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RESUMO




A maioria dos carcinomas de pulmao néo pequenas células (CPNPC) em estadios
avancados com mutacdes ativadoras (delecbes do exon 19 ou a mutacéo L858R
do exon 21) do receptor do fator de crescimento epidérmico (EGFR) respondem
inicialmente, aos medicamentos gefitinib e erlotinib, que sao inibidores da tirosina
quinase (TKIs) do EGFR. Porém em uma média de 6-12, meses esses tumores
desenvolvem resisténcia adquirida aos TKIs do EGFR. Dois mecanismos de
resisténcia ao gefitinib/erlotinib explicam porque os CPNPC com mutacdes do
EGFR se tornam resistentes aos TKIls: mutacdes de resisténcia secundaria e um
sistema de “troca de oncogenes”. A mutacdo T790M-EGFR secundaria ocorre em
50% dos pacientes com mutacdo no EGFR com resisténcia adquirida aos TKIs do
EGFR, e em in vitro esta mutacdo T790M-EGFR inativa a hipersensitividade das
mutacOes ativadoras do EGFR ao gefitnib ou erlotinib. Outras mutacdes de
resisténcia secundarias (D761Y, L747S, A854T) séo raras. Um outro mecanismo
de resisténcia € a amplificacdo adquirida do oncogene MET, que ocorre em mais
ou menos 20% do pacientes resistentes ao gefitinib/erlotinib e, em metade destes
casos, em conjuncdo com T790M. O MET ativa sinais de sinalizacdo que
contornam o EGFR inibido, gerando um sistema de “troca de oncogenes” nesses
tumores. Esses dados pré-clinicos relevantes aos CPNPCs com o EGFR mutado e
resisténcia ao gefitinib ou erlotinib levaram ao desenvolvimento de experimentos
clinicos com novos inibidores do EGFR que inibem “in vitro” a mutagcdo
T790M-EGFR (HKI-272, XL-647, BIBW-2992 e PF00299804), e inibidores de MET
mais TKIs do EGFR em combinacédo. Neste trabalho: 1) Agrupamos e resumimos
os dados dos experimentos clinicos prospectivos com o gefinitib em pacientes
com o EGFR mutado. Mais de 80% dos pacientes com delecdes do exon 19 ou a
mutacdo L858R do EGFR tiveram resposta radiografica, com sobrevivéncia livre
de progressédo de 7,7 a 12,9 meses nos estudos identificados, e sobrevivéncia
geral acima de 15 meses; 2) Usamos células CPNPC com mutac¢des do EGFR
para identificarmos a molécula pré-apoptética BIM como o efetor principal da
apoptose induzida pelos TKIs do EGFR; 3) Caracterizamos a mutacédo resistente
ao gefinitib EGFR-L858R-L747S, e determinamos que L858R-L747S apresenta
um padréo de resisténcia menos acentuado ao gefitinib do que o observado com
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L858R-T790M; e 4) Avaliamos os efeitos do erlotinib em pacientes com CPNPC
EGFR mutado e resisténcia ao gefitinib, caracterizando a correlacado da resposta
radiografica e clinica com os mecanismos conhecidos de resisténcia ao TKls do
EGFR (as mutacOes de resisténcia secundarias T790M e L747S, e a amplificacao
do MET). A maioria (mais de 83%) dos pacientes resistentes ao gefitinib tiveram
progressoes radiograficas nos primeiros 2 a 4 meses de exposi¢ao ao erlotinib 150
mg/dia. Isto é consistente com nossas observagfes pré-clinicas, indicativas de
que a maioria dos tumores resistentes ao gefitinib possui predominantemente
T790M e/ou amplificacbes do MET, que s&o resistentes tanto ao gefitinib quanto
erlotinib. Pesquisas pré-clinicas e experimentos clinicos futuros do CPNPC com
EGFR mutado tém o potencial de melhorar os resultados do tratamento clinico de

pacientes com essas mutacdes somaticas.
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Most advanced non-small cell lung cancers (NSCLCs) with activating epidermal
growth factor receptor (EGFR) mutations (exon 19 deletions or L858R) initially
respond to the EGFR tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib.
However, over time (median of 6-12 months) most tumors develop acquired
resistance to EGFR TKIs. Intense research in these NSCLCs has identified two
major mechanisms of resistance to gefitinib/erlotinib: secondary resistance
mutations and “oncogene kinase switch” systems. The secondary T790M mutation
occurs in 50% of EGFR mutated patients with TKI resistance, and in vitro this
mutation negates the hypersensitivity of activating EGFR mutations. Other
secondary resistance mutations (D761Y, L747S, A854T) seem to be rare. The
amplification of the MET oncogene is present in 20% of TKI-resistant tumors;
however in half of the cases with this “oncogene kinase switch” mechanism the
T790M is co-existent. The growing pre-clinical data in EGFR mutated NSCLCs with
acquired resistance to gefitinib or erlotinib has spawned the initiation or conception
of clinical trials testing novel EGFR inhibitors that in vitro inhibit T790M (HKI-272,
XL-647, BIBW-2992 and PF00299804), and MET inhibitors in combination with
EGFR TKis. In this work we: 1) Pooled and summarized data from prospective
clinical trials of gefitinib for EGFR mutated patients. More than 80% of patients with
exon 19 deletions or the L858R EGFR mutation attained a radiographic response
with progression-free survival of 7.7 to 12.9 months in the identified studies, and
overall survival exceeding 15 months; 2) Identified the pro-apoptotic molecule BIM
as the main effector of EGFR TKI-induced apoptosis using NSCLC cell lines with
EGFR mutations; 3) Characterized the L858R-L747S gefitinib-resistant mutation,
and demonstrated that L858R-L747S has a partial resistance pattern when
compared to L858R-T790M; and 4) Evaluated the effects of erlotinib in EGFR
mutated NSCLC with resistance to gefitinib while characterizing the correlation of
response and resistance to this approach to the known mechanisms of resistance
to EGFR TKiIs (the secondary mutations T790M and L747S, and the amplification
of MET). Our clinical observation was that the majority (over 83%) of the gefitinib-
resistant patients given erlotinib 150 mg/day had radiographic progression within

the first 2 to 4 months of exposure. This is consistent with our pre-clinical
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observations, since we expected gefitinib-resistant tumors to predominantly harbor
T790M and/or MET amplification, which are cross-resistant to both gefitinib and
erlotinib. Ongoing pre-clinical and clinical research in EGFR mutated NSCLC has
the potential to significantly improve the outcomes of patients with these somatic

mutations.
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1.1- ConsideragOes gerais

Em 2008, o cancer de pulmdo (CP) continua liderando as mortes
relacionadas ao cancer nos Estados Unidos, tanto para homens quanto para
mulheres (Jemal et al., 2008), e a tendéncia é similar em outros paises, incluindo o
Brasil. O CP é dividido em dois subgrupos: carcinoma de pulmdo de pequenas
células (CPPC) e carcinoma de pulmao nao pequenas células (CPNPC). Mais de
80% dos canceres de pulmdo sdo CPNPC e o prognéstico dos pacientes
diagnosticados com CPNPC avancado continua a ser extremamente desfavoravel
(Ardizzoni et al., 2007). Apesar da conhecida associacdo entre fumo e os efeitos
carcinogénicos do cigarro (Alberg e Samet, 2003), aproximadamente 20% dos
casos de CPNPC ocorrem em individuos que nunca fumaram (Sun et al., 2007).
Cigarros a base de tabaco contém muitos carcin6genos, como os hidrocarbonetos
policiclicos aromaticos, sendo o0 antraceno e, principalmente, o benzopireno o

principal indutor da carcinogénese (Pfeifer et al., 2002).

A interacdo entre o tempo de exposicdo a estes carcindgenos,
associado as variacbes individuais genéticas (como dos genes da
glutathione-S-transferases e p53), determinam a capacidade de levar danos ao
DNA no epitélio das vias aéreas e as subseglentes transformacdes malignas
(Vineis e Caporaso, 1995). Fatores genéticos tem papel importante no mecanismo
de aparecimento desta neoplasia, seja por alteracdes de genes relacionados com
a biometabolizacdo de carcinGgenos ou genes relacionados com a diferenciacao
celular e supressdo de tumores (Honma et al., 2008). O aparecimento do CP se
deve a multiplos fatores externos e genéticos e que envolvem mudltiplos genes, o
que, em parte, pode explicar a dificuldade de desenvolvimento de terapéuticas
mais efetvas no CP, quando comparado a outras neoplasias
(Zambon et al., 2006).

A base genética do CPNPC ndo foi completamente elucidada, mas
numerosos estudos de associacdes gendmicas comecaram a revelar os “loci” que

aumentam o risco deste cancer, como a regido 15924 (Thorgeirsson et al., 2008;
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Hung et al., 2008). Os fatores de risco para ndo fumantes com CPNPC sdo menos
claros (Wakelee et al., 2007).

O prognéstico e a estratégia de tratamento para os pacientes com
CPNPC dependem do estadio em que o cancer é encontrado. Baseado na
classificacdo do sistema tumor-nédulo-metastase (TNM), a sobrevida de 5 anos
para pacientes com estadio IA no CPNPC é de 60%, no IB 40%, Il 25-35%, IlIA
15%, IlIB 5% e no estadio IV menos de 1% (Mountain, 1997). O tratamento para
CPNPC no estadio | € somente a remocéo cirargica do tumor. No caso do estadio
Il para 0 CPNPC, a remocéo cirargica € acompanhada de quimioterapia adjuvante.
Estes dados sdo fundamentados nos mais recentes estudos de quimioterapia
adjuvante baseada em cisplatina para pacientes com CPNPC apés cirurgia
(Pisters et al., 2007). Esses estudos mostraram melhora significativa de 5-15% na
sobrevida em cinco anos, com a adi¢cdo da quimioterapia apos a remocao cirdrgica
para os estadios IB ao IlIA no CPNPC. Em 2007, a Sociedade Americana de
Oncologia clinica (ASCO) apresentou recomendagfes para quimioterapia
sistémica adjuvante para pacientes com CPNPC e concluiu que todos pacientes
com CPNPC nos estadios Il e IlIA devem receber quimioterapia baseada em
cisplatina, apdés a remocao cirdrgica (Pisters et al., 2007). Pacientes com estadio
[lIA irremovivel, baseado no envolvimento do linfonodo mediastinal (N2), ou
estadio 1B, sdo atualmente tratados com quimioterapia e radioterapia, com
sobrevida de 5 anos ao redor de 20% (Pisters et al., 2007). Nos casos de estadio
IV, o tratamento € paliativo, porque ja hd metastase e inexiste a possibilidade de

cura.

O uso paliativo da quimioterapia com base em cisplatina tem sido a
terapia basica para o estadio IV de CPNPC (Schiller et al., 2002). As taxas de
respostas (TR) com diferentes combinacdes de quimioterapia a base de cis ou
carboplatina variam ao redor de 20% com uma sobrevida média global (SMG) de
8-10 meses e menos de 15% dos pacientes sobrevivem 2 anos. Mesmo com a
adicdo do anticorpo monoclonal contra o fator de crescimento vascular endotelial

(VEGF), chamado “bevacizumab" (Avastin ¢ ), a quimioterapia com carboplatina e
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paclitaxel, esse tratamento somente consegue melhorar a TR para 30%, a
sobrevivéncia livre de progressao (SLP) para 8 meses e a SMG para 12 meses
(Sandler et al., 2006). Mesmo com trés terapias de segunda linha aprovadas pela
Administracdo de Alimentos e Drogas dos Estados Unidos (Food and Drug
Administration - FDA) para CPNPC platino-progressivo, que incluem docetaxel
(Shepherd et al., 2000), pemetrexed (Hanna et al., 2004) e erlotinib
(Shepherd et al., 2005), poucos pacientes sobrevivem por mais de 2 anos.

Todavia, existe uma grande heterogeneidade entre pacientes, seus

cursos clinicos e respostas a diferentes terapias antineoplasicas.

1.2- Mutagbes do EGFR em CPNPC e “vicio oncogénico”

A identificacdo de mutacbes no gene do receptor do fator de
crescimento epidérmico (EGFR) em pacientes com CPNPC proporcionou um dos
primeiros exemplos de terapias alvo (“targeted therapies”) nesta doenca
(Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004).

Em 2004, trés grupos de investigadores (dois do Dana-Farber/Harvard
Cancer Center e um do Memorial-Sloan Kettering Cancer Center) identificaram
mutacBes somaticas no dominio da tirosina kinase do EGFR em pacientes com
CPNPC (Figura 1).
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Figura 1. &= mutactes do EGFR com maior prevaléncia consistern em pegu=nas delegcies em
volta do padrao LEEA conservado do exon 19 (residuos 747-750 — delegdes no exon 19), seguido
de uma mutagao (LB2ER) do exon 21. O EGFR mutado ativa vias intracelulares que inibem
apoptose e estimulam sobrevivencia e proliferacao celular, como a Plak-Ak, Has—Raf-MEK-
ERFFK.1 e ERKZ g as vias STATI e STATE.

Tentativas de seqienciamento em grande escala, vém identificando
constantemente mutacées no EGFR em um subgrupo de pacientes com CPNPC
composto de mulheres, ndo fumantes, com tipo histolégico adenocarcinoma e
pacientes originarios da Asia (Shigematsu et al., 2005). Mutagdes no EGFR n&o
sdo encontrados em nameros significativos em carcinomas de células escamosas
do pulméo, CPPC e outras neoplasias epiteliais. Portanto, mutacdes ativadoras
somaticas do EGFR representam uma caracteristica propria de uma subclasse do
CPNPC.

