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RESUMEN

El cancer de mama es la neoplasia maligna mas frecuente en mujeres y representa un
problema de salud publica a nivel mundial y nacional. La sobreexpresion de los miembros
de la familia del receptor del factor de crecimiento epidérmico (EGFR), EGFR/HER1,
HER2, HER3 Y HER4, y la activacion de sus vias de sefializacion se han asociado con €
incremento de la proliferacion celular, supervivencia, adhesion y migracion. Por o tanto, €l
desarrollo de diversas moléculas inhibidoras de la actividad tirosina cinasa de estos
receptores como el gefitinib, el lapatinib y el neratinib representa una buena aternativa

terapéutica.

Por otro lado, € calcitriol, € metabolito mas activo de la vitamina D, y agunos de sus
analogos han sido considerados como importantes agentes antineoplasicos, debido a que
inducen apoptosis y arresto del ciclo celular en células de cancer de mama. Con lafinalidad
de incrementar las tasas de respuesta global, mejorar e tiempo libre de la progresion y
prolongar la supervivencia global, actuamente se estdn investigando tratamientos

combinados en € cancer de mama.

En el presente trabgjo se evalud € efecto y se determind e mecanismo de accion de la
combinacion de gefitinib, lapatinib o neratinib con €l calcitriol o sus analogos en células de

cancer de mama que expresen al EGFR y/o a HER2.

La presencia de los diferentes receptores y la fosforilacion de diversas proteinas fueron
evaluadas por Western blot. Los efectos antiproliferativos de los diferentes compuestos
solos 0 en combinacion fueron evaluados a través de la cuantificacion del contenido de
ADN. La expresion génica se evalud mediante PCR en tiempo real. Los niveles de las
proteinas BIM y caspasa 3 asi como fases del ciclo celular se analizaron por citometria de

flujo. Laformacion de colonias se evalud con el método de agar suave.

Todos los antineoplasicos utilizados inhibieron la proliferacion celular de manera
dependiente de la concentracion. Las combinaciones de los inhibidores de residuos de
tirosina cinasa con e cacitriol o sus andogos fueron mas eficaces para inhibir €l

crecimiento celular. La expresion de los genes EGFR y Bcl-2 fue disminuida por €



tratamiento combinado del gefitinib con el calcitriol o e EB1089, mientras que la expresion
de BIM fue inducida por la combinacion de estos fa&rmacos. Ademas, la fosforilacion de
MAPK y AKT fue inhibida en mayor medida en |as células de cancer de mamatratadas con
la combinacion de los inhibidores de residuos de tirosina con € calcitriol o su andlogo. Los
tratamientos combinados indujeron cambios en e perfil del ciclo celular, incrementaron la

apoptosis celular, € porcentaje de fragmentos celulares y la expresion de la caspasa 3.

La combinacion de los inhibidores de residuos de tirosina cinasa con €l calcitriol o sus
analogos sintéticos resulté en mayor efecto antiproliferativo y apoptético. EI mecanismo
implicado en estos eventos es a través de la inhibicion de la fosforilacion de ERK y Akt, o
que conllevo ala modulacion de los mediadores de apoptosis, BIM y Bcl-2, resultando en

laactivacion de la caspasa 3 y lainduccion de muerte celular.

Nuestros resultados sugieren que la adicion del calcitriol o del EB1089 a terapias dirigidas
como gefitinib, lapatinib y neratinib podria ser Util para pacientes con cancer de mama que
sobreexpresen el EGFR.



ABSTRACT

Breast cancer is the most common malignancy in women and represents a public health
problem at global and national level. Overexpression of the family members of epidermal
growth factor receptor (EGFR), EGFR / HER1, HER2, HER3 and HER4, and activation of
their signaling pathways have been associated with increased cell proliferation, survival,
adhesion and migration. Therefore, the development of severa inhibitory molecules from
tyrosine kinase activity of these receptors as gefitinib, lapatinib and neratinib represents a

good therapeutic alternative.

Moreover, calcitriol, the most active metabolite of vitamin D, and some of its analogs have
been considered important antineoplastic agents, because they induce apoptosis and cell
cycle arrest in breast cancer lines. In order to increase overall response rates, improve time
to progression and prolong overall survival, they are currently being investigated in

combination therapy in breast cancer.

[ In this work, we evaluated the effect and mechanism of action of the combination of
gefitinib, lapatinib or neratinib with calcitriol or its analogues in breast cancer cell lines that
express EGFR and / or HER2.

The presence of these receptors and phosphorylation of various proteins were evaluated by
Western blot. The antiproliferative effects of various compounds alone or in combination
were evaluated by quantitation of DNA content. Gene expression was assessed by real time
PCR. BIM protein levels, caspase 3 and cell cycle phases were analyzed by flow cytometry.
Colony formation was evaluated using soft agar method.

All antineoplastic used inhibited cell proliferation in a concentration-dependent manner.
Combinations of tyrosine kinase inhibitors with calcitriol or its analogues were more
effective for inhibiting cell growth. EGFR and Bcl-2 gene expression was reduced by the
combined treatment with gefitinib plus calcitriol or EB1089, whereas BIM expression was
induced by the combination of these drugs. Furthermore, AKT and MAPK phosphorylation
was inhibited in a greater manner in breast cancer cells treated with the combination of

tyrosine kinase inhibitors with calcitriol or its analog. The combined treatments induced



changes in cell cycle profile, increased apoptosis, the percentage of cell fragments and the

expression of caspase 3.

The combination of tyrosine kinase inhibitors with calcitriol or its synthetic analogs
resulted in greater antiproliferative and apoptotic effect. The mechanism involved in these
events is through inhibition of phosphorylation of ERK and Akt proteins, which led to
modulating mediators of apoptosis, BIM and Bcl-2, resulting in the activation of caspase 3
and induction of cell death.

Our results suggest that the addition of calcitriol or EB1089 to targeted therapies gefitinib,
lapatinib and neratinib could be useful for patients with breast cancer that overexpress the
EGFR and / or HER2.



1. INTRODUCCION

A nivel mundial e cancer de mama es la primera causa de muerte e incidencia por
neoplasias malignas en la mujer [1, 2]. En México segun e Instituto Naciona de
Estadistica y Geografia (INEGI) ocupa € primer lugar en defunciones en mujeres en edad
reproductiva y constituye un problema importante de salud publica [3]. Entre los factores
de riesgo que contribuyen a desarrollar cancer de mama se encuentran factores genéticos,

biol6gicos y hormonales, asi como la deficienciade lavitamina D [4].

De acuerdo a perfil de expresion génica el cancer de mama se divide principalmente en
tres grandes grupos; receptor de estrégenos y progesterona (RE, RP, respectivamente)
positivo, €l receptor del factor de crecimiento epidérmico tipo 2 (HER2) positivo y €l triple
negativo.

Un factor importante en el desarrollo y laresistencia a los tratamientos del cancer de mama
es la sobreexpresion de los miembros de la familia del receptor del factor de crecimiento
epidérmico (EGFR), EGFR/HER1, HER2, HER3 y HER4. La union de factores de
crecimiento alos EGFRs induce la formacion de homo- y heterodimeros, o que da lugar a
la fosforilacion en los residuos tirosina cinasa de cada receptor. Consecuentemente,
diversas vias de sefidizacion como PI3K/Akt y MAPK son activadas. Estos eventos
promueven proliferacion celular, diferenciacion e inhibicién de la apoptosis. Con la
finalidad de bloquear las vias de sefiaizacion activadas por los EGFRs se han desarrollado
nuevas estrategias terapéuticas como & empleo de inhibidores de residuos de tirosina cinasa
como €l gefitinib, e lapatinib y e neratinib [5-7].

El metabolito activo de lavitamina D es € calcitriol, el cual tiene importantes propiedades
antineoplésicas en células de cancer de mama a través de unirse a su receptor (VDR). La
mayoria de los carcinomas mamarios expresan a VDR, lo cual correlaciona con un mayor
tiempo libre de la enfermedad en comparacidn con los pacientes con tumores negativos a
mismo [8-11]. Lo anterior sugiere que la presencia y funcion del VDR puede ser
considerada como un blanco molecular importante en cancer de mama. De hecho, varios
andlogos sintéticos del calcitriol han sido desarrollados con € objetivo de mejorar su
actividad antiproliferativay reducir sus efectos calcémicos [12].



En estudios clinicos en pacientes con cancer de mama han mostrado que la combinacion de
calcitriol con agentes citotoxicos como € cisplatino o agentes antihormonales, mejora la
respuesta a tratamiento [13, 14].

En & presente trabajo se evalud € efecto antiproliferativo y antiapoptético del calcitriol y
dos analogos en combinacidon con (gefitinib, lapatinib y neratinib) en cancer de mama
EGFR y HER2 positivo.



2. GENERALIDADES DEL CANCER

2.1 Definicion

El cancer se define como una enfermedad multifactorial o como un conjunto de
enfermedades caracterizadas por la transformacion y malignizacion de una célula normal
[15], esta condicién es propiciada y mantenida por una serie de alteraciones que sufre la
célula conocidas como “las marcas del cancer” entre las que se encuentran: la
autosuficiencia de sefiales de crecimiento, insensibilidad a las sefiaes antiproliferativas,
potencia replicativo ilimitado, sustento de angiogénesis, invasion tisular y evasion de
apoptosis [16].

2.2. Incidencia

En los dltimos afos € cancer se ha establecido como una de las principales causas de
muerte en e mundo representando e 13% de las defunciones mundiales. Los datos
estadisticos de la Organizacion Mundia de la Salud en € afio 2011 muestran que el cancer
es la principa causa de muerte a nivel mundial. Actualmente, a esta patologia se le
atribuyen 7.6 millones de defunciones y se pronostica que para €l afo 2030 supere los 13.1

millones [17].

En México en 2013, del total de defunciones de la poblacion de 20 afios y mas, 13.6% se
debieron a algun tumor y de estas, 93.6% a los tumores malignos. Por sexo, del total de

defunciones por cancer, 48.8% ocurren en varonesy 51.2%, en mujeres. [18]

Cabe mencionar, que en el caso del sexo femenino el cancer de mama es la neoplasia mas

comun. A continuacion, se mencionan algunas de sus caracteristicas.



3. CANCER DE MAMA
3.1 Generalidades

En México @ cancer de mama es la neoplasia maligna méas comuin en mujeres y es la
segunda causa de muerte después del cancer de pulmon, de acuerdo a estadisticas del
INEGI [18].

Afio tras afio mas de un millén de mujeres son diagnosticadas con esta enfermedad y esto es
causante de mas de 410,000 muertes [19]. Lo anterior representa un problema de salud
publica de importancia 'y es por ello que existen multiples investigaciones dirigidas contra
esta patologia.

Actuamente, la terapia del cancer de mama pretende dirigirse a blancos moleculares
protei cos especificos de acuerdo a perfil de expresion molecular del mismo.

3.2 Clasificacion

El carcinoma mamario es una enfermedad heterogénea que se ha clasificado en 3 grupos de
acuerdo a sus patrones de expresion génica, Fig. 1. A continuacion se mencionan algunas

caracteristicas de cada grupo [ 20, 21]:

- Luminal: Grupo caracterizado por la elevada expresion del RE, del RP, asi como de
las citoqueratinas (CKs) 8 y 18. Puede subdividirse en:
- Luminal A: El cua es diferenciado y presenta bajos niveles de expresion del
marcador de proliferacion celular Ki67.
Luminal B: Es pobremente diferenciado y los niveles de expresion de Ki67 son
elevados.
- HER2: Grupo caracterizado por la sobrexpresion del HER2 y mantiene poca o nula
expresion del RE.

- Basa o triple negativo: Este grupo no expresa ni e RE, RP o HER2, sin embargo,

presenta elevada expresion delas CKs 5,6 y 17.



Luminal HER2 Triple Negativo

HER?2 -
RE + R:P+_/ - RE -

RP -
RP +

Fig 1. Clasificacion molecular del cancer de mama. Fenotipo luminal u hormonal caracterizado
por la presencia de los receptores de estrogeno y progesterona. Cancer de mama fenotipo HER2
positivo, € cua puede tener la presencia o ausencia del receptor de estrégenos (RE) y carece de la
presencia ddl receptor de progesterona (PR). Cancer de mama triple negativo, €l cua no tiene la
presencia de ninguno de |os receptores anteri ormente mencionados.

La clasificacion de diferentes tipos de cancer de mama, se debe a multiples desregulaciones
génicas que favorecen la expresion elevada de proteinas que participan en € desarrollo de
cancer, un gemplo de €elo, son los receptores membranales que transducen sefiaes
estimulando el crecimiento celular. Por gemplo, el HER2 €l cual esta amplificado de 10 a
100 veces més en e carcinoma mamario en comparacion con €l tgjido de mama no tumoral
[22].

Este trabajo se enfocara en €l cancer de mama que expresa a los miembros de la familia

EGFR, por lo que a continuacion se describen algunas caracteristicas de esta familia.

4. FAMILIA DE RECEPTORES DEL FACTOR DE CRECIMIENTO EPIDERMICO
4.1 Descripcion y estructura

La familia EGFR comprende cuatro receptores con actividad de tirosina cinasa (EGFR o
HER1, HER2, HER3 y HER4), los cuales estan expresados en una amplia variedad de

9



tejidos como € epitelial, el mesenquimal o € neuronal y tienen un papel fundamental
durante el desarrollo embrionario [23, 24]. Estas proteinas estén constituidas por unaregioén
extracelular que consta de 4 dominios, una region transmembranal y una region
intracelular, la cual contiene e dominio con actividad catalitica y el carboxilo terminal
donde se encuentra la subunidad regulatoria, Fig. 2 [25]. El HER3 es & unico miembro de
la familia que carece de dicha actividad debido a polimorfismos de aminoacidos
fundamentales para esta funcién, sin embargo, recientemente se ha reportado que este
receptor si posee actividad de tirosina cinasa, aunque su funcion es alrededor de 100 veces
menos potente que la de cualquier otro miembro [26]. Cabe resaltar, que la actividad
catalitica de los receptores es primordial para que lleven a cabo sus funciones bioldgicas y
de hecho se le ha considerado como diana molecular para la inhibicidn de la activacion de

estos receptores.

NH2

Regidén extracelular

- Region
b transmembranal

Dominio tirosina cinasa

COOH

Fig. 2. Estructura de la familia EGFR. Representacion esquematizada de la region extracelular
gue comprende cuatro dominios (L1, S1, L2, S2), la transmembranal y la intracelular que contiene
el dominio con actividad detirosinacinasay el carboxilo terminal.

4.2 Mecanismo de accién

La familia EGFR actla a través de la formacion de homo y heterodimeros posterior a la
unién de su ligando, lo cual conlleva alafosforilacion de los mismos receptores y de otras

moléculas implicadas en la cascada de sefidizacion, culminando en procesos como
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proliferacion, supervivencia celular, adhesion, migracion, diferenciacion y angiogénesis

[27]. El mecanismo de accidn de estos receptores se menciona a continuaci on:

1) Union del ligando

2) Dimerizaciény fosforilacion del receptor

3) Formaciéon de un complejo multiproteico a través de proteinas con dominios de
reconocimiento a tirosinas fosforiladas (dominios SH2) y proteinas adaptadoras
(Grb2).

4) Activacion de cascadas de sefidizacion

5) Amplificacion de la sefializacién

6) Modulacion de procesos biol 6gicos

4.3 Vias de sefializacion activadas por la familia EGFR

Los miembros de la familia EGFR pueden activar las siguientes vias de sefidizacion:
cinasas activadas por mitégenos (MAPK) denominadas también como cinasas reguladas
por sefiales extracelulares (ERK), la cinasa 3 fosfoinositol / proteina cinasa B (PI3K/Akt),
cinasas janus transductoras de la sefial y activadoras de la transcripcion (JAK-STAT) y
fosfolipasa C gamma (PLCy), entre otras Fig. 3. De manera general, las vias principa mente

estudiadas son laMAPK y la PI3K/Akt, las cuales se describen a continuacién [28].

4.3.1 Via delas MAPK

En la via de las MAPK existe un complejo de proteinas acopladoras (Shc/Grb2/SOS) que
sirve como intermediario entre las moléculas activadas por los receptores de la familia
EGFR y las proteinas cinasas ERK. Tras la unidén de factores de crecimiento a sus
respectivos receptores, e complejo Shc/Grb2/SOS permite la activacion de la proteina Ras,
una GTPasa, que media e intercambio de difosfato de guanosina (GDP) por guanidin

trifosfato (GTP), lo cual induce el cambio conformacional de Ras 'y permite reclutar a Raf a
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la membrana celular, una cinasa con actividad de serina/ treonina. Esta proteina fosforilay
activa a las cinasas ERK 1 y 2 (las cuales tiene un peso molecular de 42 y 44 Kd,
respectivamente), mismas que presentan también actividad enzimética y fosforilan residuos
de serina / treonina y tirosina de otras proteinas y a mismo tiempo se internalizan en €l
nucleo celular presentando actividad de factores de transcripcion, los cuales regulan la
expresion génica y tienen efectos en la modulacion de la apoptosis y la progresion celular
Fig. 3[29, 30].

4.3.2 Via PI3K/Akt

La via de la PI3K/Akt participa principamente en la supervivencia y metabolismo celular,
ademas, actlia de manera estrecha con lavia de las MAPK [31]. Es importante destacar que
la cinasa PI3K esta constituida por dos subunidades: una catalitica (110 Kd) y una
reguladora (85 Kd), la cua contiene dominios SH2 (reconocimiento de tirosinas
fosforiladas). La via PI3K/Akt puede ser activada por dos mecanismos: El reconocimiento
de alguna tirosina fosforilada de los receptores membranales por la subunidad regulatoria
de PI3K o por e complejo multiproteico She/Grb2/SOS que activa a Ras la cual induce la
translocacion y activacion de la subunidad catalitica de PI3K. Una vez que PI3K se
encuentra activa fosforila al fosfatidil inositol 3,4 difosfato (PIP2), convirtiéndolo en un
segundo mensagjero, fosfatidil inositol 3,4,5, trifosfato (PIP3) €l cual conduce ala activacion

de la cinasa Akt, que activa multiples blancos moleculares Fig. 3[32].
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Fig. 3. Vias de sefializacién activadas por la familia EGFR. Posterior ala union dd ligando (L),
la familia de receptores EGFR forma homo y heterodimeros, una vez unidos estos receptores se
fosforilan (p) y activan diversas cascadas de sefializacién como las MAPK, PISK/Akt, JAK-STAT y
PLCy que tienen impacto en diversos efectos celulares.

5. EGFR EN CANCER DE MAMA

Laexpresion del EGFR se encuentradel 15 — 45 % en tumores mamarios 'y se asocia con €l
incremento de la proliferaciéon celular, la inestabilidad gendmica y la co-expresion del
HER2 [33]. La sobreexpresion del EGFR y su dteracion de nimero de copias estén
frecuentemente correlacionadas con cancer de mama agresivo y resistente a la terapia,
como € cancer de mama negativo al RE y tumores positivos al HER2 [34, 35] [36]. Su
presencia se atribuye también con elevado riesgo de recurrencia y mal prondstico en
pacientes [37]. En modelos preclinicos de cancer de mama, la presencia de este receptor
permite la transformacién y malignizacion de células de raton, 1o que produce un aumento

en laproliferacion y resistencia ala apoptosis [ 38].
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5.1 EGFR como blanco terapéutico

El cancer de mama triple negativo es altamente proliferativo y metastasico, generamente
posee elevada expresion del EGFR [39]. En este sentido diversos reportes de investigacion
estan dirigidos a estudio del bloqueo de su funcién con lafinalidad de mejorar la sobrevida
en pacientes [40]. Dentro de los farmacos que se han utilizado actual mente para bloquear la
accion de este receptor se encuentran; e anticuerpo monoclonal cetuximab asi como los
inhibidores de la actividad de residuos de tirosina cinasa (ITC) de esta familia de
receptores, como €l gefitinib, e erlotinib y e neratinib, todos ellos en esquemas de

combinacion con quimioterapia [41].

6. HER2 EN CANCER DE MAMA

El HER2 es considerado como un proto-oncogén que Se encuentra comunmente
sobreexpresado en varios tipos de tumores incluyendo €l carcinoma mamario, donde su
expresion se presenta en e 20-30% de todos los fenotipos de cancer de mamay se le ha
asociado como un factor predictivo de ma prondstico y de comportamiento tumoral
agresivo [42, 43]. En la Tabla 1 se muestra e porcentagje de sobreexpresion del HER2 en

diferentes tumores, por lo cual se considera como blanco terapéutico.

Tabla 1. Sobreexpresion del HER2 en diferentes neoplasias

Neoplasia % de sobreexpresiéon del HER2
Céncer de mama 30
Cancer de ovario 25
Cancer de endometrio 10
Cancer de pulmon 9
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Por otra parte, a diferencia de los otros receptores de esta familia, no se ha identificado un
ligando especifico para este receptor, sin embargo, es conocido que su co-receptor
preferente para formar heterodimeros es € EGFR [44, 45]. Ademas, e HER2 modula la
activacion de los otros miembros de la familia EGFR a través de regular la unién de sus
ligandos [46]. Lo anterior explica como en ausencia de un ligando propio esta proteina
puede activarse debido a la accion cooperativa entre receptores induciendo proliferacion,

migracion y diferenciacion, entre otros procesos.

6.1 HER2 como blanco terapéutico

La sobreexpresion del HER2 en cancer de mama permite la activacion congtitutiva de vias
inducidas por los factores de crecimiento fungiendo como un modulador oncogeénico.
Debido a la dependencia que representa la presencia del HER2 y de otros miembros de la
familia EGFR para la proliferacion y supervivencia de células de cancer de mama, €
desarrollo de diversos tratamientos parainhibir la accion de estas proteinas se ha convertido
en un objetivo primordial de la terapia en esta patologia. Actualmente, dos tipos
importantes de terapias contra el HER2 estan siendo utilizadas en la clinica: |os anticuerpos

humanizados contrael HER2 y los ITC de esta familia de receptores.

En este trabagjo nos enfocaremos en & mecanismo de accion de los ITC, describiendo

algunas de sus principal es caracteristicas a continuacion.

7. INHIBIDORES DE RESIDUOS DE TIROSINA CINASA

Los ITC son una de las terapias prometedoras para |0s pacientes con cancer gue presentan
sobreexpresion de proteinas de la familia EGFR. De manera general, estos farmacos
presentan homologia con €l trifosfato de adenosina (ATP), necesario para la activacion de
laactividad catalitica de los miembros de la familia EGFR, o cual les permite competir por
el sitio catalitico de los receptores. Una vez unidos a este sitio inhiben la fosforilacion y la
subsecuente transduccion de sefides, 1o cual activa el proceso de apoptosis e inhibicion de
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la proliferacion celular [47]. Los ITC mayormente estudiados en cancer de mama son: €l
lapatinib, el neratinib y el gefitinib [48].

7.1 Lapatinib

El lapatinib en combinacion con e antineoplasico capecitabina es € Unico tratamiento
aprobado por la Administracion de Alimentos y Medicamentos de Estados Unidos para
pacientes con cancer de mama HER?2 positivo en estado avanzado resistentes a trastuzumab
[49]. Este farmaco se ha descrito como un inhibidor dual y reversible del sitio catalitico del
EGFR y del HER2 [50]. El lapatinib ha mostrado inhibir la proliferacién de células de
cancer de mama por diversos mecanismos, entre los que se incluyen, incrementar la fase
subG1 del ciclo celular, reducir la fosforilacion de EGFR, HER2, Akt y de las proteinas
ERK [51]. También, €l lapatinib induce el incremento del inhibidor de laciclinap21 [52] y
modula la expresion de proteinas involucradas en la apoptosis, induciendo la proteina pro-
apoptotica BIM y reduciendo la expresion de la proteina anti-apoptética survivina [53].
Ademas de los mecanismos previamente mencionados, el lapatinib se ha utilizado para el
tratamiento de cancer de mama debido a que inhibe la sefializacion cruzada entre e HER2
y @ receptor del factor de crecimiento insulinico tipo | (IGFR-1), también ha mostrado
inhibir la forma trunca del HER2 (p95HER?2), estos dos ultimos son mecanismos descritos

deresistenciaalaterapiade primeralinea, el trastuzumab [54, 55].

7.1.1 Toxicidad y Resistencia

El lapatinib no ha mostrado tener efectos secundarios severos, la diarrea, salpullido,
nauseas, dolor abdominal y fatiga son los principales sintomas causados por este farmaco
[11].

Al rededor del 20 - 35 % de los pacientes con cancer de mama metastasico resistente a
trastuzumab responden a lapatinib [56, 57], y a igua que € trastuzumab, €l periodo de

administracion antes de generar resistencia es de alrededor de un afio [58]. Por otra parte, la

16



combinacion del lapatinib con el trastuzumab se ha evaluado en pacientes con cancer de
mama HER2 positivo y mostré efecto sinérgico en la reduccién de la masa tumoral [59].
Sin embargo, la busgueda de nuevos compuestos continla siendo un reto para esta

patol ogia.
Entre los principal es mecanismos de resistencia para este farmaco se encuentran [48]:

- Hiperactivacion de diversas vias de sefializacion como PI3K o la via STAT3 [60-
62].

- Lainduccion de la expresion del RE tras periodos prologados de administracion de
lapatinib [63].

- La activacion congtitutiva de las vias de sefiaizacion por diversas proteinas
involucradas con otros receptores como el receptor del factor de crecimiento de

hepatocitos (MET) y la cinasa de sarcoma celular (Src) [64].

7.2 Neratinib

El neratinib es un ITC irreversible cuyos blancos moleculares descritos son € EGFR, €
HER2 y el HER4 a los cuales se une covaentemente bloqueando su sefializacién [65].
Actuamente, e neratinib se encuentra en fases clinicas para € tratamiento de tumores
solidos y de pacientes con cancer de mama HER2 metastéasico, se le considera como una

alternativa prometedora para pacientes resistentes al lapatinib [66-69].

