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Resumo

RESUMO

Introducdo: Quimioterdpicos antifolato, tais como Methotrexato (MTX) e 5-
Fluorouracil (5-FU) agem inibindo enzimas envolvidas na via do folato. Essas enzimas
sdo essenciais para a sintese de DNA e divisdo celular. A dose destes quimioterapicos
podem alterar niveis de expressdo de genes que codificam essas enzimas envolvidas na
via do folato e influenciar na resposta ao tratamento. Objetivos: Avaliar a relacdo entre
a expressdo do RNAm e de proteinas dos genes MTHFR, DHFR, TYMS and SLC19A1
envolvidos no metabolismo do folato em linhagens celulares de cancer oral e cancer de
laringe administradas com os quimioterapicos antifolato MTX e 5-FU em diferentes
concentracdes e em monoterapia. Materiais e métodos: Duas linhagens celulares HEP-
2 (cancer da laringe) e HN13 (cancer de cavidade oral) foram tratadas com 0,25, 25,0 e
75 mM de MTX e 10 ng / ml, 50 ng / ml e 100 ng / ml de 5 -FU, separadamente,
durante 24 horas a 37 °C. Técnicas de Citometria de Fluxo, PCR em tempo real e
Western blotting foram realizadas para analise do nivel de apoptose, quantificacdo do
RNAm e quantificacdo das proteinas dos genes, respectivamente. Para analise
estatistica foi utilizado o teste ANOVA com corre¢do de Bonferroni. P <0,05 foi
considerado significante. Resultados: O aumento da concentracdo do quimioterapico
MTX foi associado com expressdo aumentada dos genes MTHFR, DHFR, TYMS e
SLC19A1 na linhagem de cancer de laringe (p<0,05) e expressdao aumentada dos genes
DHFR e SLC19A1 na linhagem de cancer oral (p<0,05). A dose mais baixa de MTX foi
associada com expressdo diminuida do gene SLC19A1 em cancer de laringe (p<0,05).
O aumento da concentracdo do quimioterapico 5-FU foi associado com expressdo
aumentada do gene DHFR na linhagem de cancer de laringe (p<0,05) e expressdo

aumentada dos genes TYMS e DHFR na linhagem de cancer oral (p<0,05). A dose mais

i
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baixa de 5-FU foi associada com expressdo diminuida do gene SLC19A1. Concluséo:
Exposicdo a alta ou baixa dose dos quimioterapicos MTX e 5-FU, em monoterapia,

pode modular o nivel de expressédo de genes envolvidos no metabolismo do folato.

Palavras-chave: Neoplasias de Cabeca e Pescoco, Quimioterapia, Expressdo Génica,

acido félico, metabolismo.



Abstract

ABSTRACT

Introduction: Antifolate chemotherapies such as methotrexate (MTX) and 5-
fluorouracil (5-FU) act inhibiting enzymes involved in folate pathway. These enzymes
are important to DNA synthesis and cell growth. Chemotherapy dose may alter these
levels of expression of these genes encoding enzymes involved in folate pathway and to
influence in the response to treatment. Objectives: To evaluate relationship between
mRNA and protein expression levels expression of MTHFR, DHFR, TYMS and
SLC19A1 folate metabolic genes in laryngeal and oral cancer cell lines treated with
MTX and 5-FU antifolate chemotherapies, separately. Materials and methods: HEP-2
(laryngeal cancer) and HN13 (oral cancer) cell lines were treated with 0.25, 25.0, and 75
uM of MTX and 10 ng/ml, 50 ng/ml, and 100 ng/ml of 5-FU, separately, for 24
hours/37°C. Flow Cytometry, Real-time PCR and Western blotting techniques were
performed to analyzing the level of apoptosis, quantification of mMRNA and
quantification of proteins of genes, respectively. ANOVA and Bonferroni's post hoc
tests were utilized for statistical analysis. P<0.05 was considered significant. Results:
The higher concentration of MTX chemotherapeutic was associated with increased
expression of MTHFR, DHFR, TYMS and SLC19A1 genes in laryngeal cancer cell line
(p <0.05) and increased expression of DHFR and SLC19A1 genes in oral cancer cell line
(p <0.05). The lower dose was associated with decreased expression of SLC19A1 gene
laryngeal cancer (p <0.05). The higher concentration of 5-FU chemotherapy was
associated with increased expression of DHFR gene in laryngeal cancer cell line (p
<0.05) and increased expression of DHFR and TYMS genes in oral cancer cell line (p
<0.05). The lower dose of 5-FU was associated with decreased expression of SLC19A1

gene. Conclusion: Exposure to low and high-dose of chemotherapeutics in oral cancer

Xiv
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cell line can modulate the level of expression of genes involved in folate metabolism in

laryngeal and oral cancer cell line.

Key Words: Head and Neck Neoplasms, Drug Therapy, Gene Expression, folic acid,

metabolism.
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INTRODUCAO

O céancer de cabeca e pescoco (CCP) compreende um grupo heterogéneo de
tumores classificados por localizacdo: cavidade oral; faringe e laringe. Atualmente ele
ocupa a sexta posicdo na lista de neoplasias mais frequentes no mundo com uma
incidéncia global de 550 mil casos novos por ano. Destes, aproximadamente 300mil
correspondem ao cancer de cavidade oral e 157 mil correspondem ao cancer de laringe.
(1-4)

No Brasil, as estimativas do Instituto Nacional do cancer (INCA) apontam para 0s
anos de 2014 e 2015 uma incidéncia de 15.290 mil casos novos de cancer oral, sendo
11.280 em homens e 4.010 em mulheres. Em relacdo ao cancer de laringe, os dados
mostram incidéncia de 7.640 casos novos de cancer de laringe, sendo 6.870 em homens
e 770 em mulheres. Em homens, o cancer de cavidade oral apresenta-se 0 quinto tipo
mais incidente e o cancer de laringe ocupa a sétima posicdo. ©

O estabelecimento do planejamento terapéutico e do prognostico do CCP
baseiam-se principalmente em parametros clinicos, radioldgicos e histopatoldgicos, 0s
quais consistem no local do tumor primario e no sistema de estadiamento TNM, ou seja,
no tamanho do tumor, na presenca de metastase em linfonodos cervicais e de metastase
a distancia. As opcles de tratamento para esta doenca sdo cirurgia, radioterapia e
quimioterapia, que podem ser utilizados de forma isolada ou combinada, dependendo do
grau e do tipo tumoral. ¢

A quimioterapia consiste em um tratamento sistémico que utiliza medicamentos
chamados quimioterapicos que impedem a divisdo celular, levando a destruicdo das

células tumorais. Este tipo de tratamento pode ser classificado como
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curativo, o qual consiste na erradicagdo completa do tumor, paliativo que consiste no
alivio dos sintomas, adjuvante no qual ocorre erradicacdo de células residuais locais ou
circulantes de tratamento prévio e neoadjuvante que é utilizado para erradicacdo de
células tumorais antes da realizagdo da cirurgia. ©®
A quimioterapia pode envolver a administracdo de um anico quimioterapico
(monoterapia) ou pode ser feita através da administracdo de mais de um tipo de
quimioterapico combinados (Terapia combinada) em um regime pré-determinado de
tratamento. Ha diversos quimioterapicos com diferentes mecanismos de acdo que
podem ser utilizados no tratamento do cancer de cabeca e pescoco, tais como cisplatina,
cetuximab, docetaxel, gemcitabina, methotrexato (MTX) e 5-fluorouracil (5-FU). @*19
Os quimioterdpicos MTX e 5-FU sdo classificados como quimioterapicos
antimetabolitos (antifolato) que agem inibindo a sintese e conversao de derivados do
folato e, consequentemente, esse bloqueio cessa a divisdo celular neoplasica. As células
neoplésicas possuem receptores especificos de alta afinidade com folato, ancorados a
membrana apical de células epiteliais e por serem células de réapida replicacdo sdo
também extremamente dependentes de um abundante suprimento de folato, que é
responsavel por fornecer CH; para a sintese de nucleotideos e para as reacdes de
metilagdo do DNA. Portanto, o blogqueio de derivados do metabolismo do folato leva a
cessacao da divisdo celular neopléasica, que é altamente dependente do metabolismo do
folato para exercer a divisdo celular. @>*©
MTX age na fase S do ciclo celular inibindo a enzima dihidrofolato redutase

(DHFR), envolvida no metabolismo do folato. Esta enzima é responsavel por converter

o folato intracelular no composto tetrahidrofolato e consequentemente em 5,10
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metilenotetrahidrofolato (5,10MTHF), que sdo essenciais para a sintese de purinas e
pirimidinas. Essas reacdes que ocorrem no metabolismo do folato sdo fundamentais
para a divisdo e crescimento celular. "9 (Quadro 1)

5-FU também age na fase S do ciclo celular inibindo a enzima timidilato
sintase (TYMS), envolvida no metabolismo do folato. Essa enzima é responsavel por
catalisar a transformacdo de desoxiuridina (dUMP) para desoxitimidina (dTMP), que é
a principal reacdo para a sintese de pirimidinas. O quimioterapico 5-FU quando
administrado forma o complexo 5-fluorodeoxiuridilato (5-FAUMP + TYMS) na
presenca de 5,10 metilenotetrahidrofolato (5,10MTHF), este complexo suprime a
conversdo de uracila para timina, bloqueando assim a sintese de DNA e divisdo
celular (Quadro 1). AlteracGes em outras enzimas envolvidas no metabolismo do
folato também podem estar relacionadas com a resposta ao tratamento

quimioterapico.®?)

4 “SLC19A1

5-FAUMP + TYMS

Quadro 1. Atuacdo dos quimioterapicos Methotrexato e 5-Fluorouracil no

metabolismo do folato para bloqueio da divisdo celular.
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Apesar do tratamento com quimioterapicos antifolato apresentarem bons
resultados, esses agentes antineoplasicos podem aumentar a toxicidade aguda e efeitos
colaterais e tumores apresentando o mesmo estadiamento clinico podem apresentar
diferentes respostas em relagdo ao tratamento. %2229

Possiveis causas para toxicidade e resisténcia clinica aos quimioterapicos
antifolato podem estar associadas a diminuicdo da captacdo celular, ativacao reduzida
e alteracdo da expressdo génica de seus alvos. Genes que codificam enzimas
envolvidas no metabolismo do folato, que sdo alvos dos quimioterapicos antifolato,
tém sido investigados como biomarcadores para aperfeicoar a terapia. Além disso, o
efeito citotoxico é dependente de uma interacdo competitiva com o metabolismo do
folato e por essa razdo os genes envolvidos nesta via possuem um importante papel na
modulacio da toxicidade clinica e eficacia desses quimioterapicos. 272

Estudos associados a resposta clinica e toxicidade nesta doenca Sa0 necessarios
para obter-se uma combinacdo de fatores progndsticos com parametros moleculares,
podendo assim trazer beneficios aos pacientes e novas informagdes sobre estimativa
de progndstico e decisdo de tratamentos.

Além disso, fatores progndsticos com maior sensibilidade e especificidade poderiam
oferecer certamente subsidios para novas estratégias terapéuticas e, a identificacdo
farmacogeneética de quimioterapicos antifolato através da deteccdo da expressdo de
genes envolvidos no metabolismo do folato pode fornecer novos protocolos de
tratamento onde os pacientes estdo bem caracterizados e tratados de maneira uniforme
e sistematicamente avaliados para toxicidade e resposta a quimioterapia e assim,
podem ser uteis para identificacdo de subgrupos de pacientes que sdo predispostos a

ter melhores respostas clinicas a quimioterapicos especificos com menor
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toxicidade. %2

Os estudos relacionados ao tratamento do cancer com os quimioterapicos MTX
e 5-FU e a associacdo da expressdo dos genes metilenotetrahidrofolato redutase
(MTHFR), dihidrofolato redutase (DHFR), timidilato sintase (TYMS) e carreador de
folato reduzido 1 (SLC19A1) envolvidos no metabolismo do folato mostram que a
expressao aumentada do gene DHFR, responsavel por converter compostos essenciais
do metabolismo do folato para a sintese de purinas e pirimidinas, pode alterar a
resposta ao tratamento com os quimioterapicos antifolato em termos de efetividade e
efeitos colaterais em muitos tipos de cancer.” 839 para o gene MTHFR, que é
responsavel em manter o pool de folato intracelular, sua expressdo aumentada esta
associada ao aumento da quimiossensibilidade do MTX e pode aumentar o nimero de
células apoptaticas.®® 31-3240)

Dados da literatura relacionados a expressdo do gene TYMS no tratamento com
0s quimioterdpicos antifolato apresentam resultados contraditérios. Este gene é
responsavel por converter dUMP em dTMP para a sintese de pirimidinas. Estudos em
cancer de laringe e cancer oral confirmaram que a expressao aumentada deste gene
estd associada com a diminuicdo da resposta ao tratamento com o quimioterapico 5-
FU.®"?) Diferente desses resutados, Dervieux et al (2006)“? confirmaram que a
expressao aumentada do gene TYMS esta associada a melhor resposta de tratamento do
cancer com o quimioterapico MTX.