E estimado que mutacdes do EGFR estejam presentes em 10-15% de
todos CPNPC, em populaces de descendéncia européia e por volta de 40% em
asiaticos (Kosaka et al., 2004). A porcentagem de casos € muito maior em nao
fumantes com CPNPC, em que metade dos casos abriga tais mutacdes ativadoras
(Sequist e Lynch, 2008). Os fatores de riscos genéticos e ambientais especificos

responsaveis pelas mutacbes do EGFR sdo ainda desconhecidos
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(Sun et al., 2007). Apesar da maior frequéncia de casos em ndo fumantes, um
estudo epidemiolégico no Japdo demonstrou que fumar por si s6 nao protege 0s
individuos contra neoplasias com a mutacdo no EGFR, mas pode diluir o nUmero
de casos devido ao grande aumento no numero de CPNPC por outros fatores
genéticos nesta populacdo (Mitsudomi e Yatabe, 2007). Estudos estdo sendo
realizados para determinar o papel do sexo feminino, niveis de estrdgeno, vapores
de cozinha e polimorfismos genéticos no gene EGFR para tentar identificar os
agentes  responsaveis pelo CPNPC com mutacdo  no EGFR
(Fukui e Mitsudomi, 2008).

As mutacBes do EGFR com maior prevaléncia consistem em pequenas
delegbes em volta do padrdo LREA conservado do exon 19 (residuos
747-750 — delecdes no exon 19), seguido de uma mutacdo (L858R) no exon 21
(Riely et al., 2006; Sequist et al., 2007b). As delecdes no exon 19 e L858R sé&o

responsaveis por 90% das mutacdes do EGFR conhecidas (Figura 1).

As mutacdes do EGFR ocorrem no dominio tirosina quinase que
abrange os exons 18 a 21 — o dominio inteiro é codificado pelos exons
18 a0 24 - e sdo agrupados ao redor da bolsa de ATP da enzima
(Sharma et al., 2007). Mutacbes do dominio tirosina quinase sao geralmente
referidas como mutagOes ativadoras, pois elas parecem resultar em atividade
quinase aumentada do receptor (Sharma et al., 2007). Consistente com 0 seu
papel na etiologia do CPNPC, delecdes no exon 19 e L858R do EGFR sé&o
oncogénicas em cultura celulares e em estudos em ratos transgénicos
(Lynch et al., 2004; Paez et al., 2004; Ji et al., 2006; Politi et al., 2006) . Estas
mutacbes do EGFR hiperativam a via sinalizadora controlada pelo EGFR e
promovem sinais antiapoptoticos e pro-sobrevivéncia para o tumor. Isto ocorre
através de alvos do EGFR, como a PI3K-Akt, Ras—Raf-MEK-ERK1 e ERK2, e as
vias STAT3 e STATS5 (Figura 1). Isso faz dessas células com EGFR mutado,
dependentes do EGFR para sua sobrevivéncia (Sharma et al., 2007).
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Ambas as linhagens celulares e modelos animais em ratos com
mutacdes no EGFR demonstram que células que possuem estas mutacdes sdo
extremamente sensiveis a inibicdo do EGFR (Paez et al., 2004; Politi et al., 2006;
Ji et al., 2006). O bloqueio da funcdo do EGFR, nesses sistemas, por meio das
pequenas moléculas inibidoras, o RNA de interferéncia ou a retirada dos indutores
nos modelos experimentais leva a inibicdo das vias Akt e ERK com subsequente
pausa na proliferacdo celular e apoptose (Paez et al., 2004; Ji et al., 2006;
Politi et al., 2006). Entretanto, o sinal pré-apoptoético chave, essencial para a
inducdo da apoptose nao havia sido identificado até 2007, quando nosso grupo

decidiu investigar este problema.

O CPNPC com o EGFR mutado faz parte de uma classe molecular
distinta de cancer de pulméo que apresenta o fenbmeno de “vicio oncogénico”
(“oncogene addiction”) e portanto, tem um “calcanhar de Aquiles” (seu ponto fraco)
na inibicdo de EGFR por inibidores da tirosina quinase (TKIs) desse receptor. Este
fendbmeno de “vicio oncogénico” gera a oportunidade de uma possivel abordagem
terapéutica com o objetivo de inibir, com o uso de TKIs, a atividade de tumores
com oncogenes tirosina quinases alterados. O sucesso desta abordagem
terapéutica foi observado na leucemia mieldide cronica (LMC) e em tumores
gastrointestinais estromais (GIST) que dependem dos oncogenes BRC-ABL ou
KIT. Esses oncogenes tornam esses tumores extremamente sensiveis a inibicdo
mediada pela droga TKI imatinib que inibe ABL e KIT (Hehlmann et al., 2007;

Rubin et al., 2007).

Uma cascata sinalizadora comum estd envolvida na apoptose de
células com *“vicio oncogénico” com os oncogenes SRC, BCR-ABL, e EGFR
(Sharma et al., 2006). Curiosamente, as proteinas pro-apoptoticas “BH3-only” Bim
e Bad mediam a apoptose induzida por “imatinib” em células leucémicas
dependentes no BCR-ABL (Kuroda et al., 2006). Como os mediadores chave para
a morte celular induzida por TKIs em tumores EGFR-mutante permaneciam
desconhecidos, formulamos a hipétese de que membros do “BH3-only” estariam

envolvidos no sinal apoptético apés a interrupgéo da atividade EGFR pelos TKis.
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1.3- Mutagbes EGFR em CPNPC e as experiéncias clinicas com os inibidores
tirosina quinase do EGFR (EGFR TKIs) gefitinib e erlotinib

O desenvolvimento de inibidores tirosina quinase do EGFR (EGFR
TKIs) comecou na década de 90 e os primeiros estudos com humanos se
iniciaram nos anos subsequentes ( Hidalgo et al., 2001; Baselga et al., 2002). O
primeiro composto desenvolvido foi denominado ZD-1839 e depois rebatizado
gefitinib. Logo depois, comec¢ou o desenvolvimento clinico do composto OSI-774,
depois denominado erlotinib.

Os dois compostos receberam aprovacdo da FDA dos Estados Unidos
para uso em pacientes com CPNPC, nao-selecionados, como terapia de
22 e 32 linha ap6s falha da primeira linha de quimioterapia com drogas baseadas
em cis ou carboplatina. Entretanto, nesta populacdo de pacientes
nao-selecionados, o0 beneficio clinico foi pequeno. Gefitinibo nédo foi
estatisticamente melhor que o placebo para controlar a progressao de estadios
avancados em pacientes com CPNPC (Thatcher et al., 2005) e, como
consequéncia, o FDA restringiu 0 seu uso para pacientes que haviam sido
beneficiados previamente do tratamento ou estavam participando de ensaios
clinicos. Nesse mesmo ensaio de fase lll, os grupos de pacientes ndo fumantes e
asiaticos mostraram um beneficio clinico evidente com o uso do gefitinib
comparados ao placebo (Thatcher et al., 2005). Deste modo, gefitinib continua a
ser usado em paises do leste asiatico e em pacientes com o genétipo EGFR
mutado (Mitsudomi e Yatabe, 2007; Costa et al., 2007b). Erlotinib foi aprovado
para ser utilizado em pacientes ndo selecionados apds falha da quimioterapia
(Shepherd et al., 2005). O erlotinib, utilizado como 22 ou 32 linha de tratamento
para CPNPC, propiciou uma pequena melhora, estatisticamente significativa, na
sobrevida, comparada com o placebo, mas o TR foi somente 8,9%, a SLP média

de 2,2 meses e SMG de 6,7 meses nos pacientes tratados com a droga.

Estava claro, desde o inicio do desenvolvimento destes compostos, que
somente uma minoria de pacientes poderia obter beneficio significativo com o

tratamento. As caracteristicas clinicas que indicariam boa resposta terapéutica
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incluiam: sexo feminino, tipo histolégico adenocarcinoma, etnia asiatica e
individuos ndo fumantes (Miller et al.,, 2004). A identificagdo de mutacdes
ativadoras do EGFR, que ocorrem mais freqientemente nos grupos citados acima,
elucidaram o evento bioldgico que determina a sensibilidade observada com o
tratamento com os EGFR TKIs no CPNPC (Lynch et al., 2004; Paez et al., 2004;
Pao et al., 2004). Estas descobertas também reforcaram a nocdo de que CPNPCs

com EGFR mutado sdo tumores com “vicio oncogénico”.

Estudos retrospectivos de milhares de pacientes tratados com os dois
EGFR TKIs disponiveis, gefitinib e erlotinib, como terapias de 22 ou 3?2 linha em
CPNPC ( Mitsudomi et al., 2005; Sequist et al.,, 2007a) demonstraram que a
maioria (cerca de 80%) dos pacientes com tumores com mutagdes classicas do
EGFR obtiveram respostas radiograficas e clinicas, ap0s tratamento com esses
agentes orais. Em algumas séries, tanto a SLP como a sobrevida global foi
significantemente melhor em pacientes tratados com EGFR TKI e portadores de
mutacbes EGFR, quando comparados com casos sem mutagdes
(Sequist et al., 2007a). A avaliacdo da mutacdo EGFR como um marcador
prognéstico e preditivo em CPNPC estad sendo explorada em mudltiplos ensaios

clinicos de fases Il e llI.

Nove ensaios clinicos prospectivos de fase Il avaliaram gefitinib e
erlotinib como monoterapia para pacientes selecionados, baseados na presenca
de mutacdes do EGFR (Asahina et al., 2006; Inoue et al., 2006; Paz-Ares et al.,
2006; Sutani et al., 2006; Sunaga et al., 2007; Yoshida et al., 2007; Porta et al.,
2008; Sequist et al., 2008; Tamura et al., 2008) (Tabela 1).
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Tabela 1- Experimentos clinicos prospectivos de gefitinib ou erlotinib para

pacientes com mutac¢des no EGFR

Referéncias Droga TR n/total Média Sobrevida SMG em  Médiaem
(%) TP/SLPem em 1 ano (%) meses meses
meses
(1C95%)
Inoue et al., gefitinib 12/16 9,7 (7,4-9,9) - nao 7,6
2006 (75%) alcancado
Asahina et al., gefitinib 12/16 8,9 (6,7-11,1) 83% nao 12,7
2006 (75%) alcancado
Sutani gefitinib 21/27 9,4 (-) - 15,4 -
et al.,2006 (78%)
Yoshida gefitinib 19/21 7,7 (-) 80% nao -
et al.,2007 (90.5%) alcancado
Sunaga et gefitinib 16/19 12,9 (-) 85% nao 12,6
al.,2007 (84%) alcancado
Tamura gefitinib 21/28 11,5 (7,3-ndo 79% nao 18,6
et al.,2008 (75%) alcancado) alcancado
Sequist gefitinib 17/31 9,2 (6,2-11,8) 73% 17,5 12,3
et al.,2008 (55%) *
Paz-Ares erlotinib 31/38 13,3 () 82% nao 7
et al., 2006 # (82%) alcancado
Porta et al., erlotinib 111/152 12 (-) - 24 10
2008 # (73%)

TR,taxa de resposta; TP,tempo para progressdo SLP, sobrevida livre de progressdo; SMG,

sobrevida média global; -, ndo relatado no material publicado; * este teste incluiu pacientes com
outras mutacdes no EGFR como G719A, L861Q, T790M/L858R e a insercdo no exon 20. Nenhum

desses pacientes tiveram resposta. A TR para L858R foi de 78% e para a delecdo do exon 19 foi

de 59%; # dados atualizados apresentados na conferéncia ASCO.

Esses experimentos confirmaram que por volta de 75% dos pacientes

com mutacOes do tipo L858R ou dele¢cbes do exon 19 atingem respostas

(Costa et al., 2007b). Como parte do nosso projeto, consolidamos os dados das

cinco primeiras publicacées para uma analise global e comparativa dos resultados.
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1.4- Mecanismo de resist éncia adquirida aos inibidores tirosina quinase de
EGFR (TKIs) em CPNPC com EGFR apresentando mutacdes

Apesar da eficacia do gefitinib e do erlotinib como monoterapia para
CPNCP com mutacdes do EGFR, a resisténcia adquirida a terapia com TKI do
EGFR ocorre na maioria dos pacientes. Em grande parte dos testes prospectivos,

a SLP néo passou de 12 meses (Costa et al., 2007Db).

O primeiro mecanismo de resisténcia adquirida a esses medicamentos
relatado na literatura foi a aquisicdo da mutacdo EGFR T790M (Kobayashi et al.,
2005a; Pao et al., 2005). Este trabalho foi conduzido na instituicdo Beth lIsrael
Deaconess Medical Center (BIDMC) e no Dana-Farber/Harvard Cancer Center
(DFHCC) em 2005 (Kobayashi et al., 2005a). O residuo de metionina na posicao
790 gera uma corrente lateral mais robusta que afeta a ligacéo de gefitinib/erlotinib
ou aumenta a afinidade da bolsa EGFR tirosina quinase ao ATP, diminuindo a
ligacdo efetiva de gefitinib e erlotinib a bolsa de tirosina quinase do EGFR
(Kobayashi et al., 2005a; Yun et al., 2008). Existe uma grande similaridade entre
as estruturas de receptores tirosina quinase e algumas das mutacdes de
resisténcia adquiridas. Este € o caso das mutacdes T315l, T670l, e T790M em
ABL1, KIT e EGFR, respectivamente, em LMC, GIST e CPNPC com mutacao do
EGFR (Carter et al.,, 2005). Nosso grupo de pesquisadores demonstrou em
multiplos modelos in vitro e in vivo que T790M em cis ha uma mutagéo ativadora
(tanto delecdes L858R ou delecdes no exon 19) inibem a sensibilidade das doses
terapéuticas possiveis de serem alcancadas com gefitinib ou erlotinib
(Kobayashi et al., 2005b; Pao et al., 2005). A mutacdo resistente secundaria
T790M (Kobayashi et al., 2005a; Pao et al., 2005) acontece em mais ou menos
50% dos pacientes com progressbes radiograficas (Balak et al., 2006;

Kosaka et al., 2006), apds o tratamento com gefitinib ou erlotinib (Figura 2).

Introducéo
26



Mutacbes secundarias “Troca de oncogenes”
(Oncogene kinase switch)
EGFR mutado EGFR ErbB3 MET Outros oncogenes
(exon 19 or L858R) (IGF-IR)

|
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sobrevivéncia/proliferacao apoptose

Figura 2- Mecanismos de resisténcia adquirida aos inibidores tirosina quinase de
EGFR (TKIs) em CPNPC com EGFR apresentando mutacgdes.
Mutacbes secundarias e “troca de oncogenes” (oncogene kinase

switch).

