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Introduccién

1. CANCER DE PIEL NO-MELANOMA

El cancer de piel no-melanoma (NMSC) es el m&s comin en humanos. El carcinoma de células
basales (BCC) y el carcinoma de células escamosas (cSCC) son los dos principales tipos de cancer
de piel y representan méas del 95% de todos los NMSC. El nimero de cénceres de piel
diagnosticados en los Estados Unidos supera a todos los otros tipos de cancer, y se estima que
uno de cada cinco estadounidenses desarrollara cancer de piel en algin momento de su vida (Yan
et a., 2011; Yanofskyet al., 2011). Aproximadamente el 80% de estos son BCCs, mientras que
los SCCs representan aproximadamente el 20% de todas las neoplasias cutaneas (American
Cancer Society, 2018). Sin embargo, los cSCCs presentan un crecimiento mas agresivo, una
mayor capacidad de desarrollar metastasis y estan asociados con un mayor nimero de muertes
por NMSC (Clayman et al., 2005; Didona et al., 2018)

1.1. Carcinoma de célula escamosa de piel (cSCC)

El principal factor de riesgo para el desarrollo de cSCC es la exposicion a la radiacion ultra violeta
(UVR) solar. La incidencia de cSCC ha aumentado en los Gltimos 30 afios entre un 50 y un 200
y la cual puede atribuirse principalmente a un aumento de la exposicion al sol, una exposicion
UV intensificada y al aumento de la vida media de la poblacién (Yanofsky et al., 2011; Stratigos
et al., 2015). La incidencia de ¢cSCC aumenta en latitudes mas bajas, que correlaciona con una
mayor intensidad de luz solar, y la exposicion a fuentes artificiales de UVR contribuyen al
desarrollo de cSCCs. En el 90% de los casos, el tumor se desarrolla en areas anatdmicas expuestas
cronicamente a la radiacion UV, como la cabeza y el cuello, y las partes dorsales de las manos y
los antebrazos y suelen aparecer en pacientes de edad avanzada (Revenga et al, 2004; De Vries et
al., 2012).

Otros factores ambientales que impactan en el desarrollo de los cSCCs son la radiacion de rayos
X'y la exposicion a agentes quimicos como el arsénico o hidrocarburos poli-ciclicos. Procesos
inflamatorios crénicos de larga duracion, como los que se observan en heridas cronicas,
quemaduras, Ulceras, en la enfermedad genética epidermolisis bullosa, también contribuyen
significativamente al desarrollo de c¢SCCs. Por otra parte, se ha demostrado que la
inmunosupresion asociada al trasplante de 6rganos, la terapia con inmunosupresores clasicos para
tratar enfermedades inmunoldgicas y la quimioterapia para el tratamiento del cancer (como el

linfoma o la leucemia) se asocian a un mayor riesgo de cSCCs (Stratigos et al., 2015).

La infeccion del papilomavirus humano (HPV) también puede conducir al desarrollo de cSCCs,
especialmente en pacientes inmunodeprimidos (Arielle et al., 2015). Todas estas observaciones
indican que el sistema inmune puede jugar un papel relevante en el desarrollo y progresion del
cSCCs (Berg & Otley, 2002; Kadakia et al., 2016).
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Introduccién

Diferentes estudios indican que el desarrollo de cSCC se inicia con la aparicion de mutaciones en
los queratinocitos, y mas probablemente en las células madre (SCs) de la epidermis. Estas
alteraciones pueden dar lugar a un &rea local donde se produce una pérdida de la arquitectura
normal de la piel (atipia celular), que da como resultado una region de hiperqueratinizacion que
se denomina queratosis actinica (AK). Un aumento de la proliferacion de los queratinocitos
atipicos, dara lugar a neoplasmas intraepiteliales o cSCCs in situ, que generalmente se presentan
como la enfermedad de Bowen. La acumulacion de mutaciones adicionales y alteraciones
celulares puede conducir a un crecimiento invasivo, dando lugar a los cSCCs. Las células
tumorales pueden migrar y alcanzar vasos sanguineos, diseminar y finalmente dar lugar a
metastasis. EI 97% de los SCCs invasivos son producto de la progresion maligna de una AK y se
pueden subdividir en cuatro grupos en base al grado histopatolégico (asociado al grado de atipia

nuclear y gueratinizacion).

