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RESUMO

O carcinoma espinocelular oral (CEC) apresenta variabilidade inter e
intratumoral. A doenca é formada pelas células tumorais e pelos diversos fatores
bioldgicos, quimicos e fisicos que compdem o microambiente tumoral com poder
de influenciar a progressao tumoral. Neste trabalho, avaliamos as modificagoes
fenotipicas intrinsecas do CEC e a influéncia de fatores fisicos (rigidez) nestas
células. Em uma revisao de literatura, foi observado que GAPDH e p-actina sédo
os principais genes de referéncia utilizados em pesquisas de expressao génica
com CEC. Entretanto, demonstramos experimentalmente a grande variabilidade
de 5 genes de referéncia durante andlise comparativa de mais de um subtipo
celular de tumor, sendo recomendado o uso de 2 ou mais genes de referéncia
para este tipo de ensaio. Devido a esta variabilidade de expressao génica,
utilizamos a ferramenta transcriptograma em dados de sequenciamento de RNA
de amostras de diferentes regides de carcinoma espinocelular de cabega e
pescoco. Foi constatada que existem diferengcas no perfil de expressdo génica
entre as diferentes regides tumorais, mas também entre os tecidos sadios. Esta
diferengca pode estar associada as diferentes etiopatogenias do cancer de
cabeca e pescoco, bem como as diferentes caracteristicas bioquimicas e
biomecanicas a que estdo expostos os tecidos desta regido. Visto que
clinicamente é observado o endurecimento das bordas das lesées de CEC e que
observamos que o aumento da organizagao das fibras colagenas (maior rigidez)
esta relacionado com pior prognéstico, analisamos a influéncia da rigidez da
matriz extracelular no fendtipo destas células tumorais. Foram utilizadas
linhagens de CEC com baixa (Inv//E:N") e alta (Inv"/E:N") agressividade
expostas a diferentes durezas (0,48 ou 20kPa). Apds 24h, observamos que
apenas as células Inv"/E:N" migraram em maior velocidade em ambiente com
alta rigidez (20kPa) quando comparado com baixa rigidez (0,48kPa) (p<0,01).
Para avaliar o condicionamento mecanico induzido pelo substrato, as células
Invt/E:N" foram cultivadas por 5 dias em ambientes com baixa ou alta rigidez e
entdo trocadas de ambiente para avaliar modificacdes fenotipicas. Observamos
que o condicionamento em ambiente rigido tornou as células Inv'/E:N" mais
agressivas (~2x de aumento na expressdo de N-caderina e da velocidade de
migragao (p<0,05)), sendo este efeito mediado pelas adesdes das células ao
substrato (p<0,01). Estes dados indicam que a propria resposta fibrosa para
contencdo do tumor pode modular o comportamento invasivo do CEC,
contribuindo tanto para a metastase quanto para a recorréncia do tumor. Em
virtude dos efeitos das caracteristicas fisicas no comportamento celular,
realizamos revisdo da literatura em que observamos a diversidade de
biomateriais e de estratégias in vitro e in vivo para reproduzir de maneira
fidedigna o microambiente dos tecidos e dos tumores. Nesta tese,
demonstramos que existe uma grande heterogeneidade relacionada ao tipo
celular do tumor, ao seu local de origem, a resposta celular frente as
caracteristicas fisicas do microambiente e as maneiras de reproduzir os
aspectos mecanicos in vitro/in vivo, o que realca a necessidade de uma visao



holistica do processo de tumorigénese para definir novas estratégias de
diagndstico, progndstico e tratamento de pacientes com CEC.

Palavras-chave: microambiente tumoral; expressao génica; biomateriais.



ABSTRACT

Oral squamous cell carcinoma (OSCC) has inter and intratumoral variability. The
disease is constituted by tumor cells and by the tumor microenvironment different
biological, chemical and physical factors, which, altogether, influences tumor
progression. In the present work, we evaluated intrinsic phenotype alterations of
OSCC and the influence of physical factors (stiffness) in these cells. In a
literature review, it was observed that GAPDH and g-actin are the mostly used
reference genes in OSCC gene expression studies. However, we demonstrated
experimentally, in a comparative analysis of 5 reference genes with more than
one tumor cell subtype, that there is an important variability among reference
genes and, therefore, it is recommended to use at least 2 reference genes in this
experimental setup. Due to the gene expression variability observed, we used
the transcriptogram tool in order to analyze RNA sequencing data in different
regions of head and neck squamous cell carcinoma. It was observed that there
are different gene expression profiles among tumor regions, but also among
healthy tissue. This difference might be associated with the different
etiopathogenic factors of head and neck squamous cell carcinoma, as well as the
different biochemical and biomechanical characteristics present in each tissue
region. Since it is clinically observed that CEC lesions have indurated borders
and that we observed that increased collagen fibber organization (increased
stiffness) is related to a poor prognosis, we analyzed the influence of matrix
stiffness on tumor cells phenotype. OSCC cell lines with low (Inv-/E:N") and high
(Inv"/E:N") aggressiveness profile that were exposed to different stiffness
substrates (0.48 or 20kPa) were used. After 24h, we observed that only Inv"/E:N"
migrated with a higher velocity in a stiff substrate (20kPa) when compared to a
soft niche (0.48kPa) (p<0,01). In order to evaluate mechanical conditioning
induced by substrate stiffness, Inv-/E:N" cells were cultivated for 5 days in a soft
or stiff substrates and then re-plated to different stiffness niches to evaluate
phenotype alterations. We observed that stiff niche conditioned Invi/E:N" cells
into a more aggressive profile (~2 fold increase in N-cadherin expression and
migration velocity (p<0,05)) and these effects were modulated by cell adhesion to
the substrate (p<0,01). These data indicate that the fibrous response in order to
restrain tumor growth can modulate invasive OSCC behavior, contributing to
metastasis and tumor recurrence. Since physical characteristics can influence
cell behavior, we performed a literature review and observed that there are a
diversity of biomaterials and in vitro and in vivo strategies that can reproduce
tissue and tumor microenvironment. In the present thesis, we demonstrated that
there is a high heterogeneity among tumor cell types, tumor location, cell
response to microenvironment physical characteristics and strategies to
reproduce in vitro/in vivo mechanical characteristics. This highlights the need of a
holistic vision of the tumorigenesis process in order to develop novel strategies
for diagnosis, prognosis and treatments for OSCC patients.

Keywords: tumor microenvironment, gene expression, biomaterials
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1. ANTECEDENTES E JUSTIFICATIVA

O cancer é uma doenca em que, devido a mutagdes genéticas, ocorre
descontrole em mecanismos celulares que regulam atividades das células como
proliferagcdo e capacidade de invasdo em tecidos adjacentes e a distancia. A
Organizagdo Mundial de Saude (OMS) estima que, no ano de 2018,
aconteceram 18,1 milhdes de novos diagndsticos de cancer e que 9,6 milhdes
de pessoas vieram a falecer no mundo em decorréncia da doenga. Assim, o
cancer € segunda maior causa de morte no mundo, sendo a primeira
enfermidades cardiovasculares (WORLD HEALTH ORGANIZATION, 2018). No
Brasil, estima-se que, para o ano de 2018, ocorrerdo cerca de 420 mil novos
casos de cancer (INSTITUTO NACIONAL DE CANCER JOSE ALENCAR
GOMES DA SILVA, 2018).

A doencga cancer engloba mais de 100 tipos diferentes de tumores que
podem se desenvolver em diferentes regides do corpo. Apesar dessa grande
variabilidade de tipos celulares e localizagdes, os autores Hanahan e Weinberg,
em 2000, estabeleceram 6 alteragdes essenciais que acontecem na fisiologia
celular e que serdao determinantes para o desenvolvimento do tumor. Estas
alteracbes foram denominadas como os “hallmarks of cancer’. As alteracoes
necessarias para o desenvolvimento tumoral incluem capacidade proliferativa
ilimitada, manutencao da sinalizagao para proliferagao, escape dos supressores
de crescimento, resisténcia a morte celular, indugcado de angiogénese e ativagao
da invaséao tecidual e metastase (Hanahan e Weinberg, 2000). Ao revisitar este
assunto, em 2011, os autores adicionaram duas potenciais alteracées que séo a
desregulacdo do sistema energético e fuga da destruicdo pelo sistema imune.
Também foram  adicionados duas caracteristicas promotoras do
desenvolvimento tumoral que sdo as mutacdes e instabilidade gendbmica e a
promogao de inflamagao causada pelo tumor (Hanahan e Weinberg, 2011).

As alteragbes descritas sdo consequéncias de mutacdes genéticas e
alteragdes epigenéticas celulares. Em condi¢des fisiolégicas, durante o ciclo

celular, as células passam por fases de checagem da estabilidade do DNA e, ao
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ser identificado algum tipo de dano, serdo acionados mecanismos de reparo
acontecera a apoptose quando o reparo nao for possivel (Otto e Sicinski, 2017).
Contudo, quando este processo falha, as mutacbes comecam a acontecer.
Inicialmente, essas alteragbes acontecem em proto-ocongenes e genes
supressores de tumor. Enquanto que os proto-oncogenes, como o Ras,
estimulam a proliferagao das células tumorais, mutacées em genes supressores
de tumor levam a disfungdo da regulagdo do ciclo celular. Entre os genes
supressores de tumor mais estudados, estdo o pRb e o0 p53. Com o acumulo de
mutacdes, ocorre o processo de desenvolvimento da massa tumoral e invasao
de tecidos (Wang et al., 2015).

1.1 Carcinoma espinocelular oral

O carcinoma espinocelular oral (CEC) é o tipo de tumor maligno mais
frequente na cavidade bucal e tem origem em células epiteliais neoplasicas que
atravessam a lamina basal e invadem o tecido conjuntivo adjacente.
Clinicamente, pode ser observado como uma placa branca ou vermelha nao
removivel a raspagem; uma lesdo ulcerada que nao cicatriza, com mais de duas
semanas de evolugdo, com bordos irregulares e endurecidos, sendo mais
frequente em pessoas do sexo masculino, entre a quinta e sexta década de vida
(NEVILLE, 2015).

No Brasil, o CEC ¢é o quinto tipo de cancer mais comum em homens e, de
acordo com o Instituto Nacional de Cancer (INCA), estima-se que cerca de
14.700 novos casos serao diagnosticados no ano de 2019, sendo 11.200 em
pessoas do sexo masculino. Destes, estimam-se que 1.100 casos serao
diagnosticados no Rio Grande do Sul (INCA, 2018). De acordo com os dados da
Sociedade Americana do Cancer, coletados entre 2008 e 2014, cerca de 67%
dos casos de cancer de boca e faringe sdo diagnosticados com metastase
regional e a distancia, o que diminui as alternativas de tratamento, assim como
as chances de sobrevida apds o tratamento. Neste mesmo conjunto de dados, é

demonstrado que pacientes com diagnostico de CEC local possuem 88% de
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sobrevida ap6s 5 anos do diagnostico da doenga. Contudo, quando o
diagndstico é feito com metastase a distancia, a sobrevida apds 5 anos reduz
para 39% (Siegel et al., 2019). Portanto, o momento do diagndstico é essencial
para o prognéstico do paciente.

O tratamento do CEC é realizado principalmente através da resseccao
total do tumor com area de margem de seguranga, podendo ser combinada com
quimio e radioterapia (Wise-Draper et al., 2012). Por afetar uma regido envolvida
em atividades primordiais da vida, como mastigagdo, gustacdo e fala,
tratamentos agressivos estdo relacionados a uma redugdo significativa da
qualidade de vida dos pacientes e impacto psicoldégicos para os pacientes
(Mucke et al., 2015).

Em neoplasias malignas de boca, fatores de risco como o fumo, o
alcool, o papilomavirus humano (HPV) e a exposi¢éo a radiagdo UV influenciam
o processo de tumorigénese. A presenga de diversas substancias cancerigenas
no cigarro levam a mutagdes e alteragbes no DNA, como mutagdes no p53 e
aumento da metilagdo do DNA (Jethwa e Khariwala, 2017). De maneira
semelhante, o alcool também atua em alteragdes da expressado génica, como a
superexpressdao de determinados microRNAs (miRNA)(Saad et al., 2015).
Existem diversos tipos de HPV, mas estima-se que cerca de 90% dos casos de
cancer de boca com infecgao por HPV sio devido ao HPV tipo 16 (HPV16)
(Mork et al., 2001). Estudos indicam que a expressao das oncoproteinas virais
E6 e E7 resultam na degradacgao de proteinas supressoras de tumor das células
epiteliais humanas como a p53 e a Rb. Dessa maneira, ocorre a desregulagao
de pontos de checagem durante o ciclo celular e uma maior instabilidade
genética das células (Scheffner et al., 1990; Huh et al.,, 2007; Verma et al.,
2017). A exposicao a radiagao UV gera danos no DNA por acgédo direta ou
induzida por espécies reativas de oxigénio e, a partir destes danos, ocorrem
mutagcdes em proto-oncogenes ou genes supressores de tumor (Rodust et al.,
2009; Bota et al., 2017). Alguns fatores de risco estdo associados com o
desenvolvimento do tumor em regides especificas. Por exemplo, estima-se que

em torno de 30% dos casos de céncer de orofaringe estédo relacionados com o
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HPV (Plummer et al., 2016) assim como o cancer de labio também esta mais
associado a exposig¢ao aos raios UV (Biasoli et al., 2016). Portanto, diversos séo
os fatores identificados como de risco para o desenvolvimento do CEC.

A progressao e o desenvolvimento do tumor dependem das alteragdes
genéticas e epigenéticas apresentadas pelas células malignas. Diversos estudos
caracterizam as modificagdes genéticas apresentadas pelas células e tentam
determinar biomarcadores que auxiliem no tratamento e prognéstico da doenca
(Kang et al., 2015). Dentre as alteragdes mais estudadas em CEC esta a
transicdo epitélio-mesénquima (EMT) em que as células epiteliais alteram sua
polaridade e seu fenotipo para uma célula com caracteristica mais mesenquimal.
Sao identificados que, neste processo, ocorre reducdo da expressao de E-
caderina, proteina presente na adesao célula-célula das células epiteliais, para
um aumento na expressao de N-caderina e vimentina — proteinas presentes em
células mesenquimais. Assim, as células adquirem potencial migratério e de
invasao dos tecidos (Smith et al., 2013). Foi observado que baixos niveis de E-
caderina e altos niveis de vimentina estdo correlacionados com aumento de
metastase a distancia em pacientes com CEC (Zhou et al., 2015). Os fatores de
transcricdo Twist, Snail e Zeb estdo dentre os fatores reconhecidamente
envolvidos na redugao de E-caderina e aumento de N-caderina (Lamouille et al.,
2014; Nieto et al., 2016). As células apresentam plasticidade no processo de
EMT, sendo que é possivel a ocorréncia do processo inverso — transicido
mesénquima-epitélio (MET). Assim como em uma mesma massa tumoral,
existem grupos de células que podem estar em diferentes estagios da EMT.

A variabilidade dos tumores nao é apenas entre os tipos diferentes, mas
também existe grande variabilidade entre tumores dos diferentes pacientes além
de variabilidade intratumoral. Em um estudo que analisou sequenciamento de
RNA em células individuais de carcinoma espinocelular de cabeca a pescoco,
foram identificadas que as células tumorais e nao-tumorais apresentavam
heterogeneidade dentro de uma mesma massa tumoral (Puram et al., 2017). As
variabilidades observadas influenciam na resposta ao tratamento e prognéstico

dos tumores. Por exemplo, o carcinoma espinocelular de cabecga e pescoco €,
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na maioria das vezes, estudado como um grupo de tumores, mas os dados de
prognostico em 5 anos variam entre 25% (hipofaringe) e 60% (laringe) de acordo
com a localizagdo do tumor (Gatta et al., 2015). A variabilidade fenotipica
repercute na etiopatogenia do tumor como, por exemplo, células que
apresentam perfil ativo de EMT terdo maior capacidade de invasao e formagao
de metastase que estdo associados as principais causas de insucesso dos

tratamentos (Puram et al., 2017).

1.2 Invasao tecidual

Para que aconteca a invasdo do tecido adjacente ou a distancia, as
células tumorais precisam migrar pelos tecidos. Este processo é orquestrado por
diferentes moléculas e regulado por GTPases da familia Rho (Ras-homology),
sendo necessario o equilibrio entre a proteina Rac1 e RhoA. Inicialmente, as
células precisam langar protrusdes de membrana, formar e maturar adesdes ao
substrato, contrair o corpo celular e retrair a parte posterior do corpo da célula
(Hanna e EI-Sibai, 2013). As células tumorais podem migrar e invadir tecidos
como células individuais, de maneira ameboide ou mesenquimal, ou como uma
migragado coletiva por um grupo de células que mantem a adesao entre as
células e cooperam para o sucesso desse movimento. Os diferentes modos de
migragdo possuem plasticidade, ou seja, as células podem alternar entre uma
migragao coletiva para uma migracao de células individuais (Friedl e Alexander,
2011). A migragao de células individuais, € observada em neoplasias epiteliais
em que as células estdo em estagio avangado de EMT e, microscopicamente,
estas células apresentam uma morfologia mesenquimal com corpo celular
alongado. Enquanto que na migragao coletiva das células tumorais, observa-se
um grupo de células que mantém adesdes célula-célula que sdao normalmente
guiadas por “células lideres”, mas que todas as células fazem adesdo a matriz
extracelular (ECM) e geram forga para permitir o movimento. Estas células

também liberam metaloproteinases de matriz (MMP) para promover a
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degradacgao da ECM e permitir o movimento do grupo das células (Te Boekhorst
e Friedl, 2016).

e tevon_— omam_ 0 Aoma

o Cell-cell junction = Actin polymerization/Rac % Extraceliular matrix protein

@ Proteases (¢ Actomyosin contraction/Rho Basement membrane

® Focal adhesion/integrins
Figura 1. Modelos de migracao individual e coletiva, demonstrando que existe
plasticidade entre os tipos de migragéo. As transi¢gdes entre os tipos de migragao
depende dos mecanismos de adesdo entre as células, adesdo com a ECM,
dindmicas de actina além de expressao de genes relacionados ao EMT. Tipos
de migracdo: (A) migracao coletiva em corddo com adesao célula-célula forte;
(B) migragao coletiva coesiva com tracdo gerada pelo grupo de células; (C)
migragao coletiva tipo neuronal com grupo de células unidas por adesdes
transientes; (D) migracao individual do tipo mesenquimal com adesao mediada
por integrinas com ECM; (E) migracao ameboide filopodal mediada por adeséo
fraca com ECM; (F) migragdo ameboide do tipo blebbing mediada por contragao
do citoesqueleto e protrusdes bleb-like sem adesdo ao ECM (Te Boekhorst e
Friedl, 2016).

A migracdo das células é influenciada por fatores intrinsecos, como

ativacao de vias de sinalizagao pelas células tumorais, mas também por fatores
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extrinsecos como a composicdo da ECM. A influéncia do ambiente no entorno
das células tumorais nédo é restrita a migracao celular, mas também envolve

diversas outras etapas da progressao tumoral.

1.3 Microambiente tumoral

Um dos primeiros relatos de interagao entre o tumor e outras células do
organismo foi em 1863, por Rudolf Virchow, em que ele descreve a infiltragdo de
leucdcitos como caracteristica de tumores sélidos (Schmidt e Weber, 2006). Em
1889, Paget, estudando os principais 6rgaos acometidos por metastase de
cancer de mama, descreve que as metastases nestes 6rgaos ndo aconteciam
ao acaso e assim cria a hipétese conhecida como “seed and soil hypothesis”.
Segundo Paget, as plantas langcam sementes em diversas dire¢cdes, mas elas
crescem e se desenvolvem apenas nos solos favoraveis (Paget, 1989). Assim,
alguns 6rgaos sao mais favoraveis para o crescimento de uma segunda massa
tumoral do que outros. Apesar destas descri¢gdes na literatura, por muitos anos,
o estudo em cancer foi centrado nas células tumorais. No entanto, a partir dos
anos 1980, estudos demonstraram que os sinais enviados pelo microambiente
tumoral (TME) influenciam o fendétipo das células tumorais (Pohl et al., 1988;
Weaver et al., 1996). A partir de entdo, diversos estudos aprofundaram o
conceito e as vias bioldgicas envolvidas entre as células tumorais e o TME.

De acordo com os autores Maman e Witz, o TME pode ser
caracterizado como uma arena com interagdes dindmicas em que as células
tumorais interagem com diversos fatores e que estes também interagem entre si
(Maman e Witz, 2018). Por questdes didaticas, estes fatores serdo divididos em
fatores bioldgicos - células residentes do tecido e recrutadas para o tecido -,
fatores quimicos — metabdlitos e fatores de crescimento — e fatores fisicos —
constituintes da ECM. O TME evolui e é diferente de acordo com o estagio do

tumor assim como é diferente de acordo com o érgéao.
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Figura 2. Componentes bioldgicos, quimicos e fisicos presentes no TME.
Presenca de células tumorais, células residentes e recrutadas para o TME e
vasos sanguineos. A interagao entre os fatores de crescimento e hipéxia com as
células tumorais e ndo-tumorais e presenga dos componentes do estroma deste
microambiente também s&o fatores do TME que influenciam na progresséo
tumoral (Gilkes et al., 2014).

1.3.1 Fatores biolégicos do TME

As células presentes no TME tém capacidade de influenciar a
progressao tumoral. Além das células neoplasicas, estdo presentes fibroblastos
associados ao tumor (CAFs), células endoteliais, pericitos e células
inflamatdrias, dentre outras. Os diferentes tipos celulares podem ter acdo
antagonista entre atividades proé e anti-tumorais (Hanahan e Weinberg, 2011).