Existen pocos reportes sobre e mecanismo de acciéon del neratinib. Rabindran et al.,
mostraron que € neratinib inhibid la proliferacion de células de cancer de mama con
fenotipo HER2 positivo. Asi mismo, € ITC inhibio la fosforilacion del EGFR, del HER2,
Akt y MEK. Dichos efectos fueron mediados por e incremento de la fase G1-S ddl ciclo
celular a través de la reduccion de la proteina del retinoblastoma (pRb), laciclinaD1 y €

incremento del inhibidor de ciclinas p27 [65].
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7.2.1 Toxicidad y Resistencia

Al igua que € lapatinib, el neratinib no ha mostrado tener efectos secundarios severos, los
mas comunes reportados en pacientes con tumores solidos son diarrea, ndusea, vomito y
fatiga[66, 67, 70].

La busgueda de mecanismos de resistencia para este f&rmaco contintia bajo investigacion.
Seyhan et a., identificaron un grupo de genes involucrados en laresistencia al neratinib, en
donde se encuentran factores de trascripcidn, transportadores de iones, proteinas de

ubiquitinacion y genes del ciclo celular [38, 48].

7.3 Gefitinib

El gefitinib es otro ITC reversible selectivo para e EGFR [71]. Actuamente, este
compuesto se usa para €l tratamiento de cancer de pulmédn no microcitico que presenta
mutaciones en & EGFR [72]. Ademas, existen estudios que describen su efecto

antineoplasico en cancer de mama|[73, 74].

De manera general, e gefitinib compite por € sitio de union del ATP del EGFR, una vez
unido, bloquea su autofosforilacion y la transduccion de sefial de este receptor [75]. Sin
embargo, diversos estudios muestran € efecto antiproliferativo del gefitinib en células de
cancer de mama con fenotipo HER2 positivo en los cuales, este compuesto inhibio la
fosforilacion de este receptor, disminuyo lafase S del ciclo celular, incremento los niveles
de p27 e inhibid diversas vias de sefializacion como PI3K/Akt, MAPK y STAT [76, 77].
También, se ha reportado que la sobreexpresion del HER2 en células de carcinoma
mamario rige la sensibilidad a gefitinib [78]. No obstante, un estudio de Anido et al.,
sugiere que la presencia del EGFR en células de carcinoma mamario que sobreexpresan €

HER?2, es requerida para que gefinitib inhiba e crecimiento celular [43].

18



7.3.1 Toxicidad y Resistencia

Al igual que los otros dos ITC descritos con anterioridad, los principales efectos
secundarios del gefitinib son: diarrea, salpullido, nduseas y vomitos.

Los mecanismos de resistencia al gefitinib reportados en cancer de pulmén se deben
principamente a mutaciones en € EGFR [79]. Sin embargo, en cancer de mama la
resistencia a este agente no es clara y aparentemente en este tipo de cancer no se han
reportado mutaciones en el EGFR [80]. Existen trabajos que mencionan que las mutaciones
en € gen K-Ras participan en los mecanismos de resistencia al gefitinib. En carcinoma
mamario se han descrito mutaciones en este gen y algunos trabajos sugieren que éstas
pueden comprometer la sensibilidad a este compuesto [81-83]. No obstante, |a busqueda de

mecanismos Yy eficaciadel gefitinib en cancer de mama continta abierta.

Cabe sefidar que los ITC descritos anteriormente, Fig.4, han sido ampliamente evaluados
en combinacion con diversos agentes como antineoplasicos, anticuerpos monoclonales,
antihormonales, entre otros [84-86]. Todas estas combinaciones buscan mejorar la

multiterapia dirigida contra dianas molecul ares especificas.
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Fig. 4. Férmula quimica desarrollada del neratinib, €l lapatinib y € gefitinib. Lafiguramuestra
en verde (quinazolina) y en rojo (anilina) las estructuras base que comparten los inhibidores de
residuos detirosina. En el caso del neratinib y el lapatinib comparten ademas un anillo aromético.
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8.VITAMINA D
8.1 Generalidades

La vitamina D3 (colecalciferol), es una hormona que deriva del colesterol cuya funcion
fisiolégica principal eslaregulacion del calcio, e transporte del fosforo y la mineralizacion
del hueso. La sintesis del metabolito activo de la vitamina D comienza a partir del 7-
dehidrocolesterol en la piel, por efecto de laluz UV sufre una rotura en e anillo B de su
estructura (pro-vitamina D) y posteriormente por una isomerizacion espontanea se formala
vitamina D, la cua sufre dos hidroxilaciones, una en higado y la otra en rifién, las cuales
dan origen a la formacion de 25-hidroxivitamina D3 o cacidiol y 1-afa25
dihidroxicolecalciferol o calcitriol, respectivamente Fig 5 [87]. La hidroxilacion para la
formacién del calcitriol puede también llevarse a cabo en otros érganos como en mama,
colon y prostata, o que indica que e cacitriol tiene otras funciones fisiologicas
independientemente de la homeostasis del calcio y del fosforo [88].

De manera interesante, este compuesto presenta efectos antiproliferativos, antineoplasicosy
de diferenciacion en diversos tipos de células tumorales y en cultivos primarios de cancer
de mamg[ 10, 89].
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Fig. 5. Biosintesis ddl calcitriol. El 7-dehidrocolesterol en la piel sufre unaroturaen €l anillo B de
su estructura por efecto de la luz UV e inmediatamente se da una isomerizacion esponténea para
formar lavitamina D, la cual estradadada a higado paraformar @ calcidiol y subsecuentemente a
rifion o sitios extrarenales paraformar a calcitriol.

8.2 Relacion entre € receptor devitamina D, € calcitriol y el cancer de mama

Evidencia cientifica soporta el concepto que atas concentraciones del calcitriol en suero,
estan asociados con la prevencion del desarrollo de cancer de mama, la supervivencia libre
de enfermedad y la reduccion de mortalidad [5, 6, 90-92]. Ademas, diversos estudios han
demostrado que los diferentes subtipos de cancer de mama tienen patrones génicos
diferentes y que la expresion del receptor de vitamina D (VDR) asi como su funcién
biol6gica puede ser subtipo especifico. En este sentido un estudio demostré una relacion
estrecha entre el desarrollo de cancer de mama RE negativo y triple negativo y bgos
niveles séricos del precursor del calcitriol. Cabe sefidlar que en estos fenotipos se ha
reportado una deficiencia de calcitriol superior a otros fenotipos [93-95]. Por otra parte, un
estudio compard la frecuencia de cambios gendmicos en e VDR en pacientes con cancer de

mama utilizando diversas bases de datos publicas, la conclusién de este trabajo fue que las
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alteraciones en el VDR son raras en € cancer de mama humano, lo cual sugiere que la

funcidn de esta proteina tiene un papel preponderante en esta patologia [96].

8.3 Efectos antineoplasicos del calcitriol en cancer

Lamayoria de los efectos antiproliferativos del calcitriol son através de unirse al VDR, una
vez unido, € VDR forma heterodimeros principamente con e receptor retinoico X, los
cuales se unen a los elementos de respuesta a la vitamina D (VDRES) en las regiones
promotoras de los genes blanco. Estos eventos modulan la induccién o la inhibicion de la

transcripcion génica, de esta manera, més de 60 genes son modulados por € calcitriol [97].

Dentro de las funciones antineoplésicas del calcitriol se encuentran la regulacion del ciclo
celular através del arresto en lafase G1, la activacion de inhibidores de ciclinas p27 y p21
y la reduccién del factor de transcripcion c-myc, entre otros [98-100]. También, se ha
descrito que e calcitriol inhibe angiogénesis, reduce invasividad celular y la actividad de
las metaloproteinasas [101] e incrementa proteinas de adhesién como la E-caderina [102].
El calcitriol también induce la apoptosis intrinseca en diversos modelos tumorales a través
de la inhibicion de la proteina anti-apoptética Bcel-2 y la liberacion del citocromo ¢ de la
mitocondria [103]. Existen otros mecanismos descritos por los cuales € calcitriol gerce sus
funciones antineoplésicas como la inhibicion de la fosforilacion de la via de las MAPK
[104], lareduccién génicay proteicadel EGFR [105, 106].

8.4 Efectos ddl calcitriol en cancer de mama

Diversos estudios epidemiol 6gicos han descrito unarelacion inversa entre la deficiencia del
calcidiol, precursor del calcitriol, y €l riesgo de desarrollar cancer de mama [5, 6, 107-109].
Ademas, ratones knock-out para e VDR presentan mayor predisposicion a desarrollar
cancer de mama y potenciacién de crecimiento tumoral cuando son tratados con estradiol
[110]. También, € tratamiento de andlogos del calcitriol inhibe e desarrollo de tumores

mamarios inducidos con carcindgenos [12]
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De manera notable, la expresion del VDR se ha encontrado en la mayoria de fenotipos de
tumores mamarios, 1o cua correlaciona con mayor tiempo libre de la enfermedad en
comparacion con los pacientes con tumores negativos a mismo [8, 11, 111]. Ademés,
diversos estudios muestran que e calcitriol inhibe la proliferacion de una amplia variedad
de lineas y cultivos primarios incluido € carcinoma mamario [112],[10]. Algunos de los
efectos antineoplésicos del calcitriol en cancer de mama son la reduccion de la expresion
del marcador de proliferaciéon tumora (Ki67), la desfosforilacion de la proteina Rb, la cual
permite € arresto del ciclo celular en lafase G1[88], [113]. Recientemente, se reporto que
el calcitriol suprime la expresion génica y proteica del canal de potasio Ether-ago-go,
implicado en la oncognesis y proliferacion de cancer de mama[10]. El calcitriol también ha
mostrado inhibir la actividad de la cinasa Src, lo cual se ha relacionado con el decremento
de la actividad de las cinasas ERK 1/2 dando como resultado la inhibicion de la
proliferacion celular [88]. Estos trabajos sugieren el uso del calcitriol para e tratamiento y

prevencion del cancer de mama[114].

Es importante sefialar que la mayoria de los estudios han evaluado €l papel del calcitriol en
carcinoma mamario con fenotipo hormonal [89]. Sin embargo, su efecto en tumores
mamarios con fenotipo EGFR o HER2 positivo es pobremente estudiado. Por lo que, €
efecto esta hormona en cancer de mama con estos fenotipos es e principal objetivo de esta

investigacion.

8.5 Combinaciones clinicas del calcitriol con inhibidores de residuos de tirosina

En la literatura existen solo dos reportes fase | sobre la combinacion del calcitriol con €
gefitinib en pacientes con tumores solidos [115, 116]. El objetivo principal de estos
estudios fue investigar las dosis méximas toleradas de la combinacion del cacitriol y €
gefitinib en tumores sblidos sin profundizar en e efecto farmacol 6gico o e mecanismo de
accion de dicha combinacion. Cabe resaltar que, en e caso particular del cancer de mama
en ambos trabajos incluyeron solo un paciente con esta patologia y no mencionaron €l
fenotipo tumoral. Lo anterior es de consideracion debido a que el blanco molecular del

gefitinib es el EGFR, ademas este compuesto presenta su efecto antiproliferativo en células
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de cancer de mama con sobreexpresion del HER2. Por lo que, € fenotipo del tumor es de
relevancia para la sensibilidad de esta molécula. Finalmente, ambos trabajos concluyeron
que la administracion de dosis elevadas de calcitriol (74 ng por semana) produce

hipercalcemia como principal efecto secundario.

Considerando €l efecto calcémico dd calcitriol, estudios en la modificacién de los esquemas
de administracion de la hormona han demostrado disminuir la hipercalcemia [117]. Ademas,
compuestos analogos del calcitriol con menor efecto hipercalcémico se han desarrollado, los

cual es mantienen los efectos antiproliferativos del calcitriol en diversos tumores[118, 119].

9. ANALOGOS DEL CALCITRIOL CON POTENCIAL TERAPEUTICO EN CANCER DE
MAMA

Los andlogos del calcitriol con modificaciones estructurales en e carbono 17, donde se ubica
la cadena latera de la molécula, presentan efectos antiproliferativos similares a este
compuesto [120, 121], Fig. 6. El calcipotriol (MC903) y el EB1089 (secocalcitol) pertenecen a
este grupo por lo cual se decidio evaluarlos en este trabgjo. A continuacion, se mencionan sus

principal es caracteristicas.

9.1 Calcipotriol

El calcipotriol presenta un doble enlace en el carbono 22 (C-22 y C-23), un grupo hidroxilo en
el C-24 y un anillo ciclopropano que une a los C-25, C-26 y C-27 Fig. 6. El calcipotriol es
facilmente catabolizado por 10 que presenta una vida media corta (6 minutos), comparado con
calcitriol (8-12 hrs) lo cual favorece la reduccion del efecto hipercalcémico. El calcipotriol es
usado actualmente para lesiones topicas como psoriasis. En cancer de mama, el calcipotriol
modula los procesos inflamatorios a disminuir los niveles de lainterleucina 1l (IL-1) y lalL-6
e incrementar los niveles de los factores de crecimiento transformante beta 1 y 2 (TGFf1 y

TGF[2), ademés participa en la diferenciacion de queratinocitos [122].
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9.1.1 Efectos del calcipotriol en cancer de mama

En estudios in vitro y preclinicos en model os tumorales de cancer de mama, el calcipotriol ha
mostrado inhibir la proliferacion celular y € crecimiento tumoral, sin la generacion de
hipercalcemia[123].

En lo que respecta a estudios clinicos, € calcipotriol se ha evaluado principalmente en €
carcinoma mamario inflamatorio en administracion topica [124]. Sin embargo, € efecto de
este compuesto ha sido pobremente estudiado en cancer de mama con diferentes fenotipos

molecul ares.

9.2 EB1089

El EB1089 es un analogo del calcitriol que contiene dos dimetilos terminales en el C-25y dos
dobles ligaduras entre C-22 /| C-23 y € C-24 | C-25, Fig. 6, que lo protegen de la rdpida
degradacion enzimética y le confieren una vida media similar a la del calcitriol [125].
Diversos reportes mencionan que la actividad antiproliferativa del EB1089 es de 100 veces

mayor aladel calcitriol en diversas lineas celulares de cancer.

9.2.1 Efectos del EB1089 en cancer de mama

En células de cancer de mama con fenotipo RE positivo, el EB1089 inhibe la proliferacion con
mayor potencia que € ligando natural através de inhibir a factor de transcripcion c-myc y la
expresion de la proteina anti-apoptética Bcel-2, también incrementa la expresion de p21 e
induce arresto del ciclo celular [126, 127]. En estudios in vivo este andogo inhibe la
progresion tumoral e incluso a dosis elevadas muestra regresion tumora con efectos
hi percal cémicos menores que los ddl calcitriol [128]. Diversos estudios han evaluado € efecto
del EB1089 en células de carcinoma mamario en combinacion con anti-estrogéenicos [129],
antineoplasicos [130] e incluso con radiacion [131]. Todos estos trabajos han concluido que la
administracion del EB1089 con cualquiera de estos agentes incrementa la muerte celular en

mayor medida que la administracion de cada compuesto por separado.
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A nivel clinico los estudios sobre € efecto del EB1089 se enfocan principalmente en evaluar
las dosis maximas toleradas [118]. Al igual que € calcipotriol, los efectos y € mecanismo de
accion del EB1089 en cancer de mama fenotipo EGFR o HER2 positivo son desconocidos.

EB1089

Calcitriol Calcipotriol

Fig. 6. Estructura quimica del calcitriol, €l calcipotriol y el EB1089. A laizquierda se encuentra
la estructura ddl cacitriol indicando la posicién y nimero de carbonos. En e caso de los dos
andlogos que se encuentran enseguida se aprecian las modificaciones en la cadena lateral
mencionadas en € texto.
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10. PLANTEAMIENTO DEL PROBLEMA

Pacientes con tumores mamarios gque sobreexpresan al EGFR y/o a HER2, entre los que se
incluyen los fenotipos HER2 positivo y triple negativo, presentan pobre pronéstico y
resistencia a tratamiento convenciona. Moléculas inhibidoras de la actividad tirosina cinasa
de estos receptores son una opcion terapéutica prometedora para estos pacientes. Por otro lado,
el calcitriol es otro compuesto con importantes efectos antiproliferativos, antineoplésicos 'y de
diferenciacion en cancer de mama, que incrementa la respuesta de diferentes tratamientos
antineoplésicos. Con la finalidad de incrementar las tasas de respuesta global, prolongar la
supervivencia global y superar la resistencia al tratamiento, en este trabgo se propuso
investigar el tratamiento combinado de inhibidores tirosina cinasa con calcitriol o EB1089 y

calcipotriol.
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11. HIPOTESIS

El tratamiento combinado del gefitinib, € lapatinib o el neratinib con calcitriol o sus andlogos
inhibird en mayor medida la proliferacién de células de cancer de triple negativo y HER2
positivo comparado con € tratamiento por separado de los antineoplésicos. Asimismo, las
combinaciones incrementaran la apoptosis e inhibiran la activacion de las vias PISK/Akt y

MEK-ERK.
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12. OBJETIVO GENERAL

Evauar el efecto y determinar el mecanismo de accion de la combinacion de los inhibidores
de residuos de tirosinas cinasa, gefitinib, lapatinib y neratinib, con el calcitriol o sus analogos

sintéticos en células de cancer de mama con fenotipo triple negativo y HER2 positivo.
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13. OBJETIVOSESPECIFICOS

a)

b)

d)

f)

9)

h)

Caracterizar la presencia del EGFR, e HER2 y & VDR, en € cultivo primario
MBCDF y en las lineas de cancer de mama: SUM-229PE, SK-BR-3, HCC1937 y
MDA-MB-231.

Determinar la concentracion inhibitoria (Cl) al 20 y 50% de los inhibidores de
residuos de tirosina cinasa, € calcitriol, € calcipotriol y e EB1089 en células de

cancer de mama mediante estudios de proliferacion.

Evaluar e efecto farmacolégico de los inhibidores de residuos de tirosina en

combinacion con €l calcitriol y sus andlogos en la proliferacion celular.

Investigar 1a expresion génica de mediadores de apoptosis y de metabolismo celular en
células de cancer de mama expuestas a la combinacion del gefitinib, el lapatinib y €

neratinib con el calcitriol o sus andogos.

Andizar la distribucion de las diferentes fases del ciclo celular en los cultivos de
carcinoma mamario expuestos a las diferentes combinaciones del calcitriol o sus

ana ogos con los inhibidores de residuos de tirosinas cinasas.

Evauar la induccion de la caspasa 3 activa en los cultivos de carcinoma mamario

expuestos alas diferentes combinaciones de antineopl asicos.

Determinar el efecto de la combinacion del gefitinib, el lapatinib y el neratinib con
calcitriol o EB1089 en la fosforilaciéon de la via de sefializacion MAPK y Akt en las

diferentes lineas de cancer de mama.

Investigar si los esquemas combinados de los inhibidores de residuos de tirosina en
combinacion con calcitriol o su andlogo EB1089 inhiben la capacidad clonogénica de

células de cancer de mama.
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14. MATERIALESY METODOS

Cultivo Celular: El cultivo primario (MBCDF) y las diferentes lineas celulares, SUM-229PE,
SK-BR-3, HCC1937 y MDA-MB-231 se sembraron en su medio especifico y fueron
mantenidas a 37°C con una atmosfera de 5% de CO2 y 95% de humedad.

Ensayos de proliferacion: Los andlisis de proliferacion se llevaron a cabo sembrando 1000-
2000 céulas por pozo dependiendo de cada linea y fueron incubadas en presencia de
concentraciones crecientes del calcitriol, e calcipotriol (Sigma Aldrich), el EB1089 (Tocris
Cookson), €l gefitinib (donacion de Astrazeneca), el lapatinib y el neratinib (Sequoia Research
Products). Posteriormente, la concentracion de DNA fue cuantificada por medio del kit de
proliferacion CyQuant (Invitrogen). Los valores de las Cls fueron calculados por un software
especializado (OriginLab Corporation, Northampton, MA, version 5.0). Los experimentos se

realizaron por sextuplicado en al menos 3 experimentos independientes.

Efecto farmacol 6gico de los estudios de combinacion: Los valores del indice de combinacion
fueron obtenidos a través de los datos de las curvas concentracion respuesta de las
combinaciones de las Cl2 Y s0. Los valores fueron calculados aplicando la ecuacién del efecto
multiple de farmacos de Chou Taalay [132]. Para este andlisis, los parametros son los

siguientes: IC < 1 efecto sinérgico, 1C > 1 efecto antagdnico e IC = 1 efecto aditivo.

PCR en tiempo real: Para evaluar la regulacion génica del EGFR, del factor de
transcripcion FOXO3a 'y de biomarcadores implicados en los procesos de apoptosis (BIM
y Bcl-2), las células de cancer de mama fueron tratadas con los ITC solos 0 en
combinacion con cacitriol o sus andlogos. EI RNA sé extrgjo utilizando Trizol (Life
Technology) y para la sintesis de ADN complementario (ADNCc) se empleo la transcriptasa
reversa y oligo-dT (Roche Diagnostics Mannheim, Germany). La reaccion de
amplificacion en cadena de la polimerasa en tiempo rea se reaiz6 con iniciadores
especificos para cada gen. Las amplificaciones se llevaron a cabo en € equipo
LigthCycler® 2.0 de Roche (Roche Diagnostics), de acuerdo a siguiente protocolo:
activacion de la Tag DNA polimerasa y desnaturalizacion del DNA a 95 °C por 10

minutos, seguido de 45 ciclos de amplificacion los cuales consistieron de 10 sa 95 °C, 30 s
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a60 °Cy 45 s a 72 °C. La normaizacion de los resultados se redizd utilizando la
amplificacion del gene constitutivo gliceraldehido-3-fosfato deshidrogenasa (GAPDH).

Distribucion del ciclo celular: Las células fueron incubadas con las combinaciones de los
farmacos durante 96 horas. Posterior a tratamiento, las células fueron colectadas y lavadas
con buffer de fosfatos pH 7.2, fijadas en etanol 70% v/v y amacenadas a -20 °C. Para €
andlisis del ciclo celular, las muestras se lavaron e incubaron en una solucién con RNAsa
(10mg/ml), triton X-100 0.1% v/v y yoduro de propidio (Img/ml) en oscuridad a
temperatura ambiente por 20 min. El contenido de DNA fue determinado usando un
citometro de flujo FACsCanto Il. Para €l andlisis del ciclo celular y la deteccion del pico
SubGL1 un total de 35,000 eventos fueron adquiridos. El andlisis de |los resultados se realizo
con €l software Flow-Jo (Tree Star Inc version 9.3.2.).

Deteccion de la caspasa 3 activa: Con la finaidad de evaluar e efecto de las
combinaciones en la activacion de la caspasa 3 se utilizaron cultivos en monocapa y

tridimensionales de célul as de cancer de mama.

Para €l cultivo celular en monocapa, las células fueron incubadas con los antineoplasicos
solos 0 en combinacion por 72 h. Posteriormente, las células positivas para la caspasa 3
activa se marcaron con un kit comercia de apoptosis (BD Pahrmingen, CA, USA). Las
células se colectaron, lavaron y resuspendieron en el buffer BD Cytofix/Cytoperm y fueron
incubadas por 20 minutos a 4 °C. La suspension celular fue centrifugada y lavada dos
veces con €l buffer BD Perm/Wash. Subsecuentemente, |as células fueron incubadas con €
anticuerpo anti-caspasa 3 marcado con isotiocianato de fluoresceina (FITC) por 30 min.
Las muestras fueron lavadas, resuspendidas con buffer BD Perm/Wash y analizadas con €l
citobmetro de flujo FACsCanto Il (Becton Dickinson, San Jose CA, USA). Un total de

20,000 eventos fueron adquiridos.

Para la evaluacion de la caspasa 3 activaen € cultivo celular en tres dimensiones se siguio
el siguiente protocolo: En cgas de cultivo celular de 8 pozos tratadas previamente con
Matrigel (Corning) fueron sembradas las células de cancer de mama. Posterior a 7 dias de
cultivo, las células fueron expuestas a los diferentes tratamientos solos 0 en combinacién
por 48 hs. Posteriormente, las células fueron fijadas con formalina a 4%, lavadas con
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buffer de fosfatos pH7.2/glicina, después fueron expuestas a un blogueo primario con un
buffer para inmunofluorescencia y suero de cabra al 10% durante 1 h a temperatura
ambiente. Pasando este periodo, la solucidon de blogueo fue aspirada y se incubd con €l
segundo buffer de bloqueo (buffer de inmunufluorescencia, suero de cabra a 10% y la
region F(ab) 1mg/mL) (Jackson Immuno Research) y e anticuerpo primario (caspasa 3
activa, Cell Signaling, dilucién 1:100) por toda la noche a 4 °C. Pasando este periodo, las
muestras fueron lavadas 3 veces por 20 min con buffer de inmunofluorescencia a
temperatura ambiente. Posteriormente, las células se incubaron por 1 h a temperatura
ambiente con una solucion que contenia el primer buffer de bloqueo con e anticuerpo
secundario. Finalmente, las muestras se lavaron 3 veces con € primer buffer de bloqueo y
fueron incubadas con DAPI a 25% por 20 min a temperatura ambiente. Pasando este
periodo, las muestras fueron lavadas con e primer buffer de bloqueo, se aspiré y se agrego
la solucion Prolong (Molecular Probes). Finamente, las laminillas fueron cubiertas con un
cubre objetos, se dgjaron secar a temperatura ambiente y se guardaron a -20 °C hasta su

posterior andlisis por microscopia confocal.

Western Blot: Posterior alas 72 h de tratamiento, las células fueron lavadas con PBS pH
7.3 y lisadas con buffer RIPA. Posteriormente, 20 ng de proteina fueron separados en
SDS-PAGE vy transferidos a una membrana de fluoruro de polivinilideno, la cual fue
bloqueada con TBST con leche a 5% por 30 min. Las membranas fueron incubadas toda la
noche a 4° C con diferentes anticuerpos anti-EGFR y anti-VDR (1:1000, Santa Cruz
Biotechnology Inc., CA, USA), anti-HER?2, anti-phospho-p44/42 MAPK (ERK1/2) y anti-
Akt (serina 453) (1:1000 Cell Signaling, Boston, Massachusetts), a 4 °C. Después de la
incubacion con el anticuerpo primario, las membranas fueron lavadas e incubadas con su
respectivo anticuerpo secundario acoplado con peroxidasa (1:1000) por 1 h a temperatura
ambiente. Para la normalizacion, las membranas fueron incubadas con un anticuerpo anti-
GAPDH (1:1000 Santa Cruz Biotechnology Inc.). Las proteinas fueron detectadas usando
ECL y visuaizadas usando un revelador Kodak. La densitometria fue realizada usando €l

software Image J.