Em relacdo ao gene SLC19Al, que é responsavel pelo transporte dos
quimioterapicos para o interior das células, os resultados mostram que expressao
diminuida do gene esta associada a uma reducdo da resposta ao tratamento com 0s

(41-42)

quimioterapicos MTX e 5-FU. Apesar dos reconhecidos avancos
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na identificacdo de genes envolvidos no crescimento, progressdao e resisténcia de
tumores aos quimioterapicos MTX e 5-FU, 0 modo como esses genes participam,
interagem e sdo regulados nesses processos ainda ndo estdo bem esclarecidos no
tratamento do cancer de cabeca e pescogo. A falta de entendimento a respeito dos
mecanismos de acdo e interacdo entre esses genes tem dificultado o desenvolvimento
de estratégias mais efetivas para o tratamento do cancer de cabeca e pescoco. A
compreensdo de como marcadores moleculares estdo associados com resposta
terapéutica é indispensavel para a escolha do tratamento adequado.

Com base nos dados descritos acima, os objetivos deste trabalho foram avaliar a
relacdo entre a expressao do RNAm e de proteinas dos genes MTHFR, DHFR, TYMS e
SLC19A1 envolvidos no metabolismo do folato em linhagens celulares de cancer oral
(HN13) e cancer de laringe (HEP-2) administradas com diferentes doses dos

quimioterapicos antifolato MTX e 5-FU em monoterapia.
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Materiais

Os materiais utilizados nesta pesquisa foram duas linhagens celulares de
carcinoma de cabeca e pescoco e 0s quimioterapicos MTX (Pfizer™) e 5-FU
(Calbiochem™):
- Linhagem celular HEP-2 (Carcinoma epidermoide de laringe) ATCC® CCL-23™

- Linhagem celular HN13 (Carcinoma oral: Lingua.) Linhagem imortalizada.

Meétodos
As linhagens celulares, acondicionadas em criotubos e meio préprio para
congelamento, mantidas em tambor de nitrogénio liquido a temperatura de -180°C,
foram descongeladas em banho-maria a 37°C por 10 min. e transferidas para placas de
cultura de 25 cm de diametro (T-25; TPP- Cultilab)
Cultivo celular, aplicacdo dos quimioterapicos e analise da apoptose
As células da linhagem HEP-2 foram mantidas em frascos de cultura T-25 contendo
Dulbecco’'s Modified Eagle Medium (DMEM - Cultilab) suplementado com 10% de
soro fetal bovino (Cultilab),1% de solucdo antibidtica— (100U/ml penicilina, 100p /
250ng/ml anfotericina - Cultilab), GlutaMAX (Life Technologies), Piruvato de Sodio
(Sigma Aldrich) e Aminoacidos ndo Essenciais (Sigma Aldrich). As células foram
mantidas em incubadora sob niveis controlados de temperatura (37°C), umidade e
concentracdo de CO, (5%). A contagem celular foi realizada em Camara de Neubauer e
uma concentracéo de 5 x 10° células foi utilizada para os procedimentos.
As células procedentes da linhagem tumoral HN13 (Carcinoma de cavidade oral)
foram mantidas em frasco de cultura T-25 (TPP- CULTILAB) contendo Dulbecco's

Modified Eagle Medium (DMEM - Gibco by Life Technologies) suplementado com
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10% de soro fetal bovino (Gibco by Life Technologies) e 1% de solucdo antibidtica—
(100U/ml penicilina, 100u / 250ng/ml anfotericina - Gibco by Life Technologies). ). As
células foram mantidas em incubadora sob niveis controlados de temperatura (37°C),
umidade e concentracdo de CO2 (5%). A contagem celular foi realizada em Camara de
Neubauer e uma concentracdo de 5 x 10° células foi utilizada para os procedimentos.

O cultivo celular foi monitorado diariamente em microscopio invertido de
constraste de fase e 0 meio de cultura trocado de acordo com o metabolismo das células.
Todos os procedimentos envolvendo cultivo celular foram realizados em capela de
fluxo laminar.

Apbs o cultivo celular, as células foram dissociadas (tripsinizadas) utilizando uma
solucdo contendo 0.5g de tripsina e 0.2g de EDTA - Ethylenediamine tetraacetic acid -
(Tripsin EDTA solution - Sigma-Aldrich CO, St. Louis, MO, USA) durante 5-10 min. e
a temperatura de 37°C. Posteriormente, as células em suspensédo foram transferidas para
um tubo de centrifugacdo contendo meio de cultura e centrifugadas a 1500 rpm por 5
minutos para inativar a funcdo enzimética da tripsina por meio do SFB contido no meio
de cultura. O sobrenadante resultante foi aspirado e o precipitado de células
ressuspendido em novo meio de cultura e distribuido em placa de cultivo contendo seis
pocos (Six well Plate — Cultilab). Para analise da sensibilidade dos quimioterapicos
MTX e 5-FU, as células foram tratadas com trés concentragdes diferentes de MTX (0,25
uM, 25uM, e 75 uM) de acordo com o estudo de Pai e colaboradores (2009) e com trés
concentracdes diferentes de 5-FU (10 ng/ml, 50ng/ml e 100ng/ml) de acordo com
Yoshikawa e colaboradores (2001) em monoterapia por 24 h a 37°. Em cada poco da
placa foi adicionado uma concentracdo do quimioterapico. As concentracfes foram

estabelecidas com base em calculos de transformacdo de unidades de acordo com o

10
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volume da amostra. Estas células foram mantidas por 24 horas em incubadora a 37°C
com 5% de CO, para acdo do quimioterdpico. No dia 1, apés tripnizagdo, as células
foram colocadas na Camara de Neubauer. Para determinacdo do numero de células
obtido, foi realizada uma diluicdo 1:10 (v/v) da suspensdo celular em tampao fosfato
salino (PBS- Gibco). Em seguida, uma aliquota desta solucdo foi diluida 1:2 (v/v) em
solucdo de azul de Tripano 0,4% para quantificacdo das células vivas. A solucdo foi
homogeneizada e colocada em um lado da cdmara de Neubauer (para contagem com
auxilio do microscopio éptico (Nikon Tsi) no aumento de 40X. As células foram
contadas nos quatro quadrantes externos da camara usando o esquema do “L” para que
a mesma célula ndo seja contada duas vezes. Portanto, as células que se encontravam
sobre as linhas de baixo e da direita ndo eram contadas. A equacdo usada para
determinar o nimero de células por mililitro foi:
QC = FD x 10* x 1ml x N° de células/4

QC — Quantidade de células por ml
FD — Fator de diluicao (40x)
10* — Fator de correcao da camara de Neubauer
Iml — Volume da amostra
N° de células/4 — Média do nimero de células contadas
Foi utilizado como grupo controle as mesmas células cultivadas sem a aplicacdo dos
quimioterapicos.

Apos a aplicacdo dos quimioterapicos foi realizada a técnica de citometria de
fluxo com anticorpo marcado com fluorocromo compativel para analise do nivel de
apoptose. As células foram colocadas em 10° em tubos previamente identificados que

foram incubados no escuro com os marcadores especificos para cada ensaio. Ao final,
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as células foram ressuspendidas em 400 pl de PBS. A identificacdo do antigeno foi
realizada através do anticorpo monoclonal Bcl-2 (B-cell lymphoma 2: mouse
monoclonal IgG 200 pg/ml - Santa Cruz Biotechnology, Inc.) conjugado com o
fluorocromo Fluorescein (sc-7382 FITC - Santa Cruz Biotechnology, Inc.) para
confirmacdo dos resultados obtidos atraves da contagem manual em camara de
neubauer. As suspensdes foram analisadas em citdmetro de fluxo FACS
calibur (Becton Dickinson Immunocytometry Systems, San José, USA) . A analise
das amostras foi realizada utilizando-se o Software CELLQuest (Apple). As células
foram visualizadas em grafico de pontos (dot plot) bidimensional e histogramas e dot
plots foram gerados para analise em escala logaritmica. Cada amostra foi lida em

triplicata e, de cada uma, foram adquiridos 10.000 eventos (30.000 células).

Extracdo do RNA das células tratadas e obtencdo do cDNA
O RNA total foi extraido da cultura de células tratadas com 0s quimioterapicos
nas diferentes concentracdes e da cultura de células controle (sem a aplicacdo das
drogas quimioterapicos), usando o reagente TRIZOL (Invitrogen Life Technologies)
de acordo com as instruges do fabricante.
Primeiramente foi retirado o meio de cultura e em seguida acrescentou-se 1000uL
de Trizol deixando descansar por 5 minutos a temperatura ambiente. Em seguida, o
conteddo de cada pogo da placa foi transferido separadamente para tubos de centrifuga
de 15 mL. Adicionou-se 0,2mL de cloroférmio, homogeneizando por inversao e
mantendo a temperatura ambiente por 3 minutos; apos centrifugacdo a 12.000g por

15 minutos a 4°C, a fase aquosa foi transferida para um tubo novo contendo 0,4mL de
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alcool isopropilico e 2uL de glicogénio.

Apbés 15 minutos a temperatura ambiente, as amostras foram submetidas a
centrifugacdo por 15 minutos a 12.000g a 4°C. Descartou-se 0 sobrenadante e
adicionamos 1mL de etanol 75% e centrifugamos por 5 minutos a 7.500g a 4°C
descartando novamente o sobrenadante e deixando o0s tubos escorrendo sobre papel
absorvente até secar o pellet. Feito isso, adicionou-se agua Depec (Amersham) na
quantidade suficiente para diluir o pellet de RNA. Foi realizada a quantificacdo do

RNA através do equipamento Picodrop Pico200™

(Analitica) com concentracdo de
absorbancia a 260nm e 280nm.

Para a obtencdo do cDNA, utilizou-se o kit high capacity cDNA (Applied
Biosystem).As amostras foram tratadas com DNAse para eliminar qualquer resquicio de
DNA na amostra. Usaram-se as amostras na concentragdo de 2ug/ul. de RNA. Em cada
tubo acrescentou-se 1ul de DNase, 2uL de Buffer 10X, levando ao termociclador a
25°C por 15 minutos. Acrescentou-se 2ul de EDTA (stop solution) e novamente a 65°C
por 10 minutos. Apo6s seguiu-se o0 uso do kit calculando a quantidade dos reagentes

conforme o nimero de amostras. Essas foram colocadas no termociclador a 25°C por 10

minutos; 37°C por 120 minutos e 85°C por 5 minutos.

Analise da Expressdo génica

A técnica de PCR em tempo real foi realizada para quantificar a expressdo dos
genes MTHFR, DHFR, TYMS e SLC19A1 envolvidos no metabolismo do folato nas
diferentes concentragdes testadas dos quimioterapicos e no grupo controle também
utilizando placa customizada e sonda Tagman (Kit PCR Master Mix - Applied

Biosystems), com concentracOes padronizadas pelo fabricante.
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O PCR em tempo real foi realizado no equipamento Step One Plus™ Real-Time
PCR System (Applied Byosistems) nas condic¢des de 95 °© C por 20 segundos, 40 ciclos
de desnaturacdo a 95 ° C por 0,3 segundos, anelamento a 60 ° C por 30 segundos e
extensdo a 72 ° C por 30 segundos. Todas as reacdes foram executadas em triplicata
para todas as amostras. As concentracdes utilizadas para cada amostra foram 1pl de
cDNA diluidos em 4 pl de Agua E-pure e 5 pl de tamp&o Tagman master mix. Para
controlar as variagdes na quantidade de amostra, na quantidade e qualidade do RNA
usado na reacdo de transcricdo reversa e a eficicia desta reacdo, em cada amostra foi
determinado o nivel de expressdo (numero de copias) de trés genes constitutivos:
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) e B-actina. Os niveis de expressdo relativa de genes
foram calculados usando o método de delta limiar de ciclo (Ct) de acordo com a
férmula indicada a seguir. Os niveis de expressdo dos genes-alvo foram expressos como
2 - (Delta Ct) x 1000 para simplificar os calculos.

Nivel de expressdo do gene alvo = 2 - (Delta Ct) x 1000
Delta Ct = (gene alvo Ct de gene alvo - (Média do Ct dos genes de referéncia)

Para anélise estatistica utilizou-se o valor da média dos trés procedimentos. Os
dados foram avaliados através do teste de Analise de Variancia simples (RM - One way
ANOVA) com pos-teste de Bonferroni através do software do programa estatistico

Bioestat (Versdo 5.3). Os resultados com p<0.05 foram considerados significantes.