La mayoria se ellos se consideran bien diferenciados o well-differentiated (WD-SCCs) o G1, los
cuales conservan caracteristicas de diferenciacion epidermal. Se caracterizan por contener células
con nucleos ligeramente alargados y grandes citoplasmas, que a su vez producen grandes
cantidades de queratinas, dando lugar a la formacion de nidos de queratina. Estos tumores
generalmente estan asociados a una baja malignidad y una baja tasa metastasica (0.5-2%)
(Brantsch et al., 2008; Brinkman et al., 2015). Un segundo subtipo son los denominados tumores
moderadamente diferenciados o moderate-differentiated (MD-SCCs) o G2. Estos tumores
muestran una mayor desorganizacion estructural, presentan pleomorfismos nucleares vy
citoplasmaticos, mitosis mas numerosas y limitada formacion de nidos de queratinas. Los tumores
pobremente diferenciados o poorly differentiated (PD-SCCs o G3) pierden las caracteristicas de
diferenciacién epitelial y presentan una fuerte reduccion de produccion de queratinas. Estos
tumores PD-SCCs se caracterizan por contener células alargadas y con nicleos pleomorficos y
mitosis muy frecuentes. Finalmente, existe un subtipo de c¢SCCs llamados tumores
indiferenciados 0 G4 que se caracterizan por ser completamente anaplasicos, perdiendo por
completo cualquier rasgo de diferenciacién epitelial e incluso pudiendo alcanzar un estadio
fusocelular sarcomatoide. Los tumores de grado G3 y G4 tienen una gran importancia clinica, ya
gue estan asociados a una mayor agresividad y una elevada tasa de metastasis (17%) y recurrencia
(28%) (Brantsch et al., 2008; Arielle et al., 2015; Brinkman et al., 2015) (Figura 1).
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Figura 1. Estadios de progresion de los carcinomas de célula escamosa de piel. Después de un estimulo
externo, como puede ser la radiacién ultravioleta (UV) y la aparicion de alteraciones genéticas, los queratinocitos
comienzan a proliferar de forma descontrolada, dando lugar a lesiones pre-neoplasicas no malignas (queratosis
actinica e hiperplasias). Estas células pre-neoplasicas pueden acumular mutaciones en genes como H-Ras, p53 0
p19~T, entre otras, promoviendo la generacion de carcinomas in situ, los cuales pueden progresar finalmente a
carcinomas invasivos. Estos pueden ser bien diferenciados, moderadamente diferenciados, pobremente
diferenciados y/o fusocelulares sarcomatoides, siendo estos dos Ultimos estadios los que estan asociados a una
mayor recurrencia y capacidad metastasica, lo que reduce la supervivencia de los pacientes.