Os CAFs possuem caracteristicas diferentes quando comparados com
fibroblastos normais residentes do estroma e ainda é discutida a exata origem
destas células no TME (Attieh e Vignjevic, 2016). Foi observado que estas
células estdo em maior numero em cortes histologicos de CEC quando
comparados com lesdes de displasia oral e mucosa normal (Etemad-Moghadam

et al.,, 2009). Os CAFs sao caracterizados por apresentarem aumento na
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expressao de alfa-miosina de musculo liso e, em estudos in vitro, induzirem
aumento na proliferacdo e invasao de células tumorais (Zhou et al., 2014). Os
CAFs também atuam sobre as fibras da ECM, produzindo um ambiente com
maior rigidez (Pankova et al., 2016), remodelando as fibras e criando “poros”
para a passagem das células tumorais (Erdogan et al., 2017; Glentis et al.,
2017). Também foi observado que os CAFs criam adesbes com as células
tumorais e, assim, conduzem a migragao das células neoplasicas (Labernadie et
al., 2017). Portanto, os CAFs influenciam através de diversos mecanismos como
o tumor progride (Attieh e Vignjevic, 2016).

O processo de angiogénese esta entre os hallmarks do cancer
(Hanahan e Weinberg, 2000). A formagao de novos vasos na massa tumoral traz
maior acesso a nutrientes, oxigénio e excre¢do de metabdlitos, mas também
facilita a invasdo e disseminacado de células tumorais para tecidos a distancia
(Lee et al., 2009; Zuazo-Gaztelu e Casanovas, 2018). Este processo € ativado
em estado de hipdxia quando as células tumorais secretam fator de crescimento
vascular endotelial (VEGF) para induzir as células endoteliais a formarem novos
vasos no interior do tumor (Potente et al., 2011). Estudos também demonstram
que as demais células do TME podem ativar a angiogénese (De Palma et al.,
2017), assim como fatores liberados pelas células endoteliais também
influenciam as células tumorais (Cao et al.,, 2014). Desta maneira, existe um
loop-positivo de interacdo entre as células tumorais e as células endoteliais,
favorecendo a progressao tumoral.

A presenca de inflamacdo no TME constitui o interesse de diversos
estudos e alvos terapéuticos. Entende-se que as células tumorais secretam
diversas citocinas capazes de atrair células do sistema imune e,
concomitantemente, ndo permitem que sejam “identificadas” por este sistema —
um hallmark descrito como evasdo do sistema imune. Diversas células
presentes neste ambiente, como macroéfagos, linfocitos T, linfocitos B, linfocitos
natural killer e neutréfilos sao estudadas por terem capacidades pré e anti-
tumorais (Elinav et al., 2013; Maman e Witz, 2018). Por exemplo, macréfagos

possuem estados flutuantes de polarizagao entre macréfago M1 e M2, sendo
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que o M1 teria atividades anti-tumorais e o M2, atividades pro-tumorais (Biswas
et al.,, 2013). Em uma revisao sistematica com artigos publicados estudados em
CEC, foi observado que alta marcagdo para presenca de macrofagos esta
relacionada a pior sobrevida dos pacientes (Alves et al., 2018). Entre os
diversos estudos e novidades neste campo de estudo, terapias que utilizam
células T com receptor de antigeno quimérico (CAR-T) foram recentemente
aprovadas pelo Food and Drug Administration (FDA) e podem representar uma
alternativa terapéutica em alguns tipos de céncer (Gauthier e Yakoub-Agha,
2017). Portanto, este € um exemplo de modulagdo de componentes do TME

como terapia.

1.3.2 Fatores quimicos do TME

As células presentes no TME realizam a sinalizacdo entre si através de
fatores que liberam, como fatores de crescimento, citocinas e vesiculas
extracelulares. As células tumorais produzem diversas citocinas como IL-6, IL-8,
IL-10, IL-4, IL-12, TNF-a, TGF-p (Lippitz, 2013). A liberagédo destas citocinas é
fundamental para atrair diversos tipos celulares para o TME e ativar genes
especificos nas células tumorais que contribuem para a progressao tumoral.

Dentre as citocinas, uma das mais estudadas é a IL-6. Existe uma
correlacao entre os niveis séricos de |IL-6 em pacientes com CEC com uma pior
sobrevida (Duffy et al., 2008). Nas células tumorais, a IL-6 estimula a via de
sinalizacdo de JAK/STAT3 e favorece a EMT, a migragdo celular e a
quimioresisténcia (Su et al., 2011; Yadav et al.,, 2011; Stanam et al., 2015).
Neste contexto, algumas terapias estdo sendo desenvolvidas para atingir esta
citocina, mas a presenca de efeitos adversos ainda é um desafio (Choudhary et
al., 2016).

O rapido crescimento das células tumorais cria regides dentro do tumor
com pouco acesso a oxigénio e nutrientes. Fisiologicamente, estes estados
seriam de dificil sobrevivéncia celular. Contudo, as células tumorais utilizam

destas situacbes a seu favor. A hipdxia é definida como areas em que acontece
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baixa presenca de oxigénio em decorréncia de limitada difusdo de oxigénio
(Corbet e Feron, 2017). Como resposta a hipdxia, células tumorais produzem
fator indutor de hipdxia 1 alfa (HIF1a), responsavel por permitir a sobrevivéncia
das células tumorais em hipdxia, e liberam fatores para aumentar a angiogénese
da regido para, assim, aumentar a perfusao de nutrientes. (Bertout et al., 2008).
A ativacdo do HIF1a também leva a mudanga no metabolismo energético das
células — fazendo que com as células deixem de produzir ATP através da
fosforilagdo oxidativa para a execucéo de glicélise e fermentacgao latica. Como
consequéncia, as células apresentam aumento de receptores GLUT1 e liberam
acido latico para o meio extracelular, tornando este TME acido (Peppicelli et al.,
2014). Contudo, também é observada essa mudancga de metabolismo energético
em células tumorais em ambientes de norméxia — fenébmeno conhecido como
efeito Warburg (Vander Heiden et al., 2009).

Em CEC, ao avaliar o pH do TME, foi observado que este variava entre
6,56 e 6,97, enquanto que o pH tecidual normal varia entre 6,77 e 7,49 (Becelli
et al., 2007). Este TME &cido traz capacidades favoraveis para as células
tumorais como aumento da incidéncia de metastase, aumento da taxa de
mutacgdes e resisténcia a quimio e radioterapia (Walenta et al., 2000; Peppicelli
et al., 2014; Da Silva et al., 2018). Portanto, a complexa presenga de diversos
fatores relacionados ao TME influenciam o fendtipo e a expressdo génica de

células presentes no TME.

1.3.3 Fatores fisicos do TME

Os efeitos dos fatores fisicos nas células tumorais e em células presentes
no TME sdo uma nova fronteira de pesquisa no cancer, sendo ainda pouco
estudados. Dentre os fatores fisicos envolvidos na iniciagdo e progressao
tumoral, podemos citar a composi¢cao da ECM, a topografia, porosidade e rigidez
presente na ECM. Em condigdes fisioldgicas, os diferentes tecidos do corpo
humano apresentam composi¢cdes bioquimicas e biomecanicas diferentes. Por

exemplo, 6rgaos possuem composi¢do de ECM distintas, podendo apresentar
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variagdes entre os tipos de fibras e glicosaminoglicas presentes. Além disso, a
membrana basal existente junto a células epiteliais e endoteliais também possui
funcdo fundamental na manutencado da polaridade apico-basal das células. A
constituicdo do estroma é diferente, o que influencia, por consequéncia, o grau
de rigidez. Por exemplo, a rigidez do tecido nervoso cerebral (~50Pa) € menor
em comparagao com o tecido muscular (~12kPa) (Cox e Erler, 2011; Bonnans et
al., 2014). Foi demonstrado que células mesenquimais indiferenciadas quando
presentes em matrizes com diferentes graus de rigidez (em nivel compativel
com dos respectivos 6rgaos) sdo capazes de se diferenciar em diferentes
linhagens celulares, como neurogénica (1kPa), miogénica (17kPa) e osteogénica
(40kPa) (Engler et al., 2006).

As células tumorais transitam entre diferentes tecidos que apresentam
composicoes distintas e estes componentes interferem no arranjo tridimensional
da ECM. Assim, as células tumorais precisam se adaptar aos novos ambientes.
Por exemplo, células epiteliais neoplasicas de CEC passam de um ambiente
com presenga de lamina basal rico em laminina para um tecido conjuntivo rico
em colageno e fibronectina (Kosmehl et al., 1999). Foi demonstrado que células
de CEC mais agressivas mudam seu padrdao migratoério quando comparados a
um ambiente com laminina e com fibronectina. Na fibronectina, estas células
migram de maneira mais individual e com maior velocidade (Ramos et al., 2016),
indicando que a composicdo da ECM interfere no comportamento das células
tumorais. De maneira similar, também foi observado em células epiteliais
mamarias que ambientes ricos em fibronectina estimulam o processo de EMT
(Park e Schwarzbauer, 2014).

As células tumorais apresentam insensibilidade a topografia do
ambiente de acordo com alguns estudos. Foi demonstrado que elas mantém sua
capacidade proliferativa independente da topografia, diferentemente de células
ndo-tumorais (Chaudhuri et al., 2016). Quando as células n&o-tumorais e
tumorais foram desafiadas a migrar em substratos com altera¢des topograficas
de nivel semelhantes a degraus em escala micrométrica, foi observado que

ambos tipos celulares conseguem migrar neste ambientes. Contudo, as células
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tumorais apresentam um comportamento diferente ao “escalar” os degraus além
de conseguirem migrar verticalmente em degraus de maior altura (Kushiro et al.,
2017). Uma das maneiras das células tumorais migrarem pela ECM é através da
liberacdo de MMPs que sao enzimas com capacidade de degradar a ECM
(Voura et al., 2013). No CEC, por exemplo, presenga de maiores niveis de MMP-
2 e MMP-9 estao correlacionados com tumores mais invasivos (lkebe et al.,
1999). Contudo, as células tumorais também conseguem migrar e invadir
através de poros realizados na ECM pelos proprios CAFs (Glentis et al., 2017).
Ou ainda, ja foi demonstrado que, em espacos restritos, as células conseguem
forcar o rompimento do envoltério nuclear para poder passar por entre estes
poros (Denais et al., 2016). Portanto, existem diferentes mecanismos pelos
quais as células tumorais conseguem ativar processo de migragao e invasao nos
tecidos.

O endurecimento na regido do tumor é observado em diversos tipos de
tumores de origem epitelial, como no cancer de mama e no CEC. Este
endurecimento é resultado de aumento da producgéo de fibras de colageno no
TME. Em decorréncia dessas observagoes, foi demonstrado que o ambiente
rigido leva ao aumento da proliferagdo celular e favorece o processo de EMT,
migragao e invasao em células epiteliais de mama (Paszek et al., 2005; Wei et
al., 2015) e que € possivel estimular uma memdéria mecanica nestas células
(Nasrollahi et al., 2017). O favorecimento da progressao tumoral em ambientes
rigidos também ja foi observado em cancer hepatico, de ovario, pulmao e
prostata (Tilghman et al., 2010; Yangben et al., 2013; Moazzem Hossain et al.,
2014; Mckenzie et al., 2018). O processo pelo qual as células “sentem” a rigidez
da ECM e transformam esta informagdo em resposta biolégica é chamado de
mecanotransducido. Este processo acontece de maneira orquestrada pelas
adesdes focais presentes nas células que fazem a conexao entre integrinas com
a ECM e o citoesqueleto da célula.

A via de mecanotransducao mais estudada é a via Hippo em que estao
associadas as proteinas yes-associated protein (YAP) e a WW domain-

containing transcription regulator protein 1 (TAZ). Foi demonstrado que a quebra
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da polarizagdo celular induzida pelo lamelipédio (projecdo de membrana
envolvida na migragdo celular) resulta em alteragcdo de ativagédo de RhoA e
inibicado de fosforilacdo de cofilina. Estes eventos induzem a estabilizagdo do
citoesqueleto de actina (fibras de estresse), os quais medeiam a ativagdo do
fator de transcricdo YAP e sua consequente translocagao para o nucleo. No
nucleo, YAP promove a transcricdo de genes relacionados a formacédo da
adesao focal (Dupont et al., 2011; Nardone et al., 2017), contribuindo para a
migragao e invasdo de cancer de mama devido a maior interagdo com a ECM
(Nardone et al., 2017). O YAP apresenta outras fungdes importantes para as
células tumorais, como para promover a proliferacdo, EMT e resisténcia a
drogas (Segrelles et al., 2018). Em CEC, altos niveis de expressao de YAP
estdo correlacionados a um pior progndstico (Qi et al., 2019). Outra atividade
desempenhada por YAP é a de permitir que células epiteliais de mama possuam
memoria mecanica, ou seja, as células conseguem “lembrar’ da rigidez da
matriz anterior enquanto elas migram em dire¢do a substratos com diferentes

graus de rigidez (Nasrollahi et al., 2017).

Figura 3. Modelo de mecanismo de acao do YAP. Ao ser ativado por Rho e
ROCK, YAP é translocado para o nucleo onde ativa expressao génica de
proteinas relacionadas a adesao da célula a ECM (Nardone et al., 2017).

Outra via envolvida na mecanotransducao € o fator de transcricido Twist
com a proteina citoplasmatica Ras GTPase-activating protein-binding 2
(G3BP2). Foi demonstrado que Twist e G3BP2 estdo conectados no citoplasma

e, ao ser estimulada em ambientes rigidos, ocorre a liberacéo e translocagao de
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Twist para o nucleo, promovendo EMT (Wei et al., 2015). A relagéo entre a

rigidez da ECM e o comportamento tumoral ainda n&o foi estudada em CEC.

1.4 Modelos de estudos in vitro do TME

A complexidade dos fatores intrinsecos e extrinsecos que compdem a
massa tumoral € um desafio para o estudo desta doenca. Modelos animais
podem trazer respostas dependendo do contexto, mas ainda é um desafio
reproduzir algumas caracteristicas do TME como o sistema imune e a rigidez
(Fenner et al., 2014). Além disso, ndo €& possivel isolar variaveis para
compreender o estudo de fatores do TME (Mak et al., 2014). Assim, diversas
metodologias in vitro sdo desenvolvidas para possibilitar o estudo do TME.

Os primeiros avangos nesta area foram através do grupo da
pesquisadora Mina Bissel que demonstrou a importancia de utilizar proteinas da
ECM para formar um cultivo celular tridimensional (3D) e, assim, tornar os
ensaios in vitro mais semelhantes com o que € observado in vivo. Estes
ambientes 3D oportunizavam diferentes expressdes de genes e morfologia das
células quando comparados com os ambientes 2D (Bissell et al., 1982). A partir
de entdo, foram utilizados proteinas isoladas para fabricagdo de géis para o
estudo do TME em situagdes fisiolégicas e patolégicas, como na progressao
tumoral. As principais metodologias de estudo utilizavam Matrigel e géis de
colageno para a produgao de ambientes 3D. O Matrigel é extraido de sarcoma
de Engelbreth-Horm-Swarm de rato e é formado por uma complexa composigao
de proteinas, como laminina e colageno tipo IV (Benton et al., 2014). Enquanto
que géis de colageno sdo normalmente obtidos pela extragdo de colageno tipo |
de cauda de rato (Timpson et al., 2011). Portanto, de acordo com o objetivo do
estudo, pode-se optar por composicdes de materiais diferentes.

O uso do gel de colageno permite o estudo da invasdao de células
tumorais e também a inclusdo de outras células presentes no TME para estudo
dessa interagao (Colley et al., 2011). A diferenga na composi¢gédo das proteinas

do Matrigel e do gel de colageno faz com que as células de cancer de mama
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tenham comportamento diferente. Enquanto que no gel de colageno, as células
migram de maneira individual e conseguem se disseminar pelo gel, as células no
Matrigel apresentam migracado coletiva (Nguyen-Ngoc et al., 2012). Assim,
observa-se diferengas em como as proteinas presentes na estrutura dos géis
influenciam no fendtipo das células tumorais.

Estes géis sdo amplamente utilizados para o estudo da ECM em
tumores, mas eles demonstram algumas desvantagens por serem de origem
natural e, assim, apresentarem variabilidade. Além disso, o estudo isolado de
caracteristicas fisicas, como rigidez e porosidade, nao é possivel. Por exemplo,
nao é possivel aumentar a rigidez de um gel de colageno sem alterar a
adesividade das células a proteinas da matriz devido a maior concentracéo de
colageno. Assim, foram desenvolvidos géis de origem sintética que permitem o
estudo da influéncia de fatores fisicos, como a rigidez, de maneira isolada. Por
exemplo, o uso de gel de poliacrilamida. Este tipo de material permite a
modulacao de diferentes graus de rigidez - desde um substrato mole até um
substrato rigido. Sobre esta superficie criada, € adicionado a proteina de adeséao
de interesse, como colageno ou fibronectina. Assim, ocorre a manutengao da
adesividade de proteinas da matriz, mas com diferentes graus de rigidez que as
células conseguem “sentir”’. Este tipo de substrato permitiu a identificacdo de
vias envolvidas na mecanotransducao de tumores (Paszek et al., 2005; Wei et
al., 2015). Portanto, o avango das metodologias de estudo em cancer permite
cada vez mais ampliar nossa compreensao sobre esta doenca.

Dentro do exposto, € observado que o CEC é uma doenga heterogénea
em que diversos fatores influenciam a sua iniciagcéo e progresséo. Portanto, com
0 objetivo de ampliar a compreensao da doenca e de alternativas terapéuticas, é
necessario estudar a presenca das variabilidades presentes nos tumores, além
de avaliar o efeito dos fatores do ambiente tumoral sobre a progressdao da
doenca. Portanto, a hipotese da presente tese é que células do CEC
apresentam elevada heterogeneidade a qual pode ser modulada por elementos

fisicos do seu TME.
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar modificacdes fenotipicas que as células tumorais de carcinoma
espinocelular oral apresentam e a influéncia de fatores fisicos da matriz
extracelular nestas células.

A presente tese sera apresentada na forma de quatro artigos cientificos,

sendo que cada um apresenta objetivos especificos.

2.2 Objetivos especificos do artigo cientifico 1:

1. Realizar revisdo de literatura sobre quais genes de referéncia sao
os mais utilizados em estudos envolvendo reacao da transcriptase reversa com
reacao em cadeia da polimerase em tempo real em carcinoma espinocelular
oral;

2. Avaliar estabilidade de expressdo de genes de referéncia entre

diferentes linhagens celulares de carcinoma espinocelular oral;
2.3 Objetivos especificos do artigo cientifico 2:

1. Avaliar expressdo génica das diferentes regides do carcinoma
espinocelular de cabecga e pescoco e de tecidos sadios através da ferramenta
transcriptograma.

2.4 Objetivos especificos do artigo cientifico 3:

1. Analisar a influéncia da rigidez da matriz extracelular sobre as

células tumorais de carcinoma espinocelular oral;

2. Correlacionar a organizagdo de colageno com o prognéstico de

pacientes em cortes histologicos de carcinoma espinocelular oral.
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2.5 Objetivos especificos do artigo cientifico 4:

1. Realizar revisdo de literatura sobre os biomateriais que sao
utilizados para o estudo in vitro de aspectos do tumor;
2. Realizar revisao de literatura sobre a utilizagdo de estratégias da

bioengenharia que permitem diagndstico e progndstico das células tumorais.
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3. ARTIGOS CIENTIFICOS

3.1 Artigo cientifico 1:

Artigo cientifico submetido no periédico Oral Diseases (ISSN 1601-0825,
Fator de Impacto: 2,625)

A variabilidade inter e intratumoral observada nos tumores é um dos grandes
desafios terapéuticos e, assim, o estudo da expressao génica pelos tumores tem
grande relevancia. Ensaio de reagao da transcriptase reversa seguida da reacgao
em cadeia da polimerase em tempo real € uma das principais ferramentas da
biologia molecular que permite a analise da expressao de RNA mensageiro nos
estudos. Contudo, a analise dos dados precisa ser normalizada por genes de
referéncia e esta deve ser feita de maneira criteriosa. Por ser uma técnica
extremamente sensivel, dificuldades em termos de normalizagao estavam sendo
encontradas dentro do nosso laboratério na UFRGS. Assim, levantou-se a
questao se os genes de referéncia realmente apresentam niveis de expressao
constante entre linhagens celulares diferentes, bem como, quais sdo os genes
de referéncia mais utilizados nos estudos envolvendo linhagens de carcinoma
espinocelular oral. Desta maneira, este artigo cientifico traz uma revisao de
literatura em relagdo aos genes de referéncia mais utilizados na literatura e, na
sequéncia, uma andlise da estabilidade de cinco genes de referéncia entre
quatro linhagens celulares diferentes. Foi observado que as células apresentam
diferengcas na expressao de genes de referéncia utilizados amplamente na
literatura e que nao existe um gene de referéncia universal para todos os tipos
de amostras bioldgicas. Assim, evidencia-se a importancia de selecionar genes
de referéncia especificos para cada setup experimental no intuito de se obter

dados confiaveis e reprodutiveis.
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Abstract

Background: Proper reverse transcription-quantitative polymerase chain
reaction (RT-gPCR) assay demands a reliable reference gene (RG), but there is
no consensus of a unique RG for all studies. Therefore, the aim of this study is to
analyze RG used in oral squamous cell carcinoma (OSCC) literature and also to

evaluate RG stability in a cell culture scenario.

Methods: A literature review on OSCC published papers was performed
regarding RT-qPCR experiments. It was performed a RT-gPCR experiment with
5 different RG (GAPDH, B-actin, HPRT-1, SDHA and RPLO) in a keratinocyte
and in 3 OSCC cell lines with the assistance of specific RT-gPCR computational

programs.

Results: Most OSCC papers (~78%) used GAPDH or B-actin as RG. In the RT-
gPCR experiment with 4 independent runs, quantification cycles (Cq) of all RG
had variability among the cell lines and between the runs. Four software
identified B-actin as the most stable RG and that the use of 2 RG would be the

optimal number of RG to be used in this experimental condition.