Extragdo das proteinas
Apds avaliacdo da viabilidade celular das células em Citémetro de Fluxo com

anticorpo especifico, a proteina total foi extraida da cultura de células tratadas com
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0s quimioterapicos nas diferentes concentragdes e da cultura de células controle (sem
a aplicacéo das drogas quimioterapicos) com Tampé&o RIPA Sigma Aldrich®.
Inicialmente, todo o0 meio de cultura foi removido dos pocos com as diferentes
concentracdes dos quimioterapicos e com o controle da placa six Wells. Os pocos foram
lavados com PBS 1X (o procedimento foi realizado duas vezes) e, adicionou-se 1 ml de
Tampédo RIPA (Sigma Aldrich®) contendo cocktail de inibidores de proteases (EDTA
1M, PMSF 0,1M, DTT 0,1M, Aprotinina 0,1 mg/ml e Leupeptina 0,1 M) em cada poco
da placa. As células foram raspadas com rodo de raspagem e transferidas para tubos de
centrigufacdo de 15 mL. Para lise celular, as amostras foram deixadas durante 5
minutos na geladeira. Apos, centrifugou-se por 10 minutos a 8.000G. O sobrenadante
foi retirado e as proteinas foram quantificadas.
As proteinas foram quantificadas pelo método BCA™ Protein Assay Kit (Thermo
Scientific) através do equipamento Picodrop Pico200™ (Analitica) para utilizagéo
das concentracfes ideais nas reacfes propostas e uma maior eficiéncia destas. Apds a
extracdo e quantificacdo das proteinas e para uma melhor andlise e observacdo das
quantidades e integridade das proteinas extraidas foi realizada uma eletroforese em gel
de poliacrilamida (SDS-PAGE) unidirecional, que evidenciou rastros proteicos. Para a

etapa seguinte foi utilizada uma concentragéo de 50 pg/pl da proteina.

Analise da expressao proteica
As proteinas foram analisadas pela técnica de Western blotting através de
deteccdo por cromogenos e por quimioluminescéncia (ECL Plus Western

BlottingDetectionReagents, Amersham).
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Primeiramente o tampdo Bolt (Sample Reducing Agent — 10x — Novex — Life
Technologies ®) e o tampdo LDS Sample Buffer -4x Novex — Life Technologies ®)
foram adicionados junto as proteinas de acordo com instru¢bes do fabricante. Em
seguida, as amostras com os tampdes foram submetidas a temperatura de 70°C por 10
minutos para desnaturacdo. Apés este procedimento, as proteinas MTHFR, DHFR,
TYMS e SLC19A1 foram aplicadas na concentragdo de 50 ug em Bolt™ NuPAGE®
MES 4-12% Bis Tris Plus Mini Gel (Novex by Life Technologies®). O marcador
molecular SeeBlue® Pre-Stained Standard (Life Technologies) foi aplicado para
identificacdo dos tamanhos das proteinas. A proteina beta actina foi utilizada como
referéncia nesta técnica. (50 pg/ul)

A corrida foi realizada nas seguintes condicdes: 140V; 300mA; 45 minutos,
seguida de transferéncia realizada no equipamento iBlot® Dry Blotting System
(Invitrogen- Life Technologies) configurada na programacdo P2 que executa a
transferéncia em 6 minutos para membrana PVDF com poros de 0.2 pum, ideal para
proteinas de 20 a 150 kDa.

Apos a transferéncia, a membrana foi colocada na solucéo de blogqueio (3%BSA
em TBS-T) durante 1 hora e 30 minutos. Os anticorpos foram diluidos em solucgéo de
3% BSA em TBS-T na concentragdo especifica estabelecida pelo fabricante e, em
seguida, foram adicionados @ membrana por um periodo de 24 horas. Em seguida, 0s
anticorpos foram retirados e realizou-se trés lavagens da membrana com solugdo TBS-T

sem BSA. Cada lavagem durou cerca de 15 minutos. Apos o procedimento de lavagem,
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foi adicionado na membrana o anticorpo secundario 1gG (Affinity Purified Antibody
Peroxidase Labeled Anti-mouse 1gG- KPL®) por 1 hora. Em seguida foi realizada
quatro lavagens da membrana com duracdo de 15 minutos cada com TBS-T sem BSA.
Para finalizar foi adicionado & membrana o reagente ECL™ Select Western
Blotting Detection (GE Healthcare) para deteccdo das proteinas especificas e as

proteinas foram reveladas e avaliadas em foto documentador apropriado.
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3. ARTIGOS CIENTIFICOS
Os resultados estdo apresentados em forma de artigo. No total estdo apresentados

04 artigos, trés artigos publicados e um a ser submetido para publicacéo.
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Experimental

NCOLOGY

SENSITIVITY OF HUMAN LARYNGEAL SQUAMOUS CELL
CARCINOMA HEP-2 TO METROTEXATE CHEMOTERAPY

A LS. Galbiarti’, H. C. Caldas®, J. A. Padovani Junior’, E.C. Pavarino’, E.M. Goloni-Bertollo’”
'Generics and Molecular Biology Research Unit, Upgem, FAMERP, Sio José do Rio Preto Medical School, Brazif
*Laboratory of Experimental Immunolosy and Transplantation, Litex, FAMERP, Sao José do Rio Preto Medical

Sehool, Brazil,
Ororhinolaryngology and Head and Neck Srgery Department of University Sdo José do Rio Preto Medical
School, FAMERP, Brazil

Aim: Methotrexate (MTX) is an antifolate agent that acts inhibiting purine and pyvrimidine synthesis. The objective of the study
was to evaluate the viability of Hep-2 human laryngeal cancer eells to the treatment with MTX chemotherapy in vito, Methods:
Cultured Hep-2 cells were treated with 0.25, 25.0 and 75 pM MTX for 24 h, and their viability was evaluated with Bel-2-FITC
antibody in Now cytometry, Resufts: The numbers of viable Hep-2 cells after 24 h treatment with 0,25, 25.0 and 75.0 uM MTX
were 85.43%, 22.46% and 8.42%, respectively (p < 0.05). Therefore, MTX possesses a dose-dependent effect on viability
of Hep-2 cells in vitro, Conclusion: The highest MTX concentration is associated with highest tumor cell sensitivity of human la-

ryngeal cancer cells of Hep-2 line,

Key Words: cell line, laryngeal cancer, methotrexate, dose-response relationship, flow cytometry.

Head and neck cancer (HNC) includes tumors
of pharynx, oral cavity and larynx. The treatment
of these tumors may be surgery, radiotherapy and
chemotherapy [1-3]. Methotrexate (2, 4-diamino,MN10-
methylpteroyl glutamic acid) (MTX) is an antiprolifera-
tive and immunosuppressive chemotherapeutic agent
widely used against a broad spectrum of diseases,
including HMC [4, 5]. It acts via inhibition of the synthe-
sis and conversion of folate derivatives responsible for
providing methyl groups for the nucleotides synthesis
and DNA methylation reactions [6-13]. Although che-
maotherapy presents good results, tumors may develop
resistance to antifolate agents. A number of factors
are critical tor a favorable clinical outcome for MTX
therapy, in particular acute toxicity, side effects, and
drug resistance development [5, 14-16]. The current
study was undertaken to evaluate in witro the human
larynx squamous cell carcinoma Hep-2 cell line sen-
sitivity to the MTX treatment. The cell line was cultured
in Dulbecco Medium (D-MEMN 00068 medium, Culti-
lab), supplemented with 10% fetal bovine serum (FBS,
Cultilaby), 2 pM glutamine (Cultilaty), 100 U/ml of peni-
cilling 100 U/ml of streptamycing, 1 pM sodium pyruvate
{Sigma-Aldrich} and 1 gM non-essential aming acid
{Sigma-Aldrich} in a humidified 5% CO./95% air at-
mosphere at 37 "C. MTX concentrations of (.25 pM,
25 uM, and 75 pM were calculated according to Pai
et al. [13]. Hep-2 cells were incubated with the men-
tioned MTX concentrations for 24 h, while the control
cells were cultured in MTX-free medium. Cell viability
was measurad by flow cytometry (FACS caliber- Bec-
ton Dickinson Immunacytometry Systems, San José,

Recewed: Apnl 17, 212,

“Correspondence: E-mail: analivia_sg@yahoo_com.br;
eny.goloni@iamerp. br

Abbreviations used- HNC - head and neck cancer; MTX — metho-
trexate,

USA) with double staining with fluorescein isothiocya-
nate (FITC)/Bel-2 according to manufacturer's manual
(Santa Cruz Biotechnology, Inc). Each experimentwas
performed in triplicate. The normal distribution of the
samples was verified with Normality tests {Shapiro —
Wilk's testand Kolmogorowy — Smirnov test). Statistical
analysis was performed by nonparametric methods
based upon the comparison between the groups.
The effects for MTX concentrations in the cell viability
were evaluated independently by Kruskal-Wallis test
{Control group x 0,25 uM MTX concentration / Control
group ® 25 uM MTX concentration / Control group
® 75 uM MTX concentration). For comparison of the
variables between groups exposed with MTX and
free-MTX group we used the Mann — Whitney test,
The Spearman correlation degree between variables
of interest was calculated by Spearman test,

The results of flow cytometry analysis with FITC/
Bel-2 double staining showed that 92.6% of control cells
were vital, while the numbers of viable Hep-2 cells after
24 h treatment with 0.25; 25.0 and 75.0 uM MTX were
B5.43; 22 46 and 8.42%, respectively (Figure, Table) (o
< 0.058). The Shapiro — Wilk's test indicated that there
was a normal distribution for the groups (p = 0.180).
The Kolmogorov — Smirnov test confirmed that all
samples presented significance level of 5% for groups
(K-5=0.383, p=0.008) (Table). The Kruskal-Wallis test
indicated a significant effect of MTX in the cell viability
(H=9.00, p=0.003). Thevalug of Mann —Whitney test
showed significant results (p= 0.0304). The Spearman
correlation between frequencies of cells exposed with
MTX and unexposed showed an interaction between
these cells {r = 0.50). Our study confirmed that cells
were maore sensitive and became less resistant to the
MTX chemotherapy as dose was increasing. More-
over, there was a correlation between cells exposed
frequencies with MTX and unexposed cells; literature

22



Artigo 1

368

Experimental Oncology 34, 367-369, 2012 (December)

data show MTX concentration correlates with drug
therapeutic efficacy [17]. These results suggest that
MTX has substantial antiproliferative activity and is used
effectively as a chemotherapy agent in the treatment
for solid-organ neoplasms and the treatment is more
efficient when the dose is increased. However, the pi-
lot study of Pai et al. [13] that evaluated the sensibility
of aoral cancer cells to MTX in witro and its association
with clinical response to MTX in oral cancer showed
that there is differential sensitivity to MTX among the
various tumor cells in the in wiro assay, and these data
had significant correlation when compared with clinical
outcome for 7 out of 10 patients. MTXis an antimetabo-
lite, analogous to folate, that competitively inhibits di-
idrofolatoredutase {DHFR) eneyme activity, essential for
nucleotides purines and thymidylic acid biosynthasis,
interfering with DNA synthesis. [10, 18, 18]. Although
wie found that MTX treatment is highly etfective in HNC
cells, data confirm that high-dose MTX schemes may
arrest normal epidermal cell proliteration and cause
direct cell towicity [20]. Toxicity is increased by folic
acid deficiency or by medications such as barbiturates
and nitrofurantoin, which impair folic acid absorption
[10, 20]. However, it has been documented that folic
acid (1 to 5 mg/day) supplementation helps to prevent
MTX associated toxicities and concomitant use of ei-
ther falic acid with methotrexate has no impact on the
therapeutic efficacy of MTX in multiple clinical trials and
meta-analyses [10, 21].