1.2. Tratamiento del carcinoma de célula escamosa de piel

En el 90% de los casos, el prondstico de los pacientes de cSCCs es favorable, ya que los tumores
muestran un comportamiento relativamente benigno y se pueden curar con tratamientos
dermatoldgicos y cirugia local (Yanofsky et al., 2011). Sin embargo, algunas de estas lesiones
pueden evolucionar a lesiones altamente agresivas. Al contrario que los BCCs, el 2-5% de los
cSCCs desarrollan metéstasis, la cual se asocia a un mal prondstico y una media de supervivencia
del paciente de menos de 2 afios (Stratigos et al., 2015). Aproximadamente un 85% de las
metastasis se producen en nddulos linfaticos regionales, y en un menor porcentaje de los casos en
tejidos distales como pulmones, higado, cerebro, piel y hueso. Ademas, un 4.6% de los pacientes
desarrollan recurrencias, de las cuales un 75% aparecen durante los primeros 2 afios después de
la reseccion y un 95% durante los primeros 5 afios (Brantsch et al., 2008). Desafortunadamente,
la mayoria de estos tumores recurrentes presentan una mayor agresividad y una mayor capacidad
metastasica, lo que reduce dramaticamente la supervivencia del paciente (Alam & Désirée, 2001,
Ashford et al., 2017).
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El tratamiento de los cSCCs primarios puede variar en funcion de las caracteristicas del tumor en
cuestion. Los pacientes que presentan lesiones en forma de multiples AK o ¢SCCs in situ son
tratados con técnicas de criocirugia o elecrodiseccion que permiten la eliminacion total de la zona
cancerosa. La escision quirdrgica, muchas veces combinada con una reconstitucion plastica, es la
técnica mas usada en aquellos pacientes que presentan tumores invasivos de alto riesgo. Sin
embargo, en determinados casos donde la escisién quirtrgica esta contraindicada, como por
ejemplo en pacientes de edad avanzada, tumores de gran tamafio o en zonas de dificil reseccion,
0 tumores avanzados y metastasicos, los pacientes son tratados con radioterapia, agentes
guimioterapicos convencionales por via sistémica (como cisplatino, bleomicina, 5-fluorouracil,
entre otros), o con &cido 13-cis-retinoico o inmunoterapia (IFN-o) (Guthrie et al., 1990; Sadek et
al., 1990; Shin et al., 2001; Wollina et al., 2005; Brewster et al., 2007; Cranmer et al., 2010).
Desafortunadamente, estos tratamientos tienen una respuesta clinica limitada en la mayoria de

estos pacientes (Franco et al., 2012).

Por lo tanto, es necesario identificar los mecanismos moleculares y celulares que subyacen en la
regulacion de la proliferacion y la invasion de las células tumorales en los diferentes estadios de
la progresion del cSCC, con el objetivo de disefiar terapias efectivas para el tratamiento de los
pacientes con cSCC de alto riesgo. En los ultimos afios se han realizado algunos ensayos clinicos
basados en inhibidores contra el receptor del factor de crecimiento epidermal (EGFR) en
pacientes con cSCC recurrentes y/o metastasicos. Sin embargo, el porcentaje de pacientes que
logran una respuesta completa (CR) o parcial (PR) ha resultado ser muy bajo (Maubec et al.,
2011; Gold et al., 2018;). Recientemente, ha sido aprobada por la FDA una terapia para el
tratamiento de cSCC avanzados y metastasicos basada en el bloqueo de PD-1 con Cemiplimab,
gue logra una buena respuesta en aproximadamente la mitad de los pacientes tratados (Migden et
al., 2018).

1.3. Modelos de ratdn de carcinoma de célula escamosa de piel
1.3.1. Modelo de carcinogénesis quimica

Uno de los modelos de raton mas utilizados para el estudio del desarrollo de los cSCCs es el de
carcinogénesis quimica. Este modelo permitié demostrar por primera vez que el desarrollo de la
carcinogénesis seguia un proceso multi-etapa, caracterizado por una fase de iniciacion, promocién
y progresion tumoral. Este modelo esta basado en un tratamiento inicial con una Unica dosis tdpica
del carcin6geno dimetilbenzantraceno (DMBA), que induce mutaciones en las células de la piel,
seguido por el tratamiento continuado con ésteres de forbol proinflamatorios, como el 12-O-tetra-
decanoilforbol-13-acetato (TPA), que promueve la proliferacién de las células y la formacion de

lesiones benignas conocidas como papilomas. Algunos de los papilomas pueden progresar a

-34 -



Introduccién

cSCC invasivos y metastasicos, y de manera esporédica a carcinomas fusocelulares (Huang &
Balmain, 2014).

El evento genético que induce la iniciacion tumoral es principalmente la mutacion Q61L en el
gen Harvey-ras (HRAS) (Balmain et al., 1984; Quintanilla et al., 1986). Durante la promocién y
la progresion maligna de los papilomas se produce la amplificacion del alelo mutado de HRAS
(Bremner & Balmain, 1990), la inactivacion del gen supresor tumoral TP53 mediante mutaciones
o0 la pérdida de heterozigosis (LOH) (Buchmann et al., 1991) y finalmente la inactivacién del
locus Ink4/Arf, que codifica para proteinas como p16™<**, p15™K48 y p19AT implicadas en la
regulacion de las funciones de la proteina retinoblastoma (RB) y p53 (Kelly-Spratt et al., 2004) .
Sin embargo, estudios posteriores han mostrado que ademas de estas mutaciones, se acumulan
otras alteraciones génicas que podrian contribuir al desarrollo y progresién de los cSCCs
inducidos por DMBA-TPA (Nassar et al., 2015).