Um outro mecanismo de resisténcia € a amplificacdo adquirida do
oncogene MET, que ocorre em mais ou menos 20% do pacientes resistentes ao
gefitinib/erlotinib e em metade destes casos em conjungdo com T790M
(Bean et al., 2007; Engelman et al., 2007b). Os mecanismos de resisténcia nos
tumores restantes ndo foram completamente esclarecidos e apenas uma
guantidade pequena de outras mutacfes secundarias como L858R-D761Y, e
L858R-T854A (Balak et al., 2006) foram identificados. Como parte do nosso
projeto, identificamos e caracterizamos uma mutacdo nova do EGFR, a

L858R-L747S. A Figura 2 mostra os mecanismos de resisténcia descritos acima.
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1.5- Testes clinicos para pacientes co m resisténcia adquirida ao EGFR TKIs
e CPNPC com mutagbes no EGFR

O melhor tratamento desta crescente populacdo de CPNPC resistente
aos EGFR TKIs nao foi ainda estabelecido, mas o sucesso de qualquer
terapéutica sera dependente do mecanismo especifico de resisténcia adquirida do
tumor. Véarias medidas foram iniciadas com o objetivo de utilizar dados pré-clinicos
no planejamento racional de testes clinicos em pacientes com resisténcia
adquirida ao gefitinib ou erlotinib. Nosso grupo mostrou que alguns inibidores
irreversiveis do EGFR de segunda geracdo podem, in vitro, superar parcialmente
a resisténcia proporcionada pela mutacdo T790M (Kobayashi et al., 2005a;
Kobayashi et al., 2005b; Carter et al., 2005; Kwak et al., 2005). Este conhecimento
gerou o0s ensaios clinicos de fase Il dos compostos HKI-272, BIBW-2992, XL-647,
e PF00299804 (Engelman et al., 2007a) nesta populacdo de pacientes

selecionados.

Em outros tumores com “vicio oncogénico”, como LMC e GIST, em que
a translocacdo BCR-ABL ou mutagdes KIT, respectivamente, fazem com que
estas neoplasias sejam sensiveis ao imatinib, parece que a dose do TKI faz
diferenca (Rubin et al., 2007). Nessas duas doencas, uma medida clinica a ser
tomada, quando a resisténcia aparece, € aumentar a dose de imatinib de 400 mg
a 600 mg/dia ou até doses superiores (Hehlmann et al., 2007; Kantarjian et al.,
2007a; Blanke et al., 2008). Esta estratégia de incremento gradual de dose é
somente efetiva em alguns pacientes, possivelmente inibindo mutacdes
secundarias com resisténcia “borderline” ao imatinib ou afetando mecanismos néo
dependentes de mutacdo, com curtos periodos de controle da doenca
(Hehlmann et al., 2007; Blanke et al., 2008). Inibidores de ABL e KIT de segunda
geracado, recentemente receberam aprovacdo do FDA como terapias alternativas
para LMC e GIST (Kantarjian et al., 2007b; Goodman et al., 2007).

Em tumores com EGFR mutado, é desconhecido se aumentos na dose
de EGFR TKI, na presenca de resisténcias adquiridas ou de novo, alteram seu

curso clinico. Para avaliar a eficacia dessa medida, estudamos,
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retrospectivamente, a evolugéo clinica de pacientes com mutacdo no EGFR que
receberam primeiramente gefitinib 250 mg/dia e apds apresentarem resisténcia ao
gefitinib foram expostos ao erlotinib 150 mg/dia. Esta troca do gefitinib para o
erlotinib tem como consequiéncia que os pacientes recebem quase o dobro da
dose biologicamente ativa desses EGFR TKIs (Hidalgo et al.,, 2001;
Baselga et al., 2002). Como EGFR-T790M e a amplificacdo do MET geram niveis
altos de resisténcia in vitro ao gefitinib e erlotinib (Kobayashi et al., 2005a;
Engelman et al.,, 2007b), € nossa hipotese que o erlotinib ndo beneficiaria
pacientes com resisténcia ao gefitinib, somente alterando a resposta em casos de
resisténcia adquirida em clones portadores de mutacdes raras gefitinib-resistentes
de menor resisténcia como L858R-D761Y ou L858R-L747S.
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2- OBJETIVOS
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Como parte de nosso trabalho para entender os determinantes
moleculares de resposta e resisténcia ao EGFR TKIs em pacientes com CPNPC
portadores de mutacdes ativadoras do EGFR, os objetivos propostos de cada

artigo foram:

1) Coletar e analisar os dados clinicos de cinco ensaios clinicos

prospectivos de gefitinib para pacientes com mutacdes do EGFR,;

2) Identificar o peptideo pré-apoptético chave requerido para os efeitos
apoptoéticos do gefitinib, erlotinib e outros inibidores EGFR TKI em
células com CPNPC com EGFR mutado;

3) Identificar e caracterizar novas mutacdes secundarias (L747S) que
tém como consequéncia resisténcia adquirida a terapia EGFR TKI
em CPNPC com EGFR mutado;

4) Analisar os efeitos clinicos e radiograficos do erlotinib 150 mg/dia
em CPNPC com EGFR mutado e com resisténcia de novo ou
adquirida ao gefitinib 250 mg/dia, e correlacionar as respostas

radiograficas com os mecanismos moleculares de resisténcia.
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Summary

Purpose: Epidermal growth factor receptor (EGFR) mutations have been found in the majority
of gefitinib-responsive non-small cell lung cancer (NSCLC) patients from retrospective studies.
We sought to compile the available phase |l and prospective trials of this EGFR tyrosine kinase
inhibitor (TKI) to better understand the efficacy and safety of selecting patients to receive
gefitinib based on their genotype.

Design: We searched published trials involving EGFR-mutant patients and gefitinib. Five reports
were identified (published between June 2006 and April 2007) in which gefitinib was given in
a prospective manner to EGFR mutation pesitive patients at a dose of 250 mg/day. Responses
were determined by RECIST and toxicities by NCI-CTC.

Results: A total of 101 patients were pooled from these studies. Fifty-nine received gefitinib
as their first line of therapy and 42 after having received chemotherapy. The combined rate of
complete and partial response (CR+ PR) in the 99 measured patients was 80.8% (80/99) and only
7.1% (7/99) had progressive disease as best response. The response rate (CR+PR) for exon 19
deletion and LE5ER patients were 80.3% (53/66) and 81.8% (27/33), respectively. The median
progression-free survival ranged from 7.7 to 12.9 months. Overall survival had not been reached
in 4/5 reports and was 15.4 months in one of them. Gefitinib administration was safe (<50% of
patients developed grades 1-2 skin rash or diarrhea) and interstitial lung disease was only
reported in two patients (2%), without deaths.

Conclusions: Gefitinib monotherapy leads to objective responses in most patients with EGFR
mutations. Both L858R and deletion 19 mutations derived similar clinical benefits. Small
molecule TKls are the new treatment paradigm for EGFR-mutant NSCLC.

© 2007 Elsevier [reland Ltd. All rights reserved.
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1. Introduction

Lung cancer is the leading cause of malignancy-related
death in the United States [1] and the world. Patients diag-
nosed with metastatic and advanced nen-small cell lung
cancer (NSCLC) have a dismal prognosis that seldom reaches
over 1—2 years. The use of combination platinum-based
chemotherapeutics has been the cornerstone of palliative
treatment of advanced NSCLC [2]. However, even the addi-
tion of the vascular endothelial growth factor moenoclonal
antibody bevacizumab to a platinum-based doublet was only
able to achieve response rates (RR) of around 30% in the
phase Il [3] and Ill trials [4] and the progression-free sur-
vival (PFS) did not exceed 7.5 months. Median survival was
barely above 12 months [4]. It is increasingly necessary, in
this heterogeneous disease, to identify sub-sets of NSCLC
patients who can receive tailored therapies to improve out-
comes.

In 2004, three groups of investigators identified somatic
mutations in the tyrosine kinase domain of the epidermal
growth factor receptor (EGFR) in patients with NSCLC [5-7].
The most exciting translational finding of these initial stud-
ies was the almost ubiquitous presence of these mutations
in patients who had radiographic and clinical responses the
specific EGFR tyrosine kinase inhibitor (TKI), gefitinib [5,6].
Subsequent population based efforts to sequence EGFR in
NSCLC have consistently identified EGFR mutations in an
enriched cohort of women, non-smokers, adenocarcinomas
and East Asians [8,59]. The most prevalent EGFR mutations
consist of small inframe deletions around the conserved
LREA motif of exon 19 (residues 747-750), followed by a
single point mutation in exon 21-L858R. Both of these muta-
tions compromise arcund 90% of known EGFR mutations
[5.8,9].

Both cell line and mouse models of EGFR mutations
demonstrate that tumor cells that harbor such mutations are
exquisitely sensitive both to suppression of the EGFR driving
signal or EGFR TKls [6,10,11]. As data grows, it seems clear
that EGFR-mutant NSCLCs compromise a distinct molecu-
lar class of lung cancers that display the phenomenon of
"*oncogene addiction'’ [12] and therefore have an ''Achilles’
heel’ in the inhibition of EGFR by small molecule tyrosine
kinase inhibitors. The success of such an oncogene-targeted
approach for cancer therapy has been fulfilled in chronic
myeloid leukemia (CML) and gastrointestinal stromal tumor
{GIST) [13,14].

Recent reviews on EGFR mutations and lung cancer have
been published, both exploring the biology of this disease
[15] and also the retrospective patient data gathered over
the last years [16—18]. Over 268 EGFR-mutant patients have
been identified in retrospective case series in which gefi-
tinib or erlotinib (another anilinoguinazoline EGFR inhibitor)
were given to patients with metastatic NSCLCs, mostly as
second or third line therapies [6-8,16,19-37]. The over-
whelming observation was that the objective response rate
of these EGFR mutant tumors reached 78%. In the same
studies, the EGFR mutation negative tumors only showed
a response rate of 10% [16]. In contrast to the astonishing
responses seen in these molecularly classified tumors, the
phase || trials of the anilinoquinazoline EGFR inhibitors in
unselected NSCLCs who had failed chemotherapy demon-
strated that the benefits of TKl therapy in lung cancer

are not applicable to all patients. Erlotinib, in the second
or third line setting, derived a small, statistically signifi-
cant, improvement in survival compared to placebo [38],
but RR was only 8.9%, median PFS 2.2 months and over-
all survival 6.7 months in the treatment arm. In the other
hand, gefitinib, versus placebo in a similar group of patients,
only achieved a statistically significant survival improve-
ment in a planned sub-group analysis of non-smoking and
Asians patients and not in the complete population studied
[39]. The later results led to the Food and Drug Administra-
tion (FDA)’s limitation in the use of gefitinib in unselected
patients with lung cancer in the United States. Patients in
the United States can only receive gefitinib now as part of
investigational protocols.

Qur goal in this report is to compile the current phase
Il and prospective trials of gefitinib monotherapy for EGFR-
mutant patients.

2. Material and methods

2.1. Literature search

We performed a systematic search of the MEDLINE and
PUBMED databases to identify all recent clinical trials and
prospective patient cohorts that contained EGFR mutant
NSCLC patients that were treated with gefitinib. The search
strategy included articles from 2004 through April of 2007
indexed under the subject headings epidermal growth fac-
tor receptor mutation, EGFR, gefitinib, Iressa, tyrosine
kinase inhibitor, prospective, phase If and trial. We chose to
start with the year 2004 because this marked the identifica-
tion of EGFR mutations. The search did not restrict the type
of publication or periodical. We did not include preliminary
sets published as abstracts or meeting's proceedings. We
selected all prospective trials that included patient selec-
tion based on EGFR genotyping and that clearly described
that gefitinib was offered to patients based on this genotype
identification. The search was also restricted to published
manuscripts in the English language.

2.2, Patient selection and EGFR genotype in the
identified trials

All the identified trials had to include an institutional
approved protocel for human studies and genomic analy-
sis of stored/collected tumor tissue. The inclusion criteria
for administration of gefitinib had to include the identifica-
tion of EGFR mutations in exons 18—21 of EGFR. However,
we did not exclude any of the trials based on the method
of DNA isolation {if from fresh tissue or paraffin-embedded
tissue) or the strategy used to enhance tumor-derived DNA
{either micro-dissection or use of more sensitive poly-
merase chain reaction (PCR) amplification techniques). The
trials identified included only adult patients, most with
advanced stage IlIB or IV NSCLC. Two trials only included
chemotherapy naive patients who were treated in the first
line setting, while the others contained a mixed popula-
tion of patients who had received prior chemotherapy for
their NSCLC or were receiving gefitinib as first line ther-
apy.
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2.3. Treatment schedules, response, survival
assessment and statistical analysis in the identified
prospective studies

All the identified trials had the same treatment schedule
for gefitinib. This medication was given orally at a dose of
250 mg/day. The primary end point of most of these stud-
ies was tumor response rate and feasibility. Progression-free
survival (PFS) and overall survival (0S) were also measured,
but they were not primary end points in any of the stud-
ies identified. Toxicities, as defined by the National Cancer
Institute Commeon Terminology Criteria for Adverse Events
(NCI-CTC, either version 2 or 3), were monitored in five trials
identified.

The objective tumor response was determined by
response evaluation criteria in solid tumors (RECIST) [40].
A complete response (CR) was defined as complete disap-
pearance of all clinically detectable tumors for at least 4
weeks, a partial response (PR} as a 30% or more decrease in
the sum of the longest diameter of the target lesions for a
minimum of 4 weeks with no new areas of tumors, and pro-
gressive disease (PD) defined as at least an increase in 20%
in the sum of the longest diameter of the target lesions or
a new tumor lesion. Stable disease (SD) was defined as any
measurement in between a PR and PD for at least 8 weeks.
Response rates (RR) were defined as CR +PR. The trials that
monitored for PFS and OS used the date of enrollment as
the starting point of measurement. Median PF5 and OS were
calculated using the Kaplan—Meier method [41] and differ-
ences based on type of mutation compared by the log-rank

Table 1
lung cancers (NSCLC)

test [42]. Fisher's exact test was used to compare response
rates in the different types of mutations and the two-tailed
probability reported.

