly associated with gene 

transcription and expression. Understanding of the biological and phenotypical effects of CNAs 

has led to substantial advances in cancer diagnostics and therapeutics. Most major cancer types 

have been systematically profiled for CNAs and CpG methylation, and as a result, many CNAs 

and DNA methylations have been identified and linked to carcinogenesis and cancer progression 

(SONG; JI; GLEASON; YANG et al., 2019; ZACK; SCHUMACHER; CARTER; CHERNIACK et al., 

2013). 

Mutation 

DNA mutation is one of the main protagonists in drive cancer development. The changes 

in DNA sequence take place at base pair or chromosome level. The somatic mutations are 

alterations that occur in somatic cells and consequently affect only the individual in which the 

mutations arise. The germline mutations are transmitted by gametes to the next generation. 

TP53 is the most mutated gene in the majority of cancer types, followed by MUC16 and 

MUC4 (LIU; HU; ZHANG; HU et al., 2018). In HNSCC, detection of TP53 mutation is the best 

predictor for malignant transformation of dysplasia and also for determining surgical margins. The 

HPV negative tumors presents many mutations, TP53 is the most frequent, followed by CNA loss 

of CDKN2A and CCND1 (Comprehensive genomic characterization of head and neck squamous cell 

carcinomas, 2015; LEEMANS; SNIJDERS; BRAKENHOFF, 2018). PIK3CA is commonly amplified 

or mutated in HNSCC activating PI3K, and occurs more frequently in HPV positive tumors 

(KEYSAR; LE; MILLER; JACKSON et al., 2017).  

The next-generation sequencing enable detection of rare mutations present in specific cell 

populations (TAKESHIMA; USHIJIMA, 2019) and might find potential new biomarkers that could 

help to predict malignant transformation. 

 

Epigenetic Alterations 

In contrast to genetic alterations, epigenetic alterations are heritable changes that control 

gene expression without affecting the DNA sequence. They are responsible for not allowing all 

genes to be expressed at the same time every cell lineage, leading to diverse gene expression and 

consequent cell variety and tissue formation. Those changes occur by different mechanisms, the 

most common being DNA methylation and histone modification (KULIS; ESTELLER, 2010; 
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MOORE; LE; FAN, 2013; WERNER; KELLY; ISSA, 2017).  

Epigenetic alterations are mainly induced by aging, chronic inflammation and smoking 

history (KLUTSTEIN; NEJMAN; GREENFIELD; CEDAR, 2016; TAKESHIMA; USHIJIMA, 2019). 

Carcinogen-specific indutors like HBV and HCV infection or alcohol may cause aberrant DNA 

methylation that can persist even after the inducer is no longer present (TAKESHIMA; USHIJIMA, 

2019).  

Epigenetic alterations play an important role in all steps of carcinogenesis, from tumor 

formation to progression and treatment. Consequently, they are interesting targets for cancer 

detection, diagnosis and stratification, and due to their reversible nature, a promissing focal point 

for development of therapeutical approaches (KULIS; ESTELLER, 2010; WERNER; KELLY; ISSA, 

2017). 

DNA methylation 

The most common epigenetic alteration in the human genome is the DNA methylation. 

DNA methylation consist in the addition of a methyl group (CH3) by a covalent bond to the carbon 

located in position 5 of a cytosine nucleotide succeeded by a guanine nucleotide forming the CpG 

units (LLERAS; SMITH; ADRIEN; SCHLECHT et al., 2013). A set of sequenced CpG units 

concentrated in large clusters is called CpG island (KULIS; ESTELLER, 2010). The CpG islands 

contains approximately one thousand base pairs, a higher density of CpGs when compared to others 

parts of the genome. About 50% of gene promoter regions are located in a CpG island (SATO; 

ISSA; KROPF, 2017), and these locations are preserved throughout evolution due to their important 

function on gene regulation during development and differentiation, organizing the chromatin 

structure and transcription factor binding. The methylation of CpG islands leads to gene silencing 

due to failure of the transcription factor in binding with DNA (MOORE; LE; FAN, 2013). 

However, methylation also has an antagonistic function. Like most of CpG units are 

methylated, when these methylation occur at the gene body, outside the promoter regions, or at 

enhancer region, there is an increase on gene expression (MOORE; LE; FAN, 2013; WEIGEL; 

CHAISAINGMONGKOL; ASSENOV; KUHMANN et al., 2019). 

The enzymes responsible for establishing and maintaining the methyl group bound to the 

cytosines are the  DNA methyltransferases (DNMT), wich are divided in  three known subtypes, 

DNMT1, DNMT3a and DNMT3b. The most common among them is DNMT1, playing a role in 
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new DNA methylation and maintenance (KULIS; ESTELLER, 2010; MOORE; LE; FAN, 2013). 