Flow Cytometry MTX
W= 8,260 92 8%) M= 7 510 (85.43%}
g.ﬂ §_B
2] - 3]
8] 3
T8 %E- 3
R §
8 8
(=] ﬂ' r =1 n - '_'? T
w® ot FlLezH w? w10 FRH it e
€ M-2080(22.86%) g D N-78012.42%)
v§-' R1 =] Rl
=5 ==
58 3 =L >
983 5
EE 84
a -, T e -, T,
w00 w0 af 1 et wd ot wef w? gt
FL1-H FLI-H

Figure. Flow cytometry analysis of Hep-2 cells treated with 0.25,
25 and 75 mM MTX (b, ¢, d respectively} and control cells (a).
The cells in the “R1" block are cells non-viable and cells in the
“R3" are viable. Cell viability was evaluated by double staining
with fluoresceinisothiocyanate (FITC) label Bel-2 (100: sc-509);
Pink cells are viable, blue cells — non-viable

Table. Viability of Hag 2 cells trealed with MTX for 24 b

MTX dose Concentratien Viable cells. M= SD
Contral group 9,260 + 50
0.25 mM 7,810 = 26*

25 mM 2,080 = 44"
75 mM TEO + 30°

* The difference is significant compared to the control (o < D05

Research about chemosensitivity is important
to screen new therapeutic agents, identify patterns
of sensibility for ditterent tumaor types, to select
chemotherapy regimens to individual patients and
improvement in life quality [22]. We canclude that the
highest MTX concentration is associated with highest
tumor cells sensibility; as a conseguence, the know-
ledge of the drug sensibility can do significant impact
in decision-making and treatment.
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Alterations in the expression pattern of MTHFR, DHFR,
TYMS, and SLCI19A1 genes after treatment of laryngeal
cancer cells with high and low doses of methotrexate
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Abstract Inter-individual variations to methotrexate (MTX)
outcome have been attributed to different expression profiles
of genes related to folate metabolism. To elucidate the mech-
anisms of variations to MTX outcome, we investigated
MTHFR, DHFR, TYMS, and SLCI941 gene expression pro-
files by quantifying the mRNA level of the genes involved in
folate metabolism to MTX response in laryngeal cancer cell
line (HEP-2). For this, three different concentrations of MTX
(0.25, 25, and 75 umol) were added separately in HEP-2 cell
line for 24 h at 37 °C. Apoptotis quantification was evaluated
with fluorescein isothiocyanate-labeled Bel-2 by flow cytom-
etry. Real-time quantitative PCR technique was performed by
quantification of gene expression with TagMan® Gene Ex-
pression Assay. ANOVA and Bonferroni's post hoc tests were
utilized for statistical analysis. The results showed that the
numbers of apoptotic HEP-2 cells with (.25, 25.0, and 75.0-
umol of MTX were 14.57, 77.54, and 91.58 %, respectively.
We found that the expression levels for MTHFR, DHFR,
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TYMS, and SLCI941 genes were increased in cells with 75.0-
pmol of MTX (p<0.05). Moreover, SLC1941 gene presented
lower expression in cells treated with 0.25 pmol of MTX
(<0.05). In conclusion, our data suggest that MTHFR,
DHFR, TYMS, and SLC1941 genes present increased expres-
sion after the highest application of MTX dose in laryngeal
cancer cell line. Furthermore, SLCI194] gene also presents
decreased expression after the lowest application of MTX
dose in laryngeal cancer cell line. Significant alterations of
expression of these studied genes in cell culture model may
give support for studies in clinical practice and predict inter-
esting and often novel mechanisms of resistance of MTX
chemotherapy.

Keywords Antifolate - Chemotherapy treatment - Gene
expression - Methotrexate - Cell-line - Laryngeal carcinoma

Introduction

Laryngeal carcinoma is the second most common head and
neck squamous carcinoma, and its definite cause has not
been determined yet [1]. Some risk factors such as tobacco
consumption and human papilloma virus infections may be
associated to the development of the disease 2, 3]. The
option of treatment is mainly based on clinical, radiological,
and pathological parameters, and may consist of mutilating
surgery, radiotherapy and/or chemotherapy. Chemotherapy
has been widely accepted as a treatment modality for head
and neck cancer tumors, including laryngeal cancer [4].

In the past 65 years, antifolate chemotherapies targeting
folate metabolism played a pivotal role in cancer therapeutic
treatment [5]. This chemotherapy modality disrupts cellular
proliferation by blocking and inhibiting key folate dependent
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enzymes, thereby leading to the inhibition of methylation
and nucleotide biosynthesis and consequently cell death [6].

Methotrexate (MTX) is an antifolate chemotherapy cur-
rently used as an integral component of chemotherapeutic
regimens that show efficiency in several treatments for cancer,
including laryngeal cancer. The concentration utilized in ¢lin-
ical routine for MTX is 15 to 30 mg doses daily for a 5-day
course. The physician-recommended dose is taken weekly
and depends on each disease and patient. [7—11]. Despite more
than 65 years after MTX was introduced for cancer therapy,
several topics related to MTX still remain unclear. Research
has focused to study the mechanism of action of MTX,
especially the mechanism behind why some patients have
intrinsic resistance to this chemotherapeutic drug, and if the
effectiveness of MTX can be increased. It may be determined
by individual genetic differences 7, 12, 13].

It is known that MTX blocks the synthesis of purines
and pyrimidines by inhibiting a group of key enzymes that
are codified by genes involved in folate metabolism [14,
15]. Alterations in the expression levels of genes involved
in this pathway may contribute to the pharmacokinetic and
pharmacodynamic MTX pathways, which could affect the
drug clinical activity, causing loxicily, resistance, or in-
creased effectiveness, Variability in the clinical course and
outcomes to antineoplastic treatment lead us to search for
new biological markers that allow better understand on the
behavior of the cancer development and their treatment
outcomes [14, 16, 17].

Literature data shows that alterations in the expression
levels of genes involved in folate metabolism in patients
treated with MTX antifolate chemotherapy may be related
to sensitivity and resistance [17-24]. Therefore, we investi-
gated methylenetetrahydrofolate reductase  (NAD(P)H)
(MTHFR), dihydrofolate reductase (DHFR), thymidylate
synthetase (TYMS), and solute carrier family 19 (folate
transporter)/member 1 (SLCT947) folate gene expression
profiles in laryngeal cancer cell line (HEP-2) administered
with three different concentrations of MTX chemotherapy.

Materials and methods
Cell line

HEP-2 cell line (laryngeal carcinoma) was obtained from the
Laboratory of Medical Molecular Markers and Bioinformat-
ics (Profa. Dra Eloiza Helena Tajara). HEP-2 cell line has
been described to originate from tumors which were pro-
duced in irradiated cortisonized weanling rats after the injec-
tion of epidermoid carcinoma tissue isolated from the larynx
of a 56-year-old male human,

The cells were plated in tissue culture dishes and grown in
minimum essential medium eagle medium (D-MEN 00068

@ Springer

medium; Cultilab) containing 10 % fetal bovine serum
(Cultilab), 2 mM glutamine (Cultilab), 100 Ufml of penicil-
lin, 100 U/ml of streptomycein, | mM sodium pyruvate (Sig-
ma—Aldrich), and 1 mM non-essential amino acid (Sigma—
Aldrich) at 37.0 °C in a humidified atmosphere of 95 % air
and 5 % COs. The cells in a mid-log phase with viability
=05 % were used in experiments.

Drug preparation

MTX chemotherapy was provided by the Oncology Depart-
ment, Hospital de Base, Sdo José do Rio Preto. The cells were
plated in six-well culture plates at a density of 1 % 107/well and
incubated with three different concentrations: 0.25, 25, and
75 pmol of MTX for 24 h at 37 °C and harvested by
trypsinization, according to Pai ct al. [20]. The control cells
were the cell line with drug-free medium.

Flow cytometry and apoptotis quantification

After the 24-h MTX incubation, the determination of viable
and apoptotic cells was evaluated by double staining with
fluorescein isothiocyanate (FITC)-label Bel-2 (100:s¢-509)
according to manufacturer’s manual (Santa Cruz Biotechnol-
ogy, Inc). The cells were gently vortexed and incubated for
15 min at room temperature in the dark. Within 1 h, the cells
were analyzed with flow cytometer FACS calibur (Becton
Dickinson Immunocytometry Systems, San Jose, CA, USA).
The analysis of the sample was performed using the
CELLQuest software (Apple).

RNA extraction, cDNA generation, and qRT-PCR

Total RNA was extracted from cell culture with TRIzol™
Reagent, according to manufacturer’s instructions. RNA
concentrations were measured using Picodrop™ equipment
and stored at —70 °C. For ¢cDNA synthesis, 2 ug of total
RNA was used with random primers according to High
capacity ¢DNA kit (Applied Biosystem™) manufacturer’s
protocol.

Real-time quantitative PCR (qRT-PCR) technique was
performed for quantification of gene expression by
StepOnePlus™ equipment {Applied Biosystems) with cy-
cling condition of 95 °C for 20 s, 40 cycles of denaturation
at 95 °C for 0.3 s, annealing at 60 °C for 30 s, and extension
at 72 °C for 30 s. TagMan™ Gene Expression Assay was pre-
optimized PCR primer and probe sets for qRT-PCR was
formulated at 20 concentration. Gene-specific primers were
used for quantification of one-carbon metabolizing gene
expressions in TagMan™ Custom Array Plate, which includ-
ed triplicated wells of two reference genes and four target
genes (Table 1). The reaction mix contained TagMan® Fast
Advanced Master Mix with final concentration. All reactions
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Table 1 Reference and target
genes evaluated in the study Category Gene name Assay 1D
Reference genes
ACTH Actin beta Hs01060665_g1
GAPDH Ghceraldehvde-3-phosphate delivdrogenase Hs02738991_gl1
Target genes
MTHFR Methvlenetetralvdrofolate veductase (NAINPIH) HsO01955600 m1
DHFR Dilydvafilare reductase Hs00758822 sl
TYMs Thymidviate syntheiase Hs00426586_m]
SLCIvAT Sodute carvier fumily 19 {(folate transporier), member Hs00953344 ml

F-reduced filate carvier |

were run in triplicate for the four samples. Melting curves
were checked to validate the PCR specificity.

The gene expression levels were normalized with [3-actin
and GAPDH reference genes. Relative gene expression
levels were calculated using the delta threshold cycle (Ct)
method according to the mathematical formula shown below.
The expression levels of the target genes were expressed as
27(Beha C ) 000 to simplify the caleulation.

Expression level of target gene = 2 (P9 €1 5 1 000
Delta Ct = Ct of target gene

(Mean Ct of #—actin and GAPDH genes)

Statistical analysis

The mean Ct values of triplicate measurements were used for
analysis. These data were evaluated by one-way RM analysis
of variance (ANOVA) to assess the MTHEFR, DHFR, TYMS,
and SLCI941 gene expression in three different MTX con-
centrations against the expression of genes in the control
cells (No MTX). Bonferroni's post hoc test was used to
determine the p value of each concentration vs. control.
BioEstat software program (version 5.3) was utilized for
statistical analysis, The results were considered to be statis-
tically significant at p=0.05.

Results

The results for flow cytometry analysis with Bel-2/FITC
staining showed that 7.4 % of cells in the control group were
apoplotic cells. Regarding the administration of 0.25, 25.0,
and 75.0 pmol of MTX, the apoptotic cells were 14.57,
77.54, and 91.58 %, respectively (Fig. 1).

We found that the expression levels for MTHFR, DHFR,
TYMS, and SLCT9A41 genes were increased in cells treated
with 75 umol of MTX chemotherapy. The SLCI94T gene
also presented decreased expression in cells treated with

0.25 umol of MTX chemotherapy (Fig. 2). There was sig-
nificant association between the control group and increased
expression of all genes evaluated in the 75 pmol MTX
treatment group (MTHFR, DHFR, TYMS, and SLC/94/1
genes; p=0.05). Our results also showed significant associ-
ation of decreased SLCTYAT expression gene in cells treated
with 0.25 pmol MTX (p=0.035) (Table 2)

Discussion

Owr findings confirmed that HEP-2 cell line administered
with 75 pmol of MTX chemotherapy presents increased
expression levels for MTHEFR, DHFR, TYMS, and SLCI19A41
genes when compared to HEP-2 cell line without MTX
treatment. Furthermore, our results also confirmed decreased
expression for SLC1941 gene in HEP-2 cell line adminis-
tered with 0.25 pmol of MTX chemotherapy. The study of
Lee etal. [25], which evaluated the expression profiles of the
genes imvolved in folate metabolism in normal individuals
found that these genes were expressed in lymphocytes at
moderate levels.

Folate metabolism is involved in both DNA synthesis and
methylation, and impacts both genetic and epigenetic pro-
cesses in the development of the disease. DNA synthesis is
essential for cell division, and DNA methylation is respon-
sible for gene expression control, chromatin structure stabil-
ity, and maintenance of genomic stability [26]. It is known
that MTX acts by inhibiting folate-dependent enzymes and
thus blocks DNA synthesis by acting on the S phase of the
cell cycle [14, 15]. The basic principle of MTX therapeutic
efficacy is due to the inhibition of DHFR, a key enzyme in
the folate metabohism. MTX also inhibits TYMS, MTHFER,
and transport of reduced folates into the cell occurring by the
SLCI1941 gene. The inhibition of key enzymes involved in
folate metabolism results to the interruption of DNA repli-
cation and cell death [27].