We used direct data as extracted from the author's pub-
lications for response rate, PFS and OS. However, for 1-year
survival rates, when not available, we extrapolated the
results based on the available Kaplan—Meier survival curves
provided.

3. Results

3.1. Identification of five prospective trials of
patients with EGFR mutations treated with gefitinib

Based on our search criteria, we identified six reports that
prospectively evaluated the effects of gefitinib monother-
apy for advanced NSCLC based on the presence of an EGFR
tyrosine kinase domain mutation in the patient's tumor
specimens [43—48]. All trials were published between 2006
and 2007, Five of these stemmed from Japanese and one
from European groups. Since the European trial [48] only
had three patients in which gefitinib was given prospec-
tively and no data on survival or toxicity, we decided to
exclude this trial from further analyses, Table 1 summarizes
the five identified Japanese-based studies. The character-
istics of these EGFR-mutant patients in these publications
[43-47] were similar among the different studies. Most
patients were women, non-smokers and had adenocarcino-
mas (Table 2).

Characteristics of the prospective trials of gefitinib monotherapy for advanced EGFR mutation positive non-small cell

Publication source
{reference)

Gefitinib 250 mg/day treatment

Number of patients EGFR mutation analysis

{1st line/2nd line)

Country of
arigin

Inoue et al. [43] 1st line therapy (chemotherapy

naive patients)

Asahina et al. [44]

Sutani et al. [45] Mixed 1st and subsequent lines of

therapy (both patients who had
received or not prior chemotherapy)

Yoshida et al. [46]

Sunaga et al. [47]

Total™

Japan PCR amplification and
sequence of exons
18-23

PCR amplification and
sequence of exons

18-21

16(16/0)

16 (16/0) Japan

27 (4/23) Japan Peptide nucleic
acid-locked nucleic
acid (PNA-LNA) clamp
of exons 18-21
Commeon fragment
analysis of PCR
amplification for exon
19 deletions and
Cycleave real-time PCR
for the L858R mutation
PCR amplification and
sequence of exons

19-21

21{12/9) Japan

21(11/10) Japan

101 (59/42) Japan

EGFR, epidermal growth factor receptor; PCR, polymerase chain reaction; (**) another prospective study by van Zandwijk et al. [48]
was exluded from this analyses due to the small number of patients that received gefitinib (n= 3} and lack of survival data.
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Table 2 Clinical characteristics of the EGFR-mutant patients {also includes EGFR genotyped patients that never received

gefitinib as part of the prospective treatment)

Source (reference} Gender (female/male}

Histology (adenocarcinoma/other}

Smoking status (non-smoker/smokerj®

Inoue et al. [43] 21/4 2411
Asahina et al. [44] 15/5 191
Sutani et al. [45] 23/15 33/5
Yoshida et al. [46] 17/10 27/0
Sunaga et al. [47] 17/4 21/0
Total (n=131) 93/38 12417

22/3
1545
25/13
17/10
19/2

98/33

EGFR, epidermal growth factor receptor.

4 Mot all trials defined either lifetime non-smokers vs. former smokers vs. smokers, however most detailed non-smokers vs. ever-

smokers. This separation was used for this table.

Overall 101 patients with EGFR mutations received gefi-
tinib. Two of the reports were phase Il trials of first
line gefitinib therapy for chemotherapy naive EGFR-mutant
stage ||1B or IV NSCLCs [43,44], while the remaining four con-
tained a mixed population of patients, which were either
receiving gefitinib as first line therapy or after tumor expo-
sure to chemotherapy (second and subsequent lines of
therapy). Overall, 59 patients received gefitinib as first
line therapy and 42 after having received chemotherapy
(Table 1)

The method of identification of EGFR genotypes is listed
in Table 1. Most of the trials isolated tumor DNA from
either diagnostic paraffin-embedded or fresh tissue (pleu-
ral fluid). Most of the reports identified the need to use
micro-dissection techniques; however the details of the
percentage of tumors where this was necessary are not
disclosed. Four of the trials used direct polymerase chain
reaction (PCR) amplification of DNA using EGFR primers
that spanned between exons 19 and 21. One of the studies
[45], used a more sensitive method for mutation identi-
fication, called peptide nucleic acid-locked nucleic acid
(PMNA-LNA) PCR clamp that has been reported to identify
EGFR mutations in the presence of 100-fold background
levels of wild-type EGFR from normal cells [45]. And the
remaining trial only analyzed for the presence of exon 19
deletions or L858R [46].

Almost all of the patients available for analysis contained
either exon 19 in frame deletions or the L858R mutation. In
none of the patients was the TKl-resistant T790M mutation

[49] identified or reported during the initial sequencing of
the tumors.

3.2. Response rates in the total population and by
different EGFR mutations

Of the 99 patients that were evaluated for a response in
the five identified trials, 80 (80.8%) achieved either a com-
plete or partial response (CR +PR). Another 12 (12.1%) had
SD and only 7 (7.1%) displayed PD as best response {Table 3).
In the phase Il trials that evaluated only chemother-
apy naive patients, the combined CR+PR rates were 75%
[43,44].

All of the trials identified objective response rates in the
different types of EGFR mutations. As indicated in Table 4,
the total number of patients with exen 19 deletions was
66 {around 67% of the patients evaluated for a response)
and the other 33 patients had the L858R mutation (around
33% of total). This distribution of EGFR mutations had been
expected by the retrospective studies of EGFR sequencing
in non-treated patients [8,9].

The percentage of patients achieving either a CR or PR
for exon 19 deletions and LB58R mutations were 80.3% and
81.8%, respectively (Table 4). In only one of the trials did the
exon 19 deletion cohort have a significantly higher response
rate than the L858R patients, however even in that trial
the investigators noted that the L858R patients with SD by
RECIST had measurable tumor responses that did not qualify

Table 3  Overall responses in the 99 EGFR-mutant evaluated patients

Patient population Source (reference) CR+PR (%) 5D (%) PD (%) Total
- . Inoue et al. [43] 12 (75%) 2 (12.5%) 2 (12.5%) 16
Chemotherapy naive (1st line therapy) Asahina et al. [44] 12 (75%) 1(6%) 3 (19%) 16
Sutani et al. [45] 21 (78%) 5 (18.5%) 1 (3.5%) 7
Mixed 1st and subsequent lines of therapy Yoshida et al. [46] 19 {90.5%) 114.8%) 114,.8%) a1
Sunaga et al. [47] 16 (84%) 3 (15%) 0{0%) 19
Total B0 {BO.B%) 12 (12.1%) 7 (7.1%) 99

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
2 In the prospective trial by Sunaga et al. [47], 21 patients were entered, however 2 discontinued treatment and only 19 were available

for analysis of overall response to gefitinib therapy.
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Table 4 Responses rates (combined CR+ PR} by type of EGFR mutation

Source (reference)

CR+PR/total (%) in 1st line therapy

CR +PR/total (%) in mixed 1st subsequent lines of therapy

CR +FR/total () in the combined group

Inoue et al. [43]
Asahina et al. [44]

Sutani et al. [45]
Yoshida et al. [46]
Sunaga et al. [47]

Total (99 patients)

93
EGFR Mutation p-Value?
Deletion 19 L858R
6/9 (67%) 6/7 (86%) 0.585
10/13 (77%) 2/3 (67%) 1
15/20 (75%) 6/7 (B6%) 1
7/8 (87.5%) 12/13 (92.3%) 1
15/16 (94%) 1/3 (33%) 0.050

53/66 (80.3%)

27/33 (81.8%) 1

EGFR, epidermal growth factor receptor; CR, complete response; PR, partial response; SD, stable disease; PD, progressive.

4 Two-tailed probability by Fisher's exact test.

Table 5 Progression-free survival (PFS) and overall survival (OS)
Source ({reference) Median PFS in 1-Year survival 05 in months Median follow-up
months (95% (%) {months)
Cl)
15t line thera Inoue et al. [43] 9.7 (7.4-9.9) Not reached 7.6
! Py Asahina et al. [44] 8.9 (6.7—11.1) 83 Not reached 12.7
Mixed 1st and Sutani et al. [45] 9.4 (—) — 15.4 —
subsequent lines Yoshida et al. [46] 7.7 (=) 80 Not reached -
of therapy Sunaga et al. [47] 12.9 (—) 85 Mot reached 12.6

PFS, progression-free survival; 05, overall survival;

as PR [47]. Overall, in these prospectively collected patients
the LB58R patients were as likely as the exon 19 deletion
ones to derived responses from gefitinib monotherapy.

3.3. Progression-free and overall survival in
EGFR-mutant patients treated with gefitinib

The follow-up of these patients was short. In the trials
that reported median follow-up, it ranged from 7.6 to 12.7
menths (Table 5). In only one of the reports did the authors
obtain enough number of deaths to calculate median overall
survival [45]. In all the other trials, median overall survival
had not been reached at time of publication.

The five publications reported PFS (Table 5). In the phase
Il first line therapy trials, the PFS were 9.7 and 8.9 months

Table 6 Gefitinib-related adverse events

, not reported in the published material.

[43,44]. In the prospective cohorts with a mixed treatment
population, the PFS ranged from 7.7 to 12.9 months [45—47].
The 1-year survival, as derived from the investigators or
extrapolated by the Kaplan—Meier curves, ranged from 80
to 85% (Table 5).

It was not possible to extract PFS and OS for the indi-
vidual types of EGFR mutations from three out of the five
trials. In the phase Il trial by Asahina et al. [44], the median
PFS for exon 19 deletion patients was 8.3 months [44,50]
and not reached for the L858R patients (of the three LB58R
patients, two were alive and progression-free after more
than 11.7 months of therapy). The other only trial that
reported PFS by mutational status was that of Yoshida et
al. [46]. They noted a median PFS of 7.8 months (95%
Cl, 7.6—not reached) for exon 19 deletions (n=8) and 6.0
months (95% Cl, 2.6—7.7 months) for the LB58R group (n=13)

Source (reference) Skin

Diarrhea ILD

Grades 1-2/no. Grades 3—4/no.

Grades 1-2/no. Grades 3-4/no. Grades 1-4/no.

pts (%) pts (%) pts (%) pts (%) pts (%)
Inoue et al, [43] 12/16 (75%) 0/16 (0%) 3/16 (19%) 0/16 (0%) 0/16 (0%)
Asahina et al. [44] 7/16 (44%) 1/16 {6%) 7/16 (44%) 0/16 (6%) 1/16 (6%)
Sutani et al. [45] 9/27 (78%) 1/27 {18.5%) 5/27 (3.5%) 0/27 0/27 (0%)
Yoshida et al. [46] 6/21 (28.5%) 0/21 (0%) 6/21 (28.5%) 2/21 (9.5%) 0/21 (0%)
Sunaga et al. [47] 13/21 (62%) 1/21 (4.7%) 2/21 (9.5%) 0/21 (0%) 1/21 (4.7%)
Total 47/101 {46.5%) 3/101 (3%) 23/101 (23%) 2/101 (2%) 2/101 (2%)

Mo. pts, number of patients; ILD, interstitial lung disease.
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(log-rank test, p=0.04). No other results can be extracted
from the other trials regarding differential PFS by mutation
type.

3.4, Gefitinib-related adverse events reported in
these prospective trials

Adverse events were reported based on the NCI-CTC guide-
lines. A total of 101 patients had their common grades
1-4 toxicities reported (Table 6). The most common tox-
icities were those related to the skin. The trials reported
them as rash, skin toxicity, skin pruritus or dry skin. 46.5%
of the patients developed grade 1 or 2 skin side-effects,
however only 3% were reported as having serious grade
3 or 4 skin texicities. The second most common adverse
event was diarrhea, with 23% of patients reperting grades
1—2 and 2% grades 3—4, respectively. Other less common
effects reported, but not displayed in Table 6, included ele-
vations in aspartate and alanine aminotransferases, fatigue
and anorexia [43—48].

The most dreaded adverse effect associated with TKI
exposure in NSCLC, interstitial lung disease (ILD), was noted
in only 2% of the treated patients. In one patient this was
classified as grade 3 toxicity and the patient recovered after
steroids [47]. The other ILD patient (grade 1) recovered
without need of steroids [44]. No deaths were attributed
to ILD or gefitinib-treatment in these 101 patients.

4, Discussion

The discovery of EGFR mutations has sparked an input of
renewed interest in lung cancer translational research. Cur
current report pooled from five prospective cohorts, of
Japanese patients, who were genotyped for EGFR mutaticns
and selected to receive gefitinib based on the presence of
an activating somatic mutation. We believe that our pooled
analysis, combining 101 patients {99 of which had their
tumor's radiographic response measured by RECIST), is able
to strengthen the individual observations of each of these
small prospective and phase |l studies alone. The primary
outcome measured in all trials was objective tumor response
rate and therefore they have not been powered or followed
long enough to generate detailed information on patient
survival.

A great majority, over 80%, of the 99 patients displayed
either a CR or PR as best response to 250 mg/day of gefitinib.
These unheard of results in NSCLC confirm the retrospective
RR of 78% previously reported in 268 EGFR-mutant patients
[16]. Gefitinib monotherapy in EGFR-mutated patients has
been described as a '"'weapon of mass destruction’ [51] and
our compilation reaffirms this concept.

Due to the large number of homogenous patients in
the group described here we were also able to evaluate
the predictive role of the two most common EGFR muta-
tions. Two well conducted retrospective reports from the
Dana-Farber/Harvard Cancer Center (DF/HCC) [52] and the
Memorial Sloan-Kettering Cancer Center [53] combining 32
(22 exon 19 deletions, and 10 L858R) and 34 patients (23
exon 19 deletions, and 11 LB58R), respectively, indicated
that the response rates, progression-free and overall sur-
vival of gefitinib or erlotinib treated individuals was superior

in exon 19 deletions than the L858R mutation patients
[52,53]. Two retrospective East Asian cohorts did not show
significant differences in survival between the gefitinib-
treated L858R and exon 19 deletions [25,28,50], and a
recent Japanese retrospective report actually described an
improved survival for LB58R-bearing patients after gefitinib
therapy [54].