Conclusion: It is observed that there is no unique RG for all biological samples

and that the selection of RG can impact in RT-qPCR data analysis.
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Introduction

Oral squamous cell carcinoma (OSCC) is an epithelial tumor that invades
adjacent tissue and metastasizes to distant sites — which reduces patient overall
survival significantly (Siegel et al., 2019). Cancer cells are a result of altered
genetic expression that, as a consequence, will have modified phenotypes (Ge et
al., 2015). For example, most tumors have altered expression on cell cycle
regulation that will promote cell proliferation (Mishra, 2013). Other tumor
characteristics as invading adjacent tissue, promoting angiogenesis and resisting
cell death are also a consequence of deregulated genetic expression (Hanahan e
Weinberg, 2011). Therefore, researches try to elucidate what are these gene
expression modifications to understand tumor initiation and progression, but also
to develop diagnostic and prognostic biomarkers and treatment practices (Da
Silva et al., 2011; Gao et al., 2013; Vincent-Chong et al., 2017). However, tumors
are exceedingly heterogeneous among different patients and also within the
same tumor mass, which is a challenge to develop ideal diagnostic and
prognostic biomarkers (Dagogo-Jack e Shaw, 2018).

A powerful strategy to analyze genetic expression is reverse transcription-
quantitative polymerase chain reaction (RT-gPCR) technique, since it is a
sensible and reliable method to detect mRNA levels (Ginzinger, 2002; Huggett et
al., 2005). This method is used in research laboratories worldwide and was
responsible for the identification of many genes associated with OSCC
progression and prognosis (Suwanwela e Osathanon, 2017; Zahra et al., 2018).
However, since RT-gPCR is highly sensible, there is a need to normalize data to
account for inevitable experimental variations (Kuang et al., 2018). The most
common way is to normalize data using a reference gene (RG) as an
endogenous control. Therefore, it is important to properly choose a good RG for
a given experiment (De Jonge et al.,, 2007). The ideal RG must have stable
expression between analyzed samples and no variation under experimental
condition. Also, RG levels must be similar to transcript levels of the target gene

(Bustin, 2002). Without an appropriate normalization with stable RG, the genetic
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expression of the experiment could be inaccurately interpreted, specially when
comparing different cell lines or from different patient samples (Tricarico et al.,
2002).

Some genes are classically used as RG, such as B-actin, GAPDH and
18S, but it has been demonstrated that the RG varies according to the sample
analyzed and the experimental conditions (Jacob et al., 2013; Souza et al., 2013;
Liu et al., 2015; Song et al., 2016). Therefore, there is no ideal or unique RG
suitable for all tissue types. For OSCC studies, RT-gPCR is widely used to
understand the genetic modifications of this disease, but there is not a
consensus of the most suitable RG. Therefore, the aim of this study was to
review the most commonly used RG in the OSCC literature. Also, it was
analyzed 5 common RG (GAPDH, B-actin, HPRT-1, SDHA and RPLO) in 4
different cell lines (HaCat, Cal27, SCC-09 and SCC-25) and the gene stability
using 5 different computational programs (NormFinder, Bestkeeper, Delta Ct,
GeNorm and Reffinder) was performed. It was observed that most OSCC
researchers don’'t analyze RG stability in theirs gRT-PCR. Also, it was
demonstrated that B-actin is the most stable RG for these cell lines studies, but
the best approach would be to use at least 2 RG in every qRT-PCR setup.
Therefore, it is emphasized the importance to evaluate RG stability in each

experimental setup by researchers.

2. Material and methods

2.1 Literature review

In order to analyze most used RG used in RT-gPCR experiments with cell
lines broadly available by ATCC and in our laboratory, it was conducted a
literature review in National Center of Biotechnology Information (NCBI) /
PubMed. The following mesh terms were used: ((((((((((((((head[Title/Abstract]
AND neck neoplasms[Title/Abstract])) OR mouth neoplasms[Title/Abstract]) OR
oral squamous cell carcinoma[Title/Abstract]) OR (head[Title/Abstract] AND neck
cancer[Title/Abstract])) OR oral cancer[Title/Abstract]) AND real time PCR) OR
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gRTPCR) AND HaCat) OR SCC25) OR SCC9) OR Cal27) NOT review) NOT
systematic review) AND ("2013/01/01"[Date - Publication] : "2017/12/31"[Date -
Publication]). Thus, experimental scientific papers that studied gene expression
(RT-gPCR) in head and neck cancer with Cal27, SCC-9 and SCC25, and use in
someway Hacat cell line in the last five years were analyzed. Scientific papers
that were not in English or did not use RT-qPCR in their methodology setup were

excluded.

2.2 Materials and reagents

HaCat (human keratinocyte cell line), SCC-9 and SCC-25 (OSCC
lineages) cell lines were obtained from Rio de Janeiro Cell Bank (BCRJ, Rio de
Janeiro, RJ). Cal27 (OSCC lineage) was obtained from the Tissue Culture
Facility at School of Medicine of University of Virginia. HaCat, Cal27 and SCC-9
were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose (Gibco) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco) and
1% penicillin/streptomycin (Gibco). SCC-25 cells were cultivated in DMEM/F12
with 15mM HEPES and 0.5mM sodium pyruvate (Gibco) supplemented with
10%FBS, 1% penicillin/streptomycin (Gibco) and hydrocortisone (400ng/ml,

Sigma). All cells were maintained in incubator (37°C, 5% COy).

2.3 Total RNA extraction

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA,
USA) following manufacturer’s instructions. Cells were lysed directly in 100mm
plates containing 1mL of Trizol. Total RNA was quantified by Spectrophotometer
(Thermo Scientific, Wilmington, DE) at 260 and 280nm wavelengths. Only
samples with OD (A260/A280) between 1.8 and 2 were used in the following

experiments. RNA samples were freezed at -80°C until cDNA conversion.
2.4. Real-time reverse transcription polymerase chain reaction (RT-qPCR)

Complementary DNA (cDNA) was synthesized from 1ug of total RNA with
High-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo
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Scientific) for RT-PCR, according to the manufacturer’s protocol. Real Time PCR
was performed using Platinum SYBR Green gPCR (Qiagen). cDNA samples
were amplified on Step One Plus Real Time PCR System (Applied Biosystems,
USA) in a total volume of 12.5uL (6.25uL of SYBR green, 1uL of Rox dye 1:10,
0.2uL of each primer [1nmol forward and reverse primer], 4.2ulL of DEPC water)
and 1ulL of 1:10 diluted sample. It was used primers for 5 RG listed on Table 1.
The cycling conditions was performed accordingly: 10 min at 95°C, 45 cycles of
15 sec at 95°C and 1 min at 60°C followed by a melting curve of 15 sec at 95°C,
1 min at 60°C and 15 sec at 95°C.

2.5 Data analysis

The set of RG selected in the study was evaluated by the following
software: BestKeeper(Pfaffl et al., 2004), Delta CT(Silver et al., 2006),
Genorm(Vandesompele et al., 2002), NormFinder(Andersen et al., 2004) and
RefFinder(Xie et al., 2012). These software use different algorithms to determine
the stability and the suitable number of RG that should be used to normalize the

relative expression analysis.

Results

Analysis of most used RG in OSCC literature

Since RT-qPCR is a technique that has become widely used in scientific
works, a 5-year literature review was conducted looking for OSCC papers that
have performed RT-gPCR gene expression studies. MESH terms were used for
OSCC, RT-gPCR and for four cell lines (HaCat, Cal27, SCC-9 and SCC-25) that
are available by ATCC and are broadly used worldwide. It was analysed 133
papers and data was collected regarding which and how many RG were used in
RT-gPCR experiments and which and how many cell lines the papers used.
Overall, 10 different types of RG were used (GAPDH, B-actin, 18S, U6, HPRT1,
RPLO, LMNB1, TBP, PGK1 and PBGD) (Fig. 1A). More than half of the papers
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analysed used GAPDH as the RG (52.9%) and B-actin was the second most
used gene (25.4%). Surprisingly, almost 10% of the manuscripts did not refer to
use a RG in its analysis. Moreover, most studies used two or more cell lines
(79.5%; Fig. 1B) what emphasizes the need to correctly choose an appropriate
RG for the analysis. It was also observed that only 3 papers (2.25%) used more
than one RG (one of them used two RG and two used three RG) what reflects
that authors are not concerned about choosing a stable RG for a RT-qPCR
analysis. When it was analysed the specific cell lines that were used in this study
with the RG more frequently used, it was observed that Cal27 (52.89% of papers
analysed) was the cell line mostly used, followed by SCC-25, SCC-9 and HaCat
(Fig. 1C). The most used RG were the same for all cell lines. Therefore, most
studies perform RT-gPCR with multiple cell lines, but very few of them were

concerned of normalizing data with appropriate RG selection.

RG have variability between experimental setups and cell lines

In order to analyze which RG is more stable to work when comparing 4
different cell lines, RT-qPCR was performed with 5 RG that have different
functions inside the cell: GAPDH, B-actin, SDHA, HPRT1 and RPLO (Table 1). It
was used a human keratinocyte cell line (Hacat) and three 0SCC cell lines (Cal27,
SCC9 and SCC25) with different aggressiveness profiles. After the reaction was
complete, it was analyzed the variance between quantification cycle (Cq) values
of the RG. The range, 25th and 75th percentiles, and mean of Cq values for each
gene are presented in Fig. 2. All RG genes studied demonstrated variability
between the experiments in all cell lines used. Among the RG, the RPLO had the
highest variability (e.g. 12.93-25.77 in SCC-25 cell line). The Cq variance was
similar in all RG between the cell lines; for example, Cal27 had the lower Cq
value in all RG used. Altogether, it was shown that there are variances in the Cq
values in all RG studied, which emphasizes the importance to compare and

select the most stable RG in each specific experimental setup.
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Software analysis indicated the proper use of minimum 2 RG per

experiment, including B-actin

Since it was observed variability in all RG used among the 4 cell lines,
different RG stability analysis software were used in order to establish which RG
would be more accurate in a RT-gPCR experiment. It was used five
computational programs: geNorm, NormFinder, BestKeeper, comparative delta
Ct and RefFinder - the latter takes into account the value of the other four
algorithms. From the five programs used, four identified B-actin as the most
stable RG across the four cell lines studied (Fig. 3). Only one algorithm
(BestKeeper) identified GAPDH as the most stable RG. In addition, HRPT1 was
identified as the second most stable RG by 3 programs and the RPLO gene was
shown to be the least stable RG (Fig. 3) independently of the analysis software
used. It was also carried out the determination of how many RG are necessary to
establish an accurate RT-gPCR experiment with the 4 cell lines used in this
study. For this, it was used geNorm to calculate the pairwise variation and a
recommended threshold of 0.15 was adopted as a cut-off for reference gene
inclusion. It was indicated that, for the four cell lines studied, it is necessary at
least 2 RG in order to obtain a reliable result (Fig. 3F). Therefore, RG stability
analysis is an important approach in order to increase research quality and
reliability of gqRT-PCR results.

Discussion

In the last decades, there was an increased access to molecular biology
techniques and its application in laboratories all over the world, including RT-
gPCR. This technique allows researchers to identify mMRNA expression even in
very small quantities because it is a sensitive technique. However, due to the
high sensitivity, it demands a rigid control of the parameters used to obtain robust
results. Due to these difficulties, it was performed the Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) (Bustin et al.,

46



2009) guideline. The aim of the MIQE guideline is to describe the minimum
information necessary that must be described in scientific publications in order to
evaluate quality and validity of RT-gPCR experiments. In a literature review
performed after MIQE publication, it was observed that the researchers
compliance with the guideline was partial (Chapman e Waldenstrom, 2015).
Altogether, it is emphasized that proper analysis and description of publication
information in RT-gPCR must be performed in order to guarantee the reliability
and reproducibility of the results.

The analysis of gene expression is a common feature in several
physiological and pathological studies. For instance, in cancer, it can elucidate
biomarkers to improve diagnosis as well as new approaches for patient
treatment. However, cancer cells have different mutations that lead to different
cell metabolism. Therefore, tumors vary according tissue origin, but even the
same type of cancer, as OSCC, also vary between different patients and within
the same tumor mass. As a consequence, the use of RT-gPCR technique to
examine the expression of target genes demands the selection of stable RG in
order to obtain reliable results. Different RG have been identified and selected
over the years, but they all have functionalities inside the cells. For example,
some RG are related to cell metabolism - like GAPDH, HPRT1 and SDHA - and
others are involved in cell cytoskeleton like B-actin. In the literature review
performed in this study, it was observed that most OSCC researchers use
GAPDH and B-actin. Similarly, another study also performed a literature review
with papers that worked with RT-gPCR in vertebrate samples and evidenced that
B-actin and GAPDH were also the two mostly used RG (Chapman e
Waldenstréom, 2015). However, recent studies have shown that no gene is stably
expressed by all cell lines and that the appropriate reference gene is likely to
change according to the sample used, research focus and test conditions used in
each analysis (Jacob et al., 2013; Souza et al., 2013; Liu et al., 2015). Therefore,
it is emphasized the need to investigate proper RG for each experimental

condition.
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The majority (80%) of OSCC studies that were analyzed in this study
literature review used more than one cell line. The use of multiple cell lines is
relevant in order to reinforce the biological phenomenon under study. However,
since cell lines are different to one another, it is also extremely important to
proper select a stable RG across different cell lines. Only 2.25% of the papers
analyzed in the literature review described the use of more than one RG in their
studies. In another literature review, the authors found that 13% of papers used
multiple RG (Chapman e Waldenstrom, 2015), what was also considered a low
rate. Herein, it was also observed that almost 10% of the papers reviewed did not
reference a RG used. All studies reviewed were published after the MIQE
guideline what suggests that authors and editors must be more careful when
describing and publishing RT-qgPCR data.

As it was observed the importance to analyze RG stability, RT-qPCR with
5 different RG was conducted (GAPDH, B-actin, SDHA, HPRT1 and RPLO) in 4
different cell lines (a keratinocyte cell line and 3 OSCC lineages). It was
observed that all RG had variances in Cq values between the different runs, what
is also observed by other studies that worked with cancer cell lines (Liu et al.,
2015; Song et al., 2016). Since in each cycle of RT-qPCR there is an exponential
increase of the cDNA copies, even small variances in Cq values are
correspondent to large differences in gene expression. Hence, it was necessary
to use available software in order to compare RG and choose which one is the
most stable and would be the most appropriate to analyze RT-qPCR experiments
with these cell lines. The data was analyzed by 5 software - geNorm,
NormFinder, BestKeeper, comparative delta Ct and RefFinder — all of them
determine RG stability in different ways. B-actin was identified as the most stable
RG by four programs — only BestKeeper identified GAPDH as the most stable
RG. Also, geNorm showed that, for these analyzed cell lines, it is necessary at
least 2 RG for a reliable analysis of RT-gPCR results. It has been observed that
RG vary according to the sample analyzed and also the number of RG to be
used in an experimental setup. In a study with OSCC patient saliva samples, it
was validated 5 RG (MT-ATP6, RPL30, RPL37A, RPLO and RPS17) in oral
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cancer salivary gene expression panels - including RPLO that in the present
study demonstrated to be the least stable. In a study with head and neck
squamous cell carcinoma cell lines treated by different chemotherapy drugs, it
was analyzed 12 RG that showed that ALAS1, HMBS and HPRT1 would be the
recommended combination (Song et al., 2016). In another study that evaluated
stability of RG in an OSCC-model in rats, a combination of Hsp90abl and HPRT1
was recommended for analysis of RT-gPCR data (Peng e Mccormick, 2016).
Similar to what it was observed in the current study that HPRT1 also
demonstrated a good stability in OSCC samples. However, in the literature
review, HPRT1 was used by few researches. Altogether, it is evidenced that
there is no universal RG for all samples and researches must identify what are
the most stable RG for each specific samples (Jacob et al., 2013; Souza et al.,
2013; Liu et al., 2015; Song et al., 2016).

Even though RT-gPCR is already extremely disseminated among
laboratories worldwide, there is still need to improve on selection of stable RG
used in RT-gPCR analysis. For example, studies must present more complete
information and also properly choose RG for analysis. Therefore, it is

emphasized the selection of stable RG in order to have reliable analysis.
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Table 1. Reference genes evaluated in this study, gene ID NCBI, primers
sequence, molecular function and melting temperature.

Gene Gene ID Primer sequence (5'—3') Molecular function Melting
symbol NCBI temperature (°C)
GAPDH ID: 2597 Forward CTTTGTCAAGCTCATTTCCTGG Glycolytic enzyme F: 57
Reverse TCTTCCTCTTGTGCTCTTGC R: 57
HPRT-1 1D:3251 Forward AGATGGTCAAGGTCGCAAG Metabolic salvage F: 57
Reverse GTATTCATTATAGTCAAGGGCATATCC of purines R: 57
B-Actin ID: 60 Forward CCAACCGCGAGAAGATGA Cytoskeletal _ F: 57
Reverse CCAGAGGCGTAGAGGGATAG structural protein R: 58
RPLO ID: 6175 Forward CTCTGCATTCTCGCTTCCTGGAG Structural component of F:63
Reverse CAGATGGATCAGCCAAGAAGG the large ribosomal R: 58
subunit
SDHA ID: 6389 Forward TGGTTGTCTTTGGTCGGG Electron transporter F: 57
Reverse GCGTTTGGTTTAATTGGAGGG in TCA cycle and R: 58

respiratory chain
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Figure 1. 5-year literature review of OSCC papers that performed RT-qPCR
gene expression studies. (A) Most used reference genes in OSCC literature.
(B) Analysis of how many cell lines the papers used in their experiments. (C)
Number of papers that used specific cell lines of this study (Cal27, SCC-25,
SCC-9 and HaCat) with the RG genes most frequently used.
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Figure 2. Cq values of the different reference genes analyzed in 4 different
cell lines. Cq values of each reference gene in four human cell lines (n=4). The
range, 25th and 75th percentiles, and mean of Cq values for each gene is
indicated and horizontal line in the middle of the bars indicates average
expression level. The lower the Cq value, the higher is the expression of the
gene.
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Figure 3
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Figure 3. Stability analysis of RG by five different computational programs
(BestKeeper, deltaCt, Normfinder, RefFinder and geNorm) and
determination of the optimal number of reference gene. (A) (B) (C) (D) (E)
Gene stability index of five reference genes by each computation program
indicated. The lower the stability index value, the higher is the stability of the RG
and lower is its variation. (F) Determination of the optimal number of RG for
normalization by geNorm software. Pair-wise variation value was generated by
geNorm and a recommended threshold of 0.15 was adopted as a cut-off for
reference gene inclusion.
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3.2 Artigo cientifico 2:

Artigo cientifico submetido como short communication no periddico
Otolaryngology-Head and Neck Surgery (ISSN 0194-5998, Fator de Impacto:
2,310)

Diversos fatores influenciam a etiopatogenia do carcinoma espinocelular de
cabeca e pescogo e, conforme observado no artigo cientifico 1, as células
tumorais apresentam grande variabilidade em relagdo a expressédo de genes
considerados como genes de referéncias. Assim, levantou-se o questionamento
de como ¢é a variabilidade de um conjunto de transcritos nas diferentes regides
do tumor. Com o desenvolvimento de sequenciamento de nova geragao, houve
um avang¢o em relagdo a quantidade de dados disponiveis para avaliagao do
coédigo genético humano. Dentro de estudos em céancer, estdo disponiveis
conjuntos de dados que podem ser avaliados para deteccdo de informagdes
relevantes em um grande numero de amostras. Assim, este artigo tem como
objetivo analisar a expressdo génica de dados disponiveis no Genomics Data
Commons Data Portal (GDC Data Portal) de carcinoma espinocelular de cabeca
e pescogo através da ferramenta do transcriptograma em colaboragdo com
professores do Instituto de Fisica da UFRGS. O transcriptograma € uma forma
de normalizar e visualizar um grande numero de dados. Os dados disponiveis no
GDC Data Portal foram divididos entre as regides de ocorréncia do tumor em
comparagao com os respectivos tecidos sadios. Observou-se que o perfil de
expressao evidenciado no transcriptograma € diferente de acordo com a regido
de localizagdo do tumor. Quando o perfil de expressdo génica foi analisado
apenas nas amostras de tecidos sadios, as diferentes regides dos tecidos
também apresentaram variacdo no seu perfil. Assim, é possivel entender que a
prépria regido de origem do tumor tem influéncia no comportamento das células
no microambiente tumoral e na progressdo do tumor. Portanto, as regides de

desenvolvimento do carcinoma espinocelular de cabeca e pesco¢o devem ser
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levadas em consideracdto no momento de executar pesquisas, decidir

tratamentos e progndsticos para estes pacientes.
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Abstract

Next Generation Sequencing data available in the Genomic Data Commons
(GDC) Data Portal granted an opportunity to researchers worldwide analyze a
large amount of data. Here, we used the transcriptogram method to analyze
gene expression variability on Head and Neck Squamous Cell Carcinoma
(HNSCC) data available in the GDC. The profile of whole-genome gene
expression of all tumors available in the GDC was compared with the normal
tissue data and then stratified according to the different regions of neoplastic and
healthy tissue. It was observed that different location sites of HNSCC have
different gene expression profile. Meanwhile, it was also observed that healthy
tissue from different head and neck regions present gene expression profile
variability. Therefore, tumor development and progression is influenced not only
by key mutations, but also by different gene expression due to characteristics of

the tissue region.

60



Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC) accounts for over 90%
of all cancer types in the head and neck region and is the sixth most common
cancer type worldwide (Siegel et al., 2019). The tumor occurrence location site
appears to have an impact on tumor prognosis, since the 5-year survival rate
varies according to tumor region, ranging from 25% (hypopharynx) to 60%
(larynx)(Cooper et al., 2009; Gatta et al., 2015). This range might be related to
differential gene expression induced by etiopathogenic factors and understanding
this relation might contribute to more effective personalized treatment.