Ensayos de clonogenicidad: La determinacion de la capacidad de las células para la

formacion de colonias, después de haber sido expuestas a los tratamientos se realizé por la
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técnica de agar suave. Las células fueron sembradas en una concentracion de 5000 células
por pozo en placas de 6 pozos con una mezcla de agarosa (Bioexpress) y su respectivo
medio especifico (1:4). Las células fueron tratadas con los antineoplasicos y se dejaron
crecer por 30 dias, e medio fue reemplazado cada 7 dias. Posterior a los 30 dias, las
colonias fueron fijadas y tefiidas con una solucion de metanol y cristal violeta. Imégenes
representativas fueron tomadas con € microscopio Evos (Thermo Fisher Scientific) en
campo claro. La cuantificacion del nimero de colonias no se reaiz6 debido a que no se
encontré formacion de estas en los tratamientos combinados, ya que se consider6 como

colonia unamasa celular de 50 o més células las cuales miden aproximadamente 50 mm.

Andlisis estadistico: Los datos se expresaron como la media + desviacion estandar. Las
diferencias estadisticas de los ensayos de proliferacion y de expresion génica fueron
determinadas mediante un andlisis de varianza (ANOVA) seguido de la prueba Holm-Sidak,
utilizando un software especializado (SigmaStat, Jandel Scientific versién 3.5). Vaores de
p<0.05 y de p<0.001 se consideraron estadisticamente significativos.
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15. RESULTADOS
15.1 Caracterizacion celular

La expresion proteica del VDR, el HER2 y e EGFR se determiné por western blot en el
cultivo primario MBCDF y en las células SUM-229PE, SK-BR-3, HCC1937 y MDA-MB-
231. Todas las lineas celulares fueron positivas al VDR y EGFR, la presencia de este
altimo receptor en e cultivo primario no pudo ser detectada. Las células SK-BR-3 y

cultivo primario fueron positivos al HER2, Tabla 2.

Tabla 2. Caracterizacion celular de lineas de cancer de mama

Linea Celular VDR EGFR HER2
SUM-229PE + + -
SK-BR-3 + + +
MBCDF + - +
HCC1937 + + -
MDA-MB-231 + + -

Receptor de Vitamina D (VDR), receptor del factor de crecimiento
epidérmico tipo 1 (EGFR) y tipo 2 (HER2).
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15.2 Efecto antiproliferativo de los inhibidores de residuos de tirosinas cinasas, calcitriol y

sus analogos en células de cancer de mama

Con lafinalidad de estudiar el efecto de los diferentes antineopléasicos en la proliferacion
de células de cancer de mama. Las células fueron incubadas en la presencia de diferentes

concentraciones de los compuestos durante siete dias.

En la Fig. 7 se muestra la actividad antineoplésica del calcitriol (A), y sus andogos,
cacipotriol (B) y EB1089(C), y los ITC gefitinib (D), lapatinib (E) y neratinib (F) en las
diferentes lineas de cancer de mama.

La proliferacion celular de las lineas de céncer de mama utilizadas fue inhibida
significativamente por 1os antineoplasicos de manera dependiente de la concentracion. Los
compuestos mostraron diferentes potencias a las concentraciones mas alta (1X107, 1X10®

y 1X10%) dependiendo del fenotipo molecular.
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Fig. 7. Efecto antiproliferativo del calcitriol, e calcipotriol, e EB1089, e gefitinib, € lapatinib
y €l neratinib en células de cancer de mama. Las lineas establecidas SUM-229PE (m), SK-BR-3
(o), MBCDF (#) y HCC1937 (a) fueron incubadas en presencia de concentraciones crecientes de
los antineoplasicos durante 7 dias. La proliferacion celular fue evaluada por e ensayo CyQuant. El
vehiculo fue considerado como el 100%. Los valores representan € promedio + DE de tres
experimentos independientes por sextuplicado.
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De las curvas concentraci On-respuesta obtenidas de cada compuesto en las diferentes lineas
celulares se determinaron las Clao y Clso (Tabla 3).

Considerando los valores de las Clso de cada compuesto, las células de cancer de mama
mostraron la siguiente sensibilidad: calcitriol (SK-BR-3 < SUM-229PE < MBCDF),
calcipotriol (SUM-229PE < SK-BR-3 < MBCDF), EB1089 (SK-BR-3 < MBCDF < SUM-
229PE), gefitinib (SUM-229PE = SK-BR-3 < MBCDF), lapatinib y neratinib (SK-BR-3 <
SUM-229PE < HCC1937). La linea cdlular HCC1937 no fue sensible a los efectos
antiproliferativos del calcitriol o sus andlogos. Ninguno de los compuestos evaluados
inhibid la proliferacion de las cdulas MDA-MB-231. La actividad antiproliferativa de

lapatinib y neratinib, no se determino en lalinea MBCDF.

Tabla 3. Concentraciones inhibitorias al 20 y 50% de los antineoplésicos en

células de cancer de mama

Ligando c| SUM-220PE  SK-BR-3 MBCDF HCC1937
(mol/L) (mol/L) (mol/L) (mol/L)

20 46X10°  46X10° 74X 10° -
Calcitriol

50 1.4 X 1078 2.4 X 10° 1.7 X 10° -

o 20 13X10" 53X10° 16X 10° -

Calcipotriol

50 40X10°  53X10° 1.2 X 1078 -
1089 20 20X10%°  43X10%° 23X 10 -

50 27X10°  75X10° 16X 10° -
Gefitinib 20 1.6 X 107 25X 1078 2.0X 10°® -

50 1.5 X 107 1.5 X 107 3.0X 10° -
Lapatinib 20 1.3X 107 1.6 X 107 nd 45X 108

50 35X 107 8.9 X 1078 nd 6.0 X 10°
Neratinib 20 6.7X10° 81X 10% nd 85X 1038

50 1.4 X 1078 2.1X 10° nd 7.5 X 107

Cl, concentraciones inhibitorias (CI). nd, no determinado.
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15.3 Efecto farmacologico del tratamiento combinado del gefitinib, € lapatinib y €
neratinib con €l calcitriol y sus analogos en la proliferacion celular

A partir de los vaores de las Cls de cada compuesto se realizaron diferentes
combinaciones. La concentracion de 1X10®8 M del calcitriol y el EB1089 se utilizo paralos
esguemas de combinacién en la linea celular HCC1937, debido a que esta concentracion
inhibio la proliferacion celular de manera significativa comparada con e vehiculo. Para €
caso particular de la linea MDA-MB-231, la concentracion utilizada del calcitriol o €
EB1089 fue de 1X107 M y parael lapatinib y € neratinib se utilizaron las concentraciones
de 1X10° M y 1X10 % M, respectivamente.

La Fig. 8 muestra los datos obtenidos de la linea celular SUM-229PE expuesta alas Clx y
Clso del calcitriol, e gefitinib y sus combinaciones. La proliferacion celular fue inhibida en
mayor medida cuando las células fueron tratadas a las Cl de cacitriol y gefitinib 20:20;
20:50 y 50:50, respectivamente.

Adicionalmente, las combinaciones del calcitriol o sus analogos con gefitinib, lapatinib y
neratinib fueron evaluadas en las lineas celulares de cancer de mama SUM-229, SK-BR-3,
MBCDF, HCC1937 y MDA-MB-231. La Tabla 4 muestra & porcentaje de inhibicion de
la proliferacion celular (1%) ejercido por los compuestos solos 0 en combinacion. En
general, las co-incubaciones en presencia de los ITC con calcitriol, calcipotriol o EB1089
dieron como resultado una significativa y mas robusta inhibicion del crecimiento celular
que e obtenido con cada farmaco en la mayoria de las combinaciones utilizadas. De
manera interesante, las células insensibles a los efectos de los antineoplésicos (MBCDF,
HCC1937 y MDA-MB-231) d tratarlas con los compuestos en conjunto, la resistencia de
novo alos agentes fue revertida.

De los resultados obtenidos en los estudios de proliferacion con las diferentes
combinaciones se determino € valor del indice de combinacion de acuerdo a la ecuacion
de Chou Taday. Este valor fue utilizado para determinar € efecto farmacoldgico
resultante de las combinaciones de farmacos. El indice de combinacion esta dado por las
siguientes condiciones IC < 1 efecto sinérgico, IC > 1 antagdnico e IC = 1 aditivo.
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Fig. 8. Efecto antiproliferativo de la combinacion de las Cls al 20 y 50% del gefitinib y del
calcitriol en la linea SUM-229PE. Las células fueron incubadas en presencia de las diferentes
combinaciones de los antineoplésicos durante 7 dias. El vehiculo fue considerado como e 100%.
Los valores representan e promedio + DE de tres experimentos i ndependientes por sextuplicado. *
Diferencia significativa con respecto al control (p<0.001). ** Diferencia significativa con respecto
alaadministracién de los antineopl asicos de manera independiente (p<0.001).
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Tabla 4. Porcentgie de inhibicién de la proliferacién celular gercido por los
compuestos solos 0 en combinacion en células de cancer de mama

G L
SUM -229PE
Cl2o Clso Cl2o Clso Cl2o Clso
8.2+6.6 64.06+ 7.8 23.0+12.9 48.0+10.0 12.6+11.7 35.6+11.6
Lg | CI 1%
Combinaciones
20 | 15.4+8.7 | 39.2+16.8* | 86.0+7.7* 26.3+14.2 59.2+12.5 48.7+8.4* 58.0+11.7%
C
50 | 45.7¢78 | 419+109 | 926+4.1* 56.9+14.2 72.5+7.4* 64.7+10.3* 73.8+8.5*
20 | 10.8+6.0 49+17 55.4+75* | 40.0+£10.0* 55.7+11.5 | 37.3+12.6* 47.9+8.8
E
50 | 416483 | 332+135 | 75.6+6.9* 65.2+7.1* 76.5+76.6* 65.5+9.5* 73.248.2*
20 | 16.7¢138 | 16.3+16.4 63.8+9.2 nd nd nd nd
Cp
50 | 24.0+146 | 37.3+21.3 705+8.9 nd nd nd nd
G L
SK-BR-3
Cl2o Clso Cl2o Clso Cl2o Clso
15.23+12.0 | 51.5+134 24.4+10.2 60.4+10.8 52.3+9.9 77.7+4.6
Lg | Cl 1%
Combinaciones
20 | 10.6£7.7 | 448+13.6* | 339+£5.1* 33.4+7.1 71.9+4.5* 78.0+5.4* 58.1+7.1
C
50 | 22.0+94 | 55.1+ 14.4* 49.9+6.6 36.8+10.8 70.3+5.0* 78.5+4.5* 63.1+11.7
20 | 14.6x7.7 | 49.2+13.7* 46.2+7.0 28.6+5.9 70.6+6.7* 79.5+3.7* 59.5+7.0
E
50 | 31.6+11.2 | 57.5+12.6* | 59.4+5.8* 43.0£11.1 71.1+4.6* 78.4+4.8* 63.9+7.9*
20 | 70+£7.7 | 521+12.0* | 43.1+9.8* nd nd nd nd
Cp
50 | 26.0+8.9 | 624 +13.6* | 59.9+5.8* nd nd nd nd
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G
MBCDF
Cl2o Clso
9.4+120 235+118
Lg | CI 1%
Combinaciones
20 | 185+10.6 | 32.2+13.2* 41.9+12.5*
C
50 | 11.5+16.0 | 53.8+13.6* 56.4+11.9*
20 | 16.0+10.3 | 32.0+11.1* 249+75
E
50 | 27.1+99 | 395+120 @ 46.6+9.2*
20 | 13.9+99 | 33.2+135* | 38.7+11.9*
Cp
50 | 24.6+6.3 39.0+9.7* 44.6+11.2*
L
HCC1937
Cl2o Clso Cl2o Clso
11.6+9.4 39.749.8 22.5+8.3 64.946.1
L ¢l 1%
9 mol/L 0
Combinaciones
C 1X10-8 7.3x15 67.1£3.1* 39.8+6.8 *42'9113'1 63.3+8.4
E 1X10-8 8.9+6.9 53.3+6.9* 57.1+8.8* 33.945.6* 61.1+5.9
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L N

MDA-MB-231 1X 10-5 1X 10-6 M
mol/L mol/L
18.5+2.2 24.2+35
Cl o
Lg mol/L 1%

Combinaciones

Cc 1X107 | -4.0£9.2 31.7+10.9* 21.2+3.8

E 1X107 | -1.749.7 42.5+8.7* 34.2+8.8*

Ligando (Lg), concentracion inhibitoria (Cl), porcentaje de inhibicién de la proliferacion celular
(1%), calcitriol (C), EB1089 (E), calcipotriol (Cp), gefitinib (G), lapatinib (L), neratinib (N), no
determinado (nd). Los valores representan el promedio £ DE de tres experimentos independientes
por sextuplicado. * Diferencia significativa con respecto la administracion de los antineoplésicos

de maneraindependiente (p<0.001).

La Fig. 9 muestra e vaor del indice de combinacion de los diferentes esquemas
combinados del gefitinib A), €l lapatinib B) y € neratinib C) con calcitriol y sus andogos
en e cultivo primario MBCDF (solo en Fig. 9 A) y en las lineas SUM-229PE y SK-BR-3.
De manera general, se observa que la mayoria de las combinaciones tienen un valor de
indice de combinacién menor a 1. Sin embargo, |10s esquemas combinados con € lapatinib
o € neratinib (B, C), mostraron més combinaciones que tuvieron efecto sinérgico
comparados con |os esgquemas combinados del gefitinib (A).
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Fig. 9. Efecto farmacolégico en diferentes lineas celulares de cancer de mama expuestas a
diferentes esquemas de combinacion de farmacos. El cultivo primario MBCDF (solo en € panel
A) y las células SUM-229PE y SK-BR-3 fueron incubadas con las siguientes combinaciones de
farmacos, compuestos de vitamina D: gefitinib, lapatinib y neratinib, 20:20 e; 50:20 v ; 20:50 o;
50:50 A. El valor del indice de combinacién fue calculado con un modelo mate méatico desarrollado
por Chou Taday. Los puntos debajo del indice de combinacion igual a 1 denotado por una linea
horizontal son indicativos de interaccion sinérgica.
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15.4 El tratamiento combinado del gefitinib con el calcitriol o su analogo EB1089 modul 6
la expresion génica y proteica de marcadores de apoptosisy proliferacion

Con € objetivo de evauar s € tratamiento combinado regula la expresion génica del
blanco molecular del gefitinib se llevaron a cabo estudios de gPCR en tiempo real. La Fig.
10 muestra la regulacion génica del EGFR por € EB1089 y e gefitinib solos y en
combinacion. La mRNA del EGFR disminuyd con la combinacion de los compuestos en
ambas lineas celulares SUM-229PE (barras negras) y SK-BR-3 (barras blancas). La
combinacion del gefitinib con calcitriol mostré una tendencia a disminuir la expresion
génica del EGFR tanto en SUM-229PE como en SKBR3 (datos no mostrados). Ademés, la
expresion del gen HER2 también fue evaluada, sin embargo, su expresiéon no se vio
afectada (datos no mostrados).
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Fig. 10. La combinacion del gefitinib con e EB1089 inhibid la expresién génica del EGFR en
células de cancer de mama. Las células SUM-229PE (barras negras) fueron incubadas con los
valores correspondientes Clso del EB1089, el gefitinib 0 su combinacion durante 24 h. Las células
SK-BR-3 (barras blancas) fueron incubadas con los correspondientes valores de Cly de los
compuestos. Subsecuentemente, e MRNA se extrajo y los andlisis se llevaron a cabo por la técnica
de gPCR para la expresion génica. Los resultados se muestran como la media £ D. E. de tres
experimentos redlizados de manera independiente. A las células tratadas con e vehiculo
arbitrariamente se les dio un valor de 100% * p<0.05 vs cada compuesto solo.
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Considerando que la combinacion de farmacos inhibio la proliferacion celular de manera
sinérgica, se decidid evaluar la modulacion de marcadores de apoptosis, regulados por la
familia EGFR, como BIM y Bcl-2.

230 - oy

APDH
i

184 - *

_‘
¥

138

92 - W

46

mRNA BIM/mRNA (

230

184 1

138

BIM (%]IF)

A% C E G C E

G

Fig. 11. La combinacién del gefitinib con el calcitriol o e EB1089 indujo la expresiéon del
mar cador pro-apoptético BIM en céulas de cancer de mama. Las células SUM-229PE fueron
incubadas con su correspondiente valor de Clso del gefitinib, del calcitriol o del EB1089 solos o en
combinacion durante 24 h (A) o durante 48 h (B). Los andlisis de expresion génica se llevaron a
cabo por las técnicas de gPCR y estudios de citometria de flujo se realizaron para la cuantificacion
de BIM, representada por € porcentgje de intensidad de fluorescencia (IF). Los resultados se
muestran como la media £ D. E. de tres experimentos realizados de manera independiente. Las
células tratadas con € vehiculo arbitrariamente se les dio un valor de 100%. *p<0.05 vs el grupo
control, **p<0.05 vs cada compuesto solo.
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La combinacion del gefitinib con e calcitriol o el EB1089 indujo significativamente la
expresion génica (A) y proteica (B) del marcador pro-apoptético BIM comparado contra el
control, en las clulas SUM-229PE, Fig. 11.

De manerainversa a efecto de las combinaciones encontrado en BIM, la expresion génica
del marcador anti-apoptotico, Bcl-2, disminuyd con la combinacion de los compuestos en
ambas lineas SUM-229PE (barras negras) y SK-BR-3 (barras blancas), Fig.12. Todos los
tratamientos fueron significativos con respecto a grupo control, y Unicamente las
combinaciones del gefitinib con e EB1089 fueron significativas con respecto a los

tratamientos de manera i ndependiente.
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Fig. 12. La combinacion del gefitinib con el calcitriol o el EB1089 redujo la expresion génica
del marcador anti-apoptoético Bel-2 en células de cancer de mama. Las células SUM-229PE
(barras negras) fueron incubadas con los valores correspondientes Clso del EB1089, el gefitinib o su
combinacion durante 24 h. Las células SK-BR-3 (barras blancas) fueron incubadas con los
correspondientes valores de Clx de los compuestos. Subsecuentemente, el mMRNA se extrgo y los
andlisis se llevaron a cabo por la técnica de gPCR para la expresiéon génica. Los resultados se
muestran como la media = D.E. de tres experimentos realizados de manera independiente. Las
células tratadas con € vehiculo en ambas lineas celulares arbitrariamente se les dio un valor de
100% *p<0.05 vs el grupo control, **p<0.05 vs cada compuesto solo.
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15.5 El tratamiento combinado del calcitriol o su analogo EB1089 con €l lapatinib o €
neratinib disminuyd la expresién génica de FOXO3a

Debido a que € factor de transcripciéon FOXO3a modula genes involucrados en e control
de la proliferacion y € ciclo celular, 1a expresion de este gen fue investigada en células de

cancer de mama expuestas alos farmacos.

Los tratamientos de manera independiente, excepto € tratamiento con el calcitriol, o en
combinacion indujeron significativamente la expresion génica de FOXO3a comparado

contra el grupo control en las células SK-BR-3, Fig. 13.
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Fig. 13. La combinacién de lapatinib o el neratinib con € calcitriol o e EB1089 indujo la
expresion del factor de transcripcion FOXO3a en células de cancer de mama. Las cdulas SK-
BR-3 fueron incubadas con su correspondiente valor de Cly del calcitriol, del EB1089, del
lapatinib, del neratinib o de su combinacion durante 24 horas. Subsecuentemente, e mMRNA se
extrajo y los andlisis para evaluar la expresion génica se llevaron a cabo por la técnica de gPCR.
Los resultados se muestran como la media = D.E. de dos experimentos realizados de manera
independiente. Las células tratadas con el vehiculo arbitrariamente se les dio un valor de 100%.
*p<0.05 vs el grupo control.
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15.6 La combinacion de los antineoplasicos incremento e porcentaje de células en € pico
UbG1 y disminuyo la fase G2/M del ciclo celular en células de cancer de mama.

Considerando que €l efecto sinérgico de los compuestos es a través de regular la expresion
de genes implicados en €l control de la proliferacion y apoptosis se decidié evaluar los

cambios inducidos en las fases del ciclo celular por los tratamientos en cancer de mama.

La Fig. 14 muestra los histogramas del perfil del ciclo celular de las células SUM-229PE
tratadas con la combinacion de los compuestos posterior a las 96 horas de tratamiento. La
combinacion del calcitriol o e EB1089 con e gefitinib, € lapatinib o & neratinib
increment6 € porcentaje de células en la region o pico SubGl, mientras que e porcentaje
de células en la fase S y G2/M disminuyd significativamente en comparacion con los
compuestos de manera independiente y con € control (Tabla 5). Notablemente, las
combinaciones con e lapatinib y el neratinib indujeron mayor muerte celular, en
comparacion con las combinaciones con € gefitinib, como se juzga por la induccién de la
region celular SubG1l. Estos datos sugieren que €l aumento del pico subG1l deriva de la

reduccion en el porcentgje de células a partir delasfasesSy G2 M.

Para determinar s el porcentgje de células en & pico SubGl inducido por las
combinaciones se debia a la activacion de apoptosis, la presencia de la caspasa 3 activa fue
evaluada en las células expuestas a los tratamientos. La combinaciéon del calcitriol o €
EB1089 con los ITC, incrementd significativamente el porcentgje de células positivas ala
caspasa 3 en comparacion con cada compuesto por separado, Fig. 15 (A). Estos resultados
indican que la combinacién de los compuestos inhibe la proliferacion a través de activar la

via apoptaticaintrinseca en las células SUM-229PE.

Debido a que los model os tridimensionales de cél ulas epiteliales mantienen la organizacion
estructural y la complejidad multicelular del epitelio mamario y son Utiles para evaluar
terapias experimentales se decidié evaluar la presencia de la caspasa 3 inducida por los
compuestos en un modelo celular de tres dimensiones. La combinacion del lapatinib o €l
neratinib con el calcitriol o el EB1089, de manera similar a lo observado en los cultivos
tradicionales en monocapa, incrementd la presencia de esta proteina en su forma activa en
las células SUM-229PE, Fig. 15 (B).
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Fig. 14. La combinacién del calcitriol o e EB1089 con los I TC indujo cambios en € perfil de
ciclo celular de células de cancer de mama. Las células SUM-229PE fueron incubadas en
ausencia (V) o presencia de su correspondiente valor de Cls del calcitriol (C), el EB1089 (E), €
gefitinib (G), € lapatinib (L), e neratinib (N) o la combinacién de los compuestos por 96 h. El
contenido de DNA del ciclo celular fue analizado. Los histogramas muestran e perfil del ciclo
celular de las cdlulas tratadas con los compuestos solos 0 en combinacion. El pico SubGl esta
indicado con una linea horizontal y la reduccion de lafase G2/M esta sefidlada con una flecha. Los
histogramas son representativos de 3 experimentos de manera independiente.
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Tabla 5. Porcentaje de las células SUM-229PE en las diferentes fases del ciclo celular
posterior alos tratamientos del gefitinib, el lapatinib o €l neratinib con & calcitriol o e

EB1089 solos 0 en combinacion

Fases del ciclo celular

Tratamiento
SubG1 G1 S G2/M

v 10.7+6.1 34.0+2.6 39.7+1.9 15.0+1.6

C 9.7+4.43 427455 35.1+2.9 13.243.0

E 14.6+7.22 59.5+10.8 18.5+3.82 7.9+1.23

G 14.3+0.22 60.2+6.02 15.3+3.2a 10.0+2.02
C+G 27.8+7.3ab 61.6+7.42 19.1+4.42 2.7+3.23P
E+G 38.7+0.8 2P 67.0+5.72 14.1+4.22 0.3+0.13P

L 62.5+0.02 29.442.3 10.6+0.32 2.0+2.82
C+L 86.2+3.33P 13.4+3.92P 0.2+0.02P 0.0+0.02
E+L 98.5+0.23P 1.4+0.13P 0.0+0.02P 0.0+0.02

N 31.8+9.82 36.8+0.1 23.6+5.02 7.1+4.73
C+N 98.7+0.22P 11.3+3.82P 3.945.02P 0.3+0.02P
E+N 95.3+5,02P 0.6+0.5%P 3.945.02P 0.0+0.02P

V, vehiculo; C, cacitriol; E, EB1089; G, gefitinib; L, lapatinib; N, neratinib. Los resultados estén

expresados como lamedia + D. E. de 3 experimentos de manera independiente. 2p < 0.001 vs. V, °

p < 0.001 vs. cada compuesto solo.
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Fig. 15. La combinacién del calcitriol o el EB1089 con € gefitinib, € lapatinib y € neratinib
incremento la caspasa 3 activa en céulas de cancer de mama. A) Las células SUM-229PE
fueron incubadas en la ausencia (V) o presenciadel cacitriol (C), e EB1089 (E), el gefitinib (G), €
lapatinib (L), y el neratinib (N) solos o en la combinacion por 72 h con su correspondiente valor de
Cls. Las células fueron permeadas, fijadas y tefiidas con un anticuerpo anti-caspasa 3 activa.
Posteriormente, las células fueron analizadas por citometria de flujo y las células positivas a la
caspasa 3 son mostradas en el recuadro. Las imagenes son representativas de 3 experimentos de
manera independiente. B) Las células SUM-229PE fueron crecidas en presencia de matrigel,
posterior a 7 dias de cultivo fueron tratadas con |os compuestos por 48 h. Las céulas fueron fijadas,
permeadas y tefiidas con DAPI y con un anticuerpo anti-caspasa 3. Posteriormente, se adquirieron
imagenes con un microscopio confocal. Las imagenes son representativas de 2 experimentos de
maneraindependiente.
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15.7 La combinacion del calcitriol o el EB1089 con € gefitinib, € lapatinib o € neratinib
disminuyd en mayor medida la fosforilacion de las proteinas ERK y Akt

Con € fin de dilucidar los posibles mecanismos implicados en los efectos antiproliferativos
de las combinaciones de farmacos se evaluaron dos vias de sefializacion activadas por la
familia EGFR, ERK y Akt y que estdn implicadas en procesos de proliferacion y

metabolismo celular.