The detection of cancer-specific DNA methylation has been useful for diagnostic 

applications in colorectal, prostate and pancreatic cancer by non-invasive methods based on DNA 

hypermethylation of cancer-type-specific biomarkers. The hypermethylation status can be used 

also to predict prognostic and stratify patients with high or low risk in acute myeloid leukemia and 

breast cancer (WERNER; KELLY; ISSA, 2017).  

DNA methylation and gene silencing play an important role in the progression of several 

cancer types, including HNSCC (CHAISAINGMONGKOL; POPANDA; WARTA; DYCKHOFF et al., 

2012). Methylation of promoter regions is a common event on silencing tumor suppressor genes. 

Promoter methylation of MGMT is associated with tumor recurrence and worse outcome, from 

DCC is associated with bone invasion, higher invasiveness capacity and lower survival, and 

promoter methylation of E-cadherin increases tumor invasion and metastasis in oral cancer. In 

laryngeal cancer, hypermethylation of ADAM23 and DAPK are associated with tumor progression 

and lymph node metastasis, respectively (LLERAS; SMITH; ADRIEN; SCHLECHT et al., 2013). 

Epigenetic silencing has also been described on other genes linked to HNSCC, such as 

CDKN2A, LHX6, TCF21, CEBPA, SFRP, and DNA repair genes MGMT, MLH1, MSH2, SALL3, 

NEIL1 and FANCB (CHAISAINGMONGKOL; POPANDA; WARTA; DYCKHOFF et al., 2012). 

Promoter hypermethylation of KIF1A and EDNRB are frequent in primary HNSCC, and have 

higher DNA methylation than all the others top 10 high methylated genes together. Their detection 

on saliva samples may provide a potential biomarker by means of non-invasive detection 

(DEMOKAN; CHANG; CHUANG; MYDLARZ et al., 2010). 

The DNA methylation status in head and neck cancer can vary depending on clinical, 

environmental and genetic characteristics like anatomic site, HPV infection and smoking habits 

(DEMOKAN; DALAY, 2011). Lleras et al., 2014 showed that HNSCC from different locations (oral 

cavity, larynx and oropharynx) share common CpG units with epigenetic alterations, i. e. the 

hypermethylation of ZNF genes followed by reduction on gene expression. When compared to 

their correspondent normal mucosa, those loci showed an increase in DNA methylation, with the 

oropharynx showing the most prominent. The different anatomic sites also present specific DNA 

methylation. UCHL1 is hypermethylated and has a decreased expression in 54% of oral cavity 

tumors, and the HPV positive cases expressed more than double CpG units methylated when 

compared to HPV negative in oropharynx, the most significant located on CDKN2A loci. The HPV 
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negative cases were similar in both oral cavity and larynx tumors (LLERAS; SMITH; ADRIEN; 

SCHLECHT et al., 2013). 

Considering the reversible nature of DNA methylation, its frequent occurence and 

variability in all stages of tumor development, DNA hypomethylating drugs were developed to 

reverse DNA hypermethylation and reexpress silenced genes to reprogram cancer cells to a more 

normal-like state. The FDA approved DNMT inhibitors, 5-aza-2’-deoxycytidine (decitabine 

(DAC)) and 5-azacytidine (azacitidine (AZA)) have been successfully used to treat 

myelodysplastic syndrome (MDS). These inhibitors form a covalent bond with DNMT enzymes 

and the methyl group do not bind to DNA, resulting in genome hypomethylation. The decitabine 

is DNA specific and azacitidine is DNA while RNA specific. Both drugs must be used in and 

optimal dose to avoid inhibition of cell proliferation and DNA synthesis, their incorporation into 

DNA and consequent demethylation effect is cell cycle dependent, shown that repeated exposure 

with low doses  present a better clinical result (CHRISTMAN, 2002; SATO; ISSA; KROPF, 2017). 

DAC treatment increased MDS patients survival and progression-free survival when 

compared to standard treatment, and has also shown effectiveness in leukemia patients resulting in 

its approval in Europe to treat acute myelogenous leukemia (AML). The applicability of DAC 

treatment in solid tumors is still a challenge due to the lower drug penetrance and lower 

proliferative rate when compared to hematological cancer. However, there are evidences of DAC 

efficiency in inhibit tumor growth in vitro and when combined with others chemotherapies in colon 

cancer cell lines and non-small-cell lung cancer. In HNSCC, DAC have been shown to inhibit DNA 

methylation and restore gene expression (SATO; ISSA; KROPF, 2017; WERNER; KELLY; ISSA, 

2017).  