From our data, it is clear that, in the 99 patients reviewed
here, the response rates were almost identical for patients
with either exon 19 deletions or LB58R mutations—B80.3%
and 81.8%, respectively (p=1). Of note, all of the patients
described in our report were Japanese. The Massachusetts
General Hospital and DF/HCC Thoracic Oncolegy groups
have completed a phase || trial of gefitinib as first line
therapy for EGFR-mutant tumors (iTARGET). The results of
these patients have not been reported yet, however we
believe that this North American trial will help both con-
firm the remarkable response rates of gefitinib in a western
population and alse determined if LB58R and exon 19 dele-
tion mutations confer different prognostic degrees in these
non-Asian ethnical groups. Despite the current controversy
regarding possible clinical differences between the exon
19 and 21 mutations, we view our report as reassurance
that both of these classes of mutations are highly sensi-
tive to TKis initially in a predominantly Asian population.
The mature follow-up of the 99 patients compiled here will,
in the future, permit a better understanding of patterns of
survival in the different mutations.

The time to progression in the five trials reported here
are also impressive. In the two prospective phase || stud-
ies of gefitinib for chemotherapy naive patients the median
PFS exceeded 8.9 months [43,44]. And even more striking
was the result of the three other trials with a mixed popu-
lation of previously treated and untreated advanced NSCLC.,
In two of those trials, the median PF5 exceeded 9.4 months
[45,47]. The overall survivals have not been reached yet,
however we speculate that longer follow-up will confirm the
improved survival seen in retrospective studies of patients
treated with TKIs in which EGFR-mutations had been iden-
tified [19,23,52,53].

Another observation made possible by cur peoled analysis
was that of the safety of gefitinib administration to EGFR-
mutant NSCLC patients. The most commen toxicities were
those of skin rash and diarrhea, which had been expected
from the large phase |l trial of gefitinib [39]. Almost all
were reported as mild toxicities and few patients required
a dose reduction or discontinuation. Most notably, the rate
of ILD was only 2% and no deaths occurred in the patients
in which this developed. Previous case series had identified
this as a feared complication of TKI therapy. In over 1500
gefitinib-treated patients, around 3.5% developed ILD and
over 1.5% died [55]; with male sex, smoking history and
interstitial pneumoenia identified as risk factors. Of inter-
est, the only patient that developed a grade 3 ILD from our
pooled analysis was a male smoker with an EGFR mutation
[47].

Despite the incredible response rates and efficacy of
gefitinib monotherapy for EGFR-mutant NSCLC, our results
confirm that acquired resistance to EGFR TKI therapy is seen
in most of the patients. As described above, in almost all tri-
als the PFS did not exceed 12 months. This is a reminder that,
different than CML where most patients retain a response
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even after 5 years of imatinib [56], EGFR-mutant tumors
have a high propensity to loose their sensitivity to continu-
ous TKI therapy. Two cohorts of patients with TKI-resistant
NSCLCs, in which a second biopsy was obtained after pro-
gression, identified the secondary resistant T790M mutation
[49] in around 50% of the samples [57,58]. The acquired
amplification of the MET oncogene was recently reported
as occurring in around 20% of TKl-resistant patients [59].
The mechanisms of resistance in the remaining tumors have
not been completely clarified and very few other secondary
mutations identified [57]. T790M, by introducing a bulkier
amino acid side chain at this position, may affect the bind-
ing of gefitinib/erlotinib to the EGFR tyresine kinase domain
[49] and results in ineffective TKI function and sustained
down-stream signaling from the mutant EGFR [60]. In vitro,
T790M causes significant resistance to the effects of gefi-
tinib but this can be partially overcome by irreversible EGFR
inhibitors [60]. These findings have prompted ongoing tri-
als of second-generation irreversible EGFR inhibitors in this
patient population, such as an ongoing trial of the HKI-
272 compound [61]. The clinical efficacy of this approach
is still unknown. The re-administration of gefitinib in previ-
ously responsive patients that show radiographic progression
has also been reported to improve symptoms and the clini-
cal course of patients [62], suggesting a role for continued
TKI use to control the nen-TKI resistant clones of these
“‘oncogene addicted'’ cancers. The optimal management of
EGFR-mutant tumors that progress on gefitinib or erlotinib
has not been established.

Our compilation of the first 101 published patients
selected by their EGFR-mutant genotype to receive gefi-
tinib monotherapy for advanced NSCLC confirms the high
response rate (over 80%) of this agent in this molec-
ularly classified population. Longer follow-up and phase
Il trials comparing gefitinib to conventional platinum-
based chemotherapy are necessary to define the extent of
improvement in survival for these patients. We believe that
gefitinib will be a most valuable "‘weapon' in the fight
against EGFR-mutant NSCLC.
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Background

Epidermal growth factor receptor (EGFR) mutations are present in the majority of patients
with non-small cell lung cancer (NSCLC) responsive to the EGFR tyrosine kinase inhibitors (TKls)
gefitinib or erlotinib. These EGFR-dependent tumors eventually become TKI resistant, and the
common secandary T790M mutation accounts for half the tumaors with acquired resistance to
gefitinib. However, the key proapoptotic proteins involved in TKl-induced cell death and other
secondary mutations involved in resistance remain unclear. The objective of this study was to
identify the mechanism of EGFR TKl-induced apoptosis and secondary resistant mutations that
affect this process.

Metheods and Findings

To study TKl-induced cell death and mechanisms of resistance, we used lung cancer cell lines
(with or without EGFR mutations), Ba/F3 cells stably transfected with EGFR mutation constructs,
and tumor samples from a gefitinib-resistant patient. Here we show that up-regulation of the
BH3-only polypeptide BIM (also known as BCL2-like 11) correlated with gefitinib-induced
apoptosis in gefitinib-sensitive EGFR-mutant lung cancer cells. The T790M mutation blocked
gefitinib-induced up-regulation of BIM and apoptasis. This blockade was overcome by the
irreversible TK| CL-387,785. Knockdown of BIM by small interfering RNA was able to attenuate
apoptosis induced by EGFR TKls. Furthermore, from a gefitinib-resistant patient carrying the
activating LB58R mutation, we identified a novel secondary resistant mutation, L7475 in cis to
the activating mutation, which attenuated the up-regulation of BIM and reduced apoptosis.

Conclusions

Our results provide evidence that BIM is involved in TKl-induced apoptosis in sensitive EGFR-
mutant cells and that both attenuation of the up-regulation of BIM and resistance to gefitinib-
induced apoptosis are seen in models that contain the common EGFR T790M and the novel
L7475 secondary resistance mutations. These findings also suggest that induction of BIM may
have a role in the treatment of TKl-resistant tumaors.

The Editors” Summary of this article follows the references.
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Introduction

Sequencing of the epidermal growth factor receptor (EGFR)
gene in a large number of tumor samples has identified
somatic activating mutations in the tyrosine-kinase pocket of
EGFR [1,2]. These mutations were first described in non-small
cell lung cancer (NSCLC) patients treated with specific EGFR
tyrosine kinase inhibitors (TKIs}—gefitinib and erlotinib—
who had radiographic and clinical responses to such agents
[3-5]. Two recent transgenic mouse models, in which the
aoverexpression of EGFR mutations was targeted in type I1
pneumocytes, demonstrated that these mutations led to the
development of adenocarcinomas and that the tumors
responded both to suppression of the EGFR driving signal
and EGFR TKIs [6,7]. As data accumulate, it seems clear that
EGFR-mutant “oncogene-addicted” cancers represent a dis-
tinet form of NSCLC that can be targeted through novel
approaches [8]. The tumor cells are dependent on, or
addicted to, the EGFR mutated oncogene for both main-
tenance of the malignant phenotype and cell survival. At the
time of this writing, phase I trials in which patients with
advanced NSCLC are included on the basis of presence of the
two most common EGFR mutations (either exon 19 deletions
or the exon 21 arginine-for-leucine substitution at amino
acid 858, or L858R) and are given gefitinib as firsc-line
treatment show radiographic response rates that exceed 75%
[9-11]. Mature results of such trials will likely confirm the
improved time to progression and survival seen in retro
spective studies of patients treated with TKIs in which EGFR
mutations had been identified [12-15].

Despite the unprecedented responses seen in these specific
EGFR-mutant tumors, most eventually become resistant to
the TKIs and disease progression is noted. Qur group and
others have identified a second mutation in the EGFR kinase
domain (the exon 20 methionine to threonine substitution at
position 790, or T790M} in repeat tissue samples from
patients who initially responded to TKIs but later progressed
[16,17). The two largest cohorts of patients with TKI-resistant
NSCLCs, in which a second biopsy was obtained after
progression, identified the T790M mutation in around 509
of the samples and one D761 secondary mutation [18,19].
Recently, in four out of 18 (22%) TKI-resistant EGFR-mutant
tumors, amplification of another oncogene, MET, was
identified [20]. Other secondary mutations and alternative
mechanisms of resistance have not been completely clarified,

One of the major effects of TKls in sensitive EGFR-mutant
cell lines is their induction of apoptosis. The exquisite
sensitivity of these NSCLCs to gefitinib and erlotinib [3-5]
has been supported by the concept of “oncogene addiction”
[6,7,21]. A recent report suggested that a common signaling
cascade may be involved during apoptosis in cells that
depend on oncogenic SRC, BCR-ABL, and mutant EGFR
[22]. Interestingly, the BH3-only proapoptotic proteins BIM
(also referred to as BOL2-like 11, or BCL2L11), and to a lesser
extent BAD (BCL2 antagonist of cell death), mediate
imatinib-induced apoptosis of BCR-ABL leukemic cells [23].
The key downstream mediators of TEI-induced cell death in
EGFR-mutant tumors yemain unknown, We hypothesized
that the BH3-only members might be involved in the
apoptotic signal following EGFR distuption by TKls.

In this study we studied BIM's role in TKI-induced
apoptosis in EGFR-mutant lung cancers. In addition, we
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investigated the effect of the resistant mutation T790M and a
novel secondary mutation, L7478, on the regulation of BIM
and apoptosis.

Methods

Patient Characteristics and Clinical Course after TKI
Treatment

Two EGFR mutation-positive patients with gefitinib-resist
ant NSCLCs and secondary EGFR mutations were identified
from our Thoracic Oncology Clinic database. Their clinical
and molecular characteristics, as well as their response o TKI
treatment, are detailed in Table S1. Both patients are part of
an Institutional Review Board-approved protocol, and
written informed consent was obtained for the analysis of
their tumors.

Reagents

Gefitinib and erlotinib were purchased from a commercial
supplier. CL-387,785 was purchased from Calbiochem (Darm-
stadt, Germany}. Stock solutions for gefitinib, erlotinib, and
CL-387,785 were prepared as previously described [16].

Sequencing of the EGFR Gene

Both genomic DNA and total RNA were extracted from the
tumor cells of a transbronchial biopsy and of pleural fluid in
patients 1 and 2 (Table 51}, respectively. Genomic DNA was
used as a template for sequencing exons 18-21 as previously
published [3]. cDNA was transcribed from 1 pg of toral ENA
with Superscript IT Reverse Transeriptase (Invitrogen, Carls
bad, CA). The ¢DNA was used as a template for subsequent
PCR amplifications of EGFR. The kinase domain of the EGFR
coding region was amplified by the use of two sets of
oligonucleotides and sequenced: (1) sense primer (5'-GCA
CAG GAC GGG GAC CAG ACA ACT-3') and antisense
primer (5-GGA CAT AGT CCA GGA GGC AG-3'); (2} sense
primer (5"-GCA CAG GAC GGG GAC CAG ACA ACT-3") and
antisense primer (5-ATG GGT GGC TGA GGG AGG CGT
TCT-3"). The PCR. products containing exons 19-21 amplified
by the use of the latter set of primers were subcloned into the
PGEM-T Easy cloning vector (Invitrogen) and sequenced [16].

Cell Culture

BalF3 cell lines were maintained in RPMI supplemented
with 10% FBS and 5% WEHI conditioned medium as the
source of IL3. The human lung cancer-derived cells lines
AB49, NCI-H460 (H460), NCI-H1975 (H1975), NCI-H3255
(H3255), PC-9, and HCC827 were maintained in RPMI
supplemented with 10% FBS.

EGFR Mutant Constructs and Transfections

The L7478 mutation was introduced into human EGFR
wild-type (WT} or L858R constructs in the context of the
pcDNAS.1 expression vector (Invitrogen} [16] using the
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA}. The oligonucleotides sequences were as follows:
sense primer, 5'-CGT CGC TAT CAA GGA ATC AAG AGA
AGC AAC ATC TC-3'; antisense primer, B.GAG ATG TTG
CTT CTC TTG ATT CCT TGA TAG CGA CG-3'. The
resulting constructs were confirmed by sequencing, For
transient transfection experiments, COS-7 cells were plated
at a concentration of 5 % 10% cells per well in six-well plates.
The following day, these cells were transfected with 1 pg of
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the expression constructs using Fugene 6 (Roche) and
incubated for 12 h when the medium was changed to
serum-free. After 12 h of serum starvation, cells were
stimulated with 100 ng/ml EGF (Sigma}. TKIs were added to
the culture medium 3 h prior to the addition of EGF. Cells
were exposed to EGF for 15 min. Stable Ba/F3 cell and
HCCA27 cell lines carrying WT or other mutant EGFR were
generated and maintained as previously described [24,25].

Western Blotting and Antibodies

Whole-cell lysates were prepared as previously described
[16,26]. The human lung cancer cells lines were treated in
RPMI supplemented with 10% FBS in the presence of EGFR
inhibitors as indicated. Ba/F3 cells were washed three times
with RPMI only and stimulated by EGF as previously
described [24]. Gefitinib, erlotinib, or CL-387,785 at increas
ing concentrations were added to the medium as indicated in
the figure legends.