1.3.2. Modelos animales modificados genéticamente

Uno de los modelos utilizados para el estudio de los factores que regulan la progresion de los
cSCCs, son los ratones K14-HPV16 (keratinal4 - virus del papiloma humano). Diferentes
estudios demostraron que la infeccion con determinados papilomavirus humanos (HPV) conduce
a varios desordenes epiteliales, incluyendo el desarrollo de cSCCs (Zur Hausen, 2009). Este raton
transgénico expresa las oncoproteinas E6 y E7 de HPV16 bajo el promotor de la Keratina 14
(K14), la cual se expresa en los queratinocitos basales de la piel, incluyendo las células madre de
la epidermis interfolicular (IFE) y del foliculo piloso (HF). E6 y E7 regulan negativamente la
funcion de p53 y proteinas de la familia del Rb, respectivamente (Moody and Laimins, 2010). El
100% de estos ratones desarrollan hiperplasias epidérmicas un mes después del nacimiento, las
cuales pueden evolucionar a displasias en un periodo de 3 a 6 meses. A la edad de un afio, el 50%
de los ratones desarrollan carcinomas escamosos invasivos, el 30% de los cuales puede presentar
metastasis a nddulos linfaticos regionales (Coussens et al., 1996), dependiendo del fondo genético

de los ratones.

La utilizacion de modelos de raton que expresan la recombinasa Cre, la cual permite la deleccion
de alelos o la expresion de formas mutadas de determinados genes en poblaciones especificas de
células epidérmicas (Albanesea et al., 2002), permitié analizar la relevancia de algunos genes,
como KRas, en el desarrollo de cSCCs. Asi, se demostré que la expresion de una forma
constitutivamente activa de KRas (KRas®*?P) en diferentes poblaciones de células epidérmicas,
como las células suprabasales de la IFE (ratones Involucrina-Cre), las células madre de la
epidermis interfolicular (ratones K5-Cre o K14-Cre) y las células madre del bulge del foliculo

piloso (ratones K15-Cre o K19-Cre) provocaba el desarrollo de papilomas, mientras que si
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KRas®*?P era expresado en células transit amplifying de la matriz del pelo (ratones Shh-Cre) no
se producian estas lesiones (Lapouge et al., 2011; White et al., 2011). Sin embargo, cuando se

G120 concomitantemente con la deleccion de TP53 en las células

inducia la expresion de KRas
madre de la IFE y del bulge de los foliculos pilosos, se producia la generacién de cSCCs. Por lo
tanto, estos estudios demostraron que las células madre de la IFE y del bulge eran competentes
para iniciar la generacion de cSCCs (células de origen de los cSCCs), bajo la sobrexpresion de

KRas®*?Py la pérdida de funcion de p53 (Lapouge et al., 2011; White et al., 2011).

Otros investigadores demostraron que la deleccion condicional de Rb en la epidermis (raton Rb™;
K14cre) provoca una alteracion en la proliferacion y la diferenciacion de los queratinocitos
basales. Cuando estos ratones se sometian a un tratamiento de carcinogénesis quimica,
desarrollaban menos papilomas y més pequefios comparado con los ratones que expresan la
proteina, aunque, estas lesiones preneoplasicas mostraron una mayor conversion maligna hacia
cSCC (Ruiz et al., 2005). Ademas, la pérdida simultanea de Rb y p53, aunque no agrava el
fenotipo observado en la epidermis deficiente en Rb, resulta en un desarrollo acelerado de SCCs
espontaneos agresivos, indiferenciados y de origen folicular (Martinez-Cruz et al., 2008). Por otra
parte, la deleccion de E2F1 (raton Rb™F; K14creER™:; E2F17) o de p21 (raton pRbAEP'; p217)
induce el desarrollo de tumores espontaneos en la piel en un contexto Rb deficiente (Costa et al.,
2013; Saiz-Ladera et al., 2014). Todos estos resultados indican que esta familia de genes actta
ejerciendo funciones supresoras de tumores en la epidermis y que su pérdida favorece la iniciacion

y la progresion del cSCC.