Studies have found varving degrees of success in head
and neck cancer patients treated with MTX chemotherapy as
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Fig. 1 Flow cytometry
photodocumentation of cells
from cell line HEP-2 treated with
MTX chemotherapy showing
apoptotic and viable cells. a
Cells without treatment with
chemotherapy (control), b cells
treated with a concentration of
0.25 pmol MTX, c cells treated
with 25.0 umol concentration of
MTX and d cells treated with a
concentration of 75.0 umol
MTX. RI denotes apoptotic
cells: R3 represents the viable
cells
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Fig. 2 Quantitative gene expression of MTHER, DHEFR, TYMS and SLC1941 genes in HEP-2 cell line treated with three different concentrations of
MTX (black) and cell line without MTX application (white)
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Table 2 ANOVA test tor MTHFR, DHFR, TYMS and SLCT9AT gene
expressions in three different MTX concentrations against the expres-
sion of the genes in the control cells (no application of MTX)

Sample Bonferroni F ratio p Value
difference

MTHFR

0.25 pmol MTX 0.87 310.11 ns

25 pmol MTX 0.70 107.83 ns

75 pmol MTX 1.79 75531 <105
DHFR

0.25 pmol MTX 045 186,66 ns

25 pmol MTX 0.24 69.18 ns

75 pmol MTX 1.33 300216 <(.05
TYMS

0.25 pmol MTX 0.34 2541 ns

25 pmol MTX 0,25 10,86 ns

75 pmol MTX 1.25 208,68 =105
SLCI9AT

0.25 pmol MTX 49.9 183.3806 <105

25 pmol MTX 1.0% 1249.41 ns

75 pmol MTX 1.78% 136,559 <005

ns ol significant

a single agent or in combination, and the varying degree
depends on the dose received by patients and may lead to
resistance mechanisms and collateral effects due to alter-
ations in the genetic expression levels of the genes involved
in folate pathway [17-20, 28].

DHFR enzyme, codified by the DHFR gene, catalyzes the
reduction of DHF to THF, an essential cofactor for the
synthesis of thymidylate monophosphate (dTMP) which is
involved in DNA biosynthesis and cell replication [29].
MTX blocks the regencration of THF from DHF by compet-
itively inhibiting [2HFR activity, If there is an alteration in
the DHFR expression, the DNA may become unstable, lead-
ing to abnormal cell proliferation as well as to many patho-
geneses [30].

In our research, we confirmed that there was an increased
expression of DHFER in cancer cells treated with higher MTX
concentration. According to the studies of Sowers et al. [31],
Serract al. [32], and Askari and Krajinovic [22], the increased
expression of DHFR and THE accumulation can contradict a
cytotoxic effect of MTX, thereby reducing treatment efficacy
in patients who have cancer. Alterations in the DHFR genetic
expression that may lead to sensitivity to MTX can also be due
to genetic polymorphisms such DHFR CR829T that seems to
be related with increased DHFR expression and consequently
reduced sensitivity to MTX [22, 33].

Regarding the TYMS gene. we found that there was an
increased expression for this gene in cancer cells treated with

higher MTX concentration, Data shows that genetic alter-
ations in TYMS gene may lead to increased expression for
this gene when the treatment is realized with high-dose MTX
and may be related to toxicity [28]. TYMS is a folate-
dependent enzyme codified by the TYMS gene, which cata-
lyzes the reductive methylation of deoxyuridylate (dUMP) to
thymidylate (dTMP) that results in the accumulation of
dihydrofolate and depletion of cellular folates, therchy
playing a central role in DNA synthesis and repair by serving
as the primary intracellular source of dTMP [27, 34].

In relation to MTHFR gene, studies show that in-
creased MTHFR expression is associated with increased
chemosensitivity to MTX [17, 21], as our study found
increased expression for this gene in cancer cells treated with
higher MTX concentration. MTHFR enzyme that is codified
by the MTHFR gene serves as a source of carbon units to the
conversion of dUMP to dTMP by TYMS [12].

MTHFR is also involved in MTX activity by modulating
the intracellular pool of folates. Alterations of the MTHFR
activity can affect the cellular concentrations of folate, which
can change sensitivity to MTX. Indeed, the exact biological
effect of MTHFR increased expression is not completely
defined [35, 36]. although data show that there are two genetic
polymorphisms in MTHFR gene (C6T77T and A1298C), which
seem to be associated with alterations in MTHFR expression
level, may interfere with both antitumor activity of the che-
motherapy, and 15 related to toxicity [36, 37]. A study of
Robien et al. [3R] showed an association between decreased
expression of MTHFR and greater response to MTX-related
toxicity, consequently increasing the expression of MTHFR
which may influence the MTX toxicity mainly if MTX che-
motherapy is utilized in high doscs.

With respect to the SLCI947 gene that encodes the
SLCT941 enzyme which is involved in the absorption and
transport of folate to the interior of the cells, we found 1n our
study an increased expression level in cells treated with 75-

pmol of MTX chemotherapy and decreased expression of
SLCI941 gene in HEP-2 cell line treated with 0.25 pmol of
MTX [5]. Data confirms that differences in the regulation of
SLCT9A1 gene may be important in determining the sensi-
tivity of tumors to both low-dose and high-dose MTX ther-
apy [39].

The SLC1941 gene is the major transporter of antifolate
chemotherapics, and the effectiveness of chemotherapy is
linked to levels and activity of SLCI9A1 [40]. Studies
showed that after acute exposure to low-dose MTX, the
levels of SLCT941 expression were decreased, resulting in
impaired transport of MTX by SLCI94] into cancer cells;
our study confirmed decreased expression of SLC194 1 gene
in HEP-2 cell line treated with lower concentrations of MTX
[32, 39, 40]. The decreased expression for SLCT94 1 leads to
decreased intracellular MTX concentration and may be in-
volved in the MTX resistance [24].
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In our research, we also found an increased expression of
the SLCI1941 gene in laryngeal cancer cells treated with
higher concentration of MTX chemotherapy. It is possible
that higher dose of chemotherapy is related to more produc-
tion of SLCI9A4/ that is responsible for MTX transport.
Increased expression for SLCI941 gene was also detected
in breast cancer cell lines treated with MTX chemotherapy.
However, the MTX dose administered in this cell was nor-
mal, not high dose. There are no studies that have showed
association between high doses of MTX and increased ex-
pression for SLCI941 gene. Data shows that the increased
SLC1941 expression would lead to the inactivation of vari-
ous tumor suppressor genes like pl6, pl5 andlor p33,
resulting in increased sensitivity to MTX [23].

Chemotherapy may result in late and long-term side ef-
fects, and investigations show that genetic variation is asso-
ciated with drug response, keeping the promise of individu-
alized treatment to maximize efficacy and minimize toxicity
[21]. Cell line that presents alterations in the genetic expres-
sion of genes involved in folate metabolism may serve as a
useful model to investigate the regulation of the genetic
expression. The determination of different patterns of genetic
expression may to help identify reliable prognostic markers.
Identifying biomarkers for treatment response and toxicity to
MTX chemotherapy is critically important to advance the
field of personalized medicine in cancer.

In conclusion, our data suggests that MTHFR, DHFR,
TYMS. and SLCI941 genes present increased expression
after the highest application of MTX dose in laryngeal cancer
cell line, Moreover, SLCT94 1 gene also presents low expres-
sion after the lowest application of MTX dose in laryngeal
cancer cell line. Significant alterations of expression of these
studied genes in cell culture model may give support for
studies in clinical practice and predict interesting and often
novel mechanisms of resistance of MTX chemotherapy.
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Background: 5-fluorouracil (5-FU) is an antifolate chemotherapeutic that has become established in many
therapeutic regimes, but sensitivity variations and development of resistance are common problems
that limit the efficiency of the treatments. Inter-individual variations to 5-FU outcome have heen
attributed to different expression profiles of genes related to folate metabolism.
Methods: To elucidate the mechanisms of variations to 5-FU outcome, the authors investigated MTHFR,
DHFR, TYMS and 5LCT9A1 folate genes expression for 5-FU response in laryngeal cancer cell line (Hep-2).
Concentrations of 10, 50, and 100 ng/mL of 5-FU chemotherapeutic were added separately in Hep-2 cell
line for 24 hours at 37 "C. Cell sensihility was evaluated with fluorescein isothiocyanate (FITC) label Bcl-2
by flow cytometry. The real-time quantitative PCR (qPCR) technique was performed for quantification of
gene expression using TagMan™ Gene Expression Assay. ANOVA and Bonferroni's post hoc tests were
utilized to statistical analysis.
Results: The numbers of viable Hep-2 cells with 10, 50, and 100 ng/mL concentrations of 5-FU
chemotherapy were 1587, 283 and 68.9%, respectively. Statistical analysis showed significant
association between control group and increased expression for TYMS gene in cells treated with 100 ngf
mL/5-FU chemotherapy (P = 0.05).
Conclusions: The authors found association between the highest 5-FU dose chemotherapy and increased
expression levels for TYMS folate gene in laryngeal cancer cell line. Although these experiments were
performed in vitro, the results suggest that genetic factors are thought to play an important role in drug
metabolism and may be useful for predicting treatment outcomes.

@ 2014 Elsevier Masson 5AS. All rights reserved.
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1. Introduction folate-dependent enzymes, therefore leading to inhibition of
nucleotide biosynthesis and cell death [3,4]. 5-fluorouracil (5-
FU) chematherapy is an antifolate that may be utilized to head and

neck cancer treatment and therapeutic dose range of 20-25 mg hr/

Head and neck cancers constitute for 12% of all malignancies in
the world. Laryngeal cancer is the second most frequent tumor of

the head and neck and it is estimated about 151,000 new cases
world wild each year and the death incidence for this disease is
estimated to be 82 per 100,000 people per year [1,2].
Chemotherapy focused on specific molecular targets and
pathways are becoming common for cancer treatments, as
antifolate chemotherapeutics that are designed to target key

T Tel.: +55 1732015907, fax: +55 1732015700,
E-mail address: analivia_sgi@yahoo.com.br (A.LS. Galbiatti).

http:/jdx.dolorg/ 10.1016/j.biopha.2014.03.015
0753-3322/m 2014 Elsevier Masson SAS. All rights reserved.

L has been consistently shown to yield optimal results in terms of
clinical efficacy and safety [5.G]. It achieves its therapeutic efficacy
through inhibition of thymidylate synthase enzyme (TYMS), which
is essential for DNA synthesis and repair. It causes cell apoptosis
and cell cycle arrest by suppressing the cell’s ability for
synthesizing DNA. It is possible that 5-FU chemotherapy may
also influence another enzymes involved in folate pathway. These
enzymes are codified by genes that have essential role in folate
pathway [7-9].
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In recent years, many investigators have been studying and
identifying novel genes, mainly genes involved in folate metabo-
lism, that can be associated with resistance and toxicity to 5-FU
therapy for many cancer types [10-15], including head and neck
cancer [7,16-19]. Such target genes might prove to be therapeu-
tically valuable as new targets for 5-FU chemotherapy or as
predictive biomarkers of response and toxicity to 5-FU chemather-
apy [7,20,21].

Variability in patient’s response to anticancer chemotherapy is
a major hurdle in the delivery of optimal efficacy and possible
toxicity [14]. Different outcomes for 5-FU chemotherapy can be
due to alterations of expression levels of genes involved in 5-FU
pathway. To our knowledge, few reports about systematic
examination of the expression profiles of genes involved in folate
pathway have been published. Therefore, the objective of the
present study was to investigate genetic expression profiles of
methylenetetrahydrofolate reductase (NAD(P)H) (MTHFR), dihy-
drofolate reductase (DHFR), thymidylate synthetase (TYMS) and
solute carrier family 19 (folate transporter)/member 1 (SLC19AT)
genes involved in folate metabolism and their association with
chemotherapeutic outcome with 5-FU administered with three
different concentrations in laryngeal cancer cell line (Hep-2).

2. Materials and methods
2.1, Cell line

Human laryngeal carcinoma cell line Hep-2 was utilized for this
study. Hep-2 cell line has been described to originate from tumours
produced in irradiated-cortisonised weanling rats after injection of
epidermoid carcinoma tissue isolated from the larynx of a 56-year-
old male. Hep-2 cell was cultured in Minimum Essential Medium
Eagle Medium (D-MEN 00068 medium/Cultilab) supplemented
with 10% fetal bovine serum (FBS-Cultilab), 2 mM glutamine
(Cultilab), 100 U/mL of penicillin, 100 U{mL of streptomycin, 1 mM
sodium pyruvate (Sigma-Aldrich) and 1 mM non-essential amino
acid (Sigma-Aldrich) at 37.0 °C in a humidified atmosphere of 95%
air and 5% CO,. Cells plated in tissue culture dishes and grown in
mid-log phase with viability = 95% were used in our experiments.

2.2, Drug preparation and apoptosis analysis

The chemotherapy utilized was 5-FU anticancer agent. Cells
were plated in six-well culture plates at a density of 1 = 10%/well
and incubated separately with three different concentrations of 5-
FU for 24 hours (10, 50 and 100 ng/mL). The control cells were the
cell line with drug-free medium. After 24 hours incubation with 5-
FU, cells were collected, washed with phosphate buffered saline
(PBS), and then suspended in 100 uL cell pellets.

The rate of apoptotic and living cells was evaluated by Bcl-2
(100: sc-509) fluorescein isothiocyanate FITC/PI assay according to
the manufacturer's manual (Santa Cruz Biotechnology, Inc). Cells
were gently vortexed and incubated for 15 min at room
temperature in the dark. Cells were analyzed in a flow cytometer
FACS calibur (Becton Dickinson Immunocytometry Systems, San
José, USA). The sample analysis was performed using the
CELLQuest software (Apple). The procedure was performed in
triplicate to expose erroneous data points and excessive random
variations.