Los tratamientos combinados del calcitriol o e EB1089 con € gefitinib disminuyeron la
fosforilacion de la via de sefidizacion ERK 1y 2 en lalinea celular SUM-229PE, Fig. 16.
Adicionalmente, las combinaciones del calcitriol o e EB1089 con el lapatinib y el neratinib
inhibieron la fosforilacion de las proteinas Akt y ERK en esta misma linea celular, sin
embargo, el efecto inhibitorio de estos dos ultimos inhibidores de residuos de tirosina fue
mas marcado que & efecto inhibitorio del gefitinib, Fig. 17.

De manera notable, la fosforilacion de estas proteinas fue disminuida con los tratamientos
combinados del calcitriol o e EB1089 con € lapatinib o € neratinib en la linea celular
MDA-MB-231, la cua resultd ser menos sensible a los compuestos de manera
independiente, Fig. 17.
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Fig. 16. La combinacion del calcitriol con e gefitinib inhibi6 la fosforilacion de ERK 1/2 en
células de cancer de mama. Las céulas SUM-229PE fueron incubadas en ausencia (V) o
presencia del calcitriol (C), el EB1089 (E), e gefitinib (G), solos o en combinacion durante 48
horas. Posteriormente, los andlisis de Western blot fueron redizados para detectar la forma
fosforilada de la proteina ERK 1/2 (Thr202/Tyr204) y la proteina ribosomal L7 fue utilizada como
control de carga (A). Los valores de las células tratadas con € vehiculo fueron llevados a 1. La
normalizacion de los valores de cada tratamiento se realizd con respecto a la proteina L7 (B). Se
muestra laimagen representativa y la densitometria de dos experimentos de manera independiente.
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Fig. 17. La combinacion del calcitriol o e EB1089 con €l lapatinib o € neratinib inhibi6 la
fosforilacion de las proteinas ERK %2y Akt en células de cancer de mama. (A) Las células
SUM-229PE y las células MDA-MB-231 fueron incubadas en ausencia (V) o presencia del
calcitriol (C), el EB1089 (E), el lapatinib (L), €l neratinib (N) solos 0 en combinacién durante 72 h.
Posteriormente, los andlisis de Western blot fueron realizados para detectar la forma fosforilada de
las proteinas ERK 1/2 y Akt, la proteina gliceraldehido 3-fosfato deshidrogenasa (GAPDH) fue
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utilizada como control de carga. Los valores de las células tratadas con €l vehiculo fueron llevados
a l. (B) Lanormalizacién de los valores de cada tratamiento se realiz6 con respecto a la proteina
total de ERK o Akt. Se muestra laimagen representativay la densitometria de tres (SUM-229PE) y
dos (MDA-MB-231) experimentos de manera independiente.

15.8 El tratamiento combinado del calcitriol o el EB1089 con €l lapatinib o el neratinib
inhibid la capacidad clonogénica de células de cancer de mama

Para evaluar la capacidad de las cdlulas SUM-229PE para dividirse y formar colonias
posterior al tratamiento con los antineoplasicos se llevaron a cabo ensayos de

clonogenicidad celular en agar suave.

LaFig. 18 muestraalas células SUM-229PE expuestas a | os diferentes tratamientos solos 0
en combinacion. La formacion de colonias no se vio afectada en las células tratadas con el
vehiculo. En contraste, en las células tratadas con los compuestos individuales (calcitriol,
EB1089, lapatinib y neratinib) la clonogenicidad se vio inhibida drésticamente. De manera
interesantemente, la formacion de colonias en las células expuestas a los tratamientos

combinados fue abatida compl etamente.
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Fig. 18. La combinacion del calcitriol o el EB1089 con € lapatinib o € neratinib inhibi6 la
capacidad clonogénica de células de cancer de mama. Las células SUM-229PE fueron
sembradas en agar suave, posteriormente, las células fueron incubadas con |os tratamientos solos o
en combinacion por 30 dias, y cada 7 dias se redizd un recambio de medio con su respectivo
tratamiento. Las colonias fueron tefiidas con cristal violeta. Se muestran imégenes representativas

de dos experimentos de maneraindependiente.
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16. DISCUSION

Pacientes con tumores que sobreexpresan al EGFR y/o a HER2 tienen peor prondstico,
comportamiento clinico agresivo y resistencia a los tratamientos convencionales [133-135].
Por €ello, la inhibicién de los miembros de la familia EGFR resulta en una estrategia
terapéutica importante en cancer de mamay en otros tipos de tumores [136-138]. Un giemplo
de elo es e uso del lapatinib en pacientes con cancer de mama HER2 positivo, € cual
actualmente esta aprobado como terapia de segunda linea [139]. A este respecto, € gefitinib y
el neratinib también han mostrado reducir la proliferacién de células de cancer de mama que
expresan diferentes niveles de EGFR o0 HER2, a través de inhibir la actividad cinasa de estos
receptores [43, 74, 77, 140].

Por otra parte, el calcitriol ha sido considerado como un potente inhibidor del crecimiento de
células de cancer de mama independientemente de su fenotipo molecular en modelos in vitro e
in vivo [141-144]. Ademés, los efectos antiproliferativos de este compuesto se han evaluado
en varios tratamientos combinados con multiples agentes antineoplasicos en fases preclinicas

y clinicas, dando como resultado un aumento en la actividad antitumoral de los mismos [145].

El principal interés de esta investigacion fue evaluar € efecto antiproliferativo e inductor de
apoptosis de los principales inhibidores de residuos de tirosina cinasa (gefitinib, lapatinib y
neratinib) mayormente estudiados en cancer de mama EGFR o HER2 positivo en combinacion
con € metabolito activo de la vitamina D (calcitriol) y dos analogos sintéticos (EB1089 y
calcipotriol). En este trabagjo se demostrd que la combinaciéon del calcitriol o dos andogos
sintéticos con e gefitinib, el lapatinib o €l neratinib resultd en un mejor efecto antineoplasico
en comparacion con los compuestos de manera independiente en diversos fenotipos tumorales
de cancer de mama [146], lo cua sustenta trabajos previos en donde la adicion del calcitriol en
esquemas de terapia combinada potencia la actividad antineoplésica de varios compuestos
[145].

En lo referente a los efectos inhibitorios del gefitinib en los cultivos celulares, los resultados
mostraron que células de cancer de mama con diferentes fenotipos, es decir, la linea SUM-
229PE, la cual tiene sobreexpresion del EGFR, pero no del HER2 y la linea SK-BR-3, con

sobreexpresion del HER2; fueron igualmente sensibles a este compuesto basado en su valor de

59



Clso, @ cua fue el mismo para ambas lineas celulares. Estos resultados sugieren que €l
potencial clinico del gefitinib no se limita atumores con sobreexpresién del EGFR, como es €l
caso de cancer de pulmon no microcitico donde este farmaco ya es terapia aprobada [147]. Asi
mismo, estos resultados podrian representar una nueva modalidad terapéutica en el tratamiento
de pacientes con tumores EGFR y HERZ2 positivos, |o cua es consistente con reportes previos
[77,78].

En este trabajo, también se compar6 e efecto del lapatinib y el neratinib en la proliferacion de
células de cancer de mama con diferentes fenotipos. De manera general, los resultados
mostraron que € neratinib fue mas potente que e lapatinib y e gefitinib para inhibir la
proliferacion celular, lo cual concuerda con trabgos previos. Asi mismo, la relacion de
potencia entre el neratinib y € lapatinib ya ha sido probada en células de cancer de mama que
sobreexpresan al HER2, donde se concluy6 que la presencia de esta proteina determina la
sensibilidad de células de cancer de mama a estos dos compuestos [148]. Este efecto se vio
reflggado en los resultados mostrados en este trabgjo ya que las células SK-BR-3 fueron
mayormente sensibles a ambos compuestos. Adicionamente, los valores de las Clso del
gefitinib, €l lapatinib y el neratinib obtenidos en este trabgjo en las diferentes lineas celulares
evaluadas son similares a los reportados en otros estudios, 10 que asegura la reproducibilidad
delos datos [ 78, 148].

En lo que respecta a los efectos del calcitriol y sus andlogos en la proliferacion celular, este
estudio mostré que las lineas de cancer de mama estudiadas presentaron diferencias en la
sensibilidad al calcitriol o a sus andlogos. Las lineas més sensibles a calcitriol y al EB1089
fueron SUM-229PE y SK-BR-3. Es importante mencionar que los valores de las Clso de los
compuestos obtenidos en las células de cancer de mama con fenotipo EGFR o HER2 positivo
fueron muy similares a los reportados en trabajos previos en células de cancer de mama con
fenotipo hormonal, sugiriendo que e efecto antiproliferativo del calcitriol y sus andlogos es
independiente de la presencia de | os receptores hormonales; estrégeno y progesterona [149].

Por otro lado, las lineas menos sensibles al calcitriol y sus andlogos fueron HCC1937 y MDA-
MB-231, las cuales presentan fenotipo triple negativo, e cua es pobremente diferenciado y
que se ha reportado que la expresion del VDR puede perderse mas que en otros fenotipos

[150, 151]. A este respecto, muy pocos trabajos han evaluado € efecto del calcitriol en este
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fenotipo molecular de cancer de mama. De hecho, nuestro datos concuerdan con Peng, et al.,
quienes demostraron que la linea MDA-MB-231 no es sensible a los efectos antiproliferativos
del calcitriol [152].

En lo que respecta a las combinaciones del calcitriol con los inhibidores de residuos de
tirosing, existen Unicamente dos estudios fase | que han evaluado €l efecto del calcitriol en
combinacion con € gefitinib. Estos estudios fueron enfocados a determinar las dosis maximas
toleradas de la combinacion de estos farmacos por via intravenosa en paciente con tumores
solidos, incluyendo Unicamente un paciente con cancer de mama. La conclusion de estos
estudios fue que la combinacidon del calcitriol con € gefitinib no estaba asociada con €l
incremento en la sobrevida del paciente, sin embargo, € fenotipo molecular de los tumores no
fue caracterizado [115, 153]. Considerando que los blancos moleculares del gefitinib son €
EGFR y e HER2 [43, 77] en este trabgo se utilizaron lineas celulares que tuvieran la

expresion de estos receptores para estudiar |os efectos de dicha combinacion.

Por otro lado, trabgjos anteriores han reportado que la administracion independiente del
calcitriol, del EB1089 o de diversos inhibidores de residuos de tirosina cinasa inhiben la
proliferacion e inducen apoptosis en células de cancer de mama [43, 78, 154-156], sin
embargo, cuando son co-administrados con otros tipo de compuestos como antineoplasicos,
inhiben mayormente la proliferacion celular [78, 141, 157, 158], indicando que la terapia
combinada tiene mejores resultados que la monoterapia. A este respecto, la co-administracion
del calcitriol o e EB1089 con € gefitinib, € lapatinib o € neratinib inhibié mayormente la
proliferacion celular en comparaciéon con los compuestos administrados de manera
independientemente en todas las lineas de cancer de mama utilizadas.

Cabe destacar que a pesar de que €& cultivo primario, asi como la linea MDA-MB-231
mostraron resistencia de novo a los compuestos, cuando las células fueron expuestas a las
diferentes combinaciones de farmacos la resistencia a los agentes fue revertida. Este evento
podria deberse a la capacidad del calcitriol para inducir diferenciacion celular [159] y asi las
células se sensibilizan alos efectos inhibitorios de los ITC.

La mayoria de las combinaciones probadas en este trabajo mostraron tener un efecto sinérgico
para inhibir la proliferacion celular. De manera notable, la linea celular SUM-229PE fue la

61



mas sensible a la combinacion de los ITC con € calcitriol o e EB1089, con respecto a las
otras lineas celulares utilizadas. Es importante destacar que las concentraciones utilizadas de
todos los compuestos probados son alcanzables terapéuticamente en los niveles séricos en
sangre humana, como se menciona en estudios previos [115, 153, 160-163]. Los esquemas de
combinacion probados en esta investigacion podrian participar en la reduccion de los efectos
secundarios de los inhibidores de tirosina, debido a que la adicidn del calcitriol o su analogo al
esguema de terapia combinada permite el uso de concentraciones bajas de los inhibidores de
residuos de tirosina en el ambito terapéutico, pero con potenciacion de su efecto

antineoplasico.

Adicionalmente, los resultados mostraron que el tratamiento combinado del calcitriol o e
EB1089 con e gefitinib disminuyd significativamente la expresién génica del EGFR en la
linea celular SUM-229PE. A este respecto, se ha reportado que la regiéon promotora del EGFR
posee elementos de respuesta a vitamina D [38] y que €l calcitriol decrece las proteinas de
union del ligando (EGF) del EGFR en células de cancer de mama [26]. Los resultados
obtenidos sugieren que la combinacion del calcitriol o e EB1089 con e gefitinib tiene como
blanco molecular a EGFR, a través de disminuir su expresion génica y de bloguear su
sefidlizacion. Con respecto alainhibicion de la sefiaizacion del EGFR y HER2, se ha descrito
que el gefitinib, el lapatinib o € neratinb, son capaces de inhibir la fosforilacion de las
proteinas ERK y Akt [43, 52, 65, 78, 140, 164].

En este trabajo se observo que € tratamiento combinado de los ITC con € calcitriol o su
analogo EB1089 disminuyd en mayor medida la fosforilacion de las proteinas ERK y Akt en
comparacion con los tratamientos individuales en las lineas SUM-229PE y MDA-MB-231,
que se caracterizan por sobreexpresar al EGFR. Los resultados anteriores notablemente
sugieren que cualquiera de los esquemas combinados del calcitriol o el EB1089 con €
gefitinib, el lapatinib o el neratinib podria ser Util para la terapia de pacientes con cancer de
mama gue tenga sobreexpresion del EGFR.

El blogueo de la sefializacion del EGFR y € HER2 por gefitinib y e lapatinib induce a
mediador de apoptosis BIM [53, 165, 166]. Ademas, € incremento de este marcador se ha
asociado con la prevencion de procesos como metastasis y quimioresistencia [167]. La

administracion conjunta del calcitriol o e EB1089 con e gefitinib indujo en mayor medida la
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expresion genica y proteica de BIM en comparacion con la administracion del gefitinib de
manera independiente en la linea celular SUM-229PE. Ademas, € marcador anti-apoptético
Bcl-2 esta sobreexpresado en muchos tipos de cancer y contribuye a la iniciacion tumoral,
progresion y resistencia a laterapia [168, 169]. En este sentido, € tratamiento combinado del
gefitinib con e calcitriol o el EB1089 inhibid la expresion de este marcador en lalinea SUM-
229PE. Estos resultados sugieren que € tratamiento combinado podria participar en la

prevencion de procesos metastasicos y deresistencia alaterapia.

Debido a la participacion de Bcl-2 y de BIM en la activacion de la apoptosis intrinseca, la
induccion de la forma activa de la caspasa 3 y las modificaciones en e perfil del ciclo celular
fueron evaluadas en lalinea celular SUM-229PE [170, 171]..

El gefitinib, el lapatinib y €l neratinib per se incrementaron €l pico SubG1 y disminuyeron €
porcentgje de células en la fase de sintesis y mitosis, efectos que ya han sido reportados en
estudios previos [77, 172]. Sin embargo, la adicién del calcitriol o su andlogo a estos
inhibidores incrementaron notablemente & porcentaje de fragmentos celulares correlacionado
con el aumento del porcentaje de células positivas a la caspasa 3. Cabe resatar que en los
esquemas de combinacion donde se utiliza e EB1089 se encontré el mayor porcentaje de
muerte celular. Esto podria deberse aque € andlogo por si solo es mas potente que el calcitriol
parainducir apoptosis en células de cancer de mama, como previamente se ha reportado [173].
Este resultado sustenta el uso de compuestos andlogos de lavitamina D como adyuvantes en €l
tratamiento del cancer debido a sus efectos antineoplésicos y bajos efectos calcémicos.
Posteriores investigaciones en modelos in vivo serian de gran relevancia para corroborar este
efecto.

En lo que respecta a los resultados en la linea celular SK-BR-3, la cual caracteriza a fenotipo
HER?2 positivo, los resultados mostraron que € tratamiento independiente con € gefitinib,
lapatinib o €l neratinib tuvo una buena respuesta para inhibir la proliferacion celular, ademés,
cualquiera de los esquemas de combinacién inhibié mayormente la proliferacion celular en
comparacion con los tratamientos de manera independiente. Adicionalmente, las
combinaciones inhibieron la expresion del gen Bcl-2 e incrementaron la expresion del gen

FOXO3a, lo cua se haatribuido a una mejor respuesta en laterapia[169, 174].
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Es la primera vez que se reporta que el calcitriol o el EB1089 disminuyeron drasticamente la
capacidad clonogénica celular en cancer de mama EGFR o HER2 positivo. Estos resultados
permiten generar nuevas hipétesis de investigacion de estos compuestos para frenar la
invasividad de células tumorales. Los tratamientos del lapatinib y €l neratinib también
disminuyeron la formaciéon de colonias y sobresalientemente, la capacidad clonogénica fue
inhibida completamente en la administracion conjunta de los antineopléasicos. De acuerdo a
reportes previamente publicados podria sugerirse que los tratamientos combinados probados
en este trabgjo inhiben la carcinogénesis celular, una caracteristica conocida dentro de las
marcas del cancer [175]. Asi mismo, la capacidad de una célula para formar colonias en este
tipo de ensayos se ha asociado importantemente con el potencia de las células cancerosas para
causar una recaida posterior a tratamiento en modelos in vivo [176]. Por lo que, posteriores
investigaciones en modelos in vivo serian de gran relevancia para corroborar este efecto. Asi
mismo, la busqueda de diversos mecanismos moleculares de la actividad antineoplésica del
calcitriol o su analogo en combinacion con los inhibidores de residuos de tirosina cinasa es
necesaria para optimizar las aplicaciones clinicas de estos compuestos en cancer de mama con

sobreexpresion en e EGFR.

Adicionalmente, de este trabgjo surgen nuevas propuestas de investigacion sobre los
mecanismos implicados del calcitriol o su anadogo EB1089 en combinacion con los ITC para
entender las diferentes vias involucradas en lainhibicidn sinérgicade la proliferacion celular y
también para prevenir la resistencia adquirida a estos farmacos. En este sentido, €l calcitriol ha
mostrado inhibir la expresion proteica de la subunidad alfa del factor inducido por hipoxia
(HIF-1a) [177], la cual esta relacionada con la adaptacion metabolica, la progresion celular y
la resistencia al lapatinib [178]. El calcitriol también puede inhibir la expresion génica de
diversos receptores, incluidos aquellos con actividad tirosina cinasa, asi como sus ligandos, |os
cuales estan relacionados con los procesos de generacion de resistencia adquirida alos ITC
[179-181]. Algunos gemplos de blancos moleculares inhibidos por el calcitriol son; €
receptor del factor de crecimiento de hepatocitos (c-MET), el cua esta asociado en procesos
de migracion, invasion y proliferacion celular [182, 183], los receptores Notch, los cuaes
promueven la progresion y procesos de metastasis en cancer [184], € ligando del IGFR-1, €
cual participaen el crecimiento celular de tumoresy lainhibicion de apoptosis [185]. Ademas,

el cacitriol inhibe la accion de las metaloproteinas, las cuales son enzimas que favorecen la
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invasion celular y metastasis, a través de degradar la matriz extracelular [186].
Adicionalmente, el calcitriol tiene importantes acciones como inmunomodulador en diversas
estirpes celulares del sistema inmune y también inhibe la expresion de interleucinas
inflamatorias | as cuales favorecen procesos patol 6gicos como & cancer [187]. Futuros estudios
sobre estos y otros mecanismos serian de relevancia terapéutica para dar soporte a uso del

calcitriol en esquemas combinados con los ITC en cancer de mama.
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17. CONCLUSIONES

El tratamiento simultaneo del calcitriol o e EB1089 con e gefitinib, e lapatinib o e
neratinib en células de cancer de mama con EGFR y/o HER2 positivo mostré ser
significativamente mejor para inhibir la proliferacion e inducir apoptosis. Estos efectos
fueron mediados por la modulacién de las vias PI3K/Akt y MAPK, asi como € incremento
de la proteina BIM y la inhibicion de Bcl-2, 1o cual resultd en la activacion de la via

apoptéticaintrinseca regulada por la caspasa 3 activa, Fig 19.

El tratamiento combinado del lapatinib o el neratinib con €l calcitriol o el EB1089 inhibio

por completo laformacion de colonias celulares.

Los diferentes esquemas de combinacién probados en este trabajo podrian ser una aternativa
terapéutica para pacientes con cancer de mama EGFR y/o HER2 positivo, los cuales tienen
pocas opciones de tratamiento.
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Fig. 19. Mecanismo de accion de la combinacion del calcitriol o el EB1089 con el gefitinib, €
lapatinib o e neratinib en células de cancer de mama. Posterior a la unién de sus ligandos, los
factores de crecimiento (FC), los miembros de la familia EGFR forman heterodimeros y se
fosforilan en sus residuos de tirosing, 0 que resulta en la activacion de vias de sefidizacion rio
abgjo. Sin embargo, debido a su peguefio tamafio los inhibidores de residuos de tirosina cinasa
(gefitinib (G), lapatinib (L) o neratinib (N)) atraviesan la membrana celular y se une a su
correspondiente blanco molecular. El cacitriol o e EB1089 (VD), por su carécter lipofilico,
difunden la membrana celular y se unen a su receptor nuclear (VDR). La accion del tratamiento
combinado bloguea la fosforilacion de las vias MAPK y AKT lo que resulta en el incremento de la
expresion del marcador pro-apoptético BIM y la inhibicion de la expresion del marcador anti-
apoptotico, Bcel-2. Estos efectos incrementan la caspasa 3 activa, con la consecuente induccion de la
apoptosis e inhibicion de la capacidad clonogénica celular.

o
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18. PESPECTIVAS

* Indagar s € efecto del calcitriol y el EB1089 es a través de su receptor especifico usando
un antagonistadel VDR.

*Determinar € efecto del calcitriol o su andogo EB1089 en un modelo de tratamiento
neoadyuvante y adyuvante en cancer de mama.

* Investigar si €l calcitriol 0 e EB1089 pueden frenar o revertir la generacion de resistencia
adquirida alos inhibidores de residuos de tirosina cinasa en cancer de mama.

* Evauar d efecto de estas combinaciones en modelos in vivo.
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ARTICLE INFO ABSTRACT

Article history: Coexpression of EGFR and HER2 has been associated with poor disease outcome, high rates of metastasis
Received 15 August 2014 and resistance to conventional treatments in breast cancer. Gefitinib, a tyrosine kinase inhibitor, reduces
Received in revised form 6 December 2014 both cell proliferation and tumor growth of breast cancer cells expressing EGFR and/or HER2. On the
Q‘C/gielg;el‘: l?]lli::leeci?l]?)eercjr?:b‘ler 2014 other hand, calcitriol and some of its synthetic analogs are important antineoplastic agents in different

breast cancer subtypes. Herein, we evaluated the effects of the combined treatment of gefitinib with
calcitriol or its analogs on cell proliferation in breast cancer cells.

Iéeeyﬁv;z;iS: The presence of EGFR, HER2 and vitamin D receptor were evaluated by Western blot in two established
Calcitriol breast cancer cell lines: SUM-229PE, SKBR3 and a primary breast cancer-derived cell line. The
Vitamin D analogs antiproliferative effects of gefitinib alone or in combination with calcitriol and its analogs, calcipotriol
Breast cancer and EB1089, were assessed by growth assay using a DNA content-based method. Inhibitory
HER2 concentrations on cell proliferation were calculated by non-linear regression analysis using sigmoidal
EGFR fitting of dose-response curves. Pharmacological effects of the drug combinations were calculated by the

Chou-Talalay method. Phosphorylation of ERK1/2 MAPK was evaluated by Western blot. Gene expression
of EGFR, HER2 and BIM was assessed by real time PCR. BIM protein levels were analyzed in cells by flow
cytometry. The effects of the drugs alone or combinated on cell cycle phases were determined using
propidium iodide. Apoptosis was evaluated by detection of subG1 peak and determination of active
caspase 3 by flow cytometry.

Gefitinib, calcitriol, calcipotriol and EB1089 inhibited cell proliferation in a dose dependent manner.
The combinations of gefitinib with calcitriol or its analogs were more effective to inhibit cell growth than
each compound alone in all breast cancer cells studied. The gene expression of EGFR and HER2 was
downregulated and not affected, respectively, by the combined treatment. Furthermore, phosphorylation
of ERK 1/2 was inhibited a greater extent in co-treated cells than in the cells treated with alone
compounds. The combination of gefitinib with calcitriol or their synthetic analogs induced apoptosis in
SUM-229PE cells, this was shown by the significant upregulation of BIM protein levels, higher
percentages of cells in subG1 peak and increase of caspase 3-positive cells.

The combination of gefitinib with calcitriol or their synthetic analogs resulted in a greater
antiproliferative effect than with either of the agents alone in EGFR and HER2 positive breast cancer

Abbreviations: CK-7, cytokeratin 7; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; FSC-A, forward scatter area; FSC-H, forward scatter
height; GI, growth inhibitory; HER2, epidermal growth factor receptor type II; IC, inhibitory concentration; MFI, mean fluorescence intensity; TKI, tyrosine kinase inhibitors;
VDR, vitamin D receptor.
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cells. The mechanistic explanation for these results includes downregulation of MAPK signaling pathway,
decrease of cells in G2/M phase and induction of apoptosis mediated by upregulation of BIM and

activation of caspase 3.