The Next Generation Sequencing (NGS) HNSCC project, available in the
Genomic Data Commons (GDC) Data Portal has 500 available cases with RNA-
sequencing (RNA-seq) data. We analyzed this data with de Almeida laboratory
transcriptogram method (Rybarczyk-Filho et al., 2011) in order to identify altered
molecular pathways. We observed that genetic expression of both healthy tissue
and tumors from different sites on the head and neck vary significantly.
Therefore, researches regarding HNSCC molecular pathways must consider
tumor location site since gene expression diversity is expected to influence tumor

progression and patient prognosis.

Methods

RNA-seq data from the HNSCC Project was extracted from the GDC Data
Portal. The transcriptome of all collected data was analyzed with the
Transcriptogramer- software available online
(lief.if.ufrgs.br/pub/biosoftwares/transcriptogramer)(Rybarczyk-Filho et al., 2011).
Normal tissue samples were used as controls to compare with tumor samples.
Transcriptograms are obtained by first ordering a list of genes using protein-
protein association information such that the probability that any two genes on
the list are associated exponentially decays with the distance between the genes

positions on the list. The ordering method minimizes a cost function using Monte
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Carlo prescription and different intervals of the gene list are enriched with
different Gene Ontology (GO) terms or KEGG pathways. Here we used the
ordering for humans as published previously (De Almeida et al., 2016). There
were 500 HNSCC tumor RNA-seq data available and 43 normal tissue.
According to available metadata, it was used the International Classification of
Diseases (ICD) from the data collected to separate the data by tumor location
sites (Table 1). Mean transcriptograms for each tumor location site was
compared to: 1- their correspondent healthy tissue when normal data was
available and 2- the normal tissue was compared in the specific region with all
normal tissue data available. The significance of differences between two
transcriptogram classes was estimated using a two-tailed Welch'’s t test on the

class average to obtain a P value for each list position.
Results

The transcriptograms comparing all HNSCC tumor location sites with all
normal available tissue samples demonstrated important differences in the gene
expression analysis. Differences within cell cycle genes and cell adhesion were
evidenced. When we separated the data sample according to tumor region,
striking differences between the regions were observed (Fig. 1). For example,
tumors located in the tongue (n=149) showed reduced expression of genes
related to extracellular matrix adhesion while tumors located in larynx (n=112)
demonstrated overexpression when comparing to their correspondent normal
tissue. In order to understand what could drive differences between tumor
locations, we also produced transcriptograms comparing exclusively the normal
tissue data (e.g. normal tongue tissue compared to all normal tissues) (Fig. 2).
Interestingly, transcriptogram profiles vary between each region, demonstrating
that each region of the head and neck has a unique gene expression. Altogether,
it is evidenced that tumor region have different gene expression profile and this
may be due, in part, to the original differential expression from the normal tissue

itself.
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Discussion

Due to the large scale of genetic sequencing and data availability, our current
challenge is to properly analyze enormous amounts of data and extract from it
relevant information that can help in cancer diagnosis and prognosis. For
HNSCC, it has been demonstrated, with NGS studies, six most frequently
mutated genes - TP53, NOTCH1, CDKN2A, PIK3CA, HRAS and PTEN genes.
Also, tobacco users, HPV negative and positive have distinct genetic profiles
(Stransky et al., 2011; Network, 2015). In a single-cell transcriptomic analysis in
HNSCC patients, it was demonstrated the heterogeneous composition of
malignant and non-malignant cells inside a tumor mass (Puram et al., 2017).
Therefore, large sequencing cohorts elucidate relevant biological alteration in
HNSCC. Herein, we have shown that tumors from different sites have distinct
genetic alterations. These alterations can be explained not only by the mutation
within the neoplastic cells, but also by surrounding tissue of the tumor (e.g.
extracellular matrix) since healthy tissue gene expression profile also varies
between regions. The differences observed in the normal tissue gene expression
among locations in the head and neck also raises questions about the multiple
factors that can influence cell behavior in other diseases. Altogether, expanding
our knowledge with NGS can have profound effects in the health area.

The identification of intratumoral heterogeneous expression in HNSCC
emphasizes that personalized treatment is an interesting option for these
patients. In order to develop personalized treatments, it is necessary to analyze
large amounts of biological and clinical data. The implementation of big data
analysis and machine learning technologies in the cancer field will allow
advances in the identification of biological patterns in each tumor region and key
mutations of each tumor. As a consequence, clinical treatments could be based
on those patterns identification in order to achieve better patient prognosis.
Interdisciplinary work is therefore required in order to develop biological analysis

for the large amount of data available.

63



Here we demonstrated that regions of the head and neck have different
genetic expression and that reflects on tumor expression profiles. Unraveling
HNSCC heterogeneity is an important step in order to improve diagnosis and

treatment practices.

Funding

This study was financed in part by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior — Brasil (CAPES) — Finance Code 001. The Brazilian
National Councial support for Scientific and Technological Development (CNPQq)
provided additional fellowship (B.F.M). The funding agencies had no involvement

on experimental design.

Conflict of interest statement

All authors declare no conflicts of interest

64



REFERENCES
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.

2019:69(1):7-34.

Gatta G, Botta L, Sanchez MJ, et al. Prognoses and improvement for head and
neck cancers diagnosed in Europe in early 2000s: The EUROCARE-5
population-based study. Eur J Cancer. 2015;51(15):2130-2143.

Cooper JS, Porter K, Mallin K, et al. National Cancer Database report on cancer
of the head and neck: 10-year update. Head Neck. 2009;31(6):748-758.

Rybarczyk-Filho JL, Castro MA, Dalmolin RJ, Moreira JC, Brunnet LG, de
Almeida RM. Towards a genome-wide transcriptogram: the Saccharomyces
cerevisiae case. Nucleic Acids Res. 2011;39(8):3005-3016.

de Almeida RM, Clendenon SG, Richards WG, et al. Transcriptome analysis
reveals manifold mechanisms of cyst development in ADPKD. Hum Genomics.
2016;10(1):37.

Network CGA. Comprehensive genomic characterization of head and neck
squamous cell carcinomas. Nature. 2015;517(7536):576-582.

Stransky N, Egloff AM, Tward AD, et al. The mutational landscape of head and
neck squamous cell carcinoma. Science. 2011;333(6046):1157-1160.

Puram SV, Tirosh |, Parikh AS, et al. Single-Cell Transcriptomic Analysis of

Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell.
2017;171(7):1611-1624.e1624.

65



Table

Table 1. Sample characterization according to location site and ICD number.

Location site

Tumor

Normal tissue

ICD 10
C00-14; C32;
All 500 43 Ca1
Lips 3 ; C00.9
Tongue 149 15 C01-C02
Mouth 109 4 C03-06
Amygdala 36 ; C09.9
Pharynx 20 ; C10-13
Overlapping
tumors of mouth, 69 13 C14.8
pharynx, lips
Supraglottic
region 1 - C32.1
Larynx 112 1 C32.9
Jaw 1 - C41.8
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Figure 1. Transcriptogram for all tumor present in the HNSCC project in
GDC Data Portal and divided by each tumor site compared to respective
normal tissue. The x-axis indicates the relative position in the ordered list of
9684 genes. The transcriptogram part of each panel are presented as meant
s.e.m. of tumor samples (red line £ pink region) and normal samples (black line +
gray region). The P value panels are from a two-tailed Weyl’s t test for each point
of the transcriptogram. There are a transcriptogram panel and a p value panel for
each site: all tumors (n= 500), larynx (n= 112), mouth (n=109) and tongue (n=
149). Last panel is the term enrichment map showing the correspondence
between the ordered gene list and major biological terms and pathways. The
colored profiles correspond to the density distribution within the list of specific
Gene Ontology (GO) term or KEGG pathway. A term enrichment value of 1 on
the y-axis indicates that all genes in an interval of radius r=30 participate in a
given GO term or KEGG pathway. Peaks mark regions enriched with genes
related to the term or pathway indicated in the legend.
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Figure 2
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Figure 2. Transcriptogram for normal tissues data present in the HNSCC
project in GDC Data Portal and divided by each location site compared to
all normal tissues. The x-axis indicates the relative position in the ordered list of
9684 genes. The transcriptogram part of each panel are presented as meant
s.e.m. of normal tissue region samples (dark blue line + light blue region) and
normal samples (black line £ gray region). The P value panels are from a two-
tailed Weyl's t test for each point of the transcriptogram. There are a
transcriptogram panel and a p value panel for each site: larynx (n= 11), mouth
(n= 4) and tongue (n=15). Last panel is the term enrichment map showing the
correspondence between the ordered gene list and major biological terms and
pathways. The colored profiles correspond to the density distribution within the
list of specific Gene Ontology (GO) term or KEGG pathway. A term enrichment
value of 1 on the y-axis indicates that all genes in an interval of radius r=30
participate in a given GO term or KEGG pathway. Peaks mark regions enriched
with genes related to the term or pathway indicated in the legend.
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Dentre as alteragdes observadas de que a regido do tumor influencia na
progressao tumoral e de que as lesdes de carcinoma espinocelular oral,
clinicamente, apresentam bordos endurecidos, o proximo objetivo foi analisar se
diferentes durezas do ambiente poderiam modular o comportamento da células
tumorais. A influéncia da rigidez da matriz j&4 havia sido observada em outros
tipos de tumores, como no cancer de mama, o que reforcava a nossa hipotese.
Um dos principais laboratérios que estuda mecanotransducao € conduzido pelo
Prof. Adam Engler na University of San Diego California onde uma parte deste
estudo foi realizada com o apoio do Programa Doutorado Sanduiche da CAPES.
Neste estudo, foi possivel analisar que células tumorais de carcinoma
espinocelular oral mais invasivas apresentam maior capacidade de migragao em
substratos rigidos e que células com menor agressividade podem ser
mecanicamente moduladas a terem modificacbes fenotipicas indicativas de
maior agressividade tumoral. Com o intuito de correlacionar com dados clinicos,
foi observado que pacientes com tumores com maior organizagéo de colageno
apresentam pior prognéstico. Portanto, a rigidez da matriz extracelular em

carcinoma espinocelular oral influencia na progressao deste tumor.
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Matrix stiffness mechanically conditions EMT and migratory
behavior of oral squamous cell carcinoma

Bibiana F. Matte’-2, Aditya Kumar?3, Jesse K. Placone??3, Virgilio G. Zanella'#, Manoela D. Martins’,

Adam J. Engler®>* and Marcelo L. Lamers-5*

ABSTRACT

Tumors are composed of heterogeneous phenotypes, each having
different sensitivities to the microenvironment. One microenvironment
characteristic — matrix stiffness — helps to regulate malignant
transformation and invasion in mammary tumors, but its influence on
oral squamous cell carcinoma (OSCC) is unclear. We observed that,
on stiff matrices, a highly invasive OSCC cell line (SCC25) comprising
alow E-cad to N-cad ratio (InvF/E:N\; SCC25) had increased migration
velocity and decreased adhesion strength compared to a less invasive
OSCC cell line (Cal27) with high E-cad to N-cad ratio (Inv~/E:N";
Cal27). However, Invt/E:N" cells acquire a mesenchymal signature
and begin to migrate faster when exposed to prolonged time on a stiff
niche, suggesting that cells can be mechanically conditioned. Owing to
increased focal adhesion assembly, Inv-/E:N" cells migrated faster,
which could be reduced when increasing integrin affinity with high
divalent cation concentrations. Mirroring these data in human patients,
we observed that collagen organization, an indicator of matrix stiffness,
was increased with advanced disease and correlated with early
recurrence. Consistent with epithelial tumors, our data suggest that
OSCC cells are mechanically sensitive and that their contribution to
tumor progression is mediated in part by this sensitivity.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Cancer, Extracellular matrix, Elasticity, Collagen,
Hydrogel

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is the most common oral
cancer in the USA (Markopoulos, 2012) and originates from
epithelial cells, whose genetic mutations induce them to lose
polarity, invade adjacent connective tissue and even metastasize to
distant tissues (Leemans et al., 2018). With the loss of polarity, cells
undergo an epithelial-to-mesenchymal transition (EMT) and acquire
a migratory phenotype (Smith et al., 2013; Nieto et al., 2016;
Lamouille et al.,, 2014). EMT is orchestrated by the expression
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and/or nuclear localization of several families of transcriptional
factors (Yao et al., 2017; Kong et al., 2015; Fan et al., 2013),
including TWIST, SNAIL and ZEB. One change accompanying
EMT in OSCC cells is a switch from epithelial to mesenchymal
adhesion proteins, i.e. E-cadherin (E-cad) to N-cadherin (N-cad)
(Angadi et al., 2016). However, EMT is a dynamic, transitional
process and cells at different stages of the process can co-exist within
the same tumor. In addition to tumor heterogeneity, the tumor
microenvironment (TME) is often involved in this process and can
even modulate cancer progression. Tumors, cancer-associated
fibroblasts (CAFs), the immune system and the extracellular matrix
(ECM) often interact in reciprocal ways that promote subpopulations
to grow, become aggressive and spread (Hanahan and Coussens,
2012; Bissell and Hines, 2011). Although many TME properties
have been studied extensively in a variety of tumor types, the
influence of TME on OSCC remains relatively understudied, despite
its prevalence and, especially, in the context of how TME physical
properties regulate OSCC cell behavior.

OSCC is clinically observed as an ulcer with irregular, elevated
and indurated margins (Scully and Porter, 2001). As with mammary
(Levental et al., 2009), ovarian (McKenzie et al., 2018), head and
neck, esophageal, and colorectal cancer (Conklin et al., 2011;
Hanley et al., 2016), OSCC tumors present clinically as a region that
is stiffer than normal counterpart tissue (Scully and Porter, 2001). As
such, stiff matrix in vitro triggers an invasive phenotype in mammary
epithelial cells and increases migration in an epithelial ovarian
cancer cell line (McKenzie et al., 2018; Wei et al., 2015; Paszek
et al., 2005). Similar stiffness sensitivities and tumor stromal
changes have been found in 2D cell culture for lung (Tilghman et al.,
2010), prostate (Moazzem Hossain et al., 2014) and hepatocellular
(Yangben et al., 2013) carcinomas. The ubiquitous nature of
stiffness-mediated cell behavior changes begs the question of how
cells sense ECM properties, such as stiffness. Mechano-sensing
often occurs through a complex series of structures, beginning with
focal adhesions (FAs) that directly connect cells to the ECM through
integrins and, ultimately, to the cytoskeleton and nucleus (Holle and
Engler, 2011). Positive feedback between these structures promotes
FA formation and maturation, force generation, migration or
invasion, and the expression and translocation of EMT and YAP/
TAZ transcription factors to the nucleus (Nardone et al., 2017).
These factors often have co-regulators that control localization, such
as with TWIST1 whose cytoplasmic partner G3BP2 regulates its
translocation to the nucleus and induction of an invasive phenotype
(Wei et al., 2015). Yet, all of these signals are transient, as cancer
cells often transition back and forth between epithelial and
mesenchymal states, raising the question of whether OSCCs have
mechanical memory. After being exposed to a stiff niche, mammary
epithelial cells migrated faster and showed YAP-dependent increases
in actomyosin expression, even when the second niche was softer
(Nasrollahi et al., 2017). Studies also often focus on cell-matrix
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interactions in the absence of cell-cell connections. Recent work
both in normal (Sunyer et al., 2016; Xi et al., 2017) and transformed
epithelia (Lintz et al., 2017), suggests that cell sheets sense a
combination of matrix and cell stiffness to direct migration; but
whether OSCC cells respond individually or collectively to stiffness
differences, or whether they have a mechanical memory is unclear.

Thus, to better understand stiffness responses in OSCC, we
examined stiffness-mediated responses in four OSCC cell lines with
a range of epithelial and invasive phenotypes, as well as tumor-
recurrence-free survival time of OSCC patients, assessed by
collagen organization as a surrogate for stiffness (Conklin et al.,
2011; Hanley et al., 2016; Wei et al., 2015). We found that the
epithelial phenotype appears plastic when cells conditioned within a
stiff niche present EMT-like responses; focal adhesions; moreover,
specifically, integrin activation, appears to be crucial in the
regulation of this response. At the clinical level, increases in
stiffness, as measured by enhanced collagen organization, appears
to correlate with advanced disease and shorter recurrence-free
survival time. Together, this suggest that the progression of oral
cancers, as with other epithelial tumors, is mechanically sensitive.

RESULTS

Increased EMT marker expression and invasion correlate in
oral squamous cell carcinomas

Oral cancer cells — which have epithelial origins — exhibit a
spectrum of EMT marker expression and the ability to localize those
markers to the nucleus. To illustrate this, protein and mRNA
expression from four OSCC cell lines were analyzed; SCC9 and
SCC25 cell lines had higher N-cadherin (N-cad) to E-cadherin (E-
cad) ratios compared to those in Cal27 and FaDu cell lines
(Fig. 1A), indicating that SCC cell lines have a more mesenchymal-
like phenotype. Accordingly, mRNA analyses of EMT transcription
factors, e.g. Zebl, Zeb2, Snaill, Snail2 and Twist, also showed that
SCCs cell lines have higher expression of all EMT markers analyzed
(Fig. 1B). Cal27 and SCC2S5 cells are also morphologically distinct
from each other (Fig. 1C). Thus, to correlate EMT marker
expression and morphological differences with the level of
invasiveness of the cell lines, we carried out organotypic cultures,
for which cells were cultivated on top of a fibroblast-embedded
collagen matrix for 21 days in an air-liquid interface. Cells with
more E-cad than N-cad, e.g. Cal27, did not invade the collagen
matrix compared to SCC9 — a line with more N-cad than E-cad,
which invades the collagen matrix by day 21 (Fig. 1D). The latter
resembles histopathological specimens of patients diagnosed with
OSCC, where there is significant stromal invasion (Angadi et al.,
2016; Colley et al., 2011). On the basis of these differences, we
subsequently divided cell lines according to invasiveness and EMT
protein expression, e.g. less invasive with high E-cad to N-cad ratio
(Inv™/E:N"; Cal27) and highly invasive with low E-cad to N-cad
ratio (InvH/E:N%; SCC25).

Invt/E:N" cell migration is initially stiffness insensitive

Although well-studied mammary and ovarian cancer cell lines exhibit
EMT, and become invasive at increased stiffness (McKenzie et al.,
2018; Weietal., 2015; Paszek et al., 2005), such correlation is not yet
clear for oral cancer. Thus, we analyzed the migration profile of InvY/
E:NH and Inv?/E:NU cells after they had been plated on collagen-
coated hydrogels for 12 h with two different stiffness — a soft
(0.48 kPa) matrix, close to healthy tongue stiffness (Brown et al.,
2015; Cheng et al., 2011), and a stiff (20 kPa) matrix that represents
the degree of stiffening and stromal remodeling present in other
cancers (McKenzie et al., 2018; Wei et al., 2015; Paszek et al., 2005).
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Fig. 1. Invasive oral squamous cell carcinoma cell lines have increased
N-cadherin and EMT marker expression. (A) Western blot of indicated cell
lines (Cal27, FaDu, SCC9, SCC25) and proteins (N-Cad, E-cad, GADPH).
(B) Relative mRNA expression of the indicated EMT transcription factors for
the indicated cell lines. n=4 samples for each plot. *, **, *** and **** represent
P<0.05, 0.01, 0.001 and 0.0001, respectively, for one-way ANOVA and
Tukey’s multiple comparison test. (C) Plot of aspect ratio (major to minor cell
axes) and cell area for the indicated cell lines. ****P<0.001 for two-tailed
Welch’s t-test. n=86 and 87 for Cal27 and SCC25, respectively, from triplicate
experiments. (D) Histological sections (top) of a collagen gel invasion assay
stained using PicroSirius Red, of cells cultured at an air-liquid interface.

The indicated cell lines were cultured on the collagen gels for 21 days prior
to staining. Plot showing the invasion depth (bottom). n=3 samples and
****P<0.001 for two-tailed Welch’s t-test. Scale bar is 50 um.

We observed that Inv/E:N* cells tended to migrate in cell clusters,
especially on the soft substrate, and Inv!/E:N" cells tended to migrate
individually, which resembles epithelial and mesenchymal cell
behavior, respectively (Fig. S1) (Friedl and Alexander, 2011). This
behavior also appeared to be independent of substrate stiffness.
Although morphology or mode of migration did not differ with
respect to stiffness, we found that Inv/E:N" cells had significantly
increased collective and individual migration velocity (Fig. 2A,B),
and were more processive on stiff substrates relative to Inv/E:NH
cells (Fig. 2C,D). Interestingly, Inv/E:N' cells appeared to be
stiffness insensitive with respect to migration velocity and
directionality, whereas Invi/E:NV cells were fastest on stiff
substrates when migrating collectively (P<0.01 between collective
and single migration on 20 kPa substrates). In all cases, migration
appeared to occur through random walk, based on a lack of difference
in either the angle between migration steps (i.e. orientation correlation
coefficient; Engler et al., 2004) or the persistence index (i.e. path
length divided by total displacement; Fig. S2).

To determine what underlying functional differences drive
these observations, we assessed how strongly cells pulled on their
surroundings when migrating and how well cells adhered to their
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Collective Migration

Individual Migration

Fig. 2. Inv-/E:N" cell migration is stiffness insensitive.
(A,B) Collective (A) and individual (B) cell migration for
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| < A S | = B > the indicated cell lines on soft (purple) and stiff (orange)
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surroundings, by using traction force microscopy (Munevar et al.,
2001) and spinning disk assays (Fuhrmann et al., 2017),
respectively. We found no difference between the contractile
forces between these lines (Fig. 2E). However, we did observe
lower adhesion strength for Inv"/E:N" cells relative to their Inv'/E:
NH counterparts (Fig. 2F), consistent with previous reports that
metastatic cell lines have lower adhesion strength (Fuhrmann et al.,
2017). Together, these data suggest that the lower adhesion strength
of Invi/E:N" cells can produce labile adhesions primed to create
faster migrating cells. Furthermore, our data further suggest two
questions: (1) how stable is each population and (2) are focal
adhesion differences driving this phenomenon?