2.3. RNA extraction and reverse transcriptase polymerase chain
reaction (RT-PCR) analysis

Total RNA of each 5-FU application was extracted from Hep-2
cell line using Trizol"™ Reagent Kit (Invitrogen) according to the

manufacturer’s instructions. RNA concentration was adjusted to 50
ng/pL using a Picodrop" Equipment. Reverse transcription was
then carried out at 95°C for 20seconds and 40 cycles of
denaturation at 95°C for 0,3 seconds, annealing at 60°C for
30 seconds and extension at 72 °C for 30 seconds, with 2 g of total
RNA with random primers according to high capacity cDNA kit
(Applied Biosystem™) manufacturer's protocol.

2.4, Tagman gene expression assay

Gene expression was measured by quantitative real time (qRT-
PCR)} using a StepOnePlus™ Equipament (Applied Biosystems).
The PCR reaction condition was 40 cycles of 20 s at 94 °C, 0.3 s at
annealing temperature, and 60 °C for 30 s. 10 p.L reaction mix
contained the following components with final concentration:
2 » TagMan"™ Gene Expression Master Mix, 20 = TagMan" Gene
Expression Assay and 2 pL of ¢cDNA sample solution (50 ng)
(Applied Biosystems). Gene-especific primers were used for
quantification of one-carbon metabolizing gene expressions in
TagManm Custom Array Plate, which included triplicated wells of
one reference genes and MTHFR, DHFR, TYMS and SLC19A1 folate
genes. Relative mRMNA expression levels were calculated against
quantified data on the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). All reactions were run on triplicate for
four samples. Melting curves were checked to validate the PCR
specificity. The gene expression levels were normalized with B-
actin and GAPDH reference genes. Relative gene expression levels
were calculated using the delta threshold cycle (Ct) method
according to the mathematical formula shown below. The
expression levels of target genes were expressed as 2 — (delta
Ct) = 1000 to simplify the calculation.

Expression level of target gene = 2 — (Delta Ct) =« 1000

Delta Ct = Ctof target gene — (Mean Ctof 8
— actin and GAPDH genes)

2.5. Statistical analysis

Statistical analyses was performed using Bioestat software
program-Version 5.3 View software package. Mean Ct values of
triplicate measurements were used for analysis. These data were
evaluated by one-way RM analysis of variance (ANOVA) to assess
MTHFR, DHFR, TYMS and SLCT9A1 gene expression in three different
5-FU concentrations against expression of genes in the control cells
(no 5-FU). Bonferroni's post hoc test was used to determine the p-
value at each concentration vs. control. Results with P < 0.05 were
considered statistically significant.

3. Results

Flow cytometry analysis with Bcl-2 FITC staining showed that
3.6% of cells in the control group were apoptotic cells. After
administration of 10, 50 and 100 ng/mL of 5-FU, the apoptotic cells
were 15.87, 28.3 and 68.9%, respectively (Fig. 1).

Expression levels for MTHFR, DHFR, TYMS and SLC19A1 genes were
higherincells administered 100 ng/mL of 5-FU chemotherapy (Fig. 2).
Statistical analysis also showed significant association between
control group and increased expression of TYMS gene in cells treated
with 100 ng/mL of 5-FU chemotherapy (P < 0.05) (Table 1).

4. Discussion

The results of the current study showed that the number of
apoptotic cells in the control group was significantly lower than a
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Fig. 1. Flow cytometry photodocumentation of HEP-2 cell line treated with 5-FU chemotherapy showing apoptotic and viable cells. A. Cells without treatment with
chemotherapy (control). B. Cells treated with a concentration of 10 ng -5-FU. C. Cells treated with 50 ng concentration of 5-FU. D. Cells treated with a concentration of 100 ng -
5-FU, R1 denotes apoptotic cells; R2 represents the viable cells.

group of cells treated with 5-FU chemotherapy. Regarding to cells chemotherapy is widely utilized as treatment for solid tumors,
treated with 10, 50 and 100 ng/mL of 5-FU, the number of apoptotic such laryngeal carcinoma, but its mechanism of action is not fully
cells increased as the dose was increased. Cells treated with understood. It is believed that after administration, 5-FU is
100 ng/mL concentration had the most apoptotic cells. This converted intracellularly to three active metabolites that disrupt

4 k= MTHFR gene DHFR gene TYMS gene SLC19A1 gene
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Fig. 2. Quantitative gene expression of MTHFR, DHFR, TYMS and SLCI9AT genes in HEP-2 cell line treated with three different concentrations of 5-FU and cell line without 5-FU
application.
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Table 1
ANOWVA test: MTHFR, DHFR, TYMS and SLC19A1 gene expression in three different 5-
FU concentrations against expression of the genes in control cells (no application 5-

FUJ.

Sample {ng/mL) Bonferroni diference F-ratio P-value
MTHFR
10 3.88 10564311 ns
50 278 1733.7322 ns
100 741 22,713.3605 ns
DHFR
10 2.08 308.36 ns
50 2.68 491.8 ns
100 B.06 471241 ns
TYMS
10 2,77 12958937 ns
50 2.82 12516734 ns
100 46.90 469.6407 = 0.05
SLC18AT
10 2.80 351.4392 ns
50 2.40 2592960 ns
100 7.06 19116980 ns

RNA and DNA synthesis: fluorodeoxyuridine monophosphate
(FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and fluorour-
idine triphosphate (FUTP) [22,23].

Regarding to disruption of RNA synthesis, 5-FU is modified by
orotate phosphoribosyl transferase enzyme (OPRT) to form
dFUMP, which is then converted to FUTP. FUTP is incorporated
into cellular RNA, resulting in RNA dysfunction. For disruption of
DNA synthesis, 5-FU already transformed in dFUMP suppresses
thymidylate synthase (TYMS), an important enzyme for DNA
replication and cell growth. It forms covalent ternary complexes
with 5,10-methylenetetrahydrofolate (CH2THF) that leads reduc-
tion of deoxythymidine triphosphate (dTTP) levels and high levels
of dUTP, and as consequence dUTP become misincorporated into
DNA in locations where dTTP should be incorporated during
replication. Therefore, it results in DNA damage, inhibition of DNA
synthesis and cell death [7,24,25]. In the present study was
confirmed that the more high the dose of 5-FU chemotherapeutic
the more effective it is. Indeed the development of resistance and
sensitivity wvariations are common problems that limit the
efficiency of 5-FU chemotherapy treatment, as resistance to 5-
FU treatment and toxicity [5,6,25,26].

It is known 5-FU dosage may influence toxicity and drug
efficacy [G]. It may be due to intratumoral gene expression and
activities of several enzymes related to 5-FU metabolism that have
been shown to correlate with drug response leading to resistance
to treatment and an increase or decrease in collateral effects in
cancer treatment, as the effects of 5-FU are closely related to the
activity of its metabolic and associated enzymes. Such target genes
might prove to be therapeutically valuable as new for 5-FU
chemotherapy or as predictive biomarkers of response and toxicity
to 5-FU chemotherapy [11-19,21,27-29|.

The present study is the first to determine the expression levels
of MTHFR, DHFR, TYMS and SLC19A1 in a laryngeal cancer cell line
given 5-FU in order to identify if alterations in expression levels of
these genes may be involved in drug sensitivity according to dose
administered and it was found expression levels of the evaluated
genes were higher in cells given 100 ng/mL of 5-FU than another
concentrations (10 and 50 ng/ml). According to Lee et al. (2009)
[20], expression of MTHFR, DHFR, TYMS and SLC19A1 genes presents
normal levels in healthy individuals. However, our results
confirmed altered levels of TYMS gene in laryngeal cancer cell
line treated with high doses of 5-FU chemotherapeutic. TYMS gene
showed significant association between increased expression and
the highest concentration of 5-FU administered when compared to
Hep-2 cell line without 5-FU. Increased expression of TYMS

possibly decreases the inhibitory effect of 5-FU on the DNA
synthesis. Studies suggested that increased expression of the TYMS
gene in tumor cells might decrease efficiency of 5-FU and lead to
drug resistance in head and neck cancer treatment [7,16,17,19].

Furthermore, mRNA increased expression level of TYMS was
also significantly correlated with non-response to 5-FU and poor
prognosis in esophageal carcinoma cell lines and primary cancer
cells isolated from malignant ascites, according our results in
laryngeal cancer cell line [11,13]. Different from that, the study of
Yamashita et al (2009) [27] that investigated expression of folate
genes in oral squamous cell carcinoma tissues of patients treated
with neoadjuvant therapy with 5-FU and a non-treated group
indicated that TYMS gene expression was not significantly altered
by the neoadjuvant therapy using 5-FU and irradiation. Sameshima
et al. (2008) [12] also did not found the association between 5-FU
treatment and mRNA expressions of some 5-FU related genes in
patients with colorectal carcinoma.

It was confirmed mRNA level of TYMS gene correlates with the
enzymatic activity and increased expression of TYMS mRNA and its
protein is linked to resistance to 5-FU, both in vitro and in vivo
[14,30]. Increased expression of TYMS gene probably lead to
alteration in the methylation of dUMP to dTMP and consequently
can alter DNA synthesis and repair leading to resistance to 5-FU
treatment. These data may offer additional base for individualized
cancer chemotherapy based on the 5-FU-related molecular
characteristics in patients with laryngeal cancer. However, little
data exist on systematic examination of expression profiles of one-
carbon metabolizing genes in population studies. In conclusion,
the present study confirms significant association between the
highest 5-FU dose chemotherapy and TYMS mRNA expression
increased levels in laryngeal cancer cell line. Although these
experiments were performed in cell lines, the results suggest that
assessing TYMS mRNA expression would be useful in predicting 5-
FU sensitivity of laryngeal cancer patients before treatment.
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Abstract

Introduction: Antifolate chemotherapies as Methotrexate (MTX) and 5-Fluorouracil
(5-FU) act inhibiting enzymes involved in folate pathway. The enzymes are important
to DNA synthesis and cell growth. Exposure to dose of these chemotherapeutics can
alter genes that codifying these enzymes and to influence in effectiveness and resistance
to treatment. Objectives: To evaluate relationship between mRNA and protein
expression levels expression of MTHFR, DHFR, TYMS and SLC19A1 folate metabolic
genes in oral cancer cell line treated with MTX and 5-FU antifolate chemotherapies in
different doses, separately. Materials and methods: Oral cavity cancer cell line
(HN13) was treated with 0.25, 25.0, and 75 uM of MTX and 10 ng/ml, 50 ng/ml, and
100 ng/ml of 5-FU, separately, for 24 hours/37°C. Flow Cytometry, Real-time PCR and
Western blotting techniques were performed. ANOVA and Bonferroni's post hoc tests
were utilized for statistical analysis. P<0.05 was considered significant. Results:
Increased concentration of MTX chemotherapy was associated with increased
expression of DHFR and SLC19A1 genes in oral cancer cell line (p <0.05). Increased
concentration of 5-FU chemotherapy was associated with increased expression of
DHFR and TYMS genes in oral cancer cell line (p <0.05). The lower dose of 5-FU was
associated with decreased expression of SLC19A1 gene. Conclusion: Exposure to low
and high-dose of MTX and 5-FU chemotherapeutics in oral cancer cell line can

modulate the level of expression of genes involved in folate metabolism.
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Introduction

Oral cancer accounts about 300,373 cases annually worldwide and the latest data
showed that there was a total of 97,919 deaths for this disease. This devastating
disease still presents low survival due to recurrence of disease and uncontrollable
persistency of tumor. (Jemal., 2011; Globocan., 2012; Siegel et al., 2014, Foundation
0C.,2014)

The choice of treatment for the disease depends of clinical, radiological and
histopathological parameters, which consists in local of tumor, size of the primary
tumor, presence of lymph node loco-regional and distant metastasis (TNM
classification), tumor depth and presence of lymphovascular invasion. Patients with
unresectable disease or those who are unfit for surgery receive radiation treatment with
or without concurrent chemotherapy or only chemotherapy. (Woolgar., 2006; Ignoffo et
al., 2008; Licitra et al., 2008; Kakria et al., 2014) There are several chemotherapies that
can be utilized for oral cancer treatment, such as methotrexate (MTX) and 5-
fluorouracil (5FU) that are classified as antifolate chemotherapies. They act inhibiting
the purine and pyrimidine pathways by blocking enzymes involved in folate metabolism
that are essential to DNA synthesis and cell growth. (YYang et al., 2011; Price and Cohen
etal., 2012)

Although antifolate chemotherapies present positive therapeutic results, studies
have shown that these antifolate agents increase acute toxicity and side effects, and
tumors may exhibit resistance to these agents. Moreover, tumors exhibiting the same
clinical stage can demonstrate different patterns of growth leading to persistence of

tumoral growth and failure in chemotherapy treatment (Thomas et al., 2005; Pignon et
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al., 2009; Price and Cohen., 2012).