EGFR, caspase-3, BCL-xp, Bcl2 (mouse specific), and total
STATS antibodies weve purchased from Santa Cruz Bio
technology (Santa Cruz, CA} Total extracellular signal-
regulated protein kinase (ERK) antibody was purchased from
BD Transduction Laboratories {Lexington, KY). Phospho
EGFR (pTyr1068), phospho-STATS (pTyr694), phospho-AKT
(p5473), phospho-ERK1/2 (pT202/pY204), BCL2 (human
specific), BIM, BAD, phospho-BAD (p5112), poly (ADP-ribose}
polymerase (PARP), cleaved-PARP, and AKT antibodies were
purchased from Cell Signaling Technology (Beverly, MA}L
BIM antibody was also purchased from Stressgen (Victoria,
Canada}. Actin antibody was purchased from Sigma (St
Louis, MO

Cell Proliferation Assay

Cell counts were performed at daily intervals using Trypan
blue dye exclusion. Growth inhibition was assessed by
CellTiter 96 AQueous One solution proliferation kit (Prom-
ega, Madison, WI} [24]. Briefly, Ba/F3 stable cells were washed
three times with RPMI 1640 only and resuspended in RPMI
1640 supplemented with 10% FBS and 20 ngiml EGF (Sigma,
St. Louis, MO). Then, cells were transferred to triplicate wells
at 10,000 cellsiwell in 96-well flat-bottom plates with various
concentrations of inhibitors and the cells were incubated for
48 h.

Flow Cytometric Analysis of Cell-surface Exposure of
Phosphatidylserine and Mitochondrial Membrane
Potential

For flow cytometric analysis, cells were plated at 1 X 10%
well in six-well plates and treated with DMSO or EGFR
inhibitors. Cell-surface exposure of phosphatidylserine was
assessed using an Annexin-V-FLUOS staining kit (Roche,
Basel, Switzerland) as previously described [24]). For assess
ment of mitochondrial membrane potential, Ba/F3 cells were
incubated with 40 oM DIQCH(3) (Molecular Probes, Eugene,
OR} in PBS for 15 min at room temperature as previously

described [27).

RNA Interference

BIM-specific and negative control small interfering RNAs
(siRNAs}) were purchased from Cell Signaling Technology and
Dharmacon Research (Lafayette, COY, respectively. Cells were
transfected with TransIT-TKO transfection reagent (Mirus,
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Madison, WI) according to the manufacturer's protocol in the
presence of siRNAs. After 24 h of transfection, cells were
washed with RPMI twice and incubated with RPMI containing
10% FBS in the presence of DMSO (control), gefitinib, or
CL387.785 for 48 h.

Statistical Analysis

The paired Student t-test was used to determine statistical
significance. A p-value less than 0.01 was considered
significant.

Results

Apoplosis in NSCLCs with and without EGFR Mutations

We selected a set of NSCLC cell lines to identify the
differential sensitivity of wild-type (WT) EGFE and mutant
tumors to the apoptotic effects of gefitinib. A549 and H460
have WT EGFR and are highly vesistant to gefitinib (reported
gefitinib sensitivity for proliferation [ICs] are 9.6 and 129
UM, respectively) [28], whereas H1650 and HCCE27 have a
deletion in exon 19 (delE746-A750) with different gefitinib
sensitivities (1Csp0 1 and 0,005 pM, respectively) [28]. H3255
carries the LE58R EGFR exon 21 point mutation and has an
ICqy of 0.015 pM to gefitinib [28]. In addition, we also tested
PC-9 cells, which have the delE746-A750 EGFR mutation and
are sensitive to reversible EGFR tyrosine kinase inhibitors [22].

After 48 hours of 1 pM gefitinib treatment, all the EGFR
mutant cell lines showed an increase in the percentage of
apoptotic cells when compared to untreated cells (Figure 1}
However, the HOCS27, H3255, and PC-9 cells had a greater
increase in the amount of apoptotic cells after treatment than
did the H1650 cells. The non-EGFR mutant A549 and H460
cells displayed almost no changes in the number of apoptotic
cells alter gefitinib treatment (Figure 1)

Up-Regulation of BIM in EGFR-Mutant NSCLCs Sensitive to
Gefitinib

Enowledge of the differential degrees of apoptotic in
duction by gefitinib in these cell lines prompted us to test our
hypothesis that the BH3-only BIM is involved in the cell death
execution process mediated by TKIs. The BIM gene encodes
three major isoforms: BIM short (BIM,), BIM long (BIM, ), and
BIM extra long (BIMgp). All isoforms contain a BH3 domain
that can bind to and inactivate members of the antiapoptotic
BCL2 family of proteins [29].

As shown in Figure 2, gefitinib treatment induced rapid
and sustained increase in the levels of BIMy and BIM; in
HCC827, H3255 and PC-9. Two major pathways regulate BIM
expression andfor function: the PISK-AKT-FOXO and the
ERK1/2 mitogen-activated protein kinase (MAPK) pathways
[29,30]. Consistent with these reports, we detected that the
relative electrophoretic migration BIMg; and BIMy was faster
when HCCS27, H3255, and PC-9 cells were treated with
gefitinib, which suggests that BIMg and BIMp were hypo-
phosphorylated due 1o loss of AKT andior ERK activity
(Figure 2), or other EGFR downstream targets. In contrast,
there was no sign of hypophosphorylation or marked up-
regulation of BIM in A549 and H460 cells, possibly because of
sustained phosphorylation of AKTIERK {Figure 2). In H1650
cells, there was a slight increase in the level of BIMg (Figure
2}, consistent with the degree of apoptosis seen in these cells
(Figure 1} Changes in the proapoptotic BAD and the
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Figure 1. Up-Regulation of BIM Correlates with Gefitinib-Induced Apoptosis in NSCLC Cell Lines

Effect of gefitinib on NSCLC cells. A549, H460, H1650, HOC827, H3255, or PC-9 cells were grown in the presence of 0.1% DMSO (control) or 1 pM
gefitinib for 48 h. Apoptosis was assessed using propidium iodide and Annexin-V staining.

{A) Representative flow cytometry data. The numbers represent percentage of cells in the appropriate quadrant. Left lower quadrant, viable cells; right
lower quadrant, early apoptotic cells; right upper quadrant, late apoptotic cells,

{B) Quantification of apoptosis. The y-axis plots the sum of early and late apoptotic cells as mean = standard error of the mean {n > 3).

doi1 6.1371/journal pmed.(00403315.9001

antiapoptotic proteins BCL2 and BCL-xg did not correlate
with cell death upan gefitinib exposure (Figure 2),

These findings suggest that BIM may be a key marker or
effector of gefitinib-induced apoptosis in EGFR-mutant lung
cells.

The T790M Secondary Resistant Mutation Abrogates the
Up-Regulation of BIM by Reversible TKls

If an increase in BIM expression is important for gefitinib
induced apoptosis, it should be suppressed upon treatment of
cell lines expressing the resistant T790M EGFR mutation
[16,17] with gefitinib. We tested this hypothesis in gefitinib
sensitive HCCS27 stable cell lines expressing activating
deletion mutant L747-8752 (HCCiDel) EGFR or in the
gefitinib-resistant lines HOC827-delL747-5752-TT90M (HCC!
Del-TM), harboring both the dellL747-5752 and T790M
mutations [25], as well as the H1975 cell line harboring
LS5SR-TT790M double mutations [24,25].

Gefitinib induced rapid inactivation of EGFR, AKT, and

'@ PL0S Medicine | www.plosmedicine.org

ERK. and a dramatic increase of BIM in both HCC827 with an
empty vector (HCCE27Emp) and HCCMDel cells (Figure SA)
In contrast, the HCCDel-T790M and HI1975 cells had
minimal up-regulation of BIM, and the EGFR signaling
cascade was less inhibited by gefitinib (Figure 3). Previously,
we showed that the irreversible EGFR inhibitor, CL-387,785,
can overcome gefitinib resistance and lead to apoptosis in
HCCMel-TTI0M [25] and H1975 cells [24]. After exposure to
CL-387,785 a decrease in phosphorylations of EGFR, AKT,
and ERK were observed and accompanied by marked up
regulation of BIM, which correlated with the presence of the
cleaved form of PARP (Figure 3).

These results confirm that up-regulation of BIM correlates
with effective TKI-induced apoptosis and that T790M
suppresses this process in gefitinib-treated cells.

Knockdown of BIM Attenuates TKlHInduced Apoptosis
If BIM functions as a mediator of TKI-induced apoptosis,
knockdown of its expression should have detectable effects
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Figure 2. Gefitinib Induces Expression and Dephosphorylation of BIM in Gefitinib-5ensitive EGFR-Mutant Cells, but Not in Cells with Wild-Type EGFR

Cells were treated with 1 pM gefitinib for the times {in hours) indicated, and lysates were collected and proteins analyzed by immunoblotting. The three
isoforms of BIM, BIMy, BIM,, and BIM, are shown. Hypophaosphorylated BIM migrates faster than the other species [23).

doi:10.1371/journal pmed.0040315.9002

on apoptosis. Therefore, we tested the effects of BIM siRNA
in HCC827 and HI1975 cells treated with gefitinib and
CL387,785, respectively. Apoptosis was significantly attenu-
ated by BIM siRNA in both cell lines detected by PARP
cleavage (Figure 4A) and the Annexin V assay (Figure 4B)
after exposure to TEIs that induce dephosphorylation of
EGFR, AKT, and ERK (Figure 4A).

These data suggest that BIM plays an important tole as a
death regulator in TEl-induced apoptosis.

Identification and Characterization of a Novel Secondary
Mutation, L7475, in a Gefitinib-Resistant Tumor

Through the sequencing of gefitinib-resistant tumors at
our instimtion we identified a novel second mutation (see
Methaods). We detecred a LE58R EGFR mutation in the initial
biopsies obtained from a T4-year-old white woman affected
by an advanced adenocarcinoma with bronchioalveolar and
papillary features [31,32]. She maintained a partial response
to gefitinib for 40 months without overt clinical or radio-
graphic progression; however, at that point computer
tomography scans showed progression of lung lesions,
presence of a thickened lelt pleura with effusion (Figure
51}, and bone metastases. Sequencing of the cDNA derived
from the pleural fluid of the progressing tumor confirmed the
persistence of the initial LR58R mutation in addition to a new
T-C basepair change in exon 19 (Figure 5A), which results in
a predicted amine acid change of leucine (L} to serine (5} at
position 747 of EGFE. Most subclones contained the L7478 in
cis with L858R (Table 51}, In the EGFR kinase domain crystal
structures [3534), L747 is located at the start of the loop
between strand B3 and helix 2C. This residue is the leucine of
the LRE motif that is frequently deleted in exon 19. In crystal
structures of both the active and inactive conformations of
the EGFR tyrosine kinase domain this residue is oriented
toward the back pocket region of the catalytic cleft (Figure
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5B} Mutations in the analogous residue of ABLL (L273M} and
ErbB2 (L7555 or Py (Figure 5C) have been described in
patients with imatinib-resistant chronic myelogenous leuke-
mia (CML} and solid tumors including gastric, breast, and
lung cancers, respectively [35-37]. However, functional
studies were not performed.

Transient transfection experiments utilizing COS-7 cells
demonstrated that auto-phosphorylation of the original
L858R EGFR was inhibited by lower concentrations of
gefitinib or erlotinib than the L858R-L7475 or L8HSR
T790M constructs (Figure 52A) CL-387,785 partially over
came the observed inhibirion (Fignre S2B}.

To prove the functional significance of the L7478
mutation, we generated BalF3 cell lines stably expressing
mutant EGFR constructs [24]. These cell lines, including
LB58R-L7475, proliferated in the absence of IL3. However,
the proliferation rate of Ba/F3-L858R-L7475 cells was not as
dramatic as that of Ba/F3-L358R-T790M cells (Figure 53). Ba/
F3-L858R cells were extremely sensitive 1o gefitinib (Figure
5D, whereas BalF3-LA58R-TT90M cells were highly resistant
up two 1 puM gefitinib. All four BaF3-L858R-L7475 clones
demonstrated an intermediate pattern of resistance to the
growth inhibition signal induced by gefitinib (Figure 5D}
After the cells were exposed to gefitinib for 24 h, Ba/F3-L858R
cells were unable to proliferate while Ba/F3-L858R-L7475 and
Ba/F3-L858R-T790M cells continued to grow even in the
presence of 1 uM gefitinib (Figure 5E).

These resulis sugpest that execution of apoptosis may be
impaired by the presence of T790M and, to a lesser extent,
L7475,

Resistance Mutations Attenuate BIM Up-Regulation and
the Mitochondrial Apoptosis Pathway

Based on the data obtained from lung cancer cell lines, we
further explored the mechanisms by which T79M and L7475
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Figure 3. Inhibition of BIM Up-Regulation by the Resistant T/90M Mutation

The increase in BIM expression and apoptosis are inhibited by the secondary resistant mutation, T790M.

(A) Modulation of signaling following gefitinib treatment in HCC827 cells expressing EGFR mutants. Time course of gefitinib treatment in HCC827 cells
expressing pcDNA3N empty vector (HOC/Emp), EGFR-Dell747-5752 (HCC/Dell, or EGFR-Dell747-575247790M (HCC/Del-TM). Cells were treated with 3
pM gefitinib or CL-387,785 for indicated times, lysates collected, and proteins analyzed by immunoblotting.

(B} Modulation of signaling following either gefitinib or CL3&7, 785 treatment in H1975 cells. The cells were treated with 1 pM gefitinib or CL-387,785 for

the indicated times and extracts were analyzed by Western blatting.
doil1 0.1371/journal.pmed.0040315.9003

resistant mutations affect BIM up-regulation and apoptosis.
Gefitinib effectively induced apoptosis in BaF3-LS58R cells,
whereas Ba/F3-L2858R-1.7475 cells were intermediately vesist-
ant and Ba/F3-LE58R-T790M completely resistant (Figure A,
top). The up-regulation of BIM was also attenuated in a
similar dose-response manner as seen in the apoptosis assay
(Figure 6A, bottom), with LESSR-T790M completely abrogat-
ing the induction of BIM and L858R-L747S attenuating both
the up-regulation of BIM and apoptosis.

Phosphorylated EGFR as well as AKT were maintained up
ta 36 h after gefitinib treatment in BaF3-L858R-L7475 and
L858R-T790M cells. The phosphorylated forms of ERKI1/2
were significantly less inhibited in LE58R-T790M cells (Figure
6B}, Up-regulation of BIM was observed in Ba/F3-L858R cells
as early as 3 h after exposure 1o gefitinib (Figure 6B). Ba/F3
LB58R-L7475 cells had a delay in the up-regulation of BIM
and BalF3-L858R-T790M cells had no change in BIM isoforms
(Figure 6B} BAD, BCL-x%., and BCL2 did not change
significantly.