Invt/E:N" cells exhibit increased EMT and migration after
prolonged exposure to a stiff niche

Although InvY/E:N" cells were initially stiffness insensitive, we
next asked whether they remain insensitive to stiffness and
EMT when cultivated for a prolonged period of time in a stiff
niche. After 5 days in a stiff niche, absolute mRNA expressions of
five EMT transcription factors were generally higher in InvY/E:NH
cells. However, although higher, none were statistically similar
to those in Inv'/E:N" cells, which appeared stiffness insensitive,
albeit at significantly higher expression (Fig. 3A). In addition to
marker expression, we assessed E-cad and N-cad protein expression
after 5 days, finding that culturing Invt/E:N" cells in a stiff niche
for 5 days was sufficient to induce a 2.5-fold increase in N-cad
expression, consistent with Twist-mediated activation of N-cadherin
expression (Hao et al., 2012). Again, Invi/E:N cells expressed
significant levels of N-cad but did not exhibit a trend with stiffness
(Fig. 3B). Since EMT marker expression changed, we next

determined whether that change impacted cell migration. After
cultivation for 5 days in a soft or stiff niche, Inv//E:N! cells were
re-plated onto either soft or stiff niches and migration velocity was
analyzed (Fig. 4A). When challenged with combinations of soft and
stiff, neither combination exhibited a significant change in migration.
However, whereas all groups migrated faster when re-plated on stiff
matrix, independently of mode of migration or initial stiffness
conditions, single-cell migration for cells initially on stiff matrix was
significantly faster compared to cells initially cultured on soft matrix
(Fig. 4B). This behavior was not observed for collective migration, as
the initial seeding conditions did not affect migration speed after
re-plating on stiff gels. This is unlike other epithelial lineages that
collectively migrate faster (Sunyer et al., 2016; Xi et al., 2017).
Together these data suggest that Invi/E:NH cells can be induced
by stiffness, much like mammary epithelial cells (Wei et al., 2015),
in order to begin to express EMT markers and exhibit behaviors
consistent with a stable mesenchymal state. However, while
mammary cells initially cultured on stiff matrix maintain their
phenotype independent of their secondary matrix (Nasrollahi et al.,
2017), Inv/E:N" cells exhibited a dual phenotype: cells initially
cultured on stiff and re-plated on soft matrix did not appear to exhibit
memory, whereas those re-plated on stiff matrix did appear to be
primed for migration. Furthermore, this behavior is only exhibited
when cells migrate in a single, mesenchymal manner.

Adhesion of Inv-/E:N" cells is modulated by prolonged
exposure to a stiff niche

To understand whether focal adhesion differences drive the gradual
conversion of Invl/E:NH cells from epithelial to mesenchymal
behaviors, e.g. low to high migration, we assessed the extent to which
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Fig. 3. Prolonged exposure to stiff substrates induces Inv'-/E:N"
cells to express EMT markers. (A) Absolute mRNA expression
for the indicated transcription factors, normalized to GAPDH, is
plotted for the indicated cells cultured on soft or stiff substrates.
n=5, 5, 9 and 8 samples for each condition from triplicate
experiments. *P<0.05 for Welch'’s t-test. (B) Western blots (left panel)
and average expression ratio (in kPa, right panel) of N-cadherin,
E-cadherin and GAPDH for the indicated cell lines. For each protein,
the average expression ratio on stiff to soft substrate is plotted.

n=4 for each protein. *P<0.05 for Welch’s t-test relative to the other
stiffness or cadherin.
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the substrate can imprint on the focal adhesion assembly of a cell. As
previously, Inv/E:NH cells were cultured on soft or stiff substrates,
replated, and focal adhesion assembly was assessed by paxillin
staining on stiff substrates (Fig. SA). Individual cells cultured initially
on soft substrate — which migrate less than their counterparts
continuously cultured on stiff substrate, had less adhesive areas

day 5 day 6

Migration.

Assay

day 7

(Fig. 5B). These data suggest that, regarding oral carcinomas, larger
adhesions can enable cells to migrate faster, which is unlike their
mammary counterparts (Fuhrmann et al., 2017) perhaps due to faster
single-cell migration (Fig. 4). To normalize substrate-induced
adhesive differences in Invt/E:NH cells (Fig. 2F), we cultured cells
on continuously stiff and mixed stiffness substrates in high-cation

Fig. 4. Inv-/E:N" cells exhibit ‘memory’ after
prolonged exposure to a stiff niche. (A) Schematic
of experimental design for cell commitment and
migration assay. (B) Collective (left) and individual
(right) migration was monitored for Invt/E:N" cells on

r Collective Migration 1 individual Migration soft—stiff substr.ate combinations as indicated 8
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media (cell-specific DMEM plus 2.5 mM MgCl,, see Materials and
Methods), which has previously been shown to activate integrins and
modulate adhesion independent of adhesion area (Fuhrmann et al.,
2017); a high concentration of cations is also present in tumors
relative to stroma (Seltzer et al., 1970, 1970). Whereas cells on
continuously stiff substrate migrated faster in media containing
normal cation levels (see Materials and Methods) compared with
cells on mixed substrates (soft-to-stiff), high-cation media reduced
migration differences for Inv™/E:NH cells on continuously stiff and
mixed substrates (Fig. 5C). These data suggest that Invl/E:NH cell
migration after EMT requires larger but labile adhesions to
adequately bind the stiffer ECM in the tumor and stroma.

Increasing collagen organization predicts poor outcome in
OSCC patients

Collagen organization has previously been used as a surrogate for
in vivo tumor rigidity (Wei et al., 2015) and correlates with poor
outcome regarding a variety of tumors (Conklin et al., 2011; Hanley
etal., 2016). Thus, we examined tumor sections of 29 OSCC patients
(Table S1) by polarized PicroSirius Red staining to determine
whether the margins that surrounded oral carcinomas had aligned
collagen (Fig. 6A, arrowheads), which is indicative of stiffer tissue
(Acerbi et al., 2015). We found that organized collagen surrounding
tumor margins was associated with higher clinical TN stage (Fig. 6B),
as well as more collagen present within OSCCs and tumor stroma
(Fig. 6C). When using both tumor severity and collagen amount
within the tumor to stratify patient outcomes, recurrence within the
first 2-year period was most prevalent in patients having a higher TN
stage, with organized and densely packed collagen surrounding
tumor margins (Fig. 6D), and was below average patient outcomes
(Liu et al., 2013). Concordant InvY/E:N" cell behavior on stiff matrix
that shows phenotype conversion and enhanced migration agree with
these results, and demonstrate that large, mesenchymal-like tumors
are supported by highly organized collagen that facilitates stromal
invasion. Moreover when TN stage III/IV tumors are stained for
intracellular proteins that would respond to more densely packed
collagen, we found that an adhesion-associated protein, e.g. focal
adhesion kinase (FAK), exhibited asymmetric distribution compared
to stromal regions (Fig. 6E), which is also consistent with activated
adhesive complexes that result in differential migration of tumor cells
in culture (Fig. 5).

Fig. 5. Long-term conditioning in a stiff niche increases the adhesion
area in Inv-/E:N" cells. (A) Images of Invt/E:N" cells on soft-to-stiff
substrate (left) and stiff-to-stiff substrate (right) stained for paxillin (green)
and nuclei (blue). Arrowheads indicate assembled focal adhesions.

Scale bars: 10 um. (B) Plot of the mean adhesive area of Inv-/E:NH cells
cultured in normal medium on soft-to-stiff or stiff-to-stiff substrate (n=39 or
51, respectively). **P<0.01 for Welch'’s t-test comparisons. (C) Individual
cell migration velocity is plotted for cells as outlined in Fig. 4A. Each point
represents the average velocity of an individual cell. Cells were cultured on
soft-to-stiff or stiff-to-stiff substrate in normal or high-cation medium as
indicated. n=24, 12, 31 and 50 cells for each condition. **P<0.01 for
Welch’s t-test comparisons of velocities as a function of stiffness for

each line. Soft=purple; stiff=orange.

DISCUSSION
Cancer cells are exceedingly diverse within a tumor, having
different phenotypes and, sometimes, even expressing different
oncogenes (Navin et al., 2011; Greaves and Maley, 2012). As a
consequence, subsets of cancer cells can be exceedingly influenced
by the tumor microenvironment, inducing a change in phenotype
and migration away from the primary mass. By contrast, stromal
cells can be influenced by the tumor, i.e. cancerized, to help remodel
the niche (Curtius et al., 2018). What results is a tumor-adjacent
stroma composed of many new biological, chemical and physical
signals (Quail and Joyce, 2013) that support metastasis. As we
described earlier, this dynamic, reciprocal interaction has been well-
studied in vitro, specifically for the influence that niche stiffness has
on mammary (Levental et al., 2009; Wei et al., 2015; Paszek et al.,
2005), ovarian (McKenzie et al., 2018), lung (Tilghman et al.,
2010), prostate (Moazzem Hossain et al., 2014) and hepatocellular
(Yangben et al., 2013) carcinomas but not for OSCCs. Our data
demonstrated that cells comprising different levels of invasiveness
respond differently to matrix stiffness. Whereas Invl/E:NH cells
remain surprisingly plastic, and able to increase migration and
EMT marker expression gradually over time as directly by matrix
stiffness, while their counterpart Inv'/E:N cells appear more
mesenchymal and adopt migratory phenotypes rapidly when the
substrate permits. These observations are consistent with OSCC
progression observed in patients, where advanced stages of disease
have more organized collagen around keratin pearls, which can
trigger a more-invasive phenotype and increased disease recurrence.
Tumor stiffness is correlated with increased EMT and invasion in
breast cancer (Wei et al., 2015). As observed clinically for OSCC,
lesions have a stiffened margin (Scully and Porter, 2001). Thus, we
hypothesized that this exerts influence in cancer progression,
although tumor stiffness was not explicitly measured from OSCC
patient samples. Consistent with the concept that different tumor
subset can exhibit different stiffness responses, we found that two
OSCC cell lines comprising different E-cad expression — indicating
that they are at different stages of EMT — were initially more (Inv'/
E:NY) or less (Invt/E:N") migratory on a stiff 20 kPa substrate.
Migration speed is inversely correlated to adhesion strength in
mammary cancer cells (Fuhrmann et al., 2017) and, consistent with
this, we found that the more migratory Inv/E:NY cells also
exhibited lower adhesion strength. Once chronically exposed to stiff
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Fig. 6. Higher collagen organization of tumor correlates
with poorer outcome for OSCC patients. (A) PicroSirius
Red staining of histological sections of tumors with the
indicated collagen organization. The same image was taken
under polarized and non-polarized (brightfield) light (bottom
and top images, respectively). Arrowheads indicate the
location of selected keratin pearls. (B) Frequency of clinical
TN stages I/Il (purple) vs Ill/IV (orange) for OSCC relative to
collagen organization within the tumor. Number of patients in
each group were n=13 and n=16. P<0.05 for Welch’s t-test
comparing collagen organization and tumor stages.

(C) Plotted collagen area of PicroSirius Red-stained tumor
tissue of clinical TN stages I/Il (purple) vs IIl/IV (orange)
observed under polarized light. (D) Survival rate without
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substrates, Inv/E:NH cells did acquire a more-mesenchymal state,
with increased EMT marker expression and migration speed but
increased mean adhesion area (Fuhrmann et al., 2017). This is in
contrast to invasive mammary cancer cells, which have smaller,
labile adhesions relative to their non-malignant counterparts
(Fuhrmann et al., 2017). Artificially enhancing integrin affinity
reduced migration speed of stiffness-conditioned Inv/E:N" cells,
suggesting that, despite their size, they can still be distributed in a
manner labile enough to facilitate higher migration speed. Despite
their trends regarding stiffness, these OSCC cell lines in particular
exhibit smaller adhesions than other SCC cell lines (Hoshino et al.,
2012) and metastatic mammary lines (Fuhrmann et al., 2017),
which may still enable adhesion to be labile and migration to be
effective. Intracellular connections to the molecular clutch and
cytoskeleton proteins (Case and Waterman, 2015; Elosegui-Artola
et al., 2018) might also be more dynamic in OSCC cells and help
facilitate their invasion. Matrix stiffness can assemble (Levental
et al., 2009; Paszek et al., 2005; Provenzano et al., 2009) and
polarize them in stiff 3D matrix (Mekhdjian et al., 2017) so, even
if Invt/E:NL cells assembled robust adhesions, they may be primed
for migration based on their directionality. Interestingly, OSCC
patients with a poor prognosis had an increase in FAK expression
within the invasive front of tumors (Flores et al., 2018),
further suggesting that polarity of the adhesive machinery and
not just its amount in a cell contributes to tumor invasion. Thus, it
would appear that tumor stiffness modulates EMT and prime cells

2.0

(E) Histological staining for actin and focal adhesion kinase
(FAK) of representative stomal and OSCC tumor epithelium.
The last three panels in each row show the magnification of
the boxed area in the first panel. Dashed lines indicate the
edge of each indicated feature; arrowheads indicate FAK
polarization to the tumor edge. Scale bars: 20 ym.

25

based on the environment and cell state to trigger an increase in
migratory behavior.

Cancer invasion, similar to that of neoplastic cells, requires a
reciprocal relationship between cells and ECM that helps to dictate
whether cells adopt collective or individual migration modes (Friedl
and Alexander, 2011), which each allows migration at varying
speeds. In a niche that resembles a basement membrane, malignant
epithelia grow collectively, without protrusions; but in stromal gels
containing type I collagen, faster single-cell migration is preferred
(Nguyen-Ngoc et al., 2012). We found that, whereas invasive OSCCs
are faster compared with their non-invasive counterparts that were,
initially, substrate insensitive, collective migration of Inv'/E:N" cells
was faster than single-cell migration. Epithelial sheets can efficiently
use durotaxis (Sunyer et al., 2016; Xi et al., 2017), i.e. migration
guided by rigidity gradients, but it would appear that for OSCC cells,
a collective mode of migration is more effective, as they are more
mesenchymal-like. A stiffer niche enhances nuclear translocation of
YAP (Taubenberger et al., 2016) and signals (Calvo et al., 2013) that
promote focal adhesion assembly (Nardone et al., 2017), but weaker
Invt/E:NE cell-matrix adhesion might indicate that invasive OSCC
cells migrate together and slower than cells of other tumors, whose
preferred mode of migration is as single cells (Nguyen-Ngoc et al.,
2012). However, unlike Nguyen-Ngoc and co-workers, we have only
explored OSCC migration on type I collagen substrates, but ECM
composition directly modulates migration (Ramos Gde et al., 2016)
and how processive cells can be (Montenegro et al., 2017). Thus, our
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observation of faster collective migration could be limited by ECM
ligand, which — although type I collagen is the dominant ligand in
tumor-adjacent stroma (Pickup et al., 2014) — could nonetheless alter
the ratio of cells that migrate individually compared with those
migrating collectively.

Stiff tissue observed by collagen organization has already been
associated with poor survival in breast, head and neck, esophageal,
and colorectal cancer (Conklin et al., 2011; Hanley et al., 2016), so
one possible means of assessing the impact of stiffness, migration
mode and mechanism on oral carcinomas is to directly examine
them. By using PicroSirius Red staining (Drifka et al., 2016), we
found that collagen organization correlated with the advanced
stages of disease and resulted in early recurrence of the disease. An
important caveat about most in vitro systems, including ours, is that
it lacks in supporting stromal cells, such as cancer-associated
fibroblasts (CAFs). CAFs can modify tumor ECM by increased
collagen deposition and alignment that, as a consequence, turns the
niche into a stiffer microenvironment (Pankova et al., 2016). With
CAFs being present in the indurated tumor margins and capable of
remodeling the niche, we suggest that our model, in which Inv'/E:
NH cells are mechanically conditioned by their niche to undergo
EMT and increase their migration, occurs in patients. While these
patient observations will benefit from additional studies, it is safe to
conclude that Invt/E:N' cells can be mechanically conditioned
with a stiff matrix, and that this drives EMT, increases migratory
velocity and affects focal adhesion assembly in a manner that, at
least partially, reflects the advanced stages of OSCC lesions in vivo.

MATERIALS AND METHODS

Cell culture

OSCC cell lines were a kind gift from Akihiro Sakai, University of
California San Diego (UCSD). Mycoplasma testing was performed at the
UCSD Stem Cell Core Facility using PCR in November 2017. Cal-27 cells
were cultivated in DMEM high glucose (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Gemni Bio) and 1% penicillin/streptomycin
(Gibco); FaDu, SCC-9 and SCC-25 cells were maintained in DMEM/F12
with 15mM HEPES (Teknova) supplemented with 10% FBS, 1%
penicillin/streptomycin, and 400 ng/ml of hydrocortisone (Sigma). Cells
were maintained in incubator at 37°C with 5% CO,. For cell culture in high-
cation medium, 2.5 mM of MgCl, was added to the above-described media.

Real-time PCR

RNA was extracted from cells using Trizol and total RNA quantity and
quality was checked using absorbance (A280/A260). cDNA was generated
by adding random hexamer primers and Super Script III reverse
transcriptase (Thermo) to 2 ug of RNA. Quantitative PCR was performed
(45 cycles, 95°C for 15 s followed by 60°C for 1 min) using a 7900HT Fast
Real-Time PCR System (Thermo) with the primer sets described below and
SYBR Green Supermix (Bio-Rad Laboratories). All quantification cycle
(Cq) values were normalized to GAPDH and a fibronectin standard was
used to analyze absolute RNA expression. Experiments were performed in
biological and technical triplicates using the CFX Connect (Bio-Rad) real-
time PCR detection system. Human primer sequences were used as follows:
Twist] (5'-TGCATGCATTCTCAAGAGGT-3’, 5'-CTATGGTTTTGCA-
GGCCAGT-3"), Snaill (5'-CTAGCGAGTGGTTCTTCTG-3', 5'-CTGC-
TGGAAGGTAAACCTCTG-3'), Snail2 (5'-ATGAGGAATCTGGCTGC-
TGT-3', 5'-CAGGAGAAAATGCCTTTGGA-3'), Zebl (5'-GCCAATAA-
GCAAACGATTCTG-3', 5-CTTGTCTTTCATCCTGATTTCC-3"), Zeb2
(5'-CAGTCCAGACCAGTATTCCT-3’, 5-GCAATTCTCCCTGAAAT-
CCT-3'), GAPDH (5'-TCGACAGTCAGCCGCATCTTC-3’, 5’-ACCA-
AATCCGTTGACTCCGAC-3").

Western blotting
Cells were lysed using RIPA buffer (50 mM HEPES, 150 mM NaCl,
1.5 mM MgCl,, | mM EDTA, 1% Triton, 10% glycerol, 25 mM sodium

deoxycholate, 0.1% SDS) supplemented with Roche Complete Protease
Inhibitor (Sigma) and PhosSTOP (Sigma). Total protein was quantified with
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Cell lysates
(20 pg) were loaded and separated in 4-12% Bis-Tris Gels and MES running
buffer (50 mM MES, 50 mM Tris base, | mM EDTA, 0.1% w/v SDS).
Proteins were transferred to nitrocellulose membranes using the iBlot semi-
dry transfer system (Invitrogen). Membranes were blocked with 5% Sea
Block blocking buffer (Thermo Fisher Scientific) in Tris-buffered saline
with Tween (TBS-T, 150 mM NaCl, 15 mM Tris-HCI, 20 mM Tris base,
0.1% Tween) for 1 h. Membranes were then immunoassayed for E-cadherin
(1:1000, Cell Signaling, 24E10), N-cadherin (1:1000, Abcam, ab76011)
and GAPDH (1:7500, Abcam, ab8245) overnight at 4°C. After washing
three times for 5 min in TBS-T, membranes were incubated with Alexa
Fluor 680 donkey anti-mouse (1:10,000, Invitrogen, A10038) and Alexa
Fluor 790 donkey anti-rabbit (1:10,000, Invitrogen, A11374) for 2 h.
Membranes were washed three times for 5 min in TBS-T before imaging.
Images were acquired using the LI-COR Odyssey CLx imaging system
detection system and Image Studio Lite was used to analyze and quantify the
bands. Values for each protein were normalized to the loading control.

Fabrication of polyacrylamide hydrogels

Polyacrylamide hydrogels (PAAGs) were made on No. 1 12 mm and 25 mm
glass coverslips that had been methacrylated by first oxidizing the surface
through UV/ozone exposure (BioForce Nanosciences) followed by
functionalization with 20 mM 3-(trimethoxysilyl)propyl methacrylate
(Sigma-Aldrich, cat # 440159) in ethanol. A polymer solution containing
either 3%/0.06% acrylamide/bis-acrylamide (Fisher) for 0.48 kPa hydrogels
or 8%/0.264% for 20 kPa hydrogels, 1% v/v of 10% ammonium persulfate
(Fisher), and 0.1% v/v of N,N,N’,N’-tetramethylethylenediamine (VWR)
was prepared. 15 ul for 12 mm coverslips and 30 ul for 25 mm coverslips of
hydrogel solution was sandwiched between a functionalized coverslip and a
dichlorodimethylsilane-treated glass slide and polymerized for 15 min.
Hydrogels were incubated in 0.2 mg/ml sulfo-SANPAH (Fisher, cat #
22589) in sterile 50 mM HEPES pH 8.5, activated with UV light
(wavelength 350 nm, intensity 4 mW/cm?) for 10 min, washed three times
in HEPES, and then incubated in 150 pg/ml collagen solution (Corning)
overnight at 37°C.

Migration assay

OSCC cells were plated on either 0.48 or 20 kPa PAAGs for 12 h and were
then imaged with a Nikon Eclipse Ti-S microscope equipped with a
motorized temperature- and CO,-controlled stage. Cells were imaged at 10x
in brightfield at multiple positions every 15 min for 20 h. For long-term
conditioning in a soft or stiff niche, cells were cultivated for 5 days in either
soft or stiff PAAGs, then trypsinized and plated onto soft and stiff hydrogel
to analyze migration as mentioned. For experiments using high-cation
medium, 2.5mM of magnesium chloride was added before image
acquisition. For analysis of migration parameters, the nucleus of each
migratory cell was used as a reference point to track each cell with the
‘Manual Tracking’ plugin on Image]. Migration was considered to be in
single-cell mode when a cell did not touch any other cell during its migration
movement. Migration was considered to be in collective-cell mode when
cells migrated in a group of two or more cells.