This article is part of a Special Issue entitled ‘17th Vitamin D Workshop'.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The ErbB or epidermal growth factor receptor (EGFR) family
consists of four members: EGFR/HER1/ErbB1, HER2/ErbB2,
HER3/ErbB3, and HER4/ErbB4. Ligand binding to the receptors
induces the formation of homo- and heterodimers and activation
of the kinase domain, resulting in phosphorylation of specific
tyrosine residues. Phosphorylation triggers several signaling
pathways such as the PI3K/Akt and the Ras/Raf/MEK/MAPK
that promotes cell proliferation, survival, adhesion, migration
and differentiation [1,2]. Although HER2 has no ligands,
this receptor is activated via heterodimerization with ligand-
activated ErbB receptors. HER2 overexpression occurs in about
20-30% of patients with breast cancer [3,4]. Notably, EGFR
and HER3 are the major partners of HER2 [5,6]. Coexpression of
EGFR/HER2 has been observed in 10-36% of all primary human
breast carcinomas, and it has been associated with a more
aggressive clinical behavior when compared with those tumors
that express a single receptor [7-9]. Therefore, drugs that
selectively inhibit these targets represent good therapeutic
alternatives for HER2 and EGFR-positive breast cancer tumors.
In this regard, small molecule tyrosine kinase inhibitors (TKIs)
have been developed. Gefitinib, a TKI, has been approved by the
FDA for treatment of advanced non-small cell lung carcinoma
with activating EGFR mutations [10]. In addition, gefitinib has
been shown to reduce cell proliferation and tumor growth
in breast cancer cell lines or under in vivo conditions in
xenografted animals with different levels of EGFR or
HER2 expression [11-13]. Interestingly, gefitinib is more potent
in inhibiting proliferation of breast cancer cells with a high
and low levels of HER2 and EGFR respectively, compared to

those cells with high levels of EGFR [11,13]. Gefitinib effects on
HER2 and EGFR-expressing breast cancer cells are mediated by
the inhibition of Akt and MAPK signaling pathways [11-14]. In
addition, in these cells, gefitinib induces cell cycle arrest in
G1 phase and an increase of pro-apoptotic BIM protein expression
[2,11,15].

Calcitriol, through its nuclear vitamin D receptor (VDR),
exerts an important antitumor activity [16]. In this regard,
epidemiological studies have demonstrated an association
between low levels of calcidiol, the precursor of calcitriol, with
an increased risk of developing breast cancer and tumor
progression [17,18]. VDR expression is found in 90% of all human
breast tumors, which correlates with a longer disease-free
survival compared with VDR-negative tumors [19]. Among the
mechanism by which calcitriol exerts its antiproliferative activity
are those related with cell cycle arrest, stimulation of cell
differentiation and regulation of anti-apoptotic proteins [20-22].
Recent observations from this laboratory have shown the
important antiproliferative effects of calcitriol alone or combined
with other antineoplastic agents [23,24]. The main drawback for
calcitriol clinical use is that high doses of calcitriol induces
disturbances in calcium homeostasis [25]. To overcome this
unwanted secondary effect of calcitriol, numerous synthetic
vitamin D analogs have been developed. EB1089 and calcipotriol
are vitamin D synthetic analogs that retain the ability to inhibit
cell proliferation and induce cell differentiation while display
reduced calcemic activity. Interestingly, calcitriol and its analog
EB1089 downregulate EGFR levels in both ovarian and breast
cancer cell lines [26,27].

Taking into account all these observations, the aim of this
study was to investigate the effects of a combination of gefitinib
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with calcitriol or its analogs upon cell proliferation in breast
cancer cells.

2. Material and methods
2.1. Reagents

Cell culture medium was obtained from Life Technologies
(Grand Island, NY, USA). Fetal bovine serum (FBS) was from
Hyclone Laboratories Inc., Gefitinib (Iressa, ZD1839) was kindly
donated by AstraZeneca (Wilmington, DE, USA). calcitriol (1¢,25-
Dihidroxivitamina D3) and calcipotriol (MC 903) were purchased
from Sigma (St. Louis, MO, USA). EB1089 (seocalcitol) was obtained
from Tocris Bioscience (Bristol, United Kingdom). TRIzol and the
oligonucleotides for real time polymerase chain reaction (qQPCR)
were from Invitrogen (CA, USA). The TagMan master reaction,
probes, capillaries and transcriptor first strand cDNA kit were
purchased from Roche (Roche Applied Science, IN, USA). RNase A
solution was from Promega (Madison, WI, USA). Propidium iodide
was obtained from Sigma.

2.2. Cell culture

The primary breast cancer cell culture (MBCDF) was generated
from a biopsy obtained from a radical mastectomy performed on a
patient with an infiltrating ductal carcinoma stage IV. The protocol
was approved by the Committee of Ethics and Research from the
National Institute for Medical Sciences and Nutrition “Salvador
Zubiran” (INCMNSZ) Ref 1549, BQO-008-06/9-1) [28]. Cells were
maintained in humidified atmosphere with 5% CO, at 37°C in
RPMI-1640 medium supplemented with 100 units/mL penicillin
plus 100 pg/mL streptomycin and 5% heat-inactivated fetal bovine
serum. The EGFR-overexpressing SUM-229PE (Asterand, San
Francisco, CA) and the HER2-overexpressing SKBR3 (ATCC,
Manassas, VA, USA) established cell lines were cultured and
maintained following indications from the supplier.

2.3. Western blot

Cells were lysed in a buffer containing HEPES 50 mM pH 7.4,
NaCl 250mM, EDTA 5mM, Nonidet P-40 0.1%, NaF 10mM,
[-glycerophosphate 50 mM, Na3VO, 1 mM and complete EDTA-
free protease inhibitors cocktail (Sigma, St. Louis, MO, USA). 25 j.g
of protein were separated in SDS-PAGE, transferred to polyvinyli-
dene difluoride membranes Immobilon-P (Sigma) and blocked
with milk 5% in PBS-tween for 1h. Membranes were incubated
overnight at 4 °C with anti-EGFR (1:1000, Santa Cruz Biotechnolo-
gy Inc., CA, USA), anti-HER2 (1:1000 Santa Cruz), anti-VDR (1:500,
Santa Cruz), or anti-phospho-p44/42 MAPK (ERK1/2, 1:1000, Cell
Signaling, Danvers, MA). Then membranes were washed and
incubated with HRP-conjugated secondary antibody (1:5000) for
1 h at room temperature. For normalization, blots were stripped in
boiling stripping buffer (2% w/v SDS, 62.5 mM Tris-HCI pH 6.8,
100 mM 2-mercapto-ethanol) for 30 min at 50 °C and sequentially
incubated with mouse anti-3 actin (1:5000, Santa Cruz Biotech-
nology Inc.), anti-ribosomal protein L7a (1:800, Cell Signaling),
anti-rabbit-HRP (1:4000, Jackson ImmunoResearch Laboratories)
and anti-mouse-HRP (1:10000, Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA, USA). Proteins were detected with ECL-
Plus western blotting detection system (GE Healthcare, UK) and
visualized using the Bio-Rad ChemiDoc XRS detection system (Bio-
Rad Hercules, CA). Densitometry was performed with Image Lab
software (Bio-Rad).

2.4. Proliferation and drug combination treatment

The cells were seeded in 96-well culture plates by sextuplicate
atadensity of 200-2000 cells/well depending on the cell line. After
24h, cells were incubated in the presence of different concen-
trations of gefitinib, calcitriol, calcipotriol and EB1089 or vehicle
alone (0.1%v/v ethanol or dimethyl sulfoxide) for 7 days. Cell
proliferation was determined by using a DNA content-based
method (CyQUANT Kkit, Invitrogen) according to manufacturer’s
instruction. Inhibitory concentrations 20% and 50% (ICyg and ICsg)
values were obtained by non-linear regression analysis using
sigmoidal fitting with a dose-response curve by means of a
scientific graphing software (Origin 5, OriginLab Corporation,
Northampton MA). Combination of gefitinib with calcitriol or its
synthetic analogs were performed using the IC,¢ and IC5g values. In
order to determine the pharmacologic effect of the different drug
combinations we used the combination index equation described
by Chou-Talalay [29]. For this analysis, synergy is defined as
combination index values <1.0, antagonism as values >1.0, and
additivity as a value =1.0.

2.5. Reverse transcriptase-qPCR amplifications

For BIM and EGFR gene expression analysis, the SUM-229PE and
SKBR3 cells were incubated in the presence of different
combinations of gefitinib with calcitriol or EB1089 during 24 h.
RNA was extracted with TRIzol reagent and then subjected to
reverse transcription. Probes and primers for qPCR amplification
were designed with the Universal Probe Library Assay Design
Center from Roche. Real-time PCR was carried out using the
LightCycler 2.0 from Roche (Roche Diagnostics, Mannheim,
Germany), according to the following protocol: activation of Taq
DNA polymerase and DNA denaturation at 95°C for 10min,
proceeded by 45 amplification cycles consisting of 10s at95°C,30s
at60°C, and 1s at 72 °C. The following oligonucleotides were used:
BIM-L, 5-GCTGTGGAGGCTGAATCC-3'; BIMR, 5'-
TCGGCTGCTTGGTAATTATTC-3’; EGFR-L, 5-GCCTTGACTGAGGA-
CAGCA-3’; EGFR-R, 5-TTTGGGAACGGACTGGTTTA-3'; HER2-L, 5'-
GGGAAACCTGGAACTCACCTA-3’; HER2-R, 5'-CCCTGCACCTCCTG-
GATA-3'. The gene expression of the housekeeping gene glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) GAPDH-L, 5'-
AGCCACATCGCTCAGACAC-3’; GAPDH-R, 5'-GCCCAATACGAC-
CAAATCC-3’ was used as an internal control. Data obtained from
gPCR were analyzed using the AACt method.

2.6. Analysis of BIM protein levels

SUM-229 PE cells were incubated with the combination of
gefitinib plus calcitriol or EB1089 for 48 h. Then, BIM protein levels
were analyzed by flow cytometry. After treatment, cells were
harvested, fixed with formaldehyde 16% (v/v) and permeabilized
with methanol 90% (v/v). Next, cells were incubated with
unlabeled rabbit anti-BIM polyclonal antibody (Cell Signaling),
or corresponding isotype control antibody at room temperature for
40 min. For detection of BIM, cells were washed and incubated
with alexa 488 mouse anti-rabbit (Molecular Probes, Eugene OR)
mADb at room temperature for 40 min. After washing, cells were
analyzed by flow cytometry.

Forward scatter area (FSC-A) vs. forward scatter height (FSC-H)
contour-plot graph was used to gate out cell aggregates. Next, FSC-
A vs. SSC-A contour-plot graphs were done for cellular debris,
necrotic cells exclusion and selection of tumor cells. Then, mean
fluorescence intensity (MFI) for BIM molecule was obtained by
histograms.
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2.7. Detection of active caspase 3

SUM-229PE cells were incubated with the combination of
gefitinib plus calcitriol or EB1089 for 72h. Then, FITC Active
Caspase-3 Apoptosis Kit (BD Pharmingen, CA, USA) was used to
determine the presence of active caspase 3-positive cells,
according to the manufacturer’s instructions. Briefly, cells were
collected, washed with PBS, resuspended in BD Cytofix/Cytoperm
buffer and incubated for 20min at 4°C. The suspension was
centrifuged and washed twice with BD Perm/Wash buffer.
Afterwards, cells were incubated with fluorescein isothiocyanate
(FITC) anti-active caspase 3 antibody for 30 min. The samples were
washed and resuspended with BD Perm/Wash buffer and analyzed
using a FACsCanto II flow cytometer (Becton Dickinson, San Jose,
CA, USA). Forward scatter area (FSC-A) vs. forward scatter height
(FSC-H) contour-plot graph was used to gate out cell aggregates.
Next, FSC-A vs. SSC-A contour-plot graphs were done for cellular
debris exclusion and selection of tumor cells. A total of
20,000 events were acquired from the gate of tumor cells. Then,
percentage of active caspase 3-positive cells was obtained from
FSC-A vs. FITC active caspase 3 contour-plot.

2.8. Cell cycle distribution
SUM-229PE cells were incubated with the combination of

gefitinib plus calcitriol or EB1089 during 96 h. After treatment, the
cells were collected, washed with PBS, fixed in ethanol 70% v/v and
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kept at —20°C. For cell cycle analysis, samples were washed twice
with PBS pH 7.2, and incubated in a solution containing RNAse
(10 pg/mL), Triton X-100 0.1% (v/v) and propidium iodide (PI) 1 g/
mL in the dark at room temperature for 20 min. DNA content was
determined using a FACsCanto II flow cytometer. A total of 35,000
events from Pl-area vs. PI-wide gate were acquired. For cell cycle
analysis and subG1 peak detection Flow-Jo (Tree Star Inc., version
9.3.2) software was used.

2.9. Statistical analyses

Data are expressed as the mean =+ standard deviation (S.D.).
Statistical analyses were determined by one-way ANOVA followed
by the Holm-Sidak method, using a specialized software package
(Sigmastat, Jandel Scientific).

3. Results
3.1. Cell characterization

SUM-229PE, SKBR3 and MBCDF cells were characterized by
western blot to corroborate the presence of gefitinib and calcitriol
molecular targets. All cell lines were VDR and HER2 positive. Only
in the MBCDF cell line the presence of EGFR could not be detected
(data not shown).
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Fig.1. Gefitinib, calcitriol and its synthetic analogs antiproliferative effects in cultured breast cancer cells. SUM-229PE (M), SKBR3 (@) and MBCDF (A ) cells were incubated in
the presence of different concentrations of gefitinib (A), calcitriol (B), calcipotriol (C), or EB1089 (D) during 7 days. Cell proliferation was evaluated by determination of DNA
using the CyQUANT kit. Results are the mean =+ S.D. of sextuplicate determinations and represent at least three different experiments. Data from vehicle-treated cells were

normalized to 100%.
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Table 1
Inhibitory concentrations (IC) 5o and 5o values of gefitinib, calcitriol and its synthetic
analogs on breast cancer cells proliferation.

Compound IC SUM-229PE SKBR3 MBCDF
(mol/L) (mol/L) (mol/L)
Gefitinib 20 1.6x 1078 2.5%x1078 20x107°
50 1.5x 1077 1.5x1077 30x10°°
Calcitriol 20 46x107° 46x1071° 74 x107°
50 14x 1078 24x107° 1.7x1078
Calcipotriol 20 13x10™" 53x1071° 1.6 x107°
50 40x1071° 53 x107° 12x1078
EB1089 20 2.0x1071° 43x1071° 23x1071°
50 2.7x107° 7.5x1071° 1.6 x107°

3.2. Antiproliferative effects of gefitinib, calcitriol and its analogs in
breast cancer cells

Cells were incubated in the presence of different concentrations
of gefitinib, calcitriol or its analogs during 7 days and the
antiproliferative response was evaluated. As shown in Fig. 1, the
compounds inhibited cell proliferation in a dose dependent
manner in all breast cancer cell lines, but the sensitivity of the
cells to the compounds varied among cell lines (Fig. 1A-D). Based
on the calculated ICsq values (Table 1), SUM-229PE and SKBR3 cell
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Fig. 2. Combination index values obtained in the established breast cancer cell lines
exposed to different schemes of drug combinations. SUM-229PE (A) and SKBR3 (B)
cells were incubated with the next drug combinations; gefitinib: vitamin D
compounds; 20:20 (@); 20:50 (W); 50:20 (O); and 50:50 (A). The combination
index was calculated with a mathematical model developed by Chou and Talalay.
The data points below combination index values of 1 denoted by a horizontal line on
each plot are indicative of synergistic interactions.

lines showed similar sensitivity to gefitinib. Nevertheless, MBCDF
cells showed an ICso value around 10-fold higher than that
obtained with the established cell lines. The sensitivity to calcitriol
considering ICsq values was: SKBR3 > SUM-229PE > MBCDF, while
for calcipotriol and EB1089: SUM-229PE > SKBR3 > MBCDF; and
SKBR3 > MBCDF > SUM-229PE, respectively.

3.3. Effects of gefitinib in combination with calcitriol or its synthetic
analogs on cell growth

The breast cancer cell lines were treated with gefitinib, calcitriol
or vitamin D analogs at their corresponding IC, and ICsq values for
each cell line. Treatment was done individually or in combination
and the cell growth was then analyzed. As depicted in Table 2,
incubations in the presence of gefitinib in combination with
calcitriol, calcipotriol or EB1089 resulted in a significant and more
robust inhibition of cell growth than that obtained with each drug
alone in most of the combinations used (Table 2). A combination
index equation, as described under material and methods, was
used to determine the pharmacological effects resulting from drug
combinations. As depicted in Fig. 2, in SUM-22PE cells combination
of gefitinib (ICso) with any of the vitamin D compounds (ICo or
ICs0) resulted in a synergistic interaction as shown by combination

Table 2
Growth inhibitory effects (GI%) exerted by gefitinib, calcitriol and its analogs alone
or in combination in breast cancer cells.

SUM-299PE
Compound IC GI% Gefitinib ICyq Gefitinib IC5q
GI%=8.2+6.6 GI%=64.06 +7.8
Combinations Combinations
GI% GI%
Calcitriol 20 82 + 127 39.2+16.8% 86.0+7.7¢
50 48.6 + 17.1 41.9+109 92.6 +4.1°
Calcipotriol 20 16.7 + 13.8 16.3+16.4 63.8+9.2
50 24.0 + 14.6 3734213 70.5+8.9
EB1089 20 5.7 £ 11.5 49+1.7 55.4+7.5°
50 293 + 16.0 3324135 75.6 +£6.9°
SKBR3
Compound IC GI% Gefitinib 1Cyq Gefitinib ICsq
GI%=15.23+12.0 GI%=51.5+134
Combinations Combinations
GI% GI%
Calcitriol 20 51 +382 44.8 +13.6° 33.9+5.1°
50 144 + 8.6 55.1 +14.4° 49.9 £ 6.6
Calcipotriol 20 70 £ 7.7 52.1+12.0° 43.14+9.8%
50 26.0 + 8.9 62.4+13.6" 59.9 +5.8°
EB1089 20 83 +84 49.2+13.7° 46.2+7.0
50 32.8 & 11.6 57.5+12.6" 59.4+5.8°
MBCDF
Compound IC GI (%) Gefitinib 1Cyq Gefitinib ICsq
GI%=9.4+12.0 GI%=23.5+11.8
Combinations Combinations
GI% GI%
Calcitriol 20 18.5 + 10.6 32.2+13.2¢ 41.9 +£12.5°
50 115 + 16.0 53.8+13.6% 56.4 +11.9%
Calcipotriol 20 139+ 9.9 33.24+13.5¢ 38.7 +11.9°
50 24.6 + 6.3 39.0+9.7° 44.6 +11.2°
EB1089 20 16.0 + 10.3 32.0+11.1° 249+75
50 271 £ 9.9 39.5+12.0 46.6 +9.2°

Results are expressed as the mean + S.D. percent growth inhibition of sextuplicate
determinations and represent at least three different experiments.
¢ p<0.001 vs. each drug alone.



M. Segovia-Mendoza et al./Journal of Steroid Biochemistry & Molecular Biology 148 (2015) 122-131 127

A160 )

=] * *
% I
S 128

: 1

% 9 -

E

2

&) 64 1

=

<

Z 3

E

EBIOSY - + - + - + - +
Gefitinib - - + + - -+ o+
B

P-MAPK S = S

L7a --Q*’_—“

1.0 1

Integrated density

v C EB G C EB

G

Fig. 3. Inhibition of EGFR gene expression and ERK1/2 phosphorylation by the
combinations of the compounds in breast cancer cells. (A) SUM-229PE cells (black
bars) were incubated with the corresponding ICsq values of EB1089, gefitinib and
their combination during 24 h. SKBR3 cells (white bars) were incubated with the
corresponding ICyo values of compounds. Subsequently, mRNA was extracted and
qPCR was performed. Results shown are the mean +S.D. of EGFR/GAPDH mRNA
normalized ratio of three independent experiments per triplicate. Vehicle-treated
cells were arbitrarily given a value of 100. *p < 0.05 vs. each compound alone. (B)
SUM-229PE cells were incubated in absence (V) or presence of gefitinib (G),
calcitriol (C), EB1089 (EB) and drug combinations during 48 h. Western blot analysis
was done to detect ERK1/2 (Thr202/Tyr204) phosphorylation and ribosomal protein
L7a was used as a loading control. The value of vehicle-treated cells was set to one.
Representative image from two independent experiments is shown.

index values <1 (Fig. 2A). In SKBR3 cells the synergistic effect was
obtained with combinations of gefitinib (IC,q or ICsp) plus vitamin
D compounds (ICyp) (Fig. 2B). In an EGFR negative cell line such as
MBCDF the drug combinations, although inhibitory, did not result
in a synergistic effect upon cell growth.

3.4. Treatment of breast cancer cells with gefitinib in combination with
calcitriol or EB1089 inhibited the MAPK signaling pathway

In order to elucidate the possible mechanisms implicated in the
antiproliferative effects of drug combinations, we evaluated EGFR
and HER2 gene expression and the effect in MAPK signaling
pathway, in the breast cancer cell lines where synergistic effect
was observed. For these experiments, SUM-229PE (Fig. 3A, black

bars) and SKBR3 (Fig. 3A, white bars) cell lines were cultured in the
absence or presence of different drugs alone or in a combined
fashion. The results demonstrated that combined treatment of
gefitinib with EB1089 significantly downregulated EGFR gene
expression when compared to each drug alone in both cell types. In
contrast, HER2 gene expression was not affected (data not shown).
The combination of gefitinib with calcitriol showed a tendency to
decrease EGFR mRNA levels in both SUM-229PE and SKBR3 cell
lines (data not shown).

Given that drug combinations downregulated EGFR gene
expression, we decided to examine two of the members of the
growth/survival transduction pathways downstream of EGFR and
HER2; namely, ERK1/2 in the SUM-229PE cell line. Our results
showed that the combination of gefitinib with calcitriol or
EB1089 decreased the amounts of the phosphorylated form of
ERK1 and ERK2 MAPK when compared to each drug alone (Fig. 3B).

3.5. Gefitinib combined with calcitriol or EB1089 induced apoptosis
and diminished the percentage of cells in G2/M-phase

Based in our results regarding inhibition of cell proliferation
with the drug combinations, we decided to perform cell cycle
analysis and evaluate the involvement of BIM and caspase 3, as
mediators of apoptosis in breast cancer cells.
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Fig. 4. Gefitinib combined with calcitriol or EB1089 increased BIM expression. (A)
SUM-229PE cells were incubated with the corresponding ICsq values of calcitriol (C)
EB1089 (EB), gefitinib (G) and their combination during 24 h. Subsequently, mRNA
was extracted and qPCR was performed. Results shown are the mean =+ S.D. of BIM/
GAPDH mRNA normalized ratio of three independent experiments per triplicate.
Vehicle-treated cells (V) were arbitrarily given a value of 100. (B) Flow cytometric
analysis of BIM protein was performed after treatment of cells during 48 h. Mean
fluorescence intensity (MFI) was obtained by histograms. Vehicle-treated cells were
arbitrarily given a value of 100. Results are the mean=+S.D. of three different
experiments. **p < 0.05 vs. each compound alone. *p < 0.05 vs. vehicle-treated cells.
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Fig. 5. Gefnitib combined with calcitriol or EB1089 induced apoptosis. SUM-229PE cells were incubated in absence (V) or presence of gefitinib (G), calcitriol (C), EB1089 (EB)
and drug combinations during 72 (A) and 96 h (B). (A) Active caspase 3 analysis. Cells were permeabilized, fixed, and stained for active caspase 3. Then, cells were analyzed by
flow cytometry and caspase 3-positive cells are shown in the gate. (B) DNA content on the cell cycle was analyzed. The histograms show representative DNA profiles of cells
treated with the agents. SubG1 phase is indicated with a marker and reduction of G2/M-phase by the drug combinations with arrows. Images are representative from two (A)
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Table 3

Percentage of SUM-229PE cells in cell cycle phases after treatment with ICsq values of gefitinib, calcitriol, EB1089 or their combination in the cell cycle phases.
Phase Treatment

1% C EB G C+G EB+G

SubG1 56+ 2.6 46 +29 446 + 1.1 14.3 £ 0.2° 27.8 + 7.3*P 38.7 + 0.8%°
G1 45.6 +£5.9 38.7 £ 9.0 476 + 1.3 60.2 + 6.0° 61.6 + 7.4° 67.0 + 5.7¢
S 29.2 + 3.0 275+ 59 244 +£3.0 15.3 £ 3.2° 19.1 + 4.4° 14.1 £+ 4.2°
G2/M 18.8 + 0.6 231 +£28 183 + 3.6 10.0 + 2.0° 2.7 + 3.2%° 0.3 + 0.1%°

V: vehicle; C: calcitriol; EB: EB1089; G: gefitinib. Results are the mean + S.D. from three independent assays.

2 p<0.05 vs. vehicle-treated cells.
b p <0.05 vs. each drug alone.

Gefitinib in combination with calcitriol or EB1089 increased
significantly BIM gene expression when compared to vehicle-
treated cells in both SUM-229PE (Fig. 4A) and SKBR3 cells (data not
shown). In SUM-229PE, the combination of gefitinib with
EB1089 significantly upregulated BIM mRNA levels when com-
pared to each drug alone. Similar results were obtained with
gefitinib plus calcitriol in BIM protein levels (Fig. 4B).

Active caspase 3 was evaluated in treated cells with drug
combinations by flow cytometry. Most of the active caspase
3-positive cells were smaller than unstained live cells (Fig. 5A). The
combined treatments of gefitinib with calcitriol (64.4% + 15.0) or
with EB1089 (75.5% + 13.4) significantly increased the percentages
of active caspase 3-positive cells when compared to each drug
alone (gefitinib, calcitriol and EB1089 17.2% + 5.4, 9.4% + 0.8, and
9.65+2.0, respectively), in SUM-229PE cells. These results
indicated that combinations of the compounds induced the
activation of apoptotic pathway.

Fig. 5B shows the histograms of DNA profiles of cells treated
with the agents. The combined treatments significantly increased
the percentage of G1-phase cells, whereas the percentages of cells
in S-phase and G2/M-phase were significantly diminished. Cell
death was induced by the drug combinations as judged by the
induction of subG1 cell region. This effect was statistically
significant compared to each compound alone (Table 3). These
data suggest that this increase of subG1 peak derived of reduction
in the percentage of cells from S and G2/M-phases.

4. Discussion

HER2 is overexpressed in approximately 20% of all breast
tumors. Coexpression of this receptor with EGFR has been
associated with a more aggressive clinical behavior, tumor
progression and resistance to treatment [3,7-9]. Concomitant
inhibition of HER2 and EGFR signaling is a promising strategy in
breast cancer therapy. In this regard, gefitinib has been shown to
reduce proliferation of breast cancer cells expressing different
levels of EGFR or HER2 by inhibiting their tyrosine kinase activity
[11-13]. On the other hand, calcitriol is considered a potent
inhibitor of breast cancer cells growth independently of their
molecular phenotype in vivo and in vitro [23,24,30-32]. In addition,
calcitriol antineoplastic effects have been studied in various
combination treatments with multiple anticancer agents resulting
in increased antitumor activity [33]. In this study, we demonstrat-
ed that the combination of gefitinib with calcitriol or two synthetic
analogs (calcipotriol and EB1089) resulted in a greater antiproli-
ferative effect than either drug alone in all breast cancer cells
evaluated.