In order to explore the consequences of a delay or
inhibition in BIM up-regulation on apoptosis, we examined
whether gefitinib induced breakdown of the inner mitochon-
drial membrane potential (A}, characterized by a sudden
increase in permeability of the mitochondrial membrane as a
consequence of the charge difference between the mitochon-
drial matrix and the cytosol [27,38.39].

Treatment with gefitinib led to a significant decrease in
A¥,, in BalF3 L85ER cells at 12 h (Figure 6C). The pan
caspase inhibitor z-VAD-fink did not inhibit the breakdown
of AW, (unpublished data), suggesting that the intrinsic
mitochondrial pathway plays a central role during gefitinib-
induced apoptosis. It is well known that the BHS3-only
members are part of the intrinsic apoptotic pathway
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[40.41]). BafF3-L858R-T790M cells showed no significant
change even at 24 h (Figure 6C), and BalF3-L858R-L7475
cells had no apparent changes at 12 h and only a partial
breakdown at 24 h. Activation of caspase-3 and PARP
cleavage were consistent with the apoptotic execution
process measured by AW, (Figure 6D).

Taken together, these results suggest that the novel L7475
and the T790M mutations attenuate the intrinsic mitochon-
drial apoptosis pathway by inhibiting the up-regulation of
BIM in FCFR-mutant models.

Discussion

We identified BIM as a key apoptotic effector of EGFR TKIs
in sensitive cells with the activating LS58R or exon 19
deletion EGFR mutations. The common T79M secondary
mutation and the novel L7478, in conjunction with an
activating mutation, attenuated the up-regulation of BIM
and apoptosis,

The discovery that the deregulated tyrosine kinase activity
in certain cancers can be targeted has led to major advances
in the field of malignant therapeutics [42]. Tyrosine kinases
require ATP for their enzymatic activity, and thus small
molecules that mimic ATP can bind to mutant or trans-

located kinases and in

ate them. The most satisfying
translational example of this process has been in the case of
CML, in which the 1(%;22) translocation and the consequent
enhanced tyrosine kinase activity of BCR-ABL can be
effectively inhibited by imatinib. This oral TKI has revolu
tionized the treatment of CML and led to sustained responses
in a majority of patients [43]. A parallel situation is seen with
gastrointestinal stromal tumor (GIST), in which activating
mutations of the receptor tyrosine kinases ¢ KIT or PDGFRA
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Figure 4. Knockdown of BiM Expression Leads to Attenuation of Apoptosis

{A) HCCB27 cells {left) or H1975 cells (right) were transfected with BIM siRNA oligonucleotides or control oligonucleatides for 24 h prior to 0.5 uM
gefitinib or 1 uM CL387,785 treatment, respectively. The cells were then treated for 24 and 48 h and lysates were collected and proteins were analyzed

by immunablotting.

HCC827 H1975

{B} Annexin V apoptosis assay. The cells were treated as above and analyzed after 48 h. The percentage of surviving cells—both Annexin V™ and
propidium iodide™ cells—was compared with 0.1% DMSO control. The data are reported as mean * standard deviation {SD) {n = 3).

doi10.1371/journal.pmed.0040315.g004

(platelet-derived growth factor receptor, alpha polypeptide}
contribute to the disease, and again imatinib is an effective
treatment option improving patient survival [44). A similar
clinical benefit is observed in patients with lung cancers
harboring the two most common EGFR activating mutations,
L85SR and exon 19 deletions [3-59].

The striking initial response to small molecule tyrosine
kinase inhibitoys is thought to stem from the phenomenon of
“oncogene addiction” [21], and a common signaling cascade
may be involved in the apoptosis induced by multiple TKIs
[22]. Rapid inactivation of phosphorylated ERK, AKT, and
STAT35, and the delayed accumulation of phosphorylated
P38 are commanly observed in SRC-, BCR-ABL-, and EGFR
dependent cells after exposure to the specific inhibitors
SUGABS, imatinib, and gefitinib, respectively [23].

Recently, it has been shown that BIM is one of the main
effectors of imatinib-mediated apoptosis in BUR-ABL-pos-
itive leukemia cells [23,45,46]. BIM belongs to the BHS-only
group of proteins that bind and neutralize various anti-
apoptotic BCL2 family members so that they cannot inhibit
the proapoptotic effects of BAX and BAK in the intermem-
brane mitochondrial space [40,41). BIM is regulated by
multiple stimuli, including the PISK-AKT-FOXO and the
ERK1/2 MAPK pathways [29350]. Cytokine withdrawal or
inhibition of PISK-AKT leads to dephosphorylation and
nuclear entry of the forkhead transcription factor FOXO-3A,
which induces BIM mRNA expression [29] Inhibition of
ERK1/2 also induces BIM mRNA expression by unknown
mechanisms [29]. In addition, ERK1/2 regulates the function
of BIMg by post-translational maodifications. ERK1/2-de
pendent phosphorylation antagonizes BIMg by proteasomal
degradation or distuption of BIMg -BAX interactions [29],
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Of relevance to our studies is that the ErbB family
receptors activate the PISK-AKT and the ERKLIZ-MAPK
pathways, both of which mediate regulation of BIM. Over
expression of EGFR inhibits ancikis—apoptosis induced by
lack of correct cell and extracellular matrix attachment [47]—
in mammary epithelial cells by restoring ERK activation and
blocking BIM up-regular)
withdrawal or EG

n, which is reversed by either EGF

FR inhibition [48]. It has also been shown
that EGFR affects the post-translational contrel of BIM
expression through a pathway requiring PRC& and MEK!
MAPK activation [49]. Although the role of p38 as an
apoptosis mediator has not been completely characterized
[22], p38 activity is required for EGFR down-regulation
resulting in attenuation of downstream signaling [50]. In
addition, p38 activation leads to BIM induction during
glucocorticoid-induced apoptosis in lymphoblastic leukemia
cells [B1].

These observations and the concept of “oncogenic shock,”
which postulates that prosurvival signals are shut down
quickly, whereas proapoptotic signals remain active enough
to induce apoptosis upon oncoprotein inactivation [22),
prompted us to hypothesize that BIM plays an important role
in apoptosis induced by gefitinib and other EGFR TKIs. Our
data indicate that the intrinsic mitochondrial pathway is
involved in gefitinib-induced cell death and that the up-
regulation of the proapoptotic polypeptide BIM was con-
sistently seen during TKI-induced apoptosis. In addition,
sustained activation of EGFR, AKT, andfor ERK caused by the
T790M and L747S resistant mutations delayed BIM up-
regulation and apoptosis. We also showed, in two distinct
cell lines, that knockdown of BIM led to significant reduction
in the amount of cell death. These observations suggest that
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Figure 5. |dentification of a Novel Secondary Resistant EGFR Mutation, L7475

(A) Sequencing chromatograms with the EGFR L7475 exon 19 and L858R exon 21 by RT-PCR.

{B) Amino acid alignments of the tyrosine kinase domain in EGFR, ErbB2, and ABL1.

{C} Active conformation crystal structure of the kinase domain of EGFR in complex with erlotinib [34]. The graphic shows the spatial locations of residues
L#47 and L858 as red spheres. The activation loop is orange, helix «C yellow, the glycine-rich P-loop green, and the inhibitor erlotinib yellow. The figure
was made using the program PYMOL (https// pymelsourceforge.net/). (D) Top: Dose-dependent growth inhibition of Ba/T3 cells expressing EGFR LB58R
{LR), LBSER-T790M {LR-TM), or L858R-L7475 (LR-L5) detected by the MTS assay. Error bars indicate standard deviation {7 = 4). Four LR-LS clones {(#1-4)
were obtained from GA18 selection. Bottom: Expression of EGFR in Ea/F3 cells expressing LASAR, LESAR-L7475 #1-4, or LASER-T790M.

{E) Gefitinib release assay. Ba/F3 cells expressing LASAR (LR), LASAR-L7475 #4 {LR-LS), or LASAR-T/90M {LR-TM) were plated in 24-well plates at a density
of 1% 10%well and treated with 0.1% DMSO {control) or gefitinib for 24 h. Then the cells were washed three times with RPMI and cultured in medium
containing 20 ng/ml EGF. The cells were stained with Trypan blue and counted daily. The data are reported as mean + 5D {n=3).
doi10.1371/journal prred.0040315.9005

BIM is a key effector of TKl-induced apoptosis in EGFR- increase in the survival of gefitinib-treated HCCE27 cells
driven tumors and that the up-regulation of BIM may be one compared 1o single BIM knockdown (unpublished data)
of the common mechanisms by which tumor cells driven by Further studies are required to define other relevant
“oncogenic addiction” undergo apoptosis and “oncogenic apoptotic pathways involved in gefitinib-induced apoptosis.

shock™ [22]. However, knockdown of BIM did not completely Furthermore, our data indicate that the degree of BIM up

inhibit the TEI-induced apoptosis in our cell lines, which may regulation was directly proportional to the amount of
be explained either by the residual level of BIM protein in apoptosis and that the up-regulation of BIM determines the
siRNA transfected cells (Figure 4A), or involvement of other sensitivity of Inng cancer cells to the apopmlic effects of the
proapoptotic regulators, such as other BH3-only members. TKIs. This effect became evident when we examined three

Omne of the possible candidates is BAD, another BH3-only cell lines carrying the same EGFR mutation, HCC827, PC-9,
proapoptotic regulator, which was shown previously to play a and H1650 (all have the delE746-A750 mutation}, and noted
role in imatinib-induced apoptosis in CML [23]. However, the that the degrees of gefitinib-induced apoptosis were strik-

role of BAD remains unclear so far, since inhibition of BAD ingly different, with the former two being more sensitive than
phosphorylation, which is believed to be important for the later. The up-regulation of BIM was minimal in H1650
preventing apoptosis, was not detected in the NSCLC cells cells, which lack PTEN [52], compared to HCC827 and PC-9.
we tested (Figure 3B and unpublished data) In addition, Acquired resistance to imatinib commaonly occurs in CML

double knockdown of BIM and BAD did not show significant and often in GIST [6354]. In both diseases, secondary
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A descoberta de que a elevada atividade da tirosina quinase poderia ser
bloqueada em alguns tumores promoveu grandes avangos na terapia das doencas
malignas. Tirosina quinases requerem ATP para sua atividade enzimética e por
esse motivo moléculas semelhantes a ATP podem se ligar as quinases mutantes
ou translocadas e torna-las inativas. O exemplo com aplicacéo clinica mais bem
sucedido deste processo foi leucemia mieldide crénica (LMC), em que a
translocacao t(9;22) e a consequente atividade aumentada da tirosina quinase do
BCR-ABL pode ser efetivamente inibida pelo imatinib. Este TKI oral revolucionou o
tratamento da LMC e levou a remissdes sustentaveis na maioria dos pacientes
(Hehlmann et al., 2007). Um beneficio clinico parecido foi observado em pacientes
com CPNPC e as duas mutac¢fes ativadoras do EGFR mais comuns, L858R e
delecao exon 19.

A. Objetivo 1 : Coletar e analisar os dados clin icos de cinco ensaios clinicos
prospectivos de gefitinib para pacientes com mutagcdes do EGFR

Em nossa primeira publicacdo, resumimos e agrupamos o0s dados
clinicos dos cinco primeiros ensaios clinicos prospectivos de monoterapia com
gefitinib para pacientes com CPNPC e EGFR mutado (Costa et al., 2007b). Um
total de 101 pacientes foi agrupado por estes estudos, e 59 receberam gefitinib
como terapia de primeira linha e 42, ap0s 0 recebimento de quimioterapia
tradicional. A TR combinada nos 99 pacientes medidos foi de 80,8%. A TR para
pacientes com delecdo exon 19 e L858R foram parecidas. A SLP variou de
7,7 a 12,9 meses nos estudos identificados, e a sobrevivéncia geral nao foi
alcancada em 4 dos 5 relatérios com SMG de 15,4 meses em um deles. A
administracdo de gefitinib foi segura, com menos de 50% dos pacientes
desenvolvendo irritagdes cutaneas ou diarréia. Doenca pulmonar intersticial sé foi
relatada em dois pacientes (2%), que sobreviveram. Concluimos, com essas
observacdes, que a monoterapia com gefitinib leva a respostas objetivas na
maioria dos pacientes com mutacdes do EGFR, e que pacientes com mutacdes

L858R e delecdo 19 apresentaram beneficios clinicos parecidos. Portanto, EGFR
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TKls como erlotinib e gefitinib sdo os novos paradigmas de tratamento para
CPNPC com EGFR mutado.

B. Objetivo 2 : Identificar o peptideo pro-apoptético chave requerido para os
efeitos apoptoticos do gefitinib, erlo  tinib e outros inibidores EGFR TKI em
células com CPNPC com EGFR mutado

Como ja referido, a impressionante resposta inicial a inibidores de
tirosina quinase constituidos por moléculas pequenas se origina do fenémeno do
“vicio oncogénico” e uma cascata de sinalizacdo comum pode estar envolvida na
apoptose induzida por multiplos TKIs. A inativacdo rapida das formas fosforiladas
de ERK, AKT, e STAT sdo comumente observadas em células dependentes dos
oncogenes SRC-, BCR-ABL, e EGFR apds exposi¢cdo aos inibidores especificos

SU6655, imatinib, e gefitinib, respectivamente (Sharma et al., 2006).