Traction force microscopy

Traction force microscopy was performed as previously described (Holle
et al, 2013). Briefly, polyacrylamide hydrogels (2 kPa, 4%/0.1%
acrylamide/bis-acrylamide) were fabricated as described above but with
the addition of 2% v/v 568/605 fluorescent 0.2 um FluoSpheres
(ThermoFisher) to the polymer solution. This stiffness was selected due
to its optimal deformability resulting in improved resolution of traction
forces (Holle et al., 2013). After coating with collagen type I as described
above, cells were plated and allowed to attach overnight at 37C and 5% CO,.
Images were obtained of single cells followed by the microspheres
underneath them with a 60x water immersion objective using a Nikon
Eclipse TI-S microscope equipped with a CARV II confocal system
(BD Biosciences), motorized stages with a Cool-Snap HQ camera
(Photometrics) controlled by Metamorph (Molecular Devices). Cells were
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released with 10% Triton X-100 and the same microsphere positions were
acquired. Bead displacements were determined by using a particle image
velocimetry script in MATLAB (The MathWorks, Natick, MA) and
normalized to the cell area — codes will be provided by the corresponding
author upon request.

Cell-adhesion strength assay

Glass coverslips (25 mm, Fisher Scientific, St Louis, MO) were sonicated in
ethanol and pure water before incubation with 5 mg/cm? collagen type I
(rat-tail, Corning) for 60 min at room temperature. Cells were allowed to
attach for 24 h at 37°C and 5% CO, in media containing high-cation levels.
Coverslips were then mounted on a custom-built spinning-disk device and
dipped into temperature-controlled spinning buffer (37°C). The spinning
buffer was phosphate-buffered saline [PBS; without Mg?* and Ca*"
(Cellgro, Manassas, VA)] supplemented with 4.5 mg/ml dextrose. Once
immersed in spinning buffer, coverslips were spun for 5 min at defined
angular velocities; cells were fixed with 3.7% formaldehyde immediately
after spinning. Quantification of adhesion strength was used according to
previous publications (Fuhrmann et al., 2017; Fuhrmann and Engler, 2015).
Briefly, coverslips were stained with Hoechst 33342 (Invitrogen, H3570)
and imaged at 10x magnification on a Nikon (Melville, NY) Ti-S
microscope (~1000 individual images stitched together with Metamorph
7.6 software and custom macros) and analyzed using a custom-written
MATLAB (The MathWorks, Natick, MA) program. Cell densities, as a
function of radial position and, subsequently, shear, were stored and
combined with other measurements, e.g. those obtained at different RPMs.
A sigmoidal decay fit was used to quantify adhesion strength — codes will be
provided by the corresponding author upon request.

Immunofluorescence

OSCC cells were directly fixed on the PAAGs (4% paraformaldehyde,
15 min, RT), washed with PBS, permeabilized (0.1% Tween-20, 20 min,
RT) and blocked (10% goat serum, 1% BSA, 0.1% Tween-20 and 0.3 M
glycine, 30 min, RT). Paxillin (1:250, Abcam, ab32084) primary antibody
was incubated overnight at 4°C, washed 3x with blocking buffer, and
incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody for 2 h
at room temperature (1:500, Invitrogen, A11008). Finally, nuclei were
stained with Hoechst 33342 for 15 min at room temperature (1:7500,
Invitrogen, H3570), washed with PBS and distilled water. Coverslips were
mounted on slides with Fluormount-G (SouthernBiotech) and sealed on the
edges using nail polish. Images were obtained by using a LSM780 confocal
microscope with a 63x objective and Zeiss software. Images were analyzed
using Imagel] analysis software.

0SCC organotypic culture

Rat-tail-derived collagen type I (Corning) was used to produce a 3D matrix
with a final concentration of 1.8 mg/ml according to the manufacturer’s
instructions. Briefly, rat-tail collagen type I was added on ice to 10x DMEM
and the pH adjusted with 0.1 M NaOH to 7. 1x10° primary fibroblasts were
embedded in the matrix, as approved by the Ethical Committee of UFRGS
(CAE#59124916.6.0000.5327). On top of the matrix, 5x10° of OSCC cells
were added. Once cells had reached confluence, the matrix was lifted to
create an air-liquid interface. The system was cultivated for 21 days,
formalin fixed and paraffin embedded, and then sectioned. Sections were
deparafinized and re-hydrated, followed by staining with hematoxylin and
eosin. Pictures were taken with an Olympus CX41 microscope coupled to a
QColor 5 digital camera (Olympus) at 20x magnification and invasion depth
was analyzed using ImageJ software.

Tumors and PicroSirius Red staining

Tumor cells of 29 patients (Table S1) were included in this study, as
approved by the Institutional Review Board of the Irmandade da Santa Casa
de Misericordia de Porto Alegre (ISCMPA) under protocol 2.324.217. All
patient samples were obtained from the ISCMPA tissue bank and only de-
identified patient samples were used. For each sample, only biometric
patient information was obtained to create the Kaplan-Meier plot. Formalin-
fixed and paraftin embedded 5-um sections were deparafinized, re-hydrated
and followed by staining with PicroSirius Red staining according to

manufacturer’s protocol (EasyPath). Polarized microscope (BEL photonics)
coupled with a camera device (Bioptika) was used at 4x magnification to
acquire images. Per patient sample, ten fields were acquired. The scoring
rubric (which was defined prior to blind scoring) was defined as ‘organized
collagen’ in tumors comprising prominent linearized collagens fibers in the
margins of the tumors, or as ‘disorganized collagen’ in tumors comprising
either short collagen fibers of a high degree of circularity or low/no
PicroSrius Red staining. The total collagen area (mm?) was measured in the
polarized images using ImageJ software.

Statistical analysis

All experiments were performed with at least three biological replicates, n
indicates the number of technical replicates. Bar graphs represent the mean+
standard deviation (+s.d.). Box and whisker graphs represent the median and
extend to the 25% and 75% quartiles. Sample size was determined on the
basis of previously published studies in which similar assays were
performed (Pickup et al., 2014). We did not exclude any data. No degree
of randomization or blind scoring was performed. Statistical differences
among two groups were tested using two-tailed Welch’s #-test, and
differences amongst more than two groups were analyzed with one-way
analysis of variance (ANOVA) test followed by Tukey’s multiple
comparison test. To compare survival distributions of two-patient
populations, a log-rank (Mantel-Cox) test was used. Statistical analyses
were performed using Graphpad Prism software, with the threshold for
significance level set at P<0.05.
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Figure S1. Inv'/E:N" cells preferentially exhibit collective, epithelial migration
compared to Inv"/E:N", especially on soft substrates. (top) Brightfield microscopy
demonstrating cell morphology for Inv/E:N" and Inv"/E:N" cells after being cultured on
soft and stiff substrates for two days. (bottom) Plot indicates the frequency of single cell
or clustered migration. Numbers in parentheses indicate the number of cells in each

analysis.
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Figure S2. Migration Analyses. (top) Orientation correlation coefficient, i.e. 0.5*(cos
(26) +1), is plotted for Inv'/E:N" and Inv"/E:N" single cells migrating on the indicated
substrates using a time step of 1 hour between cell vectors. n = 207, 135, 442, and 284
for each group (left to right) counting individual angles over triplicate experiments.
(bottom) Plot indicates migration persistence via a ratio of total migration path length
divided by total displacement. Data is shown for Inv-/E:N" and Inv"/E:N" single cells

migrating on the indicated substrates. n = 207, 135, 442, and 284 paths analyzed for

C
.0
)

©

S

o
L
1=

>

<
©
-

c

Q

£
Q<

Q

Q

=)
(2]

L]

(0]

(8}

C
2

(S}
(2]
K}
O
Y=

(e]
©

c

o

>

o
S

each group.

81



J. Cell Sci.: doi:10.1242/jcs.224360: Supplementary information

Table S1: Patient Demographic Information

Patient data is shown for all tumors examined in Figure 6. Dates are shown in the
MM/DD/YY format. Note that patient data was retrieved on 08/01/18. Cancer stage is
classified according to the Eight Edition Cancer Staging Manual of the American Joint
Committee on Cancer. Cancer stage is classified according to clinical and pathologic
characteristics of the tumor (T) and lymph nodes metastasis (N)*'. The first number
corresponds to the tumor stage and second to the lymph node. Note that for the latter

number, zero denotes no metastases detected in the node.

Patient ID Sex | Date of Tumor Tumor Cancer Stage
birth Resection Recurrence or
Date End of Clinical
Records Date
A601746 F 714134 01/09/12 04/05/18 T2NO
A608766 F 6/24/26 03/06/12 12/12/13 T2NO
A609290 M 8/19/65 03/09/12 03/15/13 T2NO
A611141 F 1/28/28 03/23/12 07/24/12 T3N2b
A615386 M 6/24/71 04/25/12 10/25/12 T3NO
A621413 F 6/21/48 06/09/12 08/01/18 T2NO
A623667 F 3/9/44 06/26/12 02/15/18 T3NO
A625701 F 8/25/51 07/10/12 08/04/15 T1NO
A629186 F 4/6/47 08/03/12 07/20/18 T2NO
A632028 F 6/15/43 08/23/12 08/01/18 T3NO
A634944 M 8/20/50 09/14/12 07/19/117 T3NO
A643839 F 8/19/55 11/22/12 01/25/13 T3NO
A650695 M 1/4/52 01/21/13 08/01/18 T2NO
AB55663 M 12/13/65 03/02/13 11/01/13 T3N3b
A656900 M 11/13/50 03/12/13 07/05/13 T3NO
AB82347 M 11/2/59 09/11/13 0117117 T1NO
A683808 F 11/15/58 09/23/13 04/08/14 T3N2b
AB96349 F 6/25/33 12/17/13 03/07/18 T2NO
A704061 M 4/21/59 02/21/14 03/22/18 T2NO
A705137 F 1/7/55 03/05/14 03/22/15 T3NO
A705225 F 9/24/58 03/05/14 09/16/14 T3N2b
A 729110 M 8/8/51 08/19/14 11/01/14 T3NO
A731358 M 11/29/55 09/03/14 04/27/18 T3N1
A731691 M 7/20/43 09/05/14 07/05/18 T1NO
A744266 M 1/30/59 11/26/14 08/01/18 T1N2b
A745066 F 11/23/35 12/02/14 06/18/18 T2NO
A664542 M 8/26/60 05/07/13 03/23/16 T1NO
A667482 F 6/15/37 05/28/13 11/19/13 T3N2b
A711885 M 12/24/41 04/22/14 06/26/14 T3NO
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3.4 Artigo cientifico 4:

Artigo cientifico publicado no peridodico Nature Reviews Materials (ISSN
2058-8437, Fator de Impacto: 51,94, DOI: 10.1038/s41578-018-0051-6)

As caracteristicas fisicas do microambiente tumoral tem sido cada vez
mais estudadas nos ultimos anos devido a sua contribuicdo na progressao
tumoral conforme explanado nos artigos cientificos anteriores. Para melhor
entender os efeitos destas caracteristicas, cientistas modulam estas a partir de
biomateriais. Este artigo cientifico realizou uma revisdo da literatura sobre os
principais biomateriais, de origem natural e sintética, que podem ser utilizados
como base para estudo das caracteristicas fisicas do microambiente tumoral.
Além disso, biomateriais também vem sendo estudados com aplicacbes
inovadoras de diagnostico e tratamento do céancer. Portanto, o campo da
bioengenharia nos tumores estd sendo cada vez mais ampliado, buscando

solugdes que auxiliem na pesquisa, diagndstico e tratamento do cancer.
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Biomaterials to model and measure
epithelial cancers

Pranjali Beri', Bibiana F. Matte'?, Laurent Fattet>*, Daehwan Kim3“, Jing Yang>“ and
Adam J. Engler®'4°*

Abstract | The use of biomaterials has substantially contributed to both our understanding of
tumorigenesis and our ability to identify and capture tumour cells in vitro and in vivo. Natural and
synthetic biomaterials can be applied as models to recapitulate key features of the tumour
microenvironment in vitro, including architectural, mechanical and biological functions.
Engineered biomaterials can further mimic the spatial and temporal properties of the surrounding
tumour niche to investigate the specific effects of the environment on disease progression,
offering an alternative to animal models for the testing of cancer cell behaviour. Biomaterials can
also be used to capture and detect cancer cells in vitro and in vivo to monitor tumour progression.
In this Review, we discuss the natural and synthetic biomaterials that can be used to recreate
specific features of tumour microenvironments. We examine how biomaterials can be applied

to capture circulating tumour cells in blood samples for the early detection of metastasis.

We highlight biomaterial-based strategies to investigate local regions adjacent to the tumour and
survey potential applications of biomaterial-based devices for diagnosis and prognosis, such as the
detection of cellular deformability and the non-invasive surveillance of tumour-adjacent stroma.
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Tumours are complex and heterogeneous structures.
Understanding tumour progression and cancer meta-
stasis requires the investigation of not only the tumour
itself but also of the dynamic and reciprocal interac-
tions between cancer cells and the adjacent tumour
stroma, that is, the tumour microenvironment (or
niche). This microenvironment is very heterogeneous
but generally contains certain cell types (for example,
cancer-associated fibroblasts (CAFs)), extracellular
matrix (ECM) proteins and signalling molecules, which
change as tumours grow and metastasize throughout the
body (BOX 1). The tumour microenvironment proper-
ties are modulated, in part, as a result of alterations to
the 3D fibrillar ECM that surrounds tumour tissue and
to the 2D basement membrane that underlies epithelia.
For example, the ECM can be modified by CAFs"* and
tumour cells alike, causing the matrix to become stiffer’,
more dense’, crosslinked®, aligned’ and less porous’. In
the case of larger breast tumours, patients can actually
feel the stiffened tumour stroma.

Animal models are powerful systems to study the
dynamic stromal properties of tumours, but it is diffi-
cult to dissect the specific contributions of individual
microenvironmental cues to tumour development and
progression®. However, reducing the in vivo niche to its
major biochemical and biophysical components offers
a possibility to model the tumour microenvironment

in vitro. Identifying and recreating specific aspects of
the tumour stroma, for example, stiffness, topography
or nutrient exchange, using biomaterials allows for the
fabrication of reductionist in vitro systems to study
basic mechanisms that regulate cancer cell plasticity,
dissemination and repopulation of the niche (BOX 2).
Biomaterials have been used to study tumour biol-
ogy since the early 1980s, when scientists questioned
whether signals from the extracellular compartment
could regulate cell behaviour in a distinct and/or simi-
lar way as to how genetics can dictate cell fate. In par-
ticular, seminal work demonstrating that changes to
the extracellular milieu could affect gene expression
in mammary glands’ has triggered unprecedented
interest in how the ECM regulates cell behaviour in
development. Pioneering work by the group of Mina
Bissell established a ‘dynamic reciprocity’ between
the cell and its microenvironment, showing that com-
ponents of the ECM, such as collagen or fibronectin,
associate with the plasma membrane and connect to
the intracellular cytoskeleton through specific struc-
tures (later identified as focal adhesions). Signals
from the ECM are then relayed to the nucleus to affect
gene expression and to regulate the expression of
ECM molecules or their modification through the
expression of ECM-modifying enzymes. However,
the detailed mechanisms of cell-ECM interactions are
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Box 1| Cancer and metastasis

Squamous and ductal carcinoma share basic stages of cancer metastasis.
These cancers originate from epithelial cells, which line surfaces and
vessels of the body.

Primary tumour

The mutation of a single cell leads to uncontrolled division, resulting

in an excess of abnormal cells. As the mass grows, the cells can acquire
additional mutations and remodel the surrounding tissue, forming a
primary tumour. Tumours are heterogeneous and often lack the polarity
and cellular organization of the original tissue.

Epithelial-to-mesenchymal transition

Epithelial-to-mesenchymal transition (EMT) is a cellular programme that
causes cells within a primary tumour to lose characteristic cell-cell
adhesions, to break the basement membrane associated with an epithelial
phenotype, to transition to a mesenchymal phenotype that lacks cell polarity
and to upregulate and/or activate specific transcription factors, such as
Twist family bHLH transcription factor 1 (TWIST1). The EMT programme
enables cells of the primary tumour to locally invade the surrounding stroma
and is characterized by a shape change of the cells in the primary tumour.

Intravasation

Intravasation is the migration of cancer cells from tumour-adjacent
stroma into a blood or lymphatic vessel. This is a multistep process,
during which metastatic tumour cells migrate through the extracellular
matrix and between cells in the vessel as well as through the water-tight
junctions between endothelial cells to reach the fluid in the lumen of
the vessel.

Extravasation

Extravasation is the exit of cancer cells from a blood or lymphatic vessel
through the endothelial cell layer lining the vessel and into a secondary
site distant from the primary tumour. This is also a multistep process,
during which circulating tumour cells slow down and stop along the vessel
wall through adhesion to endothelial cells. Cells break through the
water-tight junctions between endothelial cells and the matrix within the
vessel to invade new tissue.

Secondary tumour
A malignant tumour that grows in a secondary organ from cells originating
from a primary tumour.

Primary tumour

Squamous cell carcinoma

Normal tissue

Stratified
epithelium

Stromal
fibroblasts

CAFs
Cancerous cells

Myoepithelium

Invasive carcinoma

Carcinoma in situ

CAF, cancer-associated fibroblast.

still under intense investigation, and much remains to
be understood.

In this Review, we discuss how biomaterials can be
applied to model tumours and their microenvironments
in vitro. We examine different materials that can be
used to capture and measure cancer cells for diagnostics
and prognostics and investigate biomaterials for their
potential to be used for cancer treatment in vivo.

First attempts to model the tumour ECM

Matrigel

The discovery of dynamic reciprocity was made pos-
sible, in part, through the use of tissue-derived bioma-
terials, which mimic an in vivo microenvironment for
in vitro studies of cell-ECM interactions. Matrigel is a
solubilized, gelatinous protein mixture composed of
reconstituted basement membrane, which was origi-
nally isolated from Engelbreth-Holm-Swarm (EHS)
mouse sarcoma cells*” and is still routinely used to
support the formation of epithelial structures. Matrigel
mainly consists of assorted ECM proteins such as

Metastasis

Secondary tumour

Intravasation Extravasation Distal tissue

laminin, type IV collagen, heparin sulfate proteoglycans
and entactin. However, Matrigel also contains growth
factors that can potentially interfere with cell signalling
events and thus affect the interpretation of results'’.
Therefore, growth factor-reduced versions of Matrigel
have been developed to enable 3D cell culture charac-
terization that focuses on the material properties alone.
The use of Matrigel partly allows for the in vitro recre-
ation of the architectural and biochemical complexity
of an in vivo cell microenvironment. For example, the
first 3D culture of primary mammary epithelial cells
(MECs) was achieved using Matrigel, demonstrating
that the basement membrane plays a crucial role for
the 3D organization of MECs and for the generation of
stable and functional hollow-lumen acinar structures''.
3D culture of MECs using Matrigel allows the cells to
aggregate, remodel the ECM and self-organize into
alayer of polarized cells — often with a hollow lumen —
through the establishment of epithelial junctions and
polarity. This approach enabled the first in vitro dif-
ferentiated functional alveolar organoid, paving the

www.nature.com/natrevmats
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Box 2 | Key aspects of biomaterials for cancer biology

Biomaterial
A natural or synthetic substance that is compatible with biological systems. It can be
engineered for research, diagnostic or therapeutic purposes.

Hydrogel

A polymer gel in which natural or synthetic hydrophilic polymers can be physically or
chemically crosslinked to produce a hydrogel that contains different volume fractions
of water. The physical and chemical properties of hydrogels can be modulated, for
example, by altering the crosslink density or bulk polymer concentration to increase
stiffness or by adding peptides or degradation enzymes.

Stiffness

The resistance of a material to deflection or deformation in response to an applied
force. Stiffness is a term synonymously used in the biological literature for Young’s
modulus or elasticity. The stiffness of tumour tissue is higher than that of healthy
stromal tissue, leading to alterations of mechanosignalling pathways in cancer cells.
Therefore, it is important to model the correct stiffness of tumour tissue in vitro to
recreate relevant biomaterial-based cancer models. The stiffness of tissue culture
plastic (GPa) is orders of magnitude higher than that of human tissues (kPa), and the
stiffness of tumours and of their adjacent stroma is usually an order of magnitude
higher than that of healthy tissues; for example, the stiffness of mammary tumours
is ~5 kPa, and the stiffness of adjacent stroma is ~0.1 kPa (REF’).

Topography

A parameter that corresponds to the shape and features of the surface of materials.
The topography changes with the architecture of the extracellular matrix (ECM).

For example, hydrogels and fibrillar matrices have generally smooth and rough
topographies, respectively. Increasing collagen deposition increases migration and
invasion of tumour cells up to the point at which pore size becomes the limiting factor.

Porosity

Porous or empty spaces within a material are formed as a result of polymer crosslinking.

In hydrogels and fibrillar matrices, pores are filled with fluid, and tumour cells can
migrate through them to invade the material. The minimum size limitation for cells to
pass through pores is <5 pm? (REF.”*); however, cancer cells can release matrix-cleaving
enzymes to degrade the ECM and make room to migrate, which can be recreated in
biomaterials using enzyme-degradable peptides as crosslinkers.

way for morphogenesis and developmental studies
in vitro using biomaterials. These recombinant base-
ment membrane-derived systems have also been used
to assess differences in gene expression profiles between
cell lines'”. The use of Matrigel in combination with
collagen further enabled the identification of cellular
differences between normal and malignant cells in 3D"".