In addition, herein we observed that the sensitivity to gefitinib
of the EGFR-overexpressing SUM-229PE cells was similar to HER2-
overexpressing SKBR3 cells. In both cell lines, cell growth was
inhibited by gefitinib with a similar ICsy of 1.5 x 10~ M. These
results indicate that the clinical potential of this drug is not limited
to tumors with EGFR overexpression, and suggest that it may

represent a novel modality in the treatment of patients with
HER2 and EGFR-expressing tumors, which is consistent with
previous reports [13,14]. We also compared the effects of calcitriol
and its analogs on the proliferation of cultured breast cancer cell
lines. The established cell lines and primary breast cancer cell
culture included in this study had differences in the sensitivity to
calcitriol and its analogs. In particular, MBCDF cells, which were
EGFR-negative and HER2-positive, were less sensitive to gefitinib,
calcitriol and calcipotriol, compared to the established breast
cancer cells. The low sensitivity to gefitinib could be due to lack of
EGFR.

Two studies have evaluated the effect of gefitinib in combina-
tion with calcitriol in phase I clinical trials. These studies were
conducted to determine the maximum tolerated dose of intrave-
nously administrated calcitriol in combination with gefitinib in
patients with refractory solid tumors, including one patient with
breast cancer. In these studies, drug combination was not
associated with an improved clinical outcome; however, pheno-
type of tumors was neither included nor characterized [34,35].
Considering that EGFR/HER?2 are targets of gefitinib [11,13]; in this
study, we used breast cancer cells which are known to express both
of them and a primary cell culture lacking EGFR. In all cell lines
studies a better antiproliferative effect was observed with the
combined treatment than that obtained with compounds alone.
Notably, the primary cell culture, which was less sensitive to
gefitinib, calcitriol or calcipotriol separately, showed a significant
reduction in cell proliferation when exposed to drug combinations.
Remarkably, SUM-229PE cells were more sensitive to the
combination of gefitinib with any of the vitamin D compounds
to inhibit cell proliferation with respect to the other two breast
cancer lines. Noteworthy, the assessed combinations of IC values
on cell growth using gefitinib and calcitriol or its analogs include
therapeutically relevant drug concentrations that can be achieved
in human blood and were previously reported (~1uM and
3-16nM for gefitinib and calcitriol, respectively) [34,36,37].

The presence of vitamin D response elements in EGFR promoter
has been previously identified [38]. In addition, -calcitriol
decreased EGF binding proteins in human breast cancer cells
[26]. Herein, the observation that combining gefitinib with
calcitriol or EB1089 treatment significantly diminished EGFR gene
expression over that obtained with the compounds alone,
suggested that this treatment targets EGFR through both signaling
disruption and inhibition of gene expression. Therefore, the effect
of the combined treatment in phosphorylation of ERK1/2,
members of the growth/survival transduction pathway down-
stream of EGFR and HER2, were examined. The MAPK signaling
pathway was more strongly diminished by the combination of
gefitinib with calcitriol or EB1089 compared to the effect of each
drug alone.

Inhibition of ERK1/2 phosphorylation could induce caspase-3-
dependent apoptosis via upregulation of pro-apoptotic proteins
such as BIM [39]. In addition, it has been described that BIM gene
expression is induced by gefitinib [15,40]. Interestingly, in this



130 M. Segovia-Mendoza et al. /Journal of Steroid Biochemistry & Molecular Biology 148 (2015) 122-131

study we showed that BIM expression was increased by the
combination of gefitinib with calcitriol or EB1089. This suggests
that the combined treatments activate the intrinsic pro-apoptotic
pathway through to regulation of BIM, contributing to the
induction of apoptosis, which is supported by the observation in
this study of induction of active caspase 3 and cell death detected
by subG1 region. Interestingly, these effects were greater with the
treatment of gefitinib plus EB1089 compared to that of gefitinib
plus calcitriol. This might be because EB1089 by itself is more
potent than calcitriol to induce cell death in breast cancer cells, as
previously reported [20]. This result is important given the
potential use of vitamin D synthetic analogs as coadjuvants in
cancer treatment, particularly because of their low calcemic
effects. Further in vivo studies should be conducted in order to
ascertain these assumptions.

In contrast to other similar studies on the isolated use of
tyrosine kinase inhibitors or vitamin D [13,41], in this study we
have clearly shown that combinations of these drugs, increased
significantly the ability of gefitinib to inhibit cell growth and
induce cellular death in breast cancer cells. These observations
may have important clinical applications, since lower doses of each
of these compounds could be employed for therapeutic options in a
subset of EGFR and HER2 positive breast cancer.

5. Conclusion

The simultaneous treatment with gefitinib and calcitriol or
EB1089 in EGFR and HER2 positive-breast cancer cells proved to be
significantly better to inhibit proliferation and induce apoptosis.
These effects may be mediated by the modulation of MAPKs and
the upregulation of BIM expression resulting in caspase 3 depen-
dent apoptosis.
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2.- Efficacy and mechanism of action of the tyrosine kinase inhibitors gefitinib, lapatinib and
neratinib in the treatment of HER2-positive breast cancer: preclinical and clinical evidence.
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Abstract: An increasing number of tumors, including breast cancer, overexpress proteins of the epidermal growth
factor receptor (EGFR) family. The interaction between family members activates signaling pathways that promote
tumor progression and resistance to treatment. Human epidermal growth factor receptor type Il (HER2) positive
breast cancer represents a clinical challenge for current therapy. It has motivated the development of novel and
more effective therapeutic EGFR family target drugs, such as tyrosine kinase inhibitors (TKIs). This review focuses
on the effects of three TKIs mostly studied in HER2- positive breast cancer, lapatinib, gefitinib and neratinib. Herein,
we discuss the mechanism of action, therapeutic advantages and clinical applications of these TKls. To date, TKls
seem to be promising therapeutic agents for the treatment of HER2-overexpressing breast tumors, either as mono-
therapy or combined with other pharmacological agents.

Keywords: HER2-positive breast cancer, tyrosine kinase inhibitors, lapatinib, gefitinib, neratinib, epidermal growth

factor receptor family

Introduction

Breast cancer is the most common malignancy
in women and is a major public health issue [1,
2]. In the clinic, breast cancer is mainly classi-
fied into four molecular subtypes, luminal A/B,
human epidermal growth factor receptor type Il
(HER2) and basal-like [3, 4]. The subtype HER2
represents 25-30% of all breast cancer cases
and HER2 overexpression is strongly associat-
ed with aggressive phenotype and poor out-
comes [5, 6]. The current and approved therapy
for this type of cancer is trastuzumab, a human-
ized monoclonal antibody that binds to
the extracellular domain of HER2 [7, 8].
However, de novo or acquired resistance to
therapy occurs in some patients [9]. Con-
sequently, new targeted therapies are in devel-
opment, such as tyrosine kinase inhibitors

(TKIs) [10]. This paper aims to integrate knowl-
edge of the signaling pathways associated to
the major TKIs proved on HER2-positive breast
cancer, lapatinib, geftinib and neratinib. Mo-
reover, we discuss molecular mechanisms,
resistance and clinical trials for each drug, as
well as their beneficial therapeutic effects and
undesirable side effects.

EGFR family

The EGFR family comprises four distinct mem-
brane tyrosine kinase receptors; EGFR/ErbB-1,
HER2/ErbB-2, HER3/ErbB-3 and HER4/ErbB-4
which are activated upon ligand binding to the
extracellular domain of these receptors.
Afterwards, the formation of receptor homo- or
hetero-dimers is induced resulting in phosphor-
ylation of tyrosine kinases residues and cross-
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Figure 1. Schematic representation of the action of three TKls and their interaction with receptors of the EGFR
family. As TKIs are homologous to ATP, they compete for the ATP-binding domain of protein kinases preventing their
phosphorylation and subsequent activation of the signal transduction pathways, leading to apoptosis, decreased
cellular proliferation and eventually cell cycle arrest. Inhibition of phosphorylation of the receptors by TKls (X);

disrupted heterodimer formation by gefitinib, avoid the interaction between receptors (¢); upregulated (*); down-

regulated ().

phosphorylation, that triggers numerous signal-
ing pathways such as phosphatidylinositol-3
kinase (PI3K), mitogen-activated protein kina-
se/extracellular signal-regulated kinases (MA-
PK/ERK1/2), signal transducer and activator of
transcription (STAT), phospholipase C (PLCy),
and/or the modulation of calcium channels
[11], This sequence of events induces cellular
responses which include proliferation, differen-
tiation and inhibition of apoptosis, giving rise to
diseases such as cancer [12].

In a wide range of epithelial cells, including
breast, colon, head, neck, kidney, lung, pancre-
as, and prostate, the overexpression and con-
stitutive activation of the EGFR family mem-
bers, particularly EGFR and HER2, may trigger
cancer initiation, metastasis, and tumor pro-
gression [13-15].

In particular, HER2 is overexpressed/amplified
in 20-30% of patients with metastatic breast
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cancer [16]. Moreover, there is a growing evi-
dence that heterodimer formation between
receptors of EGFR members resulted in adverse
response to therapy [17]. In order to block
EGFRs intracellular signaling pathways in
breast cancer, the development of novel thera-
pies which include the use of TKIs is currently
underway.

Tyrosine kinase inhibitors

The TKls are oral non-peptide anilinoquinazo-
lone compounds homologous of the adenosine
triphosphate (ATP). This similarity allows them
to compete for the ATP-binding domain of pro-
tein kinases preventing phosphorylation and
subsequent activation of the signal transduc-
tion pathways, leading to apoptosis and
decreasing cellular proliferation [18]. Moreover,
TKls target other kinase receptors due to the
homology that they share with the EGFR family
in the catalytic domain [19] which is highly con-

Am J Cancer Res 2015;5(9):2531-2561



HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

served across the kinome [20]. Whereby, the
actions of TKIls in several kinases cause differ-
ent effects in the therapeutic use [21, 22].

The main characteristics, mechanisms of
action, causes of resistance and clinical evi-
dences of the major TKIs proved on HER2-
positive breast cancer, lapatinib, geftinib and
neratinib, are described below.

Lapatinib

Lapatinib is a reversible dual TKI that selective-
ly targets and inhibits HER2 and EGFR with
proven effectiveness in clinical trials. This
inhibitor has been approved by the US Food
and Drug Administration (FDA) since 2007 for
metastatic HER2-positive breast cancer treat-
ment. It is commonly used in combination with
the chemotherapeutic agent capecitabine on
the treatment of breast cancer patients previ-
ously treated with trastuzumab, anthracyclines
and taxane [23-25]. Moreover, the compound
combined with letrozole, an aromatase inhibi-
tor, has been accepted as first-line therapy for
metastatic breast cancer that coexpresses hor-
mone receptors and HER2 [26].

Mechanism of action of lapatinib: preclinical
evidence

Lapatinib inhibits proliferation of several human
cancer cell lines from vulva, breast, lung, and
esophagus [27-29]. In vitro studies showed that
lapatinib inhibited the activation of the three
main EGFR and HER2 downstream signaling
pathways, MAPK, PI3K-AKT and PLCy, through
decreased phosphorylation of target receptors
and the Raf, ERK, AKT, and PLCyl proteins.
Additionally, this TKI increased p38 expression,
a stress-induced member of the MAPK pathway
that is involved in apoptosis, the subG1 phase
of the cell cycle (a hallmark of apoptosis),
and the cyclin-dependent kinase inhibitors p21
and p27 [30-32]. Lapatinib inhibited cell
proliferation and migration of breast cancer
cell lines expressing different levels of EGFR
and HER2; however, cells overexpressing
HER2 were more sensitive to this TKI [30]. Also,
lapatinib increased the pro-apoptotic protein
BIM at the transcriptional level and reduced
protein expression of survivin, an apoptosis
inhibitor protein, which is express in 90% of all
breast cancer cases and is cause of poor out-
come for this pathology [33-35]. Although lapa-
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tinib is a dual TKI that targets both HER2 and
EGFR, it has been demonstrated that it also
inhibited phosphorylation of HER3 [36]. A
resume of lapatinib mechanisms is found in
Figure 1.

There is a high incidence of brain metastases
in patients with HER2-overexpressing breast
cancer even if they were treated with trastu-
zumab [37, 38]. Interestingly, in a preclinical
mouse model, lapatinib could prevent the met-
astatic outgrowth of HER2-overexpressing
breast cancer cells in the brain. In this in vivo
metastasis model, lapatinib reduced the phos-
phorylation of HER2 but it did not affect EGFR,
contrary to in vitro studies [30]. Moreover,
EGFR small-interfering RNA (siRNA) knockdown
in HER2-positive breast cancer cells did not
affect the antiproliferative activity of lapatinib,
whereas depletion of HER2 causes lapatinib
resistance, indicating that lapatinib effects are
mediated mainly through HER2 pathway [32].
The stated above suggests a direct correlation
between lapatinib sensitivity and HER2 expres-
sion only.

A subgroup of HER2-overexpressing tumors
also express p95HER2, an amino terminally
truncated receptor, that has kinase activity but
lacks the epitope recognized by trastuzumab;
hence, expression of this form confers resis-
tance to trastuzumab [39]. In addition, p95-
HER2 has been considered as a biomarker of
an aggressive subtype of HER2-positive breast
cancer [40]. Lapatinib inhibited p95HER2, AKT,
MAPK phosphorylation and the growth of cells
that express the truncate receptors. Moreover,
lapatinib showed antitumor activity in pP95HER2
tumor xenografts [41].

Other study demonstrated that lapatinib inhib-
ited insulin-like growth factor | (IGF-1) signaling
in both trastuzumab -sensitive and -resistant
HER2 overexpressing cells [42]. Cross-talk
between the IGF-1 receptor and HER2 in trastu-
zumab-resistant cells increased HER2 receptor
phosphorylation [43]. Significantly, lapatinib
blocked HER2 and IGF-1R crosstalk [42]. In
addition, this compound also increased frag-
mentation of poly ADP-ribose polymerase
(PARP), a protein involved in programmed cell
death, and downregulated survivin expression
in trastuzumab sensitive and resistant HER2
overexpressing cells [42].
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Table 1. Clinical evidence with lapatinib in HER2-positive breast cancer

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

Therapy [Ref.]

Study type

Patient population (n)

Principal findings

Lapatinib [53]

Lapatinib [163]

Lapatinib [54]

Lapatinib [164]

Lapatinib [55]

Lapatinib [165]

2534

Phase Il, open-la-
bel, two-stage, two-
cohorts multicenter
study.

Phase Il, open-
label, single-group,
multicenter study.

Phase Il, open-la-
bel, single-arm, two-
cohorts multicenter
study.

Phase Il, open-
label, multicenter.
Study was originally
designed with two
cohorts but cohort
B was closed.

Phase Il, open-
label, two-cohorts
multicenter studies.

Phase Il, random-
ized open-label,
parallel-group,
multicenter study.

Advanced or metastatic IBC,
HER2 and/or EGFR positive,
refractory or recurrent after
treatment with an anthracy-
cline.

Cohort A: HER2-positive (30).
Cohort B: EGFR-positive and
HER2 negative (15).
Advanced or MBC with HER2
overexpression, with disease
progression during TZ therapy
(78).

HER2-positive (cohort A=140)
and negative (cohort B=89)
advanced MBC prior anthracy-
cline and/or taxane treatment.

Relapsed or refractory inva-
sive, IBC with HER2 overex-
pression previously treated
with anthracycline and taxane
plus TZ. (Cohort A=126)

Japanese patients with
advanced or MBC with HER2
positive (cohort A=122) and
negative (cohort B=22), with
disease progression during
previously therapy with anthra-
cycline and taxane plus TZ.
HER2-positive advanced or
MBC. Could be previously
treated. (69/69).

Lapatinib (1500 mg/day) was well tolerated in both cohorts. It showed
clinical activity (CR=7%, PR=43%, OR=16.9%, PFS=14 weeks) in heavily
pretreated HER2-positive but not in EGFR-positive/HER2-negative patients
(PR=6.6%, PFS=4 weeks). The most common AEs in both cohorts included
grade 1/2 diarrhea, musculoskeletal pain, and rash. Serious AEs included
musculoskeletal pain, dyspnea, and diarrhea. PTEN status does not pre-
clude response to lapatinib. Coexpression of phospho HER2 and phospho
HER3 in tumors seems to predict for a favorable response to lapatinib.

Lapatinib demonstrated clinical activity (CBR=11.5%, TTP and PFS=15.3
weeks). Doses of 1250 and 1500 mg/day were well tolerated. AEs were
rash, diarrhea, nausea, and fatigue with no grade 4 events.

Lapatinib dose of 1500 mg/day provided modest clinical benefit
(CBR=5.7%) only in HER2-positive patients. PFS after 4 months (34 vs
18%) and OS (29.4 vs 18.6 weeks) were higher in HER2-positive than
in HER2-negative patients. The most common AEs were diarrhea, nau-
sea and rash most grade 1/2 with maximum severity of grade 3 in both
cohorts. Serious AEs were diarrhea, dehydration, nausea, and vomiting.
There were 4 fatal AEs.

Lapatinib dose of 1500 mg/day was considered potentially clinically ef-
fective (ORR=40-15% depending on criteria, PFS=14.6 weeks, 0S=8.4
months) in heavily pretreated patients. Likelihood of response to lapatinib
was not affected by previous treatment with TZ. The most common serious
AEs were dyspnea and pleural effusion. Fatal AEs were possibly treatment
related.

Lapatinib dose of 1500 /day was well tolerated in both cohorts and effec-
tive only in HER2-positive patients. CBR (25 vs 4.5%) and OS (58.3 vs 40
weeks) were higher in cohort A than in cohort B. The most common AE was
diarrhea grade 1/2. Patients with tumours harbouring an H1047R PIK3CA
mutation or low expression of PTEN derived clinical benefit from lapatinib.

Lapatinib doses of 1500 mg once daily or 500 mg twice daily were safe
and effective without significant differences in clinical activity or the AEs
profile between them (ORR=22 and 26%, CBR=29 and 33%, PFS at 4
months=60 and 67%). The most common AEs were diarrhea, rash, pruri-
tus, and nausea, grade 1/2.
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Lapatinib [56] Phase Il

Lapatinib [166] Phase | single insti-

tution study.

Lapatinib [167] Phase lll, random-
ized double blind,
placebo-controlled

multicenter trial.

Phase lll, random-
ized double-blind,
controlled, parallel-
group, multicenter
study.

Lapatinib+letrozole [26]

Phase | dose-esca-
lation multicenter
study.

Lapatinib+vinorelbine [168]

Phase lll random-
ized two-arms,
open label study.

Lapatinib+capecitabine [23]

2535

HER2-positive breast cancer
with brain metastases prior TZ
treatment. (39).

HER2-overexpressing breast
cancer patients without any
restrictions on prior therapies
including TZ or lapatinib. (34).

Patients in early stages of
HER2-positive invasive breast
prior adjuvant chemotherapy
but not TZ. (1571/1576).

Postmenopausal women
with hormone receptor-
positive, HER2-positive MBC.
(642/644).

HER2-positive, advanced or
MBC, prior TZ treatment. (30).

HER2-positive locally advanced
or MBC progressed after treat-
ment with, but were not limited
to, anthracycline, taxane, and
TZ. (163/161).

Lapatinib doses of 750 mg twice daily provided clinical benefit measured
as absence of progression in brain metastases (ORR=2.6%, SD>16
weeks=15.4%). The most common AEs were diarrhea and fatigue grade
2/3.

This study used a 3+3 dose escalation design with a starting dose cohort
of 1750 mg twice daily, ending with 7000 mg twice daily. The protocol had
an amendment consisted in the use of exposure enhancement strategies
such as take the medication with food, inhibition of CYP3A4 with ketocon-
azole and dose fractionation (four times a day) using a dose of 3000 mg.
The majority of AEs were grade 1/2 and diarrhea was the most common.
Lapatinib dose was escalated to 7000 mg per day with no dose limiting
toxicity; however, plasma lapatinib concentrations plateaued in this dose
range. 6 patients achieved a response and dramatic responses were seen
in 3 patients with lapatinib concentrations approaching 10000 ng/mL.
Lapatinib (1500 mg) and placebo were administrated daily for 12 months.
A review of HER2 status showed that only 79% of the women were HER2-
positive. In this group, with a median follow-up of 47.4 months in the lapa-
tinib subgroup and 48.3 in the placebo group disease-free survival events
occurred in 13% in the lapatinib group and 17% in the placebo group.
0S=6 and 7% in lapatinib and placebo groups respectively. 6% serious AEs
occurred in patients taking lapatinib and 5% in patients taking placebo
with higher incidences of grade 3/4 diarrhea (6 vs 1%), rash (5 vs <1%),
and hepatobiliary disorders (2 vs <1%).

Combination therapy (lapatinib 1500 mg/day plus letrozole 2.5 mg/day)
was superior to endocrine therapy alone (letrozole 2.5 mg/day). Respec-
tively: PFS=8.2 vs 3.0 months, CBR=48 vs 29%. Diarrhea and rash grade
3/4 were more common in the combination arm versus monotherapy
arm. 3 fatal AEs events were possibly treatment related, 1 in combination
therapy, 2 in monotherapy.

The maximal tolerated dose recommended for combination was 1000 mg/
day of lapatinib and 22.5 mg/m?of vinorelbine. AEs grade 1/2 were diar-
rhea, rash and liver enzymes elevation. AEs grade 3/4 were neutropenia,
anemia, diarrhea and asthenia.

Combination therapy (lapatinib 1250 mg/day plus capecitabine 2000 mg/
m?/day) was superior to capecitabine monotherapy (2500 mg/m?2/day).
Respectively: TTP=8.4 vs 4.4 months, PFS=8.4 vs 4.1 months, ORR=22 vs
14%, CBR=44-29%. This combination was not associated with an increase
in serious toxic effects. The most common AEs were diarrhea, PPE, nau-
sea, vomiting, fatigue and rash. Grade 4 diarrhea occurred in combination
therapy arm. One death related to drug toxicity in monotherapy arm.
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Lapatinib+
capecitabine [169, 170]

Lapatinib+
capecitabine [171]

Lapatinib+
capecitabine [172]

Lapatinib+
capecitabine [57]

Lapatinib In extension
phase: lapatinib+
capecitabine [59]

Lapatinib+
capecitabine [173]

2536

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

Phase Ill random-
ized two-arms,
open label study.
(Updates from
Geyer, 2006).

Phase Ill, random-
ized two-arms,
open label study.
(Update from Geyer
2006).

Phase Il non-ran-
domized open-
label, single-center
study.

Phase Il open-label,
multicenter study.

Phase Il open-label,
two-cohorts, multi-
center study.

Single-arm open-
label trial.

HER2-positive locally advanced
or MBC progressed after treat-
ment with, but were not limited
to, anthracycline, taxane, and

TZ.(198/201).

HER2-positive locally advanced
or MBC progressed after treat-
ment with, but were not limited
to, anthracycline, taxane, and

TZ.(198/201).

HER2-positive MBC progressed

with TZ. (22).

HER2-positive breast cancer
with brain metastases. Previ-
ous treatment was allowed

except with lapatinib or

capecitabine and WBRT. (44).

HER2-positive breast cancer
with brain metastases prior TZ

and WBRT treatment.

Cohort A (95): PS=0to 1and 1

or 2 prior TZ regimens.

Cohort B (147): PS=2 and/

or >2 prior TZ regimens
(95/147).

Extension phase: patients pro-
gressed with lapatinib. (50).

HER2 locally advanced or MBC
that had progressed following
treatment with an anthracy-
cline, a taxane, and TZ alone
or in combination. (4283).

Combination therapy (lapatinib 1250 mg/day plus capecitabine 2000 mg/
m?2/day) showed to be superior versus capecitabine monotherapy (2500
mg/m?/day). Respectively: 0S=75.0 vs 64.7%, TTP=27.1 vs 18.6 months,
CBR=29.3 vs 17.4%. The most common AE was diarrhea in both arms.

Values favored combination therapy vs monotherapy. Respectively:
ORR=24 vs 14% and TTP=33.3 vs 22.9 months.

This combination regimen (capecitabine 2000 mg/twice day for 7 days fol-
lowed by a 7-day rest and lapatinib 1250 mg/day) provided clinical benefit
(CBR=50%, PFS=9.4 months), was well tolerated and reduced gastrointes-
tinal toxicity compared with standard regimen.

Combination therapy (lapatinib 1250 mg/day plus capecitabine 2000
mg/m?/day) showed to be active in terms of objective CNS response
(OR=65.9%). The most common AEs were diarrhea, PPE, nausea, fatigue,
rash and bilirubin increase. AEs grade 3/4 were diarrhea, PPE and fatigue.
The combination therapy could change the management of selected pa-
tients with brain metastases, allowing delay to WBRT and its AEs.
Lapatinib alone (750 mg/twice day) showed a discrete CNS clinical activity
(OR=6%, PFS=2.4 months). In extension phase, combination therapy (lapa-
tinib 1250 mg/day plus capecitabine 1000 mg/m?/day) showed to have
clinical activity (OR=20%, PFS=3.7 months). Volumetric reduction in CNS
lesions was similar in both therapies. The most common AEs were PPE,
diarrhea and nausea. AEs grade 3 were PPE, nausea and diarrhea.

Combination therapy (lapatinib 1250 mg/day plus capecitabine 1000 mg/
m?2/twice day) showed to be safe and to offer clinical benefit to this popula-
tion. Patients treated with the combination and no prior capecitabine had
higher OS and PFS than patients with prior capecitabine. (41.7 and 23.9
weeks vs 36 and 18.4 weeks respectively). The most common AEs were
diarrhea, vomiting, and nausea and were mainly grade 3 or higher.
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Lapatinib+
capecitabine [174]

Lapatinib+
capecitabine [175]

Lapatinib+
capecitabine [176]

Lapatinib+Pegylated liposo-
mal doxorubicin [177]

Lapatinib+capecitabine vs
lapatinib+topotecan [58]

Lapatinib+capecitabine vs
trastuzumab+
capecitabine [178]

2537

Open-label multi-
center study.