En nuestro laboratorio se generaron modelos de ratones utilizando los K14-HPV16 y ratones de
trazado de linaje que permiten identificar diferentes poblaciones de células madre del bulge
(células madre K15" y células madre Lgr5*). La caracterizacion de esos modelos de ratones
demostro que la expresion de E6 y E7 induce una expansion de la progenie de las células madre
Lgr5", la cual se acumula en los foliculos pilosos y se moviliza de forma aberrante a la IFE, dénde
contribuye a la formacion de cSCCs. Estas observaciones demostraron que los tumores generados
en la IFE por la expresion de E6 y E7 tienen como origen células madre del bulge y su progenie
(da Silva-Diz et al., 2012).

Ademés, mediante el uso de modelos de raton de trazado de linaje, Latil y colaboradores
demostraron que los cSCCs que se generaban a partir de las células madre de la IFE eran
generalmente WD-SCCs, mientras que los derivados de células madre del bulge eran PD/S-SCCs,
los cuales presentaban un crecimiento muy agresivo y un mayor potencial metastasico (Latil et
al., 2017).
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1.3.3. Modelo de progresién de SCC de piel

La mayoria de los modelos transgénicos descritos permiten analizar los cSCCs en una etapa
determinada de su progresion. Nuestro grupo generdé modelos de progresion de cSCCs de raton
con el objetivo de estudiar los mecanismos moleculares implicados en este proceso. Para ello, los
ratones K14-HPV16 fueron tratados con DMBAJ/TPA para promover el desarrollo de tumores.
Al final del tratamiento, todos los ratones desarrollaron multiples cSCC invasivos, la mayoria de
ellos con rasgos epiteliales, mientras que solo un 4,65% resultaron ser tumores indiferenciados
y/o fusocelulares (PD/S-SCCs).

A continuacion, se implantaron ortotépicamente pequefios fragmentos de cSCCs (espontaneos o
inducidos por DMBA/TPA) en la piel de la espalda de ratones inmunodeficientes (Nude). Los
tumores generados fueron reseccionados e implantados de forma seriada en otros ratones durante
varios pases, permitiendo el crecimiento ilimitado de estos tumores y la generacion de diferentes
linajes (Figura 2). Después del primer implante, los tumores ortotopicos recapitularon las
caracteristicas histopatoldgicas de los tumores parentales. Sin embargo, tras varios implantes
seriados, el 62,5% de los tumores que inicialmente eran WD-SCCs, progresaron a MD-SCCs,
después a PD-SCCs y finalmente a PD/S-SCCs. Otros investigadores, habian descrito que los
PD/S-SCCs murinos, que presentaban inducido el programa epitelio-mesénquima (EMT;
descripcidn en seccién 2.3), podian tener un origen celular diferente e incluso generarse en
contextos inflamatorios diferentes que los WD-SCCs (Wong et al., 2013; Latil et al., 2017).
Contrariamente a estos estudios, nuestros modelos permitieron demostrar que los tumores PD-
SCC y fusocelulares se generan a partir de la progresion maligna de los tumores WD-SCCs (da
Silva-Diz et al., 2016) (Figura 2).

Implante ortotépico
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Progresion del cSCC

Figura 2. Modelo de progresion de los SCC de piel. ElI esquema resume el protocolo utilizado para la
generacion de linajes de progresion de los cSCCs murinos. Tumores primarios generados de forma espontanea o
inducidos por el tratamiento con DMBA/TPA en los K14-HPV16, se implantaron de forma seriada en la piel de
la espalda de ratones inmunodeficientes. Este procedimiento permite que la mayoria de los WD-SCCs progresen
a PD/S-SCCs vy, en consecuencia, el estudio de los eventos moleculares y celulares en cada estadio de la
progresién tumoral. Adaptado de da-Silva y colaboradores, 2016.
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La caracterizacion de los tumores de cada linaje demostr6 que durante la progresion se perdia la
expresion de K14, mientras que aumentaba la expresion de Keratina 8 (K8). Ademas, se observo
que los PD/S-SCCs crecian significativamente méas rapido que sus respectivos precursores WD-
SCCs, reduciendo la supervivencia de los ratones portadores debido a un aumento de la frecuencia
de metastasis pulmonares y, en ocasiones, en los ganglios linfaticos regionales, rifién e higado,

las cuales se desarrollaban en un menor tiempo de latencia.