The seed and soil hypothesis of metastasis

Originally, biomaterials were mainly used to under-
stand how the adjacent tumour ECM regulates tum-
origenesis. An equally important aspect — albeit less
well studied — is the cellular and ECM composition of
the microenvironment at distant sites of metastasis. The
distant microenvironment was described by Stephen
Paget as the ‘soil’ in his ‘seed and soil hypothesis™*. On
the basis of the analysis of the data of a large cohort of
patients with breast cancer, he hypothesized that the
microenvironment plays a crucial role in regulating
the seeding and growing of secondary tumours. Similar
to disease progression-associated changes of the tumour
ECM, Paget suggested that unique features of the soil
can cause cancer cells to metastasize to specific locations.
Stromal and immune cells are also part of the soil, migrat-
ing to distal sites prior to the arrival of tumour seeds'.
Extracted stromal ECM components can further pro-
mote or prevent tumour progression'®', demonstrating
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that the ECM plays a role in seed implantation and can
remodel tumour stroma'®. Both in the tumour microen-
vironment and at distant sites of metastasis, a complex
network of ECM proteins contributes to tumour progres-
sion and impacts cancer cell behaviour. Natural biomate-
rials can be applied to recreate these microenvironments,
incorporating different stromal and ECM features to
improve in vitro disease models and to develop new
generations of therapeutics and diagnostics. However,
there is a veritable balance between preserving the native
ECM structure and composition to precisely resemble
the in vivo architecture and the removal of cellular and
antigenic material, such as nucleic acids, membrane
lipids and cytosolic proteins, to be able to reproducibly
use these biomaterials in vitro. These caveats have led
to the development of new natural matrices as well as
synthetic hydrogels that are more reductionist than these
initially used natural biomaterials.

Engineering the tumour microenvironment
Natural biomaterials
Mimicking the microenvironment of tumours requires
the use of 3D rather than 2D architectures to enable mor-
phogenesis. Collagen gels were first used as 3D scaffolds
to demonstrate how normal murine MECs form lumens
in 3D as opposed to monolayers on 2D substrates’,
empbhasizing the importance of 3D materials to recreate
in vivo cell morphologies in vitro. The first ECM-specific
behaviour observed using 3D biomaterials was cancer
cell dissemination from tumour cell aggregates. In colla-
gen gels, mammary carcinoma cells migrate as single cells
with larger protrusions and higher local dissemination
than cells embedded in Matrigel, in which cells migrate
in a collective pattern'. These data indicate that protein
composition of the matrix is an important property of
neoplastic cell invasion. Unlike invasive carcinomas,
malignant cells establish a vasculogenic network when
embedded in collagen matrices with small pores and
short fibres; tumours that feature such a tumour-adjacent
matrix are correlated with poor prognosis. Such a short
fibre-based network is not established if cells are exposed
to increasing amounts of recombinant basement mem-
brane”, and thus the vasculogenic network is not formed.
This effect can be titrated, and increasing collagen
concentration restores vascular network formation”'.
Natural matrices containing collagen and/or recom-
binant basement membrane can be crosslinked or fab-
ricated at different concentrations to modulate their
stiffness and thus enable the assessment of the influence
of stiffness in concert with specific genetic alterations.
For example, MECs respond to increasing collagen
matrix stiffness, which is achieved through adding colla-
gen proteins, by breaking the acinar structure and invad-
ing into the ECM. If the genome of the MECs contains
specific cancer-driving oncogenes, for example, receptor
tyrosine-protein kinase ERBB2 (REF.”), they display an
even more aggressive phenotype when interacting with
a stiff matrix. MicroRNAs also play a role in regulating
the expression of genes that favour tumour progression
and are implicated in the increased stiffness sensitivity
of MECs”. In addition to stiffness, ECM porosity further
plays a central role in cancer cell migration and tumour
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growth. Small pore sizes reduce the migration speed
of cells in natural ECMs, such as collagen, by acting as
barriers for nuclei deformation. A similar behaviour has
been observed using synthetic materials”. However,
in contrast to synthetic materials, cells can use matrix
metalloproteinases (MMPs) to degrade natural ECM
and increase the pore size to migrate through dense
collagen gels*’. Beyond a specific pore size threshold,
myosin-mediated traction forces can propel the nucleus
forward and allow migration through a dense ECM**.
These data indicate that ECM fibre assembly, porosity
and composition affect ECM architecture and material
properties and, consequently, cancer cell migration and
dissemination. However, in a natural matrix, the bio-
chemical and biophysical parameters of the ECM cannot
be decoupled; that is, individual matrix properties can
only be varied relative to each other. This makes it chal-
lenging to accurately predict the impact of individual
effects of natural ECMs on cell migration”**. For exam-
ple, altering ECM stiffness by adding more matrix pro-
tein also affects the adhesive properties of the matrix®.
Moreover, batch-to-batch variations can influence the
reproducibility of experiments; even in commercial
products, such as Matrigel, variation in matrix protein
composition, for example, fibronectin, can drive differ-
ences in cell behaviour®. Therefore, although natural
ECM mimics the microenvironment of native tissue
very well, coupled variation of ECM parameters and
inconsistent composition are valid concerns.

Given these issues, a clear consensus on the relation-
ship of migration and ECM parameters has not yet been
achieved. For example, the concentration of specific ECM
components has been shown to have either biphasic™ or
direct™ effects on cancer cell migration. Cell contractility
is also required for migration along a matrix, but how
specific ECM properties guide cell contractility is still
under debate. In collagen matrices, the forces generated
by mammary carcinoma cells are independent of collagen
concentration and matrix stiffness*. However, invasive
cancer cells, which transition to a more mesenchymal
phenotype with a spindle-like morphology, exhibit
more processive or directed migration, making them more
invasive with increasing collagen concentration™.

These (sometimes controversial) observations have
also been made using pristine natural matrices made
from recombinant or animal-derived proteins. A bet-
ter suitable ECM model is matrix exposed to clinically
relevant doses of radiation. Irradiated matrices exhibit
altered structures that substantially reduce metastatic
cancer cell adhesion, spreading and migration®. In addi-
tion to the interest in using more relevant and reduction-
ist materials, there is an equal interest in moving from
common cell lines to their primary human tumour cell
counterparts owing to their different and potentially
more relevant behaviours. Together, this has created the
push to move to mainly synthetic material systems.

Synthetic biomaterials

Natural materials have been key for initial investigations
of ECM and cancer, but owing to their above-mentioned
disadvantages, synthetic materials are increasingly used
to mimic tumour ECM (FIG. 1). Synthetic materials

have the advantage that parameters can be decoupled®;
tuning one parameter, such as substrate stiffness, does
not affect other parameters, such as fibre architecture
or pore size” (BOX 2). They can also serve as a platform
for cell adhesion by providing different ECM pro-
teins or peptides, such as arginine-glycine-aspartic
acid (RGD), glycine-phenylalanine-hydroxyproline—
glycine-glutamate-arginine (GFOGER) or isoleucine-
lysine-valine-alanine-valine (IKVAV), to understand
how specific ECM components regulate tumorigenesis
(FIG. 1a). For example, polyethylene glycol chains dec-
orated with peptides of laminin 1 and type I collagen,
but not of fibronectin, support invasive behaviours of
metastatic prostate cancer cells, which is not observed
for non-metastatic cancer cell lines*. Therefore, such
systems can be potentially used to separate neoplastic
cells from a mixed cell population. Synthetic materials
can be easily functionalized with not only adhesive lig-
ands but also a variety of other signalling proteins and
peptides; for example, materials can be crosslinked with
protease-degradable linkers, thus allowing the cells to
control local matrix properties in a similar way as in
natural matrices’”’. However, synthetic materials ena-
ble variation and individual control of ECM proper-
ties, although the combination of specific properties
or proteins does not necessarily result in a linear cell
response’*’. For example, cancer cells show different
sensitivity to combinations of matrix proteins than to the
individual proteins*' and can be more or less responsive
to specific matrix properties if they adhere to more or
less permissive matrix proteins™.

Modulating matrix stiffness. A breast tumour mass is
routinely identified by manual palpation; the patient
or doctor identifies a stiff lump relative to the compli-
ant surrounding tissue. In epithelial tumours, a direct
correlation between stiffness and metastatic potential
has been reported®>**=**; however, this correlation has
not been observed in all animal models*. To tune stiff-
ness in natural ECMs, matrix concentration is increased,
which also affects porosity and ligand density’. By con-
trast, in synthetic materials, changing crosslink density
or bulk polymer concentration allows for the variation
of stiffness by several orders of magnitude without mod-
ifying adhesion ligand density" (FIG. 1b). Most epithelial
tumour models use a combination of naturally derived
or natural and synthetic matrices in 3D***’. These
approaches using materials with increasing stiffness have
been applied to study the mechano sensitivity of mam-
mary epithelia during their transition to a mesenchy-
mal phenotype, that is, the epithelial-to-mesenchymal
transition (EMT). A stiff matrix triggers focal adhesion
assembly through stress-induced elastic deformation,
which in combination with cell contractility activates
extracellular signal-regulated kinase (ERK) and the RHO
family of GTPases, driving MECs towards EMT” (FIC. 2).
Increasing matrix stiffness also triggers the release of
the EMT transcription factor Twist family bHLH tran-
scription factor 1 (TWIST1) from its cytoplasmic bind-
ing partner RAS GTPase-activating protein-binding
protein 2 (G3BP2), its translocation to the nucleus
and initiation of an EMT transcription programme®.
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Fig. 1| Modelling the tumour microenvironment. The tumour microenvironment constitutes the niche that surrounds
atumour, including extracellular matrix (ECM), cells and signalling molecules. The niche is characterized by specific
dynamic ECM properties. a | The composition of the ECM can vary in terms of both ligand type and ligand presentation.
3D hydrogels made of ECM proteins or 2D materials can be used to recreate a specific ECM composition. The ligand type*
and concentration’ affect cell behaviour and can induce an epithelial-to-mesenchymal transition (EMT). b | Stiffness, that is,
the Young’s modulus, can also impact EMT**°. The Young'’s modulus (E) of a material can be modified by changing chain
entanglements (line a) or crosslinking (line b). The stiffness is measured as the force per cross-sectional area of the material.
c | Topographical features of the niche can be recreated by spinning polymers into fibres and depositing them as a thin
layer on a surface, to which a cell can adhere. Alternatively, a material can be etched to create specific nanotopographical
or microtopographical features, such as pits. Such topographies can be used to induce cell transformations*** or

to capture cancer cells*”***°. d | The pore size and pore connectivity of the tumour microenvironment can be modelled

by modulating bulk polymer density or droplet size in emulsions. Non-malignant cells are highly sensitive to pore size®***;
materials with small pores can inhibit migration and proliferation, and large pores are felt by the cells as 2D surfaces.

CAF, cancer-associated fibroblast.

Additional evidence suggests that hydrogel stiffness
regulates not only malignant transformation but also
dissemination and migration of invading cancer cells™.
Metastatic cells have tumour-specific stiffness pref-
erences; at an optimal stiffness, corresponding to the
stiffness of a specific tumour type, they express markers
consistent with highly migratory cells and migrate faster
than at sub-optimal stiffness’'.

Synthetic materials can also be designed as dynamic
systems, in which crosslinking can be gradually™>*
changed or modified on demand*>****, thus better
mimicking slow disease progression. Collective cancer
cell behaviours can be substantially different in materi-
als that stiffen following polarization than in materials
with static stiffness*. Controlled degradation® can also
provide a strategy to examine cell behaviour in response
to an environment that becomes increasingly softer
and to identify mechanotransduction pathways that can
slow tumorigenesis. Therefore, matrix stiffness and the
timing of its presentation are important ECM properties
that influence neoplastic cell behaviour.

Fibre architecture, topography and porosity. The archi-
tecture and topography of ECM fibres also affect the
behaviour of neoplastic cells. Cancer cells can sense
whether the surface is atomically flat or has a rough-
ened topography (FIG. 1¢), which can induce invasion and

metastasis. For example, fibrillar matrix structures can
be synthetically recreated using electrospun fibres, such
as silk, to support 3D cell migration of both malignant
and non-malignant cell lines***. Alternatively, poly-
dimethylsiloxane (PDMS) is a commonly used polymer
for topographical studies. Using patterned PDMS
substrates, it has been shown that neoplastic cells are
less sensitive to geometrical cues than non-malignant
cells*>*'. On micrografted surfaces, MECs enter a
dormant state, whereas their neoplastic counterparts
continue to proliferate through a RHO-RHO-associated
protein kinase (ROCK)-myosin-dependent pathway*.
This principle also extends to other roughened surfaces,
on which malignant cells appear less sensitive and con-
tinue to grow and migrate independent of roughness**.

Similarly, ECM porosity, which dictates cell spread-
ing, can differentially affect non-malignant and meta-
static cells (FIG. 1d). For example, metastatic cells can
migrate through PDMS channels that are smaller than
the diameter of their nuclei by breaking and reforming
their nuclear envelope”. 3D material systems contain-
ing collagen and agarose can be used to independently
modulate stiffness, porosity and ligand density. If the
porosity of the material is decreased independent of
other properties, glioblastoma cell migration is steri-
cally hindered®. Conversely, non-malignant cells sense
porosity together with other properties, such as stiffness;
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Fig. 2 | Matrix stiffness regulates the epithelial-to-mesenchymal transition. Phase
contrast and fluorescent images of mammary epithelial cell colonies on polyacrylamide
hydrogels of indicated stiffness (150-5,000 Pa) with Matrigel overlay are shown.
Microscopy images show colony morphology after 20 days. The fluorescent images show
B-catenin (green) before and after (inset) triton extraction, B4 integrin (red), epithelial
cadherin (E-cadherin) (red; inset) and nuclei (blue). In the bottom images, actin (green),
laminin 5 (basement membrane; red) and nuclei (blue) are shown. DAPI, 4',6-diamidi-
no-2-phenylindole. Figure is reproduced with permission from REF’, Elsevier.

for example, in channels of decreasing width, the migra-
tion speed of non-malignant cells increases with stiffer
channel walls*. These data suggest complex and often
coupled interactions and therefore do not yet allow an
overarching conclusion or propose the ideal material
for modelling the tumour microenvironment. However,
individual ECM properties have already been identified
that can be modulated using biomaterials to study their
effects on cancer cells (TABLE 1).

Model requirements beyond materials
Tumours are often described as organs that contain
different cell types, including CAFs®, endothelial cells,
pericytes and immune inflammatory cells®. The vast
majority of biomaterial-based models are incomplete
because they do not incorporate these important cell
types that modify the microenvironment. Cancer
cells secrete soluble factors that activate CAFs, leading
to a change in CAF protein expression and an increase
in MMP secretion and CAF contractility’~*°. CAF-
generated forces promote angiogenesis’ and generate
holes in the matrix to facilitate cell invasion®. CAFs can
also directly bind to cancer cells through heterotypic
epithelial cadherin (E-cadherin; also known as CDH1)
and neural cadherin (N-cadherin; also known as CDH2)
junctions and pull cancer cells away from the tumour™.
CAF contractility further promotes the nuclear trans-
location of Yes-associated protein YAP65 homologue
(YAP1), which in turn results in matrix stiffening, angi-
ogenesis and cancer cell invasion. This positive feed-
back loop drives tumour progression’’. However, most
current biomaterial approaches to the niche lack these
important interactions and signalling events.
Metastasis of cancer cells further depends on the
ability of cancer cells to migrate through the stroma,
intravasate blood vessels, survive in the circulation and
extravasate into new matrix to colonize distant tissues

(BOX 1). Although no hydrogel system to date mimics all
these stages, materials-based microphysiological systems
have been explored to mimic specific steps in this pro-
cess, such as extravasation, in which cancer cells pass
through the endothelium; for example, microphysiolog-
ical systems can be fabricated using PDMS to engineer a
perfusable microvascular network with hydrogel regions
and media channels. Such systems are thin and com-
posed of neo-vessels, allowing imaging analysis to study
transendothelial migration”. By applying this in vitro
approach, it has been shown that tumour necrosis factor
(TNF)-a increases endothelial cell permeability, facili-
tates tumour cell intravasation’* and modulates extrava-
sation’>’*. Microphysiological systems can also be used
to investigate metastasis of certain cancer cells to specific
secondary sites. For example, a microenvironment con-
taining osteoblasts can be used to elucidate why breast
cancer cells preferentially metastasize to bone. A higher
number of breast cancer cells extravasate into the bone
cell-conditioned microenvironment than into a collagen
matrix, suggesting that bone-secreted chemokines such
as CXC-chemokine ligand 5 (CXCLS5) play a role in the
chemotactic migration of breast cancer cells”’. These
systems enable the investigation of the contribution of
specific families of cell-secreted cytokines to cancer cell
metastasis, which is difficult to dissect in animal models.
Further development of microfluidic devices and incor-
poration of various materials will make in vitro models
increasingly relevant for cancer biologists as reductionist
systems to recreate more steps of the metastatic process
within one system.

Capturing cells in blood and stroma

Biomaterials can be applied for diagnostic and prog-
nostic screening of cancer in vivo and ex vivo (FIC. 3).
The current standard of care primarily consists of reg-
ular screenings, such as mammograms for breast can-
cer, flexible sigmoidoscopy or faecal occult blood test
for colorectal cancer’ and computed tomography and
chest radiography scans for lung cancer’””. However, by
the time the disease is observable, the tumour has often
already metastasized. To detect tumours in patients ear-
lier and more accurately, biopsy samples can be taken
and genetically tested for prognostic markers, for exam-
ple, breast cancer markers breast cancer type 1 suscep-
tibility protein (BRCA1) and ERBB2 by using mRNA
microarrays®. Such assays have dramatically reduced
cancer occurrence; however, they do not directly detect
disease-causing cells.

Biomaterial-based technologies have primarily
focused on capturing circulating tumour cells (CTCs).
CTCs are a small fraction of cells that disseminate from
primary tumours and are thought to be responsible for
the haematogenic spread of cancer to distant sites®"*.
Increased CTC levels in the blood are correlated with
negative prognosis. Therefore, CTC isolation and quan-
tification are essential for the early detection of metas-
tasis and subsequent treatment®. However, CTCs are
difficult to isolate with high efficiency and purity* and
thus their unique molecular signatures remain elusive®.
The most commonly used CTC isolation method relies
on increased epithelial cell adhesion molecule (EPCAM)
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Table 1| Biomaterials for modelling the tumour microenvironment

Biomaterial Model
Synthetic material

Polydimethylsiloxane 2D micropatterns

(PDMS)
Microchannels and
microfluidics
Polyethylene glycol 3D culture
diacrylate (PEGDA)
Polyethylene glycol 3D culture
(PEG)
Poly(lactide-co- 3D culture
glycolide) acid
(PLGA)

Implantable material

Poly(e-caprolactone) Implantable material

(PCL)

Polyacrylamide Substrate gradients

Used with Matrigel
overlay for 3D
culture

Elastic 2D substrate

Synthetic—natural hybrid materials

Polyethylene 3D culture

glycol-heparin

Methacrylated 3D culture

hyaluronic acid

(MeHA)

Natural materials

Matrigel 3D culture

Alginate 3D culture

Type | collagen 3D culture
Matrigel-
impregnated
Agarose-
impregnated

EMT, epithelial-to-mesenchymal transition.

Advantages

Flexible substrate with patterns promoting cancer
cell alignment

* Directed cell migration in channels

¢ Cell confinement

¢ Confined fluid flow for controlled application of
shear stress to cells

* Wide stiffness range

* Direct conjugation of many types of adhesive
ligands

* Can be used to identify tumour-specific stiffness

* Wide stiffness range

* Direct conjugation of many types of adhesive
ligands or degradable linkers

¢ Inert and biocompatible

* Porous scaffold
* Biocompatible
¢ Biodegradable

Recruitment and capture of metastatic cells

Recruitment and capture of metastatic and
immune cells

* Sequential polymerization to create spatial
patterns

¢ Indication of metastatic cell ‘memory’

* Small well polymerization for high-throughput
drug screens

* Wide stiffness range
* Conjugation of individual or multiple ligands
resulting in nonlinear cell responses

Measurement of traction forces in cancer cells

* Direct conjugation of adhesive ligands
* Enzymatically degradable

¢ Direct conjugation of adhesive ligands

* Enzymatically degradable

» Temporal gradients through sequential
crosslinking

o Established fibrillar model system

* Temperature-based polymerization
¢ Easy encapsulation methods

* Growth factor-reduced version

* 3D organization of acinar structures

* Stiffness can be modulated independently of
architecture

* Time-dependent stiffening with calcium
crosslinking

 Enables mammary epithelial cells to polarize
before EMT

e Fibrillar

* Adhesion of multiple cell types

¢ Facilitates cell invasion

* Shows same radiation damage as tumours

Migration is biphasic and directly dependent on
concentration

* Stiffness can be modulated independently of
ligand density
* Restricted invasion of glioma cells

Disadvantages

Uncertain viscoelastic mechanics and
protein attachment

e Curing ratios often create materials
that are less flexible
e Static substrate

Backbone is not degradable

Methyl side groups increase
hydrophobicity

Degradation prior to cell capture

Degradation prior to cell capture

Substrate stiffness does not change
with time

* Cytotoxic prior to polymerization,
preventing cell encapsulation
e Difficult to measure forces in 3D

¢ Cytotoxic prior to polymerization,
preventing cell encapsulation
* Difficult to measure forces in 3D

Limited degradation control

¢ Radical polymerization limits in vivo
application

e Can induce DNA damage

* Modifications can reduce bioactivity

* Batch-to-batch variation

e Difficult to independently modulate
parameters

* Tumour-derived (inductive
composition)

* Temperature sensitive

Calcium-dependent covalent bonds

¢ Transglutaminases and oxidases
can crosslink with limited range
Harsh organics are more common
crosslinkers with a wider range

e Limited stiffness range of ~1-1,000 Pa

* Pore size changes with Matrigel
concentration
e Limited ligand presentation

Pore size changes with agarose
concentration
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Fig. 3 | Next-generation material-based cancer technologies. The specific
interactions between cancer cells and the tumour stroma can be exploited for the
detection of cancer cells. a | Magnetic resonance imaging (MRI) or positron emission
tomography (PET) contrast agents can be conjugated with extracellular matrix
(ECM)-affinity peptides to create specific probes to target the dense ECM of the tumour
stroma for the detection of mature tumours in vivo. b | Implantable scaffolds can be used
to recreate a pre-metastatic niche at the implant site, recruiting cells for capture and
therapy and at the same time lowering the tumour burden in typical secondary
metastasis sites. ¢,d | Confinement assays or adhesion assays can be applied to test cells
obtained from tumour biopsy samples for their aggressiveness by measuring cellular
deformation or adhesion to specific ECM molecules. Omega (w) is the angular velocity
that defines the shear stress applied to cells. e | Circulating tumour cells (CTCs) can be
isolated from patient blood samples using nanotopography assays that take advantage
of the affinity of CTCs for nano-roughed substrates.

expression on the surface of CTCs", which is used by
the US Food and Drug Administration (FDA)-approved
CellSearch System. However, this system requires a very
large sample volume, has low sensitivity and is time
consuming®.