Single arm open-
label trial.

Phase | pos hoc
analysis.

Phase Il, open-
label, single-arm
multicenter study.

Phase Il, open-
label, two-arms
randomized study.

Prospective
non-randomized

two-arms controlled

study.

Japanese patients with HER2-
positive invasive and MBC

previously treated with anthra-
cyclines, taxanes and TZ. (51).

Chinese patients with HER2-
positive invasive and MBC
prior therapy with a taxane
and/or an anthracycline and
could have received prior TZ.
(52).

HER2-positive advanced or
MBC patients. (38).

HER2-positive with locally
advanced, inoperable or MBC
with disease progression after
TZ therapy. (24).

HER2 breast cancer with brain
metastases despite prior
standard treatment with WBRT
and/or stereotactic radiosur-
gery and TZ. (13/9).

Chinese patients with HER2
invasive and MBC resistant

to TZ and previously received
taxane therapy. (60/60).

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

Combination therapy (lapatinib 1250 mg/day plus capecitabine 1000 mg/
m?/twice daily) was well tolerated and showed clinical activity (CBR=59%,
TTP=36 weeks). The most common AEs were PPE, diarrhea and stomatitis
grade 1/2.

Combination therapy (lapatinib, 1250 mg/day plus capecitabine 2000
mg/m?/day) showed to be well tolerated and to offer clinical benefit
(CBR=57.7%, PFS=6.34 months) to heavily pretreated patients. The most
common AEs were PPE, diarrhea, rash, hyperbilirubinemia, and fatigue, all
grade 1/2. Grade 3/4 AEs were rash, hyperbilirubinemia, fatigue and neu-
tropenia. PIK3CA mutation status was not associated with CBR nor PFS.

Treatment schedule consisted of lapatinib 1250 mg daily, 1 hour before
or after breakfast, administered as single agent for the first 10 days, then
continuously, in combination with capecitabine 2000 mg/m?, starting on
day 11 (for the first cycle), and then from day 8, for 14 days out of a 21-
day cycle. Cholestyramine was administered twice a day on a continuous
basis, long after capecitabine and lapatinib intake. Diarrhea was the main
AE: 13.2% grade 1, 10.5% grade 2, 2.6% grade 3 and no grade 4 events.
ORR=34.2%, CB=55.3%, PFS=10 months. OS (1 year)=71.2%. The results
are comparable with previous reports of conventional administration of
the lapatinib-capecitabine regimen and led to a significant reduction in the
incidence and severity of diarrhea.

Treatment consisted in 1250 mg lapatinib daily until progression plus 40
mg/m?2 of pegylated liposomal doxorubicin at every 4 weeks for a maxi-
mum of 6 cycles. This combination showed to be active and safe in HER2-
positive MBC, especially suitable for patients with cardiological risk or
brain metastases. ORR was 54%. PFS and OS were 5.8 and 23.3 months
respectively. The one-year PFS rate was 27% and 1-year OS rate 76%. The
most commonly observed AEs were diarrhea, rash and infection. No grade
4 events reported.

No CNS-OR was observed with lapatinib (1250 mg/day) plus topotecan
(3.2 mg/m?) therapy and showed excessive toxicity (one death possible
related to it). ORR=38% in the lapatinib plus capecitabine arm.

Lapatinib (1250 mg/day) plus capecitabine (2000 mg/m?/day) therapy
was superior than TZ therapy (6 mg/kg every 21 days [after the initial 8
mg/kg loading dose]) plus capecitabine (2000 mg/m?/day) for PFS and
CBR (6.0 vs 4.5 months, 48 vs 63% respectively).
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Lapatinib+vinorelbine vs
lapatinib+capecitabine [179]

Lapatinib+pazopanib [180]

Lapatinib+pazopanib [181]

Lapatinib+bevacizumab
[182]

Lapatinib+paclitaxel [183]

Lapatinib+paclitaxel [184]

2538

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

A phase Il random-
ized multicenter
study.

Phase Il two-
cohorts multicenter
study.

Phase Il random-
ized two-cohorts,
multicenter study.

Phase Il open-label,
multicenter study.

Phase Il random-
ized two-arms,
double-blind, multi-
center study.

Phase Il random-
ized two-arms,
double-blind, multi-
center study.

HER2-positive MBC patients
who had received no more
than one chemotherapeutic
regimen.

Arm A: lapatinib plus vinorel-
bine.

Arm B: lapatinib plus capecita-
bine. (70/35).

HER2 relapsed or refractory
IBC.

Cohort 1: previous history of
IBC and documented recur-
rence in the skin and/or other
disease sites by radiologic
assessments (76).

Cohort 2: cutaneous

disease documented with
photographs (88).

HER2 invasive and MBC.

No prior anticancer therapy
(except hormonal therapy) was
permitted in the randomized.
Cohort 1: randomized (150).

Cohort 2: nonrandomized (40).

HER2 invasive and MBC. (52).

Newly diagnosed HER2 MBC.
(215/215).

HER2-negative or initially
untested, locally advanced
or MBC previously untreated.
(291/288).

Both therapies showed similar outcomes. Combination therapies doses
were: Arm A, 1250 mg/day lapatinib plus 20 mg/m?2/day vinorelbine.
Arm B, 1250 mg/day lapatinib plus 2000 mg/m?/day capecitabine. PFS
for both therapies=6.2 months. 0S=24.3 for arm A vs 19.4 months for
arm B. 42 patients opted to cross over and second evaluation was make:
PFS=3.25 months for lapatinib plus vinorelbine vs 4.0 months lapatinib
plus capecitabine. The most commonly observed AEs were diarrhea, neu-
tropenia, PPE, rash, nausea, and fatigue. There were more serious AEs in
arm A than in arm B.

Cohort 1: combination therapy (lapatinib 1500 mg/day plus pazopanib
800 mg/day) had higher clinical activity than monotherapy (lapatinib 1500
mg/day) for ORR (29 vs 45%) respectively, but was not well tolerated.
Cohort 2: combination therapy (lapatinib 2000 mg/day plus pazopanib
400 mg/day) was well tolerated and was superior to monotherapy (lapa-
tinib 1500 mg/day) for CBR (58 vs 47%) but it was not for PFS. Combina-
tion showed an increase in toxicity.

Combination therapy in cohort 1 (lapatinib 1000 mg/day plus pazopanib
400 mg/day) was not superior to monotherapy (lapatinib 1500 mg/day) for
PDR (36.2 vs 38.9%), but it was for ORR (36.2 vs 22.2%).

In cohort 2: (lapatinib 1500 mg/day plus pazopanib 800 mg/day)
ORR=33.3%. AEs grade 3/4 including diarrhea, hypertension and liver
enzymes elevation were higher in combination in cohort 2 than in combi-
nation in cohort 1.

Lapatinib (1500 mg/day) plus bevacizumab (10 mg/kg every 2 weeks)
therapy was active in terms of PFS (24.7 weeks), CBR (30.8%) and ORR
(13.3%). The most common AEs were diarrhea, rash, fatigue, nausea,
headache, and epistaxis, grade 1/2. AEs grade 3/4 were rash, hyperten-
sion, diarrhea, hyperbirulinemia, hydronephrosis, gastrointestinal hemor-
rhage and liver enzyme alteration.

Lapatinib (1500 mg/day) combined with paclitaxel (80 mg/m?2 weekly) was
superior to paclitaxel alone (80 mg/m? weekly) for 0S, PFS and ORR (27.8
vs 20.5 months, 9.7 vs 6.5 months and 69 vs 50% respectively). Incidence
of grades 3/4 diarrhea and neutropenia was higher in the lapatinib plus
paclitaxel arm.

Combination therapy (paclitaxel , 175 mg/m? every 3 weeks plus lapatinib
1500 mg/day) was superior to monotherapy (paclitaxel, 175 mg/m? every
3 weeks) como habia un subset HER2 positive si en las especificaciones
dice HER2 negative or untested? in terms of ORR, CBR, TTP (63.3 vs
37.8%, 69.4 vs 40.5%, 36.4 vs 25.1 weeks, respectively). Rash and diar-
rhea grade 3 were higher in the combination arm.
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Lapatinib+nab-paclitaxel
[185]

Lapatinib+paclitaxel+
gemcitabine [186]

Lapatinib+TZ [187]

Lapatinib+TZ [24]

Lapatinib+TZ [188]

Lapatinib vs TZ [189]

2539

Phase Il open-label,
single-arm, multi-
center study.

Phase | open-label
study.

Phase | dose-esca-
lation study.

Phase Ill random-
ized two-arms
open-label multi-
center study.

Phase Il single-arm,
multicenter study.

Phase Il random-
ized open-label
study.

HER2 MBC with no more than
one prior chemotherapeutic
regimen. (60).

HER2 early breast cancer, no
previously treated. (13).

HER2 advanced or MBC. (54).

HER2 MBC progressed in the
last TZ treatment. Must have
received prior anthracycline-
and taxane-based regimens.
(148/148).

HER2 invasive breast cancer.
(66).

HER2 positive MBC not previ-
ously treated with chemothera-
py and/or anti-HER2 agents for
metastatic disease. (19).

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

The recommended doses for this combination therapy were lapatinib:
1000 mg and nab-paclitaxel 100 mg/m?. This combination showed to offer
clinical benefit (ORR=53%, PFS=39.7 weeks, TTP=41 weeks). Data were
consistent with those reported for lapatinib in combination with paclitaxel.

The recommended doses for this combination were lapatinib 27000 mg/
day, paclitaxel 80 mg/m? on days 1 and 8 and gemcitabine 1000 mg/m?
on days 1 and 8, every 3 weeks.

The most frequent AE was neutropenia grade 3/4. Other AEs of more than
grade 2 were rare: liver enzyme alteration, anorexia, gastritis, abdominal
pain, diarrhea and paronychia. Combination therapy was well tolerated and
showed clinical benefit (PR=61.5%, CR=30.7%).

The optimally tolerated regimen was lapatinib 1000 mg/day plus TZ 2 mg/
kg weekly (after the initial 4 mg/kg loading dose). Combination therapy
showed to offer clinical benefit (ORR=15%). The responders had received
prior TZ therapy in combination with cytotoxic chemotherapy. The most fre-
quent AEs were diarrhea, rash, fatigue and nausea. Most common grade 3
events included diarrhea, fatigue, and rash.

Combination therapy (lapatinib 1000 mg/day plus TZ 2 mg/kg weekly [af-
ter the initial 4 mg/kg loading dose]) was superior to lapatinib alone (1500
mg/day) for PFS and CBR (12.0 vs 8.1 weeks and 24.7 vs 12.4% respec-
tively). Incidence of diarrhea was higher with the combination arm.

Combination therapy (TZ [4 mg/kg loading, then 2 mg/kg/week] and lapa-
tinib 1000 mg/day) showed to be clinically active (CR=27%, pRR=22%).
Only 3% of the patients experienced disease progression. The most com-
mon AEs were diarrhea, rash, fatigue and nausea, all grade 1/2. AEs grade
3/4 were liver enzymes alterations, diarrhea, rash and hypertension.

No significant difference in terms of response at 8 weeks was observed
according to treatment arm (75 and 67% MR or more with lapatinib [1500
mg daily for 8 weeks] and TZ [8 mg/kg on loading dose, followed by weekly
trastuzumab at the dose of 2 mg/kg] respectively). In the overall popula-
tion, persistence in protocol, PSF and OS were 3.8, 7.3 and 43 months,
respectively. MBC patients bearing tumors with markers such as “HER2-
enriched” subtype and/or having high HER2/p95HER2 protein expression
ratio are exquisitely sensitive to anti-HER2 agents and could be candidates
for studies aimed at establishing chemotherapy-free regimens.
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Lapatinib+TZ+docetaxel
[190]

Lapatinib+TZ+paclitaxel
[191, 192]

Lapatinib+TZ+paclitaxel
[193]

TZ-emtansine vs
capecitabine+lapatinib [194]

Lapatinib+TZ+chemotherapy
[195]
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Phase | open-label,
dose-escalation,
multicenter study.

Phase Il random-
ized open-label,
multicenter study.

Phase Il single-arm,
multicenter study.

Phase Ill random-
ized two-arms
study.

Phase Il random-
ized three-arms
multicenter study.

HER2 MBC. (53).

HER?2 invasive early breast
cancer. (152/154).

HER2 surgically resected inva-
sive breast cancer. (122).

HER2-positive, unresectable
locally advanced or MBC
previously treated with TZ and
taxane. (495/496).

HER2 infiltrating breast cancer.
(36/39/46).

Two regimens were recommended: lapatinib 1250 mg plus docetaxel

75 mg/m?2 every three weeks and lapatinib 1000 mg plus docetaxel 100
mg/m?2 every three weeks, both with weekly TZ (loading dose of 4 mg/

kg followed by a fixed dose of 2 mg/kg) and including use of prophylactic
granulocyte colony stimulating factor. Combination therapy showed to offer
clinical benefit (ORR=64%). The most common AEs were diarrhea and
nausea. Grades 3/4 were neutropenia, diarrhea, leukopenia, peripheral
neuropathy, and rash.

Combination therapy (lapatinib 2000 mg/ day plus TZ 2 mg/kg weekly
[after the initial 4 mg/kg loading dose] plus paclitaxel 80 mg/m?/week)
was superior to TZ alone (2 mg/kg weekly [after the initial 4 mg/kg loading
dose) and to lapatinib alone (1500 mg/day) for CR (51.3 vs 29.5 vs 24.7%
respectively). Grade 3 diarrhea and liver enzyme alteration were higher in
the combination arm. 3 years EFS was 78% for lapatinib, 76% for TZ and
84% for combination. 3 years 0S was 93% for lapatinib, 90% for TZ and
95% for combination. EFS and OS did not differ between treatment groups
but patients who achieve CR after neoadjuvant anti-HER2 therapy have
longer EFS and OS than do patients without CR.

Lapatinib given concurrently with paclitaxel and TZ is feasible and did not
add cardiac toxicity. The dose of lapatinib in this regimen should not ex-
ceed 750 mg daily. Diarrhea grade 3/4 was the most common serious AE.
An early aggressive management of this AE is recommended.

TZ-emtansine (3.6 mg/kg intravenously every 3 weeks) delayed the time to
symptom worsening compared with capecitabine (1000 mg/m? orally twice
a day, on days 1 through 14 of a every 3 week cycle) plus lapatinib (1250
mg orally daily), 7.1 vs 4.6 months, respectively. In the TZ-emtansine arm,
55.3% of patients developed clinically significant improvement in symp-
toms vs 49.4% in the capecitabine plus lapatinib arm. Diarrhea cases were
higher in the capecitabine plus lapatinib arm than in the TZ-emtansine
arm.

Combination of chemotherapy (fluorouracil 600 mg/m?, epirubicin 75 mg/
m2, and cyclophosphamide 600 mg/m? administered every 3 weeks) with
lapatinib (1000 mg/day) and TZ (2 mg/kg weekly after the initial 4 mg/kg
loading dose) was superior to chemotherapy plus lapatinib and chemo-
therapy plus TZ for CR (46.7 vs 25.0 vs 26.3% respectively). The majority
of the patients required lapatinib dose reduction because high grade 3
diarrhea incidence.
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Chemotherapy+TZ vs
chemotherapy+lapatinib

[196]

Chemotherapy+TZ vs
chemotherapy+lapatinib

[197]

HER2-positive breast cancer treatment with lapatinib, gefitinib and neratinib

Phase Il random-
ized two arms,
open label, multi-

center trial.

Phase Il random-
ized two arms,
open label, multi-

center trial.

Stages |, Il, lll or inflammatory
breast cancer HER2 positive.
(50/52).

Untreated HER2-positive oper-
able or locally advanced breast
cancer. (309/311).

Chemotherapy consisted in epirubicin 90 mg/m? plus cyclophosphamide
600 mg/m?both administered on day 1 every 21 days for four cycles
followed by docetaxel 100 mg/m?administered on day 1 every 3 weeks
for four cycles. The anti-HER2 therapy was added to docetaxel as follows:
patients in arm A received chemotherapy plus TZ 6 mg/kg (after a loading
dose of 8 mg kg/1) on day 1 every 21 days (EC-DT). Patients in arm B re-
ceived chemotherapy plus a daily dose of lapatinib 1250 mg orally (EC-DL).
EC-DT exhibited higher efficacy; than EC-DL in terms of CR (52.1 vs 25.5%
in breast, 47.9 vs 23.5% in breast and axila). Grade 3/4 toxicity rates were
similar across arms except for diarrhea, which was more frequent in the
EC-DL arm.

Chemotherapy consisted in epirubicin 90 mg/m? plus cyclophosphamide
600 mg/m? both administered every 3 weeks for four cycles followed by
docetaxel 100 mg/m?2administered on day 1 every 3 weeks for four cycles.
The anti-HER2 therapy was added to docetaxel as follows: patients in arm
A received chemotherapy plus TZ 6 mg/kg (after a loading dose of 8 mg
kg/1) on day 1 every 21 days (ECH-TH). Patients in arm B received chemo-
therapy plus a daily dose of lapatinib 1000-1250 mg orally (ECH-TL). ECH-
TH exhibited higher efficacy in terms of CR (30.3 vs 22.7% respectively)
than ECH-TL. Chemotherapy with trastuzumab was associated with more
edema (39-1% vs 287%) and dyspnea (296 vs 21-4%), and ECL-TL with
more diarrhea (750 vs 47-4%) and skin rash (549 vs 31.9%). Less AE’s
were reported in the ECH-TH group than in the ECL-TL group.

MBC, metastatic breast cancer; IBC, inflammatory breast cancer; CR, complete response; PR, partial response; OR, objective response; PFS, progression free survival; PTEN, tensin
homologue deleted in chromosome 10; AE, adverse event; CBR, clinical benefit rate; TZ, trastuzumab; ORR, objective response rate; OS, overall survival; SD, stable disease; TTP,

time to progression; CNS, central nervous system; PPE, palmar-plantar erythrodysesthesia; WBRT, whole brain radiotherapy; PS, performance status; PDR, progressive disease rate;
pPR, pathological response rate; EFS, event free survival; MR, minimal response.

Table 2. Clinical evidence with neratinib in HER2 breast cancer

Therapy [Ref.]

Study type

Patient population (n)

Principal findings

Neratinib [143]
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Phase Il open-label,

two-cohorts, multi-
center study.

HER2 advanced and MBC.
Cohort A: Prior TZ treatment (66).

Cohort B: No prior TZ treatment (70).

Neratinib (240 mg daily) was well tolerated and had clinical activ-
ity (PFS at 16 weeks=59 and 78%, OR=24 and 56% for cohort A
and cohort B respectively). The most common AEs were diarrhea,
nausea, vomiting, and fatigue. Diarrhea was the most frequent
grade 3/4 AE.
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Neratinib+paclitaxel Phase I/1l open-label, HER2-positive MBC and prior TZ therapy.
[142] two-part study. Group A: no more than one prior chemother-
apy regimen and no prior lapatinib exposure
(72).
Group B: no more than three prior cytotoxic
chemotherapy regimens with prior lapatinib
exposure permitted (31).

Neratinib+paclitaxel Phase | open label, HER2-positive MBC previously treated with
+TZ [198] dose escalation, mul- anti-HER agent(s) and a taxane.
ticenter study. (212).

Neratinib+vinorelbine Phase I/Il multicenter, HER2-positive MBC, divided according to

[199] open-label study. prior or no prior lapatinib treatment.
(12/56).
Neratinib+ Phase I/1l multina- HER2-positive MBC or locally advanced
capecitabine [200] tional open-label breast cancer, previously treated with TZ
study. and taxane. There is a sub-group previously
treated with lapatinib.
(61/7).

Combination therapy (neratinib 240 mg daily plus paclitaxel 80
mg/m?2) was well tolerated with no unexpected toxicity and had
clinical activity in both groups (OR=71 and 77%, PFS=63.1 and
52.1 weeks for group A and B respectively) with a CB=82% for all
evaluable patients. The most common AEs were diarrhea, neu-
ropathy, alopecia, nausea, neutropenia, leukopenia and anemia.
The most common grade 3/4 AEs were diarrhea, neutropenia,
leukopenia and anemia.

Combination therapy consisted in neratinib (120 up to 240 mg/
day) with TZ (4 mg/kg loading dose, then 2 mg/kg weekly) and
paclitaxel (80 mg/m? days 1, 8, and 15 of a 28-day cycle). The
recommended dose of neratinib for this combination therapy was
200 mg/kg. It showed to have clinical activity (OR=38%, CB=52%
and median TTP=3.7 months). Common grade 3/4 AEs were diar-
rhea (38%), dehydration (14%), electrolyte imbalance (19%), and
fatigue (19%).

Combination therapy (neratinib 240 mg plus vinorelbine 25 mg/
m?) was well tolerated with no unexpected toxicity. It showed to
have clinical activity (OR=8 vs 41%, PFS=24.0 vs 47.7 weeks,
CB=5 vs 39%, prior lapatinib vs no prior lapatinib respectively).
The most common AEs were diarrhea, neutropenia, vomiting, nau-
sea and fatigue. The most common grade 3/4 AEs were neutrope-
nia (46%), diarrhea (28%), and leukopenia (17%).

Combination therapy (neratinib 240 mg plus capecitabine 1500
mg/m? daily) showed to have clinical activity (OR=64 vs 57%,
PFS=40.3 vs 35.9 weeks, patients with no prior lapatinib expo-
sure vs patients previously treated with lapatinib respectively).
The overall most common grade 3/4 AEs were diarrhea (26%),
PPE (14%), asthenia (4%) and vomiting (4%).

MBC, metastatic breast cancer; TZ, trastuzumab; PFS, progression free survival; OR, objective response; AEs, adverse events; CB, clinical benefit; TTP, time to progression; PPE,

palmar-plantar erythrodysesthesia.
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In addition, lapatinib inhibited activation of
nuclear factor kB (NF-kB) in HER2-over-
expressing breast cancer cells [44]. The TKI
inactivates NF-kB through reducing phosphory-
lation of its inhibitor IkB-a via blocking the
PI3BK/AKT cascade [44]. This fact is relevant
due to co-operation between HER2 and NF-kB
signaling which causes tumor resistance to
radiotherapy [45].

Overexpression of EGFR and HER2 contributes
to clinical radiation resistance [46] and several
EGFR inhibitors sensitize tumor cells to ionizing
radiation [46-48]. In this regard, lapatinib treat-
ment enhanced the radiosensitization of EGFR-
and HER2-overexpressing breast cancer cells
through inhibition of MEK/ERK signaling path-
way [49, 50].

In the SK-BR-3 HER2-amplified breast cancer
cell line prolonged exposure to lapatinib
reduced the expression and activity of the
enzyme topoisomerase lla, which renders cells
resistant to the cytotoxic effects of doxorubicin,
etoposide, and m-AMSA [51].

Lapatinib regulates several microRNAs (miR)
that play an important role in the anti-tumor
action in the HER2-postive breast carcinoma
cells [52]. In this regard, lapatinib treatment
upregulated miR575 and miR-1225-5 expres-
sion, contributing in this manner to downregula-
tion of the oncogenic protein phospholipase C
PLCXD1 (phosphatidylinositolspecific phospho-
lipase-C-X-domain-containing-1), a target tran-
script of miR-575 and miR1225-5p [52].

Lapatinib: clinical evidence and side effects

Several clinical studies in HER2 breast cancer
have evaluated safety, dosing schedules and
efficacy of lapatinib as monotherapy or in com-
bination with other therapies. The outcomes
depend on population features, tumor type,
stage and prior cancer treatments.

In all the studies listed in Table 1, lapatinib and
its combinations provided clinical benefit in dif-
ferent grades in HER2 breast cancer patients.
In contrast, HER2 negative and EGFR positive
cancer patients did not experience benefit with
this TKI [53-55].

In general, the addition of lapatinib to another
therapy improved the efficacy compared with
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the drug alone and in some cases without
increasing the adverse events profile or its
severity.

Some studies have assessed the efficacy of
lapatinib alone and in combination with
capecitabine in HER2 breast cancer patients
with progressive brain metastases. Only mod-
est efficacy has been found with monotherapy
while combination therapy has shown to be
more effective suggesting that lapatinib plus
capecitabine could be an alternative treatment
for specific patients to delay whole brain radio-
therapy and its adverse effects (Table 1)
[56-59].

Lapatinib resistance and toxicity

Several cancers generate resistance to TKls
through modifications in different proteins
implicated in downstream signaling of their tar-
get receptors [60]. Herein, we will revise the
proteins and cellular processes known to be
involved in acquiring resistance to lapatinib.

Dysregulation of the PI3K pathway is frequent
in breast cancer leading to its constitutive acti-
vation [61, 62]. Mutations in the catalytic sub-
unit of PIBK (PIK3CA) have been reported in
20-30% of breast cancer patients with HER2
amplification [63, 64]. In HER2 overexpressing
cells carrying PIK3CA, the antiproliferative and
proapoptotic effects of lapatinib as well as its
ability to inhibit survivin and AKT phosphoryla-
tion was less pronounced than in those cells
without PIK3 mutations [33, 65]. Interestingly,
PIK3CA has been considered a biomarker of
resistance to the EGFR family targeted therapy
[66]. Another abnormal activation of the PI3K
pathway is the loss of phosphatase and tensin
homologue deleted in chromosome 10 (PTEN)
function that has been observed in 20% to 25%
of primary breast cancers [63, 67]. In this
regard, it has been demonstrated that loss of
PTEN expression conferred resistance to lapa-
tinib in both PTEN knockdown cells and tumor
xenografts with HER2 overexpression, through
maintaining the activation of the AKT signaling
pathway [65, 68]. However, another study did
not find association between PTEN protein lev-
els and resistance to lapatinib in a panel of 17
HER2-amplified cell lines [69]. This was consis-
tent with two studies that did not show associa-
tion between PTEN and lapatinib response
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using cell lines and tissues of inflammatory
breast cancer patients with PTEN deficiency
[53, 70].

Hypoxia promotes lapatinib resistance in HER2-
positive breast cancer cells by inducing high
levels of hypoxia inducible factor (HIF)-1a and
reducing the dual specificity phosphatase2
(DUSP2) expression that leads to activation of
the ERK pathway [71].