It is believed that inter-individual variability in antifolate chemotherapies
response and toxicity in cancer treatment can be due to genetic expression of target
genes that codifying enzymes involved in folate pathway. Some studies show dose
exposition of chemotherapeutics in cancer treatment can induce different responses in
cancer treatment and resistance through alteration of expression of some genes
involved in the metabolism of chemotherapeutic, including MTX and 5-FU. This may
explain why chemotherapy regimens have not increased efficacy.( Yoshikawa et al.,
2001; Kawano et al., 2004; Psyrri &DiMaio., 2008; Aubry et al., 2008; Mattia and
Toffoli., 2009; Chuan Chuang et al., 2012; Bhosle et al., 2013; Galbiatti et al., 2013;
Galbiatti et al., 2014).

In order we carried out this study to investigate the effect of high and low dose of
MTX and 5-FU antifolate chemotherapeutics in the expression of mMRNA and protein of

MTHF, DHFR, TYMS and SLC19A1 folate genes genes in oral cancer cell line.

Materials and methods

Cell line and Anticancer agents

It was utilized HN13 cell line derived of a tongue squamous cell carcinoma that
was immortalized. Cell line was maintained Minimum Essential Medium Eagle
Medium (D-MEN 00068 medium/ Cultilab) supplemented with 10% heat-inactivated
fetal bovine serum and a cocktail of penicillin and streptomycin (Gibco; Invitrogen) at
37 °C in 5% carbon dioxide. Cells growing exponentially were harvested when a

confluence of 90% was achieved.
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MTX and 5-FU chemotherapies were plated in six-well culture plates at
a density of 1 x 10°/well. HN13 cell lines were incubated separately with three different
concentrations of MTX chemotherapeutic: 0.25micromole (umol), 25umol, and 75umol
for 24 hours at 37 °C according to Pai et al., (2009). 2) and three different
concentrations of 5-FU chemotherapeutic: 10 ng/ml, 50 ng/ml and 100 ng/ml for 24
hours at 37 °C according to Yoshikawa et al., (2001). Control cells were the cell line

with drug-free medium.

Flow Cytometry (FCM) and apoptotis quantification

After 24-h chemotherapies incubation, the determination of viable and apoptotic
cells was evaluated by double staining with fluorescein isothiocyanate (FITC) label Bcl-
.2 (100: sc-509) according to manufacturer’s manual (Santa Cruz Biotechnology, Inc).
Cells were gently vortexed and incubated for 15 min in room temperature in the dark
Within 1 h, cells were analyzed with flow cytometer FACS calibur (Becton Dickinson
Immunocytometry Systems, San José, USA). The sample analysis was performed using

the CELLQuest software (Apple).

RNA Extration, cDNA generation and gRT-PCR analysis

The RNA isolation was performed using Trizol (Invitrogen) according to
manufacturers’ manuals. The RNA concentration was adjusted to 2 ug using a
Picodrop® Equipament. For cDNA synthesis 2 ug of total RNA was used with random
primers according to High capacity cDNA kit (Applied Biosystem®) manufacturer's

protocol.
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Gene expression in all samples was measured by quantitative RT-PCR (qRT-
PCR) with StepOnePlus™ Equipament (Applied Biosystems). A polymerase chain
reaction (PCR) was performed in a 20-uL reaction mixture containing 10 uL of Tagman
Universal PCR Master Mix (Applied Biosystems), each primer at 80 nmol/L, 2 nmol/L
probe and 2 uL of cDNA sample solution. Thermal cycling conditions comprised an
initial denaturation step at 95°C for 20 s, 40 cycles of denaturation at 95°C for 0,3
seconds, annealing at 60°C for 1 min and extension at 72°C for 30 seconds. TagMan®
Gene Expression Assay was pre-optimized PCR primer and probe sets for qRT-PCR
formulated at 20X concentration.

Gene-especific primers were used for quantification of one-carbon metabolizing
gene expressions in TagMan® Custom Array Plate, which included triplicated wells of
two reference genes (b-actin and Glyceraldehyde-3-phosphate dehydrogenase -
GAPDH) and 4 target genes (MTHFR, DHFR, TYMS and SLC19A1). The reaction mix
contained the following components with final concentration: TagMan® Fast Advanced
Master Mix. All reactions were run in triplicate for four samples. Melting curves were
checked to validate the PCR specificity. Gene expression levels were normalized with
B-actin and GAPDH reference genes.

Relative gene expression levels were calculated using the delta threshold cycle
(Ct) method according to mathematical formula shown below. The expression levels of
target genes were expressed as 2-(Delta Ct) x 1,000 to simplify the calculation.

Expression level of target gene = 2-(Delta Ct) x 1,000

Delta Ct= Ct of target gene — (Mean Ct of B-actin and GAPDH genes)
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Western Blot Analysis

Western blot analysis was used to verify the distribution of MTHFR, DHFR,
TYMS and SLC19A1 proteins. It was utilized beta actin protein as control of reaction.
Proteins were extracted from 1 x 10° cells treated with chemotherapeutics in different
concentrations with 1 mL RIPA buffer (Sigma Aldrich®) according manufacturer's
instructions. They were quantified by BCA™ Protein Assay Kit (Thermo Scientific)

method by Picodrop Pico200™

equipment (Analytical) for use in the reactions of the
proposed optimal concentrations and higher efficiency.

Dilution factors for different antibodies were prepared according to manufacturer. The
specific procedure was: Firstly we add Bolt (Sample Reducing Agent - 10x - Novex -
Life Technologies ®) and buffer LDS Sample Buffer-4x Novex - Life Technologies ®)
in the proteins. The samples were placed to a temperature of 70 ° C for 10 minutes for
denaturation. After this procedure, the proteins were applied at a concentration of 100
ug Bolt™ in MES NuPAGE 4-12% Bis ® Plus Mini Tris Gel (Novex ® by Life
Technologies). The voltage was 140V; 300mA for 45 minutes. The molecular marker
SeeBlue Pre-Stained Standard ® (Life Technologies) was applied for identification of
size of proteins. After, the transfer was realized with iBlot Dry Blotting System
(Invitrogen-Life Technologies®) that executes the transfer in 6 minutes to PVDF
membrane. The membran was blocked with 3% BSA in TBS-T for 1 hour and 30
minutes. The antibodies were diluted in a solution of 3% BSA in TBS-T at the specified
concentration established by the manufacturer, then were added to the membrane for a
period of 24 hours. After, the antibodies were removed and held by three washes (15

minutes) of the membrane with TBS-T solution without BSA.. After the washing

procedure, was added to the membrane IgG secondary antibody (Peroxidase Labeled
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Antibody Affinity Purified Anti-Mouse 1gG-KPL ®) for 1 hour. Then the membrane
with four washes of 15 minutes each with TBS-T was performed without BSA. To
finish was added to the membrane reagent ECL™ Select Western Blotting Detection
(GE Healthcare) for detection of specific proteins. The membrane was visualized in

appropriated photo documentation system.

Statistical analysis

Statistical analysis was performed using Bioestat software program-Version 5.3
Mean Ct values of triplicate measurements were used for analysis. These data were
evaluated by one-way RM analysis of variance (ANOVA) to assess MTHFR, DHFR,
TYMS and SLC19A1 gene expression in three different chemotherapeutics
concentrations against expression of genes in control cells (no chemotherapeutic
application). Bonferroni’s post hoc test was used to determine the p- value at each

concentration vs. control. Results with p< 0.05 were considered statistically significant.

RESULTS

The results for Flow Cytometry analysis that show the percentile of apoptotic cells
level of HN13 cell line during 24 h of exposure to MTX and 5-FU separately are
described in Figure 1. The induction of apoptotic cells for treatment of 0.25 uM, 25 uM,
and 75 uM of MTX was 24.4%, 75.5% and 94.4% respectively. For treatment with 10,
50 and 100 ng/mL of 5-FU, the percentile of apoptotic cells was 19.8%, 38.12% and

68.69%, respectively.
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Figure 1.A. Flow cytometry photodocumentation of HN13 cell line treated with MTX chemotherapy showing apoptotic and viable cells. A)
cells without treatment with chemotherapy (control), B) Cells treated with a concentration of 0.25 uM MTX, C) Cells treated with 25.0 uM

concentration of MTX and D) Cells treated with a concentration of 75,0 uM MTX.

Figure 1.B. Flow cytometry photodocumentation HN13 cell line treated with 5-FU chemotherapy showing apoptotic and viable cells. A. Cells
without treatment with chemotherapy (control). B. Cells treated with a concentration of 10 ng -5-FU. C. Cells treated with 50 ng concentration
of 5-FU. D. Cells treated with a concentration of 100 ng 5-FU. R1 denotes apoptotic cells; R3 represents viable cells.
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Regarding to protein and gene expression, as shown in Figure 2, treatment with 75
uM of MTX chemoterapeutic was associated with altered expression of DHFR gene
(ANOVA with post hoc Bonferroni: p<0.05) and SLC19A1 gene (ANOVA with post
hoc Bonferroni: p<0.05). Treatment with 5-FU chemoterapeutic showed association
with concentration of 100 ng and altered expression of TYMS gene (ANOVA with post
hoc Bonferroni: p<0.05) and DHFR gene (ANOVA with post hoc Bonferroni: p<0.05),

as shown in Figure 3.
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DISCUSSION

Antifolate chemotherapy for HNC treatment still presents many problems such
drug resistance and no-effectiveness of treatment in certain patients. The fact can be
explained due to genetic factors. For this reason, predictive genetic molecular
biomarkers may help select patients who will response for determined chemoterapy
with better effectiveness and without toxicity through personalized therapeutic
regimens. (Bertino., 2009; Jessri et al., 2014)

Our study confirmed that higher concentration of MTX chemotherapy in oral
cancer cell line presented higher number of apoptotic cells. Moreover, the higher
concentration of MTX led to increased expression of DHFR protein and gene and
decreased expression of SLC19A1 protein and gene. Studies have reported potential
folate genes that may be associated with toxicity, ineffectiveness or better response to
MTX. In addition, the dosage of MTX can alter the folate pathway and the activity of
chemotherapeutic in cancer cells, as we found in the present study. (Panetta et al., 2010;
Erculj et al., 2012; Galbiatti et al., 2013).

This antifolate chemotherapy acts on several folate key enzymes including
dihydrofolate reductase (DHFR). MTX inactives this enzyme that is responsible to
catalyzes the conversion of folate in tetrahidrofolate, an essential cofactor for the
synthesis of pyrimidine synthesis. DHFR also is responsible to convert folate in
5,10MTHFR, cofactor important to purine synthesis. Therefore, MTX cause depletion
of tetrahydrofolate cofactors that are required for DNA and RNA syntheses and cell

growth. (Abali et al., 2008; Morales et al., 2009)
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According our results, Askari and Krajinovic (2010) showed that increased
expression of DHFR gene is associated with individual’s predisposition to respond to
the treatment with MTX in terms of effectiveness and drug side effects and, the study of
Saes Ayala et al (2011) confirmed increase of expression of DHFR gene is associated
with many types of cancer cells in response to MTX treatment. Our previous study also
showed that MTX treatment with higher dose is associated with increased expression of
DHFR gene in larynx cancer. (Galbiatti et al., 2013) MTX dose probably induce
increased DHFR gene expression by interfering in the process of DHFR regulation.

Probably, as shown in our study and according literature data, increased
expression in DHFR gene induces high concentration of folate wich is converted to
tetrahydrofolate and 5,10 MTHF which are essential product to cell division leading to
increased effectiveness to MTX. (Hider et al., 2007; Assarafi., 2007; Patifio-Garcia et
al., 2008; Askari and Krajinovic., 2010). The hypothesis is that due to increasing dose
of MTX, the organism understands that is necessary to increase the expression of DHFR
gene for action of MTX. Once the chemotherapeutic inhibits DHFR enzyme which is
encoded by the DHFR gene and this inhibition leads to block of cell division. Therefore,
the higher dose of chemotherapy, more enzyme probably will be encoded to the
chemotherapeutic perform the effect.

The present study also confirmed that higher dose of MTX lead to decreased
expression of SLC19A1 gene. This gene is responsible to codify SLC19A1 enzyme,
which to carrier intracellular folate and antifolate chemotherapies into cells. Expression
decreased levels of SLC19A1 gene may result in less intracellular transport of MTX

with a consequent reduction of effectiveness and cytotoxicity. (Assaraf., 2007; Abdell-
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Hallem et al., 2011). However, in higher concentrations of MTX, despite the
decreased expression reduce the transport of MTX, as there is high dose of
chemotherapeutic, it is possible there is another mechanism of MTX transport, but more
studies are necessary to confirm this hypothesis.

Regarding to 5-FU chemotherapy, our results confirmed that higher concentration
of 5-FU chemotherapy presented higher number of apoptotic cells. We also found that
the higher dose of 5-FU led to increase of expression of DHFR and TYMS genes in oral
cancer cell line. 5-FU chemotherapy is a commonly utilized for head and neck cancer
treatment.