BIM é um dos principais efetores de apoptose mediada por imatinib em
células leucémicas com BCR-ABL. BIM pertence ao grupo “BH3-only” de proteinas
que neutralizam varios membros da familia antiapoptética BCL2, impedindo sua
atuacdo na inibicdo dos efeitos pré-apoptéticos do BAX e BAK no espaco
mitocondrial intermembrana (Kuroda et al., 2006). BIM é regulado por multiplos
estimulos, incluindo as vias PI3K-AKT-FOXO e ERK1/2 MAPK. Remocdo da
citoquinas ou inibicdo da PI3K-AKT leva a desfosforilagdo e entrada nuclear do
fator de transcricdo FOXO-3A, o qual induz a expressao de MRNA BIM
(Qi et al., 2006). Em adicdo, ERK1/2 regula a funcdo do BIM por modificacdes
pés-traducdo do mRNA. Fosforilagbes dependentes do ERK1/2 antagonizam o
BIM prevenindo a degradacéo proteossomal ou disrup¢cédo do complexo BIM-BAX
(Qi et al., 2006).

Estas observacfes permitiram formular a hipétese de que o BIM teria
um papel importante no apoptose induzida por gefitinib e outros TKIs que afetam o
EGFR. Os resultados dos estudos referentes a esta possibilidade foram relatados

em nossa segunda publicacdo (Costa et al., 2007a). Nossos dados indicam que a
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via mitocondrial intrinseca esta envolvida na morte celular induzida pelo gefitinib e
que a ativacdo da regulacdo do polipeptidio pré-apoptético BIM ocorre durante
apoptose induzida por EGFR TKiIs. Além disso, a ativacdo do EGFR, AKT, e/ou
ERK causada pelas mutacdes resistentes T790M e L747S retardaram a ativacao
do BIM e apoptose nesses CPNPC. Mostramos também, em duas linhas distintas
de CPNPC com mutac¢Oes ativadoras de EGFR, que um bloqueio da producao
génica por uma estratégia de RNA de interferéncia (siRNA) do gene BIM levou a
reducao significante da quantidade de morte celular induzida por TKiIs.

Estas observacdes sugerem que o Bim € um efetor chave no apoptose
induzida por TKIs em tumores dependentes de EGFR e que a ativacdo do BIM
pode ser um dos mecanismos comuns no qual células de tumores dependentes do
“vicio oncogénico” sofrem apoptose com TKIs. Mais estudos serdo necessarios
para definir outras vias apoptéticas relevantes que estdo envolvidas na apoptose

induzida por gefitinib.

Trés outros grupos publicaram dados similares apds nossa publicacéo
original (Cragg et al., 2007; Gong et al., 2007; Deng et al., 2007). Além de
confirmar o BIM como mediador pré-apoptotico chave dos EGFR TKIs em CPNPC
com EGFR mutado, estes investigadores notaram também que a adicdo de
BH3-miméticos, como ABT-737, aumenta a atividade dos EGFR TKIs. Estas
descobertas podem ser promissoras no futuro desenvolvimento de tratamentos

para inibir EGFR e estimular a inducéo da cascata mediada pelo BIM.

C. Objetivo 3 : Identificar e caracterizar novas mutacdes secundarias (L747S)
que tém como consequéncia resisténci a adquirida a terapia EGFR TKI em
CPNPC com EGFR mutado

A resisténcia adquirida ao imatinib ocorre em LMC e frequientemente
em GIST (Gorre et al., 2001; Rubin et al., 2007). Nas duas doencas, mutacgdes
secundéarias, envolvendo os genes ABL, KIT e PDGFRA, foram identificadas como
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fatores responsaveis principais para o restabelecimento da sinalizacdo oncogénica
nesses tumores. No caso da LMC, mais de 35 mutacbes foram descritas no
dominio quinase do BCR-ABL em pacientes com resisténcia ao imatinib, e em
GIST padrdes similares foram vistos com mutacbes secundarias no dominio
quinase de KIT e PDGFRA . Existem muitas semelhancas entre as estruturas de
diversas tirosinas quinase, e algumas das mutac¢des secundarias sédo localizadas
exatamente em residuos de aminoécidos similares. Este é o caso das mutacdes
T315l, T670l, e T790M em ABL, KIT, e EGFR, respectivamente
(Carter et al., 2005). Mutacoes destes residuos chave podem prevenir 0 acesso
dos inibidores a regido da bolsa da quinase e atrapalhar ligacdes de hidrogénio e
outras interacdes entre o inibidor e a quinase, e também podem afetar a afinidade
ao ATP e reduzir a ligagcdo com os TKIs (Carter et al.,, 2005; Yun et al., 2008).
Apesar da similaridade entre as alteracbes na LMC, GIST, e CPNPC com
mutacBes no EGFR nos padrbes de resisténcia secundaria, neste ultimo somente
as mutacdes secundarias T790M (Kobayashi et al., 2005a) e D761Y
(Balak et al., 2006) haviam sido descobertas até 2007.

Em nossa segunda e terceira publicacdo (Costa et al.,, 2007a;
Costa et al., 2008b), identificamos e caracterizamos uma nova mutacdo EGFR
secundéria, L747S. Nossos estudos in vitro demonstraram que as duas mutagdes
secundarias inicialmente identificadas em nosso laboratério (T790M e L747S)
conferiram varios graus de resisténcia aos sinais apoptoéticos iniciados pelo
gefitinib. EGFR, AKT, e ERK nédo foram inibidos por gefitinib ou erlotinib em
nossos modelos celulares com T790M. O residuo L747 € orientado em direcdo a
regido posterior da bolsa da fenda catalitica, tanto na conformacéo ativa e inativa
do dominio tirosina quinase do EGFR. Baseado em estudos cristalogréaficos e
simulacdes moleculares dindmicas, a mutacdo L747S pode afetar a ligacdo ao
ATP ou ao gefitinib devido & mudanca no equilibrio conformacional da quinase
entre o0s estados ativos e inativos dos tumores com EGFR-L858R
(Yun et al., 2007). Maiores estudos cristalograficos sdo necessarios para

compreender melhor a base estrutural dos efeitos da mutacdo L858R-L747S.
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Nosso estudo mostrou que o EGFR-L858R-L747S apresenta um
padrdo de resisténcia menos acentuado ao gefitinib do que o observado com
L858R-T790M. Estes resultados sao similares aos observados na mutacao
secundaria L858R-D761Y (Balak et al., 2006). A maioria dos dados in vitro sugere
que L858R-D761Y e L858R-L747S seriam inibidos se a dose de EGFR TKI
chegasse a 1-2 BV (Costa et al., 2007a; Balak et al., 2006), a qual € possivel de
ser alcancada com 150 mg/dia de erlotinib, mas ndo com 250 mg/dia de gefitinib.
A dose clinica utilizada de gefitinib de 250 mg/dia € bem menor do que a dose
méaxima tolerada (DMT) de 1000 mg/dia. A concentracdo no plasma humano no
“estado estavel” do gefitinib 225 mg/dia foi medida ao redor de 0,16 Ry/mL ou
0,358 MM em ensaios de fase | (Baselga et al.,, 2002). A concentracdo aumenta
para 0,24 R)Y/mL com a ingestdao de 300 mg/dia, e para 1,1 RymL ou 2,461 R
com 1000 mg/dia de gefitinib (Baselga et al., 2002). Erlotinib € usado clinicamente
na dose de 150 mg/dia (Shepherd et al., 2005), que € a DMT. As concentracdes
da “fase estavel” nesta dose variam entre 0,33 a 2,64 Ry/mL nos ensaios de fase |,

com uma média de 1,26 R)/mL ou o equivalente a 2,930 R (Hidalgo et al., 2001).

Em nossa terceira publicacdo mostramos que a suposicdo acima é
verdadeira (Costa et al., 2008b). Reportamos que 0 paciente com mutacdo
adquirida do EGFR (L858R-L747S) resistente ao gefitinib respondeu ao erlotinib
por 6 meses. Nao conseguimos medir os parametros farmacocinéticos de ambos
gefitinib e erlotinib durante o curso de terapia no paciente com a mutagao
L858R-L747S, entretanto os efeitos colaterais observados relacionados a pele
(erupcéo e prurido) durante o uso de erlotinib 150 mg/dia excederam os efeitos,
enquanto o paciente estava com gefitinib 250 mg/dia (Costa et al., 2008b),
indicando uma dose biologica ativamente maior do composto anterior neste
individuo. Os pacientes com delecdo do exon 19-T790M ou L858R-T790M néo
responderam ao erlotinib. Nosso grupo mostrou em multiplos modelos in vitro e in
vivo que T790M em cis com uma mutacgéo ativadora (L858R ou delecdo exon 19)
produz resisténcia nas doses possiveis de serem obtidas com gefitinib ou erlotinib

em pacientes (Kobayashi et al., 2005b; Pao et al., 2005). As concentracdes in vitro
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de gefitinib/erlotinib que podem inibir células portadoras de T790M-EGFR superam
5-10 MM (Kobayashi et al., 2005a; Kobayashi et al., 2005b; Carter et al., 2005;
Pao et al., 2005).

Adicionalmente as mutagfes EGFR secundarias, o outro mecanismo de
resisténcia adquirida aos EGFR TKis é a amplificagdo adquirida do oncogene MET
que ocorre em aproximadamente 20% dos pacientes com EGFR mutado com
resisténcia adquirida ao gefitinib ou erlotinib (Bean et al, 2007;
Engelman et al., 2007b). O MET se agrupa com outros membros ErbB (como
ErbB3) e ativa a sinalizagédo que contorna o EGFR inibido (Engelman et al., 2007b)
(Figura 2). A resisténcia in vitro ao erlotinib e gefitinib neste modelo também é
observada com doses de 5-10 RM. Inibicdo dupla do EGFR e MET com TKis é
capaz de bloquear o crescimento de células tumorais MET amplificadas
resistentes aos EGFR TKls (Engelman et al.,, 2007b). Em quase metade dos
pacientes com amplificacdo MET, a mutacdo T790M foi identificada tanto na
mesma amostra da bidpsia quanto em amostras de bidpsia de outros pontos no
paciente (Engelman et al., 2007b; Bean et al., 2007). Isto indica que T790M

continuara sendo a forma mais prevalente de resisténcia aos EGFR TKIs.

D. Objetivo 4 : Analisar os efeitos clinicos e radiograficos do erlotinib 150
mg/dia em CPNPC com EGFR mutado e com resisténcia de novo ou
adquirida ao gefitinib 250 mg/dia, e  correlacionar as respostas radiograficas

com 0s mecanismos moleculares de resisténcia

Apesar do rapido acumulo de dados na compreensdo dos mecanismos
moleculares de resisténcia adquirida aos inibidores EGFR, ndo ha ainda uma
terapia para o numero crescente de tumores que se tornam resistentes ao
gefitinib. Uma pergunta que permanecia sem resposta era se 0S pacientes com
EGFR mutado e resistentes ao gefitinib seriam beneficiados pela mudanca para
erlotinib. Abordamos esta questio em na nossa quarta publicacdo

(Costa et al., 2008a). NO0s analisamos retrospectivamente o curso clinico de 18
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pacientes com CPNPC com EGFR mutado em cinco centros académicos (nos
EUA e Coréia) que foram tratados com gefitinib 250 mg/dia e ap6s adquirirem
resisténcia com erlotinib 150 mg/dia. As caracteristicas dos pacientes, tipo de
mutacfes EGFR (quase todos tinham L858R ou delecdes exon 19) e resposta
inicial ao gefitinib 250 mg/dia foram consistentes com a experiéncia anterior de
pacientes com EGFR mutado (Costa et al., 2007b; Sequist et al., 2007a). Nossa
observacéo clinica foi que a maioria (mais de 83%) dos pacientes resistentes ao
gefitinib tiveram progressdes radiograficas nos primeiros 2 a 4 meses de
exposicao ao erlotinib, 150 mg/dia. Isto é consistente com nossas observacdes
pré-clinicas, que indicam que a maioria dos tumores resistentes ao gefitinib possui
predominantemente T790M e/ou amplificacbes do MET, que séo resistentes tanto
ao gefitinib quanto erlotinib. Foi possivel verificar uma segunda amostra de bidpsia
em 7 pacientes e 6 apresentavam T790M. Nenhum dos 3 pacientes analisados
mostraram amplificacdo MET. Quase todos esses pacientes gefitinib resistentes
tiveram uma progressao rapida com o erlotinib. Somente um paciente obteve uma
resposta radiografica parcial na mudanca para erlotinib. Este paciente adquiriu a
mutacdo rara L747S apds exposicao do tumor inicial L858R ao gefitinib. Esta
mutacdo composta L858R-L747S pode ser inibida pelo erlotinib
(Costa et al., 2008b). Entretanto, mesmo neste paciente a duragéo de resposta foi
relativamente curta e a progressao radiografica foi notada apos 6 meses. Outras
bidpsias ndo estavam disponiveis para testar se o tumor adquiriu mecanismos de
resisténcia adicionais, como T790M ou amplificacdo MET. Novas terapias séo

necessarias para tumores que se tornam resistentes ao gefitinib e erlotinib.

Alguns inibidores TKIs irreversiveis de segunda geracdo do EGFR in
vitro podem superar parcialmente a mutacdo T790M (Kobayashi et al., 2005a;
Kobayashi et al., 2005b; Carter et al., 2005; Kwak et al., 2005). Esta informacao
fez com que fossem iniciados ensaios clinicos de fase Il dos compostos HKI-272,
BIBW-2992 e XL-647 nesta populagdo de pacientes com CPNPC. Merece ser
citado que, em modelos recentes, utilizando linhagens celulares in vitro e modelos
in vivo em ratos, o composto HKI-272 usado em doses possiveis de serem

alcancadas nos ensaios clinicos de fase | (Wong, 2007) induziu a aquisicdo do
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EGFR-T790M (Godin-Heymann et al.,, 2008) ou foi ineficaz na geracdo de
resposta radiografica em tumores L858R-T790M (Li et al., 2007). Portanto, é
provavel que nas concentracdes clinicas alcancaveis deste (e outros inibidores)
EGFR TKI irreversivel, o crescimento celular de células com a mutacdo T790M

nao sera inibido.

O desenvolvimento de inibidores EGFR TKIs alternativos que tenham
um perfil melhor contra tumores com EGFR mutado, contendo T790M, como
PF00299804 (Engelman et al., 2007a), e o desenvolvimento de inibidores de MET
poderdo, no futuro, contribuir para o tratamento da resisténcia adquirida a terapia
alvo com EGFR TKls em CPNPCs dependentes das vias celulares ativadas pelo
EGFR.
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