Autophagy plays an important role in the devel-
opment of drug resistance in breast cancer
cells [72]. Indeed, increase of autophagosome
formation was observed in lapatinib resistant
breast cancer cell lines. Accordingly, treatment
with autophagy inhibitors restored lapatinib
sensitivity [73].

Acquired resistance to lapatinib in HER2-
positive breast cancer cells can also be medi-
ated by induction of heregulin (HRG) and subse-
quent formation of HER3-EGFR heterodimers
that promote an HRG-HER3-EGFR-PI3K signal-
ing axis [74].

In breast cancer, the overexpression of CD24, a
glycosylphosphatidylinositol-anchored membr-
ane protein, is associated with a poor patient
prognosis [75]. Noteworthy, CD24 contributes
to resistance to lapatinib in HER2-positive
breast cancer cells. In fact, knockdown of CD24
downregulated HER2 expression, AKT phos-
phorylation and increased the sensitivity of
cells to lapatinib treatment [76].

Similary, the overexpression of Neuromedin U
(NmU), a neuropeptide that has been associat-
ed with poor patient outcome in HER2-
overexpressing tumors, is also associated with
resistance to lapatinib. NmU knockdown signifi-
cantly decreased migration, motility, invasion
and resistance to anoikis in HER2 overexpress-
ing breast cancer cells [77].

In a HER2-overexpressing/estrogen receptor
(ER) positive breast cancer cell line treated con-
tinuously with lapatinib, increased ER signaling
was observed. This was due to activation of the
transcription factor forkhead box protein O3a
(FOXO3a) in response to ErbB2-PI3K-AKT sig-
naling inhibition, resulting in autoresistance to
this inhibitor [78]. Consequently, ER signaling
assumed a more prominent role in cell survival
during the development of acquired resistance
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to the TKI. Accordingly, the combination of lapa-
tinib with antagonists of the ER such as tamoxi-
fen or fulvestrant prevented the development
of lapatinib resistance [78]. In addition, in
tumor biopsies of patients with early-stage
breast cancer, after 14 days of lapatinib thera-
py, increased FOXO3a, progesterone receptor
and Bcl-2 expression was observed [78].

In human breast cancer lines and xenograft
models it was demonstrated that FAM83A over-
expression, an oncogenic protein, is involved in
lapatinib resistance [79]. Interestingly, FAM83A
downregulation decreased proliferation and
rendered cells sensitive to lapatinib. The mech-
anism by which this protein conferred resis-
tance to lapatinib may include the interaction
of FAM38A with cRAF and PI3K, maintaining
the activation of MAPK signaling. Indeed,
breast cancer patients with high FAM83A
expression have poor prognosis [79].

Some receptors with tyrosine kinase activity
have been involved in lapatinib resistance. In
this sense, the aberrant expression of AXL,
recepteur d’origine nantais (RON) and fibro-
blast growth factor receptor 2 (FGFR2) has
been reported to play an important role in lapa-
tinib resistance through eliciting PISK/AKT and
ERK signaling activation. In fact, inhibitors that
target AXL, RON and FGFR2 restored lapatinib
sensitivity in HER2 breast cancer cell lines [36,
80, 81].

Protein tyrosine kinase 6 (PTK®&), Src (both non-
receptor tyrosine kinase proteins), the chemo-
kine CXCL12 and its receptor (CXCR4) are
involved in breast cancer progression, regulat-
ing several cellular processes involved in the
malignant phenotype, such as cell proliferation,
survival, invasion and migration. Current
researches have demonstrated that increased
levels of PTK6 and Src expression and phos-
phorylation respectively, are involved in lapa-
tinib resistance through EGFR-dependent sig-
naling. Further, Src family kinases mMmRNA
expression was upregulated in HER2-positive
tumors treated with lapatinib. In fact, treatment
with Src inhibitors in combination with lapatinib
reduces AKT and ERK1/2 phosphorylation
restoring the sensitivity of resistant cells to
lapatinib [82-85]. Moreover, lapatinib resistant
cells also show high levels of expression of
CXCR4. Blockade of this chemokine receptor
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with a specific antibody reduced the invasive
ability of lapatinib resistant cells. Notably, the
combination of CXCR4 antibody and a Src inhib-
itor saracatinib, resulted in a greater inhibition
of the invasiveness compared with either agent
alone in lapatinib resistant cells. These findings
suggest that blockade of Src and CXCR4 could
be utilized as a therapeutic option in patients
with acquired resistance to lapatinib [84].

A key feature for acquired lapatinib resistance
is the fact that lapatinib treatment in HER2-
positive breast cells induces the activation of
several networks of kinases that contribute to
induce lapatinib resistance. Efforts for dealing
with this tumor response include the pharma-
cological inhibition of the adaptive kinome
response. In this regard, inhibitors of epigenetic
enzymes of BET family bromodomains sup-
pressed the kinome reprogramming induced by
lapatinib [86].

Aberrant miR-630 expression is related with
lapatinib resistance in HER2-positive breast
cancer cells. Overexpression of this miR
reduced the metastatic phenotype and restored
the drug sensitivity through decreased IGF1R
expression and subsequent inhibition of the
phosphorylation of HER2 and EGFR in lapatinib
resistant cells [87].

In HER2-positive breast cancer cells, elevated
expression of the alpha catalytic subunit of
cyclic AMP-activated protein kinase A (PRKACA)
confers resistance to lapatinib via increased
phosphorylation of the pro-apoptotic molecule
BAD [88].

The Kruppel-like transcription factors (KLFs) 4
and 5 (KLF4/5) play an import role in cell prolif-
eration, differentiation, and transformation and
have been considered as possible prognostic
factors in breast cancer [89, 90]. In fact, a posi-
tive correlation between HER-2/neu and KLF5
has been described [90]. In HER2-positive
breast cancer cells, lapatinib treatment upregu-
lated KLF4/5 protein expression. In these cells,
KLF4 and/or KLF5 depletion restored lapatinib
sensibility and reduced basal mRNA and pro-
tein levels of the anti-apoptotic factors myeloid
cell leukemia 1 (MCL1) and B-cell lymphoma-
extra-large (BCL-XL) [91]. The activation of
another transcription factor, the aryl hydrocar-
bon receptor (AhR), promotes several signaling
pathways as EGFR, PIBK/AKT and ERK. In fact,
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the induction of apoptosis by lapatinib is inhib-
ited by this receptor activated by its external
ligand (2,3,7,8-tetrachlorodibenzo-p-dioxin), in-
dicating its participation in lapatinib resistance
[92].

In patients with residual breast cancers follow-
ing administration of taxane/anthracycline-
based chemotherapy used concurrently with
trastuzumab, loss of HER2 gene amplification
has been reported [93]. Interestingly, HER2
breast cancer cells also showed loss of HER2
expression after chronic exposure to lapatinib,
conferring resistance to this inhibitor [81].
Another mechanism that limits the antitumor
activity of lapatinib is the upregulation of HER3
induced by this TKI, maintaining the activation
of AKT and MAPK pathways. These evidences
advice the use of HER2/HER3 inhibitors com-
bined in the treatment of HER2-positive breast
cancer [94, 95].

Gefitinib

Gefitinib is a reversible EGFR TKI that has
been approved by the FDA for the treatment
of advanced non-small cell lung carcinoma
with activating EGFR mutations [96, 971].

EGFR is overexpressed in breast cancer
tissue with a positivity range of 20-70%
[98, 99]. Overexpression of this receptor is
associated with aggressive metastatic breast
tumors. In addition, breast tumors that co-
overexpress EGFR and HER2 exhibited a worse
outcome than tumors that overexpressed
either receptor alone [100]. Interruption of
EGFR function with specific TKIs may disrupt
EGFR-HER2 cross-talk, resulting in HER2 inacti-
vation [101].

Mechanism of action of gefitinib: preclinical
evidence

Gefitinib inhibits the growth of both breast can-
cer cell lines and human tumor xenografts
expressing different levels of EGFR or HER2
[101-103]. Gefitinib effects on HER2 and EGFR
coexpressing breast cancer cells are mediated
by reducing basal EGFR, HER2 and HER3 phos-
phorylation, resulting in the blockage of down-
stream signaling of the AKT, MAPK and STAT3
pathways [101-105]. Also, this TKI increased
p27 levels and the subG1/G1 phases of the cell
cycle; reduced cyclin D1 and Cdk4. In addition,
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gefitinib reduced the phosphorylation of glyco-
gen synthase kinase 3 beta (GSK-3p, a target
of the AKT kinase) [101, 106]. In EGFR-HER2
breast cancer cells, gefitinib induced cytostatic
and apoptotic effects [103]. This action of gefi-
tinib is in part mediated by increased p38
MAPK levels [102], dephosphorylation of
FOX03a with a subsequent increased of p27«rt,
caspase 3 and BIM protein expression [105,
106]. Gefitinib has also been shown to down-
regulate the mTOR signaling pathway in human
breast cancer cells [107].

In a similar manner as described above in the
cell lines, gefitinib inhibited EGFR and MAPK
phosphorylation in tumor biopsies. However,
gefitinib had not effect on AKT phosphorylation
or Ki67 levels. Moreover, the TKI did not
increase p27 levels [108].

Gefitinib treatment disrupted the formation of
the HER3/HER2 heterodimer and further asso-
ciation of HER3 with p85a the regulator subunit
of PI3K [101]. In addition, the TKI inhibited the
activation of the EGFR/HER2 and EGFR/HER3
heterodimers mediated by EGF and heregulin,
respectively [102].

EGFR overexpression did not determine gefi-
tinib sensitivity in the particular case of HER2
overexpressing breast cancer [103, 104]. In
this regard, gefitinib was more potent to inhibit
the proliferation of breast cancer cells with high
levels of HER2 and low levels EGFR compared
to those cells with high levels of EGFR without
HER2 expression [101, 102, 104]. In contrast,
gefitinib effects on AKT, MAPK, and p27 were
not seen in EGFR-negative breast cancer cells
[101]. Interestingly, inhibition of MAPK phos-
phorylation was observed in EGFR-negative
tumor biopsies [108], suggesting that gefitinib
may be inhibiting other EGFR family members
[108].

In the same way as observed with lapatinib,
prolonged exposure to gefitinib induced resis-
tance to doxorubicin, etoposide, and m-AMSA
through downregulation of topoisomerase lla
[51]. A graphic summary of gefitinib mecha-
nisms of action is found in Figure 1.

Gefitinib: clinical evidence and side effects

There are only two phase I/Il clinical studies
that assess the effects of different gefitinib-
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combination therapies specifically in HER2-
positive metastatic breast cancer patients. The
first one was undertaken in 35 patients divided
according to prior systemic therapy. It demon-
strated that the combination of 250 mg/day of
gefitinib with 2 mg/kg weekly (after the initial 4
mg/kg loading dose) of trastuzumab was safe.
However, there was no greater clinical benefit
compared to trastuzumab monotherapy. A pos-
sible explanation of the lack of clinical activity
in this study was that coupling between HER2
and HER3 and activation of the last one would
not be completely inhibited by the combination
of gefitinib and trastuzumab [109]. The other
study included 31 patients treated with 250
mg/day of gefitinib, 6 mg/kg every 3 weeks
(after the initial 8 mg/kg loading dose) of
trastuzumab and 60 mg/m? every 3 weeks of
docetaxel. The values obtained were consid-
ered similar to those in other three drug combi-
nation regimens including trastuzumab and
chemotherapy, with the advantage of less toxic-
ity because the avoidance of a second chemo-
therapeutic agent. Additionally, no relationship
between assessed biomarkers expression and
response to therapy was found. In regard to
EGFR, 95% of the biopsies showed little or no
signal when evaluated by immunohistochemis-
try, although 47% of this subpopulation
responded to the therapy [110].

Gefitinib alone or in combination with other
drugs has been assessed in several clinical
studies with HER2-negative breast cancer
patients. The results are inconsistent but in
some cases there is a correlation between the
outcome and prior therapies administrated. We
discuss these studies below.

In a clinical trial conducted in women with stage
Illb/1V advanced breast cancer resistant to che-
motherapy, gefitinib monotherapy showed only
a stabilization of disease for at least 3 months,
neither partial nor complete response were
achieved. Interestingly, a good correlation
between the degree of inhibition of EGFR phos-
phorylation in skin and in breast tumors after
gefitinib treatment was reported. Therefore, the
inefficacy of this TKI could be explained by the
lack of EGFR tumor dependence [108]. In other
study, gefitinib was not effective in patients
with recurrent or refractory breast cancer previ-
ously treated with taxane and anthracycline
[114].
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Moreover, studies in patients with ER and/or
progesterone receptor positive breast adeno-
carcinoma [112, 113], primary untreated
breast cancer [114] and metastatic breast can-
cer [115], it was found that the addition of gefi-
tinib to standard treatments (chemotherapy or
hormonal therapy) did not further increase the
clinical benefit. However, in some cases it
caused higher toxicity and serious adverse
events such as dehydration, diarrhea, fatigue,
stomatitis, hypokalemia and neutropenia.

In contrast, Polychronis et al., reported that
gefitinib alone and in combination with anastro-
zol was effective for reducing the tumor size in
ER-EGFR positive breast cancer naive patients.
The most frequently adverse effects presented
with both therapies were rash and gastrointes-
tinal disorders such as diarrhea, dry mouth,
nausea and loose stools [116]. Ciardiaello et
al., also reported good response in patients
with metastatic breast cancer treated with gefi-
tinib plus docetaxel, who had not previously
received any kind of therapy for metastatic dis-
ease. The most common adverse effects in this
study were neutropenia, diarrhea and nausea
[117]. Interestingly, Osborne et al, found that
the gefitinib plus tamoxifen combination was
effective only in patients with newly diagnosed
metastases or those who had recurred one
year or more after stopping adjuvant therapy
with tamoxifen but not in patients with recur-
rent disease during or after adjuvant treatment
with aromatase inhibitors or those progressing
after first-line aromatase inhibitor treatment for
metastatic disease [118].

Additionally, Kalykaki et al., demonstrated that
gefitinib was effective to reduce the number of
EGFR positive and negative circulating tumor
cells in patients with metastatic breast cancer
[119].

The most common adverse effects of gefitinib
as monotherapy in breast cancer patients are
diarrhea, rush, dry skin, pruritus, dry mouth,
nausea, vomiting and fatigue [108, 111, 116].

Gefinib resistance and toxicity

The constitutive activation of signaling path-
ways downstream of EGFR contributes to gefi-
tinib resistance [104, 120, 121]. Normanno et
al., demonstrated that hiperactivation of the
MAPK pathway is involved in both the intrinsic
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and acquired gefitinib resistance in breast can-
cer cells. Interestingly, blockade of the MAPK
activity resulted in growth inhibition and induc-
tion of apoptosis. In addition, constitutive acti-
vation of p42-MAPK was related with gefitinib
resistance [120, 121].

Other study related with intrinsic gefitinib resis-
tance demonstrated that this TKl increased the
expression of genes codifying for HER specific
ligands and induced active import and nuclear
accumulation of the HER ligand neuregulin,
suggesting its possible transcriptional role
[122]. Moreover, HER3 and consequently PI3K/
AKT signaling evade inhibition by gefitinib in
vitro and in vivo [123].

Regarding autophagy, gefitinib induced this cel-
lular process in various gefitinib-sensitive and
-insensitive breast cancer cell lines. Treatment
with gefitinib in combination with agents that
inhibit late-stage autophagy such as hydroxy-
chloroquine or bafilomycin Al increased effica-
cy of gefitinib in vitro and in vivo [107].

Alternatively, other studies suggest that the
upregulation of the PISK pathway caused by
loss of PTEN activity is involved in gefitinib
resistance in breast cancer [104, 124, 125]. In
fact, in an EGFR overexpressing breast cancer
cell line which lacks PTEN function, gefitinib
abolished the phosphorylation of both EGFR
and MAPK but not AKT [124]. Moreover, gefi-
tinib treatment in cells that PTEN function was
restored resulted in the inhibition of AKT, GSK-
3B and the translation repressor protein 4EBP1
phosphorylation [124], restoration of gefitinib
sensitivity, arrest in the G1 phase [125], and
relocalization of FOX03a into the nucleus. This
transcriptional factor is implicated in cell cycle
arrest and apoptosis [126].

Other mechanisms implicated in gefitinib resis-
tance in breast cancer involved the interplay
between EGFR and different receptors. In this
regard, hepatocyte growth factor receptor
(MET), a tyrosine kinase receptor implicated in
breast cancer progression, confers gefitinib
resistance through increased EGFR phosphory-
lation induced by the activation of the kinase
c-Src. In fact, an inhibitor of MET kinase activity
decreased both EGFR phosphorylation and cell
proliferation in the presence of gefitinib in
HER2-positive and EGFR overexpressing breast
cancer cells [127].
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As with lapatinib, FAM83A dysregulation has
been show to promote gefitinib insensitivity in
breast cancer cells [79].

The crosstalk between G-protein coupled
receptors (GPCR) and EGFR [128]; K-RAS acti-
vation (a downstream effector of EGFR signal-
ing) [129] and EGFR mutations [130] have all
been involved with gefitinib resistance in lung
cancer. In this regard, GPCRs-EGFR interaction
has also been reported in breast cancer [131],
Moreover, K-RAS gene mutations were found in
several adenocarcinomas [132-134]. Intere-
stingly, EGFR mutations have not been report-
ed neither in primary breast carcinomas nor in
several breast cancer cell lines [135]. These
issues have not yet been addressed in gefitinib
resistant breast cancer cells and will have to be
further analyzed.

Neratinib

Neratinib is another oral, but irreversible TKI,
known as a pan-inhibitor because interacts
with the catalytic domain of several EGFR fam-
ily members (EGFR, HER2 and HER4) and
blocks their downstream signaling pathways
[136]. Neratinib covalently binds a specific and
shared cysteine residue in the ATP-binding
pocket of the receptors in the EGFR family
[137]. In particular, neratinib binds to cysteine
residues Cys-773 and Cys-805 in HER1 and
HER2, respectively [138].

Neratinib derives from structural modifications
of EKB-569, another potent and irreversible
EGFR inhibitor [136, 139]. Neratinib has signifi-
cant activity in naive and previously exposed to
trastuzumab patients [140], making it an alter-
native treatment for HER2-positive breast can-
cer. Currently, this TKI is in clinical trials and
has been used to treat solid tumors and meta-
static HER2 breast cancer [141-144].

Mechanism of action of neratinib: preclinical
evidence

There are some reports that describe the
mechanism of action of neratinib in breast can-
cer. A pioneering work from Rabindran et al.,
showed that neratinib inhibited proliferation
and EGFR, HER2, HER4, AKT and MEK phos-
phorylation in HER2 overexpressing breast can-
cer cell lines [136, 145]. The regulation of
downstream signal transduction by neratinib
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leads to arrest at the G1-S phase transition
resultingin increased p27 levels and decreased
phosphorylated retinoblastoma protein (pRb)
and cyclin D1 expression. Interestingly, nera-
tinib showed less antiproliferative activity in
cell lines that express neither HER2 nor EGFR
[136]. Moreover, HER2-positive breast cancer
cell lines are more likely to respond to neratinib
than EGFR-positive cells or HER2 non-amplified
cell lines [145]. Another antineoplastic mecha-
nism for neratinib in cancer cell lines is that it
can reverse membrane-bound ATP transport-
ers-mediated multidrug resistance [146]. The
inhibition of multidrug resistance via ATP trans-
porters by neratinib may be an alternative
mechanism that could improve the response to
chemotherapy agents used in HER2-positive
breast cancer.

Similarly, neratinib enhanced the therapeutic
response and counteracted trastuzumab resis-
tance by decreased trastuzumab-induced
HER4 nuclear translocation in HER2-positive
breast cancer [145, 147]. A resume of neratinib
mechanisms is found in Figure 1.

Neratinib: clinical evidence and side effects

Neratinib has proved to be a promising therapy
for HER2 metastatic breast cancer in five
recent phase I/1l clinical studies listed in Table
2. Nevertheless, in a phase Il trial, Martin et al.
compared two treatments: neratinib versus
lapatinib plus capecitabine with inconclusive
results, since neither inferiority nor superiority
of the monotherapy versus combination thera-
py could be demonstrated. However, they con-
firmed relevant single agent clinical activity and
acceptable overall tolerability of neratinib
[148]. These studies have warranted further
studies of this TKI and its combination with
other therapies. In this regard, several clinical
trials phase I/Il (ClinicalTrials.gov identifiers:
NCT01008150,NCT01111825,NCT01670877,
NCT00398567, NCTO0741260, NCTO09150-
18, NCT01494662, NCT00146172) and two
phase Il (NCTOO878709 and NCT01808573)
in HER2-positive breast cancer population are
in progress.

Neratinib resistance and toxicity

Seyhan et al., using a pool-based lentiviral
genome-wide functional RNAi screen identified
the following genes involved in neratinib resis-
tance: oncogenesis (RAB33A, RABGA and
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BCL2L14), transcription factors (FOXP4, TFEC,
ZNF), cellular ion transporters (CLIC3,
TRAPPC2P1, P2RX2), protein ubiquitination
(UBLD), cell cycle (CCNF9) and genes known to
interact with breast cancer-associated genes
(CCNF, FOXP4, TFEC, several ZNF factors,
GNA13, IGFBP1, PMEPA1, SOX5, RAB33A,
RABGA, FXR1, DDO, TFEC, OLFM2) [149]. This
analysis helps to the identification of new bio-
markers related to neratinib treatment that
could eventually make more effective the use
of combination targeted HER2 therapy.

In a similar manner as other TKls, neratinib also
may generate resistance. In this regard, NmU
overexpression and low miR-630 levels are
associated with innate or acquired-resistance
to neratinib in HER2-positive breast cancer
cells [77, 87].

In HER2-posive breast cancer cell lines, despite
the initial inhibition of phosphorylation of all
members of the EGFR family by neratinib, its
continued exposure resulted in reactivation of
HER3 and AKT signaling. This process is
thought to be involved in the developing of
resistance to neratinib. Interestingly, the com-
bination of trastuzumab and neratinib blocked
the reactivation of HER3 and AKT compared to
neratinib alone [145].

Conclusion

Overexpression of EGFR family members and
activation of their signaling pathways have
been associated with the development of
breast cancer and poor prognostic [150].
Interaction between these receptors is related
with resistance to current therapy becoming a
challenge for HER2-positive breast cancer
treatment [100, 151]. Targeted therapy against
cell signaling pathways of EGFR family mem-
bers has been introduced in the clinic in recent
years since it generates fewer side effects than
conventional therapy [152]. In this regard, TKls
have been developed such as lapatinb, gefitinib
and neratinb. These inhibitors have a similar
mechanism of action; specifically, they com-
pete for the ATP binding pocket of the EGFR
family. These agents can inhibit the same sig-
naling pathways such as PI3K/AKT, MAPK,
PLCy, and STAT [104, 153-155]. However, the
differences in their responses, and their selec-
tivity in HER2-positive breast cancer, could
depend on their dissociation constant (kd) to
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EGFR family members, and their molecular
interactions with these proteins. The biological
consequences of the binding of TKls with EGFR
family members are poorly understood, and
several researchers are currently examining
the different TKls interactions within the human
kinome [156]. In addition, it has been described
that TKIs can interact with different dimeriza-
tion complexes with active or inactive forms of
EGFRs [157-159]. Also, TKIs can modify the
amount of EGFR family ligands [122].

However, if the three compounds have similar
mechanisms of action, what is the difference
between them that could explain the different
responses in the clinic? A current work of
Sanchez-Martin et al, in 2012 gives us an
explanation about the chemical mechanism
that led to increased efficacy of lapatinib and
neratinib action in breast cancer versus gefi-
tinib action. The reversible and irreversible
inhibitors, lapatinib and neratinib; respectively,
have in their structure an aromatic group that
binds into the ATP pocket of the EGFR family
while maintain it in a closed conformation,
reducing the flexibility of the kinase receptor,
which ultimately limits the dimerization with
other receptors. Unlike lapatinib and neratinib,
gefitinib lacks an aromatic group in its struc-
ture, which maintains EGFR family ATP pocket
in an open conformation, favoring the dimeriza-
tion with other kinase receptors [160].
Moreover, a recent work of O'Neill et al, in 2013
studied a panel of genes implicated in cell cycle
progression, tumorigenesis and invasiveness,
which were upregulated after treatment with
neratinib in HER2 overexpressing breast can-
cer cells. This work demonstrated that the
genic regulation induced by neratinib was simi-
lar to that seen with trastuzumab and the com-
bination of lapatinib and capecitabine in HER2-
positive breast cancer cells. In contrast, gefi-
tinib treatment resulted in a completely differ-
ent expression pattern [161, 162]. This is
important because the expression of genes
could be predictors of the response in some
patients [161]. In summary, a different gene
expression profile induced by each one of the
TKIs could explain the difference in the treat-
ment response.

The TKIs have shown sustainable features to
block the signaling of the EGFR family mem-
bers, inhibit cell proliferation and induce apop-
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tosis in HER2-positive breast cancer subtype.
However, the search for novel therapeutic strat-
egies comprising the use of these or other TKIs,
in combination with different antineoplastic
agents could further improve the prognostic in
cancer patients. In order to enhance the clini-
cal response to the TKIs therapy, we consider
that tumor molecular analyses, which include
the characterization of the EGFR family mem-
bers, and the search for mutated or overex-
pressed proteins related with TKI resistance,
must be performed.
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Mauricio.Reginato@drexelmed.edu



	Portada 
	Índice 
	Resumen 
	1. Introducción
	2. Generalidades del Cáncer 
	3. Cáncer de Mama
	4. Familia de Receptores del Factor de Crecimiento Epidérmico
	5. EGFR en Cáncer de Mama
	6. HER2 en Cáncer de Mama 
	7. Inhibidores de Residuos de Tirosina Cinasa 
	8. Vitamina D
	9. Análogos del Calcitriol con Potencial Terapéutico en Cáncer de Mama 
	10. Planteamiento del Problema 
	11. Hipótesis 
	12. Objetivo General
	13. Objetivos Específicos
	14. Materiales y Métodos 
	15. Resultados 
	16. Discusión
	17. Conclusiones 
	18. Perspectivas 
	19. Literatura Citada 
	20. Anexos