Ex vivo detection using nanotopographies
CTC capture efficiency can be improved by increas-
ing the local concentration of capture substrate or by
coupling the substrate with surface-functionalizing
molecules, such as antibodies or aptamers. For exam-
ple, microfluidic chip assays composed of PDMS
microposts with a surface coating of anti-EPCAM
antibody can concentrate CTCs in smaller sample vol-
umes”’ than systems without antibody coating. Silicon
nanopillars further improve CTC capture by clustering
antibodies through binding to streptavidin or gold™.
Aptamer-functionalized gold nanopillar arrays show
efficient cell release through cleavage of the sulfur-gold
bonds between the aptamers and the gold nanopillars™.
CTC purification and capture can also be achieved
using artificial nanoscale topographies, mimicking struc-
tural features and dimensions of ECM*'. Cancer cells
preferentially adhere to nanostructured rough substrates
compared with smooth substrates, even in the absence of
surface functionalization with antibodies®. For example,

fractal nanostructures have an uneven topography and a
crystalline structure, which increase cancer cell binding
to the surface®*. Fractal nanostructures can be gener-
ated from synthetic materials, such as TiO,, with inverse
opal photonic crystals to mimic cellular components or
natural materials, such as hydroxyapatite nanostructures
of seashells*>””. Alternatively, rough nanoscale substrates
can be fabricated with an anti-EPCAM antibody-coated,
mesh-like silicon nanowire substrate and overlaid with a
PDMS-based chaotic mixer®**. These systems show
a >95% capture efficiency of EPCAM-positive MCF7
breast cancer cells, which is more than 20-fold higher
than EPCAM antibody-coated smooth substrates™'.
The addition of electrospun thermoresponsive nano-
fibres enables an even higher capture efficiency and
allows on-demand release and single-CTC analysis, for
example, for next-generation sequencing®. Cell release
can also be achieved by using degradable zinc-phosphate
nanosubstrates™.

Nanostructured surfaces enable high capture effi-
ciency but cannot provide high cell purity owing to
nonspecific cell adhesion. Dual-functional lipid coat-
ing can be applied to improve the capture specificity of
nanopillars owing to the higher concentration of anti-
body on the surface and inhibition of nonspecific cell
adhesion”. Poly(carboxybetaine methacrylate) brushes
also decrease nonspecific cell adhesion, and the active
carboxyl groups capture CTC-specific biomolecules™.
These nanostructure-based methods enable ex vivo
detection of CTCs, demonstrating how specific ECM
properties, such as topography, can be exploited to
increase capture efficiency and provide a strategy for pro-
active disease monitoring. It has been suggested that CTC
detection probability scales with patient mortality” and,
thus, technologies for the continuous detection of CTCs
could provide a strategy to detect cancer cell metastasis
early enough to substantially increase patient survival.

Invivo cell detection using implantable materials
Biomaterials can also be implanted to monitor tumour
progression in vivo’". According to Paget’s seed and
soil hypothesis, secondary metastases do not occur
randomly'’. Specific microenvironments are primed
for tumour cell colonization through the presence of
tumour-supportive fibroblasts, endothelial progenitor
cells,immune cell-secreted factors and ECM-remodelling
events” 7. Current imaging techniques are limi-
ted in their ability to detect micrometastases that
form at distal sites”~"’, which reduces their prognos-
tic capabilities and offers an area of opportunity for
biomaterial-based solutions.

For example, microporous scaffolds such as
poly(lactide-co-glycolide) acid (PLGA) can be implanted
to recruit and capture metastasized cells. Breast cancer
cells that have metastasized to the brain can be injected
into the fat pads of mice and entrapped in an implanted
PLGA scaffold. Mice with scaffolds implanted to cap-
ture circulating cells develop fewer lung tumours” than
animals without any implanted material, indicating that
the scaffolds reduce secondary metastases formation.
Poly(e-caprolactone) (PCL) has similar physical proper-
ties to PLGA but degrades more slowly”. PCL scaffolds
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can also be used to recruit tumour and immune cells,
which are implicated in establishing a pre-metastatic
niche, and to decrease the number of detectable tumour
cells in common secondary sites”’~'’. Additional modi-
fications, such as graphene oxide (GO) functionalization,
can further increase cancer cell adhesion compared with
non-functionalized scaffolds'”’. GO addition to the scaf-
fold can also enable photothermal ablation of cancer cells
within the scaffold owing to the near-infrared absorbance
of GO'""'%?, demonstrating how implantable scaffolds can
be used for both cancer cell capture and therapy. Besides
chemical modifications, scaffolds can also be coated with
ECM proteins, including fibronectin and type IV colla-
gen, to improve scaffold capture efficiency. Each tumour
type is characterized by specific ECM combinations and
thus scaffolds can be coated with a tumour-specific ECM
that supports metastases*' to improve cancer cell recruit-
ment. For example, coating with decellularized lung or
liver matrix of metastatic tumours substantially increases
capture efficiency”.

Matrix is not the only niche component that can
be used to improve cell capture. Cancer cell-secreted
exosomes or haptoglobin can also be incorporated into
synthetic scaffolds to create a bioengineered niche that
captures metastatic cells more effectively than tissues to
which cells commonly metastasize and increases survival
in animals implanted with these scaffolds'*>'**. Natural
materials such as silk can also be functionalized with
proteins, such as bone morphogenetic protein 2 (BMP2),
to mimic a bone marrow microenvironment. This mate-
rial can serve as a surrogate for a pre-metastatic niche
and recruit metastasizing cancer cells that would nor-
mally home to bone marrow'”. In particular, BMP2
increases the adhesion of metastatic prostate and breast
cancer cell lines to the scaffold'*>'*. Such scaffolds can
be implanted to capture tumour cells, reduce the tumour
burden on standard metastatic organs and prevent the
local remodelling of tissue into a pre-metastatic niche,
making them potent therapeutic tools to detect, capture
and ablate metastasized cancer cells. However, these
scaffolds do not have an inherent proclivity to capture
specific cell types.

Ex vivo cell detection using physical properties

Cells migrate through the stromal ECM through con-
fined pores, which can be smaller than the nucleus of
the cell. To achieve this, cells can either degrade adja-
cent matrix using MMPs* or physically deform it'”".
Increased MMP expression and decreased nuclear
size'"!% are associated with aggressive cancers and
thus cell deformability is emerging as a marker for the
invasive potential of cancer cells'’. Assays for the inves-
tigation of cellular deformability exploit the variable
pore size in the ECM to shed light on the relationship
between the degree of deformation and the correspond-
ing invasive and metastatic potential. The most common
strategy is to micro-fabricate channels — for example,
in PDMS — with defined geometries and track cellular
movement. Cells with low expression of nuclear lam-
ina proteins, which contribute to nuclear stiffness, pass
more quickly through narrow regions'”” than cells with
high lamin A and/or lamin C expression and stiff nuclei.
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Specific deformation tolerances can be assessed using
funnel-shaped constrictions in series''! or in parallel to
analyse cell transition effects''”. Metastatic cells modu-
late their morphology, as they are forced into confined
spaces more than their non-metastatic counterparts,
resulting in faster and larger deformation events''.
Highly metastatic cells can even rupture and reassem-
ble their nuclear envelops when they encounter transit
constrictions™. Intravasation constitutes one of the most
restrictive parts of the journey of a metastasizing cell.
Microfluidic devices with cell and nutrient chambers
separated by microchannels of varying width can be
used to determine the minimum gap that cancer cells
can migrate through in confined environments. Such a
device has been applied to demonstrate that the nucleus
is a crucial limiting factor for a cell to be able to traverse
confined environments'".

Constrictive devices rely on cell-generated forces;
alternatively, external hydrodynamic forces can be
applied to deform cells. Opposing flows, that is, hydro-
dynamic stretching, can uniformly deform cells, and the
degree of deformation can be controlled by simply chang-
ing the flow rate'"* or through pinched-flow stretching in
a single inlet'"”. The latter design forces cells to flow
in the centre of the channel, siphons fluid on the sides of
the channel away from the cells and then compresses the
cells when the fluid is added back to the channel' . These
assays can be applied to analyse cell deformability of sin-
gle cells or populations of cells using pressure-driven
microfiltration systems. Using these systems, it has been
observed that induction of EMT or drug resistance leads
to an increase in cell deformability''®. Such microfiltra-
tion devices enable high-throughput assessment of transit
time and deformability'"” to investigate a population of
cells from a tumour. These assays, applying forces either
internally or externally, measure internal features of
the cytoskeleton that are found in metastatic but not in
non-metastatic cells. Therefore, microchannel assays can
be useful as diagnostic tools to assess the aggressiveness of
cells isolated from tumour biopsy samples and to observe
the effect of cancer therapies on cell deformability and
thus disease progression.

Adhesion properties and mechanisms provide
another physical metric to determine the metastatic
potential of cancer cells. Assays that apply negative pres-
sure to detach cells'", to assess binding efficiencies to
ECMs'"” or to analyse adhesion turnover'?” have demon-
strated that adhesion is modulated differentially in meta-
static cancer cells compared with in non-metastatic cells.
For example, metastatic cancer cells can move rapidly
through tissue through increased cation sensitivity that
leads to more rapid formation and disassembly of focal
adhesions than in their non-metastatic counterparts'”'.
Cell-matrix adhesions are directly modulated by mag-
nesium, manganese and calcium cations, which increase
integrin affinities for matrix proteins in proportion to
their concentration. The concentration of cations is ten-
fold lower in the stroma than in the tumour'*>'*. Thus,
once metastatic cells reach the stroma, only cells with
labile adhesions can migrate. Indeed, cancer cell adhe-
sion strength to fibronectin and type I collagen at low
cation conditions correlates with metastatic potential;
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within a highly metastatic cell population, the subset of
cells with high adhesion strength is less migratory and
invasive than malignant and non-cancerous epithelial
cells or strongly adherent metastatic cells'”'. Analysing
the weakly adherent cell fraction enables the determina-
tion of the metastatic potential of a tumour in situ. Each
of the above-discussed assays yields valuable information
about the metastatic potential of cancer cells, which could
make such devices useful diagnostic tools for prognostic
assessment and for determining a course of treatment.

Non-invasive surveillance of tumour-adjacent stroma
Interaction with the surrounding matrix is an impor-
tant regulator of cell dissemination, and various matrix
properties can act as markers to detect and/or cap-
ture highly invasive cells that are predisposed towards
tumour formation. Exploiting the similarities of tumour
microenvironments across different cancer types opens
up avenues for monitoring the presence and growth of
primary tumours. For example, overexpression of inte-
grins, common matrix signatures*' and overexpression
of specific MMPs can act as prognostic indicators of the
metastatic potential of tumours in patients with primary
breast tumours'*. Unlike most physical parameters of
the ECM, the composition of the tumour-adjacent
stroma can be non-invasively monitored, making it
an attractive property for the assessment of tumour
progression in patients.

In addition to biochemical surveillance, imaging
methods are also being explored using material-based
probes. For example, a combination of high-affinity fibrin
peptides and tracer molecules (that is, radioisotopes)
that are detectable by magnetic resonance imaging
(MRI) or single photon emission computed tomography
(SPECT) are being developed to assess increased fibrin
deposition in tumours'*>'**, Antigen-binding fragment
(Fab) probes can be combined with a radioisotope to
image fibrin clots in the tumour microenvironment'*’.
Such probes also demonstrate low retention times in
non-target tissue in vivo'’*'?, Fibronectin is also over-
expressed during EMT, making it a prime target for early
cancer detection probes'**'*-*!, Similar to MRI contrast
agents for fibrin, gadolinium-based MRI contrast agents
can be used to target fibronectin-fibrin complexes,
demonstrating robust detection of the primary tumour
and of >0.5 mm® micrometastases'”’. Most current strat-
egies target major ECM components; however, probes
that target more tumour-specific ECM elements, such as
periostin in oesophageal cancer'*, could improve detec-
tion specificity, decrease background signalling through
rapid clearance of non-bound contrast agents'** and
increase tissue penetration depth owing to their small
size. These approaches, which are still being developed,
enable us to image tumours with increasing spatial res-
olution, but they do not provide information about the
aggressiveness of tumours.

Perspectives and conclusion

Strategies to understand and detect tumours have greatly
improved our ability to recognize and assess specific
tumour pathways and cell behaviours that are indica-
tive of disease progression. As the field matures, cancer

diagnosis and treatment will most certainly involve more
materials-based approaches to address shortcomings in
our ability to model, detect and treat cancer. Despite the
development of a variety of dynamic, synthetic bioma-
terials applicable for the modelling and study of cancer,
Matrigel is still most commonly used by cancer biolo-
gists for 3D cell culture systems even though it is highly
variable, difficult to purify and derived from a mouse
tumour. Therefore, the field of material science must
continue to evolve and incorporate tuneable synthetic
materials to help understand the cell behaviours induced
by these increasingly complex materials.

As the biomaterials community, we also aim to clini-
cally translate lessons learned from in vitro models
to diagnostic assays. The substantial progress made
in our understanding of the tumour as a material and in
detecting and capturing cancer cells makes this an excit-
ing time for material-based cancer research. There are
great opportunities to improve our basic understand-
ing of cancer and also our detection and treatment
capabilities, for example, investigating tumour-stroma
interactions in reductionist matrix systems, developing
a complete tumour-in-a-dish model (including intrava-
sation and extravasation) and understanding how ani-
mal models reflect clinical outcomes. Improvement of
detection probes using biomaterials, whether invasive
or not, is also a growing research area, which is reflected
in the expanding body of literature. For example, during
tumour growth, collagen, fibrin and hyaluronan concen-
trations increase in the surrounding ECM, and the matrix
stiffens and is aligned by lysyl oxidases™'*>"* to facilitate
invasion'”*'*. Potential therapeutic avenues include the
use of proteases to degrade matrix proteins and decrease
stiffness to improve drug penetration. Conversely, hyalu-
ronidase, which degrades the extracellular glycosamino-
glycan hyaluronan, can be inhibited to limit tumour
growth and metastasis'**'*". Clinical trials of hyaluroni-
dase delivery have demonstrated its safety'*, and a phase
III study is currently being conducted (NCT02715804).
Finally, future improvements in treatment options using
biomaterials will ultimately impact clinical outcomes.
For example, altering ECM structure could improve
nanoparticle and drug delivery, resulting in more effec-
tive, deeper-penetrating therapies and improved patient
outcomes'*>"*~'*2 In addition to enzymatic strategies,
physical disruption of the matrix using high-intensity
ultrasound can be used to improve the penetration of nan-
oparticles into the tumour tissue without damaging sur-
rounding tissues'”. Thermal strategies with nanotubes'*’
or gold nanorods'* can also be applied to denature the
collagen matrix and increase tumour diffusivity.

Using biomaterials for the modelling, detection and
treatment of cancer is a promising strategy. Another
important contribution of material science in the
near future will be to help rectify the differences in
disease progression and treatment between humans,
animal models and patient-derived xenografts'®.
Biomaterial-based models are reductionist in nature;
thus, their application in vivo could improve the relia-
bility of animal models, making them more predictive of
patient outcomes'“’. Animal models are considered the
standard assay for tumour biology, and material-based
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in vivo strategies are required to understand the differ-
ences between humans and animal models. For example,
recombinant, chemically defined natural'*’ or synthetic*
biomaterials could be used that can actively modify tis-
sue properties’. Such materials have already enabled the
identification of cancer stem cells and mechanotrans-
duction mechanisms and have demonstrated how mate-

rial properties can drive tumorigenesis, making future

applications in vivo promising.
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4. CONSIDERAGOES FINAIS

A relacao das células tumorais com os diversos fatores do microambiente
tumoral leva a diferengas na expressdo génica e no fendtipo dessas células.
Como consequéncia, observa-se que as células tumorais apresentam diferencas
entre si, assim como a regiao do tumor influencia no fenétipo das células. Dentre
os fatores que influenciam o comportamento das células tumorais, foi observado
que a rigidez da matriz extracelular tem efeito sobre elas em relagédo a sua
expressdo génica e comportamento migratério. Neste sentido de estudar as
caracteristicas fisicas do microambiente tumoral, também foi visto que existe
uma gama de biomateriais disponiveis que estdo permitindo uma melhor
compreensao dos efeitos das caracteristicas fisicas do microambiente tumoral
sobre a progressao da doencga. Portanto, compreender estes efeitos é essencial
para buscar por opgdes inovadoras de diagndstico e tratamento do cancer.

A presente tese demonstrou que:

- Os estudos que realizam reagao da transcriptase reversa com
reacao em cadeia da polimerase em tempo real em carcinoma
espinocelular oral utilizam principalmente GAPDH e f-actina
como genes de referéncia;

- Existe variabilidade da expressdo génica, mesmo de genes de
referéncia, entre as linhagens de células o que demonstra a
importancia de verificar qual gene de referéncia € o mais estavel
dentro das condicdes experimentais;

- O perfil de expressao génica, observada via transcriptograma,
das regides do carcinoma espinocelular de cabega e pescogo
apresentam diferencas as quais também foram observadas entre
os tecidos sadios o que aponta para a variabilidade existente
dentre dos nossos organismos;

- A rigidez do microambiente tumoral é capaz de alterar a
expressao génica e determinar alteragbes no comportamento das

células tumorais;
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Presencga de estroma com colageno organizado em espécimes de
carcinoma espinocelular oral de pacientes esta correlacionado a
um pior prognaostico para os pacientes;

Diversos biomateriais estdo disponiveis para o estudo dos
aspectos fisicos do microambiente tumoral, sendo que cada um
possui vantagens e desvantagens;

A utilizagcdo de biomateriais para detecgcao de células tumorais,
avaliagao de progndstico e potenciais tratamentos vem crescendo

como campo de estudo.
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5. PERSPECTIVAS

Nas ultimas décadas, a capacidade de analise dos tumores passou de um ou
alguns genes por vez para sequenciamento de todo o genoma. A ampliagdo do
conhecimento sobre a iniciagao e progressao tumoral permite o levantamento de
novos questionamentos, novos modelos de estudo e novos conhecimentos. Com
o crescente numero de evidéncias sobre a variabilidade dos tumores e maior
acesso ao sequenciamento genético, sdo importantes as iniciativas em coletar e
analisar estes dados para permitir identificagcao de padrdes. A criagao de bancos
de dados com informagdes bioldgicas e clinicas, permitira com que o tratamento
do cancer possa fazer parte da Quarta Revolugao Industrial, ou Industria 4.0,
que vivenciamos em outras areas do conhecimento. Ou seja, a identificagao de
padrdes utilizando big data e machine learning nos dados dos tumores podem
levar a uma terapia individualizada para cada padrao. Contudo, devido a essa
grande variabilidade existente nos tumores, apenas com um grande numero de
informacdes € possivel criar estes padrées e, muito provavelmente, dentro de
um mesmo grupo de tumores, existem diversos padrées. Ainda assim, o
levantamento e analise destes dados podem trazer informacdes extremamente
relevantes em relagao ao diagndstico e prognéstico da doencga.

Outro ponto a ser observado é em relagdo ao avango de metodologias
laboratoriais capazes de mimetizar os microambiente tumorais. Neste sentido, o
uso de biomateriais e culturas tridimensionais de células estdo se tornando
ferramentais importantes para avaliar as células tumorais e do microambiente
tumoral bem como para desenvolver novas modalidades de tratamento. A
importancia de bons modelos para o desenvolvimento de novas terapias é
fundamental para reduzir o tempo e o custo deste desenvolvimento, assim
tornando as pesquisas in vitro cada vez mais reprodutiveis ao que acontece in
vivo. Dentro destes modelos de estudos utilizando biomateriais, € observada a
influéncia que a rigidez do ambiente exerce no fendtipo das células tumorais,
modulando inclusive sua expressao génica. Como € observado o endurecimento
dos tecidos tumorais e peritumorais em diversos tipos de neoplasias, esta € uma

caracteristica que também pode ser alvo de terapias que complementem o
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tratamento dos tumores. Além disso, a influéncia da rigidez dos tecidos pode ser
fundamental em outras patologias, como em doengas cardiovasculares.

Além de permitir estudos de mecanismos tumorais, o estudo dos biomateriais
vem crescendo recentemente pelo potencial de utilizagdo no diagnéstico,
avaliagcdo de progndstico e tratamento das doengas. Por exemplo, utilizar
biomateriais como ferramenta de avaliacdo das caracteristicas das células
tumorais para auxiliar na deciséo de tratamento e progndstico da doenga. Dessa
maneira, cada vez mais nos aproximamos de desenvolver terapias individuais,
seguindo a ideia de medicina personalizada, para melhorarmos o prognostico de
pacientes diagnosticados com cancer. Portanto, acredita-se que diversos
avancgos estao sendo feitos com o intuito de expandir o conhecimento, mas
concomitantemente com o objetivo de cruzar estas informagdes para qualificar

nosso conhecimento e poder alcancar a pratica clinica.
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