This chemotherapeutic is an inhibitor of TYMS, which is an important enzyme for
DNA synthesis responsible to catalyze deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP) for DNA synthesis. A metabolite of 5-FU,
5fluorodeoxyuridylate (5-FAUMP), forms a stable covalent ternary complex with
TYMS in the presence of 5,10- methylenetetrahydrofolate folate cofactor. The complex
formation suppresses the conversion of uracil to thymidine, blocking DNA synthesis
and cell growth. (Zhang et al., 2008; Lima et al., 2013). Studies have suggested poorer
clinical response to 5-FU-based chemotherapy showing increased expression levels of
TYMS in cancer.(Fukui et al., 2008; Aubruy et al., 2008; Wang et al., 2011; Sasako et
al, 2014; Galbiatti et al., 2014)

Our previous study showed association between 5-FU chemotherapy and
increased expression of TYMS gene in larynx cancer cell line, according our present
study in oral cancer. (Galbiatti et al., 2014) We thought that increased higher dose of 5-
FU induce the increase of expression of TYMS gene because this gene forms a complex

with 5-FU (5-FdAUMP) suppressing the translation mRNA of and protein of TYMS gene
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Therefore, if there is more 5-FU concentration, probably the organism will
synthetize more TYMS to bind with 5-FU chemotherapeutic. Once the target of 5-FU
chemotherapeutic is TYMS enzyme that is codified by TYMS gene.

The results of present study also showed association of increased expression of
DHFR gene and 5-FU treatment with higher dose in oral cancer cell line DHFR is
essential to pyrimidine and purine synthesis, it converts tetrahydrofolate to 5,10 MTHF,
and increased expression can be related with high levels of tetrahydrofolate and 5,10
MTHF which cofactors that are required for DNA and RNA synthesis. (Hider et al.,
2007; Assarafi., 2007; Patifio-Garcia et al., 2008; Askari and Krajinovic., 2010) It is
thought that despite DHFR gene is not involved directly with 5-FU chemotherapeutic
action, it is an important enzyme of folate pathway and probably as 5-FU inhibits TYMS
enzyme, also involved in folate pathway will be no conversion of dUMP to dTMP for
pyrimidine synthesis and, consequently it is possible an uncontrolled in folate pathway.
Maybe there is increase expression of DHFR to try control the folate pathway and block
of cellular division. More studies are necessary to confirm these data.

Our goal was to determine how MTX and 5-FU can influence genetic variation in
folate pathway and response in oral cancer cell lines. We conclude that the dose of
MTX and 5-FU antifolate chemotherapeutic can modulate expression of genes involved

in folate pathway in oral cancer cell line.
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4. CONCLUSOES




Gonclusoes

Conclusdes

O aumento da concentracdo do quimioterdpico MTX estd associado com
expressao aumentada dos genes MTHFR, DHFR, TYMS e SLC19A1 na linhagem de
cancer de laringe; expressdo aumentada do gene DHFR e expressdo diminuida do gene
SLC19A1 na linhagem de cancer oral (p<0,05). A dose mais baixa de MTX esta
associada com expressdo diminuida do gene SLC19A1 em cancer de laringe. O aumento
da concentracdo do gquimioterapico 5-FU esta associado com expressdo aumentada do
gene DHFR na linhagem de céncer de laringe (p<0,05) e expressdo aumentada dos
genes TYMS e DHFR na linhagem de cancer oral (p<0,05). Portanto, a dose dos
quimioterapicos MTX e 5-FU em linhagens de cancer de laringe e cancer oral pode

modular o nivel de expressédo de genes envolvidos no metabolismo do folato.

61



5. REFERENCIAS BIBLIOGRAFICAS




feréncias Bibliograficas

Referéncias Biblogréaficas
1. Jemal A, Bray F, Center MM, et al. Global cancer statistics. CA Cancer J Clin
2011; 61:69.
2.Globocan 2012. http://globocan.iarc.fr/Pages/fact_sheets _population.aspx,

3. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin
2014; 64:9.

4.Foundation OC. Oral Cancer Facts, 2014. Disponivel em:
http://oralcancerfoundation.org/facts/index.htm. Asia Pac J Clin Oncol. 2014 Aug 17.
doi: 10.1111/ajco.12261. [Epub ahead of print]

5. Instituto Nacional do Cancer — INCA. Disponivel em www.inca.gov.br

6. Woolgar J. Histopathological prognosticators in oral and oropharyngeal
Squamous cell carcinoma, Oral Oncol 2006; 42: 229-39.

7. Ignoffo RJ, Rosenbaum EH. What happens in chemotherapy. In: Ko AH,
Dollinger M, Rosenbaum EH, eds. Everyone's Guide to Cancer Therapy, Revised 5th
Edition. Kansas City, MS: Andrew McMeel Publishing; 2008.

8. Licitra L, Locati LD, Bossi P. Optimizing approaches to head and neck
cancer. Metastatic head and neck cancer: new options. Ann Oncol. 2008; 7.

9. Kakria A, Rawat S, Bhutani R, Gupta G, Devnani B, Wahi IK, et al.
Retrospective analysis of treatment outcomes following reirradiation in locoregionally
recurrent head and neck cancer patients: A single institutional study. Asia Pac J Clin
Oncol. 2014 Aug 17. doi: 10.1111/ajco.12261. [Epub ahead of print]

10. Price KA, Cohen EE. Current treatment options for metastatic head and neck
cancer. Curr Treat Options Oncol 2012;13(1):35-46.

11. Kuehr T; Thaler J. Chemotherapy Protocols 2013 — Current Protocols and
“Target Therapies”. Sandoz Oncology., 2013.

12. Wu CF, Chang KP, Huang CJ, Chen CM, Chen CY, Steve Lin CL.
Continuous intra-arterial chemotherapy for downstaging locally advanced oral
commissure carcinoma. Head Neck. 2014; 36(7):1027-33

13. Minicucci EM, da Silva GN, Salvadori DM. Relationship between head and
neck cancer therapy and some genetic endpoints. World J Clin Oncol. 2014; 10;5(2):93-
102.

14. Marvaretta M Stevenson, MD. Head and Neck Cancer Treatment Protocols.
Medscape., 2014. Available at: http:// http://emedicine.medscape.com/article/2006216-
overview

63


http://www.inca.gov.br/

feréncias Bibliograficas

15. Visentin M, Zhao R, Goldman ID. The antifolates. Hematol Oncol Clin
North Am. 2012; 26(3):629-648.

16. Gonen N, Assaraf YG. Antifolates in cancer therapy: Structure, activity and
mechanisms of drug resistance. Drug Resist Updat 2012; 15(4):183-210.

17. Bertino JR. Cancer research: from folate antagonism to molecular targets.
Best Pract Res Clin Haematol. 2009;22(4):577-82

18. Morales C, Garcia MJ, Ribas M, Mir6 R, Mufioz M, Caldas C, Peinado MA.
Dihydrofolate reductase amplification and sensitization to methotrexate of
methotrexate-resistant colon cancer cells. Mol Cancer Ther. 2009;8(2):424-32

19. Moura JA, Valduga CJ, Tavares ER, Kretzer IF, Maria DA, Maranhdo RC.
Novel formulation of a methotrexate derivative with a lipid nanoemulsion. Int J
Nanomedicine. 2011; 6:2285-95.

20. Longley DB, Harkin DP, Johnston PG. 5-fluorouracil: mechanisms of action
and clinical strategies. Nat Rev Cancer. 2003; 3(5):330-8.

21. Zhang N, Yin Y, Xu SJ, Chen WS. 5-fluorouracil: mechanisms of resistance
and reversal strategies. Molecules 2008;13(8):1551-69.

22. Thomas GR, Nadiminti H, Regalado J. Molecular predictors of clinical
outcome in patients with head and neck squamous cell carcinoma. Int J Exp Pathol
2005; 86:347-63.

23. Taguchi T, Tsukuda M, Mikami Y, Matsuda H, Horiuchi C, Yoshida T,
Nishimura G, Ishitoya JI and Katori H. Concurrent chemoradiotherapy with cisplatin, 5-
fluorouracil, methotrexate, and leucovorin in patients with advanced respectable
squamous cell carcinoma of the laryngeal and hypopharynx. Acta Oto-Laryngologica,
2006; 126: 408-13.

24. Pai RB, Lalitha RM, Pail SB, Kumaraswamy SV, Lalitha N, Bhargava MK.
Analysis of in vitro and in vivo sensitivity of oral cancer cells to methotrexate. Exp
Oncol 2009; 31:118-20.

25. Pignon JP, le Maitre A, Maillard E, Bourhis J, on behalf of the MACH-NC
Collaborative Group. Meta-analysis of chemotherapy in head and neck cancer (MACH-
NC): An update on 93 randomised trials and 17,346 patients. Radiother Oncol 2009; 92:
4-14.

26. Faivre S, Albert S, Raymond E. Induction chemotherapy challenges for head
and neck cancer. Lancet Oncol. 2013;14(3):188-9

64



feréncias Bibliograficas

27. Kawano K, Goto H, Kanda T, Yanagisawa S. Predictive value of
immunohistochemical thymidylate synthase expression for histological response to
Tegafur/Uracil (UFT) in oral squamous cell carcinoma. Int J Oral Maxillofac Surg.
2003; 32(6):633-7.

28. Chiusolo P, Reddiconto G, Farina G, et al. MTHFR polymorphisms’
influence on outcome and toxicity in acute lymphoblastic leukemia patients. Leuk Res
2007; 31:1669-74.

29. Aubry K, Labourey JL, Besséde JP, Tubiana-Mathieu N, Rigaud
M.Expression levels of thymidylate synthase, thymidylate phosphorylase and
dihydropyrimidine dehydrogenase in head and neck squamous cell carcinoma:
preliminary study. Clin Med Oncol. 2008;2:27-35.

30. Psyrri A, DiMaio D. Human papillomavirus in cervical and head-and-neck
cancer. Nat Clin Pract Oncol 2008; 5: 24-31.

31. Celtikci B, Lawrance AK, Wu Q, Rozen R. Askari krajinov. Methotrexate-
induced apoptosis is enhanced by altered expression of methylenetetrahydrofolate
reductase. Anticancer Drugs. 2009;20(9):787-93.

32. Mattia L; Toffoli G. C677T and A1298C MTHFR polymorphisms, a
challenge for antifolate and fluoropyrimidine-based therapy personalization. Europ. J. of
Cancer. 2009; 45: 1333-51.

33. Chen WW, Lin CC, Huang TC, Cheng AL, Yeh KH, Hsu CH. Prognostic
factors of metastatic or recurrent esophageal squamous cell carcinoma in patients
receiving three-drug combination chemotherapy. Anticancer Res. 2013;33(9):4123-8.

34. Galbiatti AL, Castro R, Caldas HC, Padovani JA Jr, Pavarino EC, Goloni-
Bertollo EM. Alterations in the expression pattern of MTHFR, DHFR, TYMS, and
SLC19A1 genes after treatment of laryngeal cancer cells with high and low doses of
methotrexate. Tumour Biol. 2013 34(6):3765-71.

35. Galbiatti AL, Caldas HC, Maniglia JV, Pavarino EC, Goloni-Bertollo EM.
Gene expression profile of 5-fluorouracil metabolic enzymes in laryngeal cancer cell
line: Predictive parameters for response to 5-fluorouracil-based chemotherapy. Biomed
Pharmacother. 2014;68(5):515-9

36. Jessri M, Farah CS. Next generation sequencing and its application in
deciphering head and neck cancer. Oral Oncol. 2014;50(4):247-53.

37. Askari BS, Krajinovic M. Dihydrofolate reductase gene variations in
susceptibility to disease and treatment outcomes. Curr Genomics. 2010;11(8):578-83

38. Hider SL, Bruce IN and W. Thomson. The pharmacogenetics of
methotrexate. Rheumatology 2007;46:1520-1524

69



Referéncias Bibliogréficas

39. Assaraf YG. Molecular basis of antifolate resistance. Cancer Metastasis Rev
2007;26:153-81.

40. Dervieux T, Greenstein N, Kremer J. Pharmacogenomic and metabolic
biomarkers in the folate pathway and their association with methotrexate effects during
dosage escalation in rheumatoid arthritis. Arthritis Rheum. 2006;54(10):3095-103.

41. Obuchi W, Ohtsuki S, Uchida Y, Ohmine K, Yamori T, Terasaki T.
Identification of transporters associated with Etoposide sensitivity of stomach cancer
cell lines and methotrexate sensitivity of breast cancer cell lines by quantitative targeted
absolute proteomics. Mol Pharmacol. 2013;83(2):490-500.

42. Abdel-Haleem AM, El-Zeiry MI, Mahran LG, Abou-Aisha K, Rady MH,
Rohde J, Mostageer M, Spahn-Langguth H. Expression of RFC/SLC19A1 is associated
with tumor type in bladder cancer patients. PLoS One. 2011;6(7):e21820.

66