DNA methylation can be assessed by different methods: 1) bisulfite conversion; 2) enzymes 

with specificity for methylation and unmethylated cytosines; 3) antibodies with specificity for 

methylated cytosines or 4) nanopore-based single DNA molecule sequencing (WERNER; KELLY; 

ISSA, 2017). In this study we will analyze DNA methylation status by MassArray, consisting in 

mass spectrometric analysis of DNA methylation (EpiTyper) combined by bisulfite conversion, in 

vitro transcription and uracil-specific cleavage with mass-spectrometry-based quantification of 

fragment lengths (Quantitative comparison of DNA methylation assays for biomarker development and 

clinical applications, 2016). 

Thus, the utility of DNA methylation as an interesting target tool may provide promising 
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clinical applications, development of new biomarker, prediction of therapeutic response and/or 

prognosis and identification of individuals who may benefit from the therapy (DEMOKAN; 

DALAY, 2011). 

In summary, the malignant transformation of normal cell to cancer cell is due to the 

accumulation of genetic and epigenetic alterations, but their contribution differ from cancer type 

and the carcinogens involved. The recent technologies mentioned above, allow for the 

measurement of those alterations, such as DNA methylation and genetic mutations. The combined 

analysis of those marks enables a more accurate patient risk assessment, refines diagnostic criteria 

and prognostic factors to guide treatment decisions.  The benefit of target epigenetic modifications 

is to explore new therapeutic options for patients with significant epigenetic modifications leading 

to new perspectives in personalized medicine (TAKESHIMA; USHIJIMA, 2019; WERNER; KELLY; 

ISSA, 2017). 
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3. GOALS 
 
 
 
 

Main Goal:  Utilize multiscale omics based on whole-exome sequencing, global DNA methylation 

and gene expression profile to investigate cancer-related genes in tumor initiation and progression 

of head and neck squamous cells carcinoma. 

 

Specific Goal 1: Identify a new regulator gene on the pathogenesis of HNSCC by integrative 

multiscale omics analysis of somatic mutation and gene promoter methylation through whole-

exome sequencing and global DNA methylation (Scientific Article 1).  

 

Specific Goal 2: Investigate the role of DNA methylation on the regulation of a well known 

oncogene, the transcription factor SOX2, by multiscale omics analysis based on gene expression 

and global DNA methylation, in tumor progression (Scientific Article 2). 
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CIS=carcinoma	in	situ;	SCC=squamous	cell	carcinoma	 
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Supplementary Table S4 is available in: https://onlinelibrary.wiley.com/doi/full/10.1002/ijc.32481 
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Supplementary Table S7 is available in: https://onlinelibrary.wiley.com/doi/full/10.1002/ijc.32481 
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5. CONCLUSION 
 

Presently, no validated biomarkers exist to identify HNSCC patients with a higher 

probability for treatment failure who would benefit from closer follow-up and different therapeutic 

approaches. The current standard therapies for HNSCC are either rather toxic or have low response 

rates. In order to improve patient survival and reduce treatment-related toxicity, the identification 

of biomarkers is urgently needed. The establishment of reliable biomarkers would allow for the 

potential to identify patients at high risk for tumor relapse and could be extremely beneficial for 

treatment decision making. 

Considering HNSCC heterogeneity, the analysis of combined multiple genes and/or DNA 

alterations may provide a better coverage for biomarker detection. In this study, the combination 

of genetic and epigenetic alterations showed the effect of DNA methylation in regulating two 

different genes (RYR2 and SOX2) during tumor initiation and progression. The detection of DNA 

methylation and respective gene expression might help to predict patients risk for malignant 

transformation and worse outcome. In a near future, scientific advances on DNMT inhibitors and 

DNA methylation may lead to a transition from cytotoxic to targeted therapies that could reverse 

the cancer cells back to a more normal-like state, improving clinical success. 

 Recent studies have shown that epigenetic switch between SOX2 and SOX9 is regulated to 

cell plasticity (LIN et al., 2016) immune evasion (MALLADI et al., 2016) and induced drug 

resistance (SHARMA et al., 2018). Future studies exploring the combination of different regulatory 

mechanisms and SOX2-related genes might help to better understand tumor complexity. 

 Pilot studies from our laboratory have shown that RYR2 is positive in highly mobile tumor 

cells in vitro and has greater expression in tumor invasion areas when compared to the center of 

the tumor. This, added to controversial finding in literature regarding RYR2 expression, suggests 

a context-dependent function of RYR2 that needs to be further explored. 
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 To better describe the profile of invasive cells regarding RYR2 and SOX2 expression, 

genetic and epigenetic alterations, gene-related and drug resistance, a more sophisticated tool that 

preserves the biological features of the original source and connects lab and clinical practices is 

needed. Three-dimensional (3D) models have been proven to better reflect environmental cues and 

mimic patho-physiological processes: cell-cell, cell-matrix interactions and cross-talk, in vivo 

growth, differentiation and dedifferentiation conditions. The 3D spheroid model has showed to be 

an adequate cost/benefit biotechnological tool to assess tumor cell invasion mechanisms, to 

investigate drug response and improve personalized medicine.  
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