Por otra parte, se demostrd que el 75% de los tumores generados a partir de la induccién con
DMBAJ/TPA presentaban mutaciones activadoras en HRas (Q61L), mientras que los tumores
espontaneos presentaban principalmente mutaciones en KRas. Sin embargo, la progresion desde
WD-SCCs a PD/S-SCCs se observo en ausencia de mutaciones activadoras en HRas o KRas en
algunos linajes de cSCCs, indicando que este tipo de mutaciones no era esencial para promover

la progresion de los cSCCs (da Silva-Diz et al., 2016).

2. HETEROGENEIDAD Y PLASTICIDAD DE LAS CELULAS TUMORALES.
CELULAS MADRE DEL CANCER (CSCs)

Durante los ultimos afios, diferentes estudios, incluyendo aquellos donde se realiz6 una
secuenciacion masiva de los tumores, describieron la existencia de una gran heterogeneidad inter-
e intra-tumoral, la cual tenia un fuerte impacto en la respuesta de terapias contra el cancer. La
heterogeneidad inter-tumoral se define como la variabilidad genética que existe entre tumores de
pacientes del mismo tipo o subtipo histopatoldgico, mientras que la intra-tumoral, como la
heterogeneidad fenotipica y funcional existente entre células dentro de un mismo tumor (Bedard
et al., 2013; da Silva-Diz et al., 2018). Esta heterogeneidad intra-tumoral puede ser consecuencia
de la variabilidad genética, expresion génica diferencial, transiciones entre estados diferentes de
las células tumorales o perturbaciones en el microambiente tumoral (Junttila & De Sauvage, 2013;
Meacham & Morrison, 2013). Actualmente, algunos de los estudios enfocados a identificar
biomarcadores moleculares se centran en la heterogeneidad tumoral entre pacientes. Sin embargo,
existe un creciente reconocimiento de la relevancia clinica de la heterogeneidad celular intra-
tumoral, ya que los biomarcadores predictivos que se utilizan para tomar decisiones clinicas a
partir de las biopsias podrian estar diferencialmente distribuidos en el resto del tumor (Bedard et
al., 2013; Meacham & Morrison, 2013; McGranahan & Swanton, 2017).

Los origenes de la heterogeneidad intra-tumoral han sido extensamente debatidos y se han
postulado varios modelos para describir los posibles mecanismos que dan lugar a la diversidad

de células tumorales dentro de una muestra tumoral.
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2.1. Modelos de heterogeneidad tumoral
2.1.1. Modelo de evolucion clonal

La teoria de la evolucién clonal, propuesta por el Dr. Nowell el afio 1976, proponia que los
tumores se originan a partir de una poblacién homogénea de células transformadas, y que la
progresion tumoral era el resultado de la adquisicién gradual de mutaciones dentro de este clon
original. Esta inestabilidad gendmica finalmente permitiria la seleccion secuencial de subclones
cada vez mas agresivos Y la erradicacion de clones con desventajas metabdlicas o proliferativas,
eliminados por la respuesta inmunoldgica o por la sensibilidad al tratamiento anti-tumoral
(Nowell, 1976; Greaves et al., 2012; Cabrera et al., 2015). Este modelo, también conocido como
modelo estocastico, proponia que los tumores son una masa celular homogénea que surge de
cualquier célula que exprese las mutaciones necesarias para promover su crecimiento (Pardal et
al., 2003). Ademas, el Dr Nowell planted que las células de las distintas poblaciones dominantes
poseerian un potencial tumorigénico similar y que serian estas las encargadas de dirigir la
progresion tumoral. Finalmente, se apunté que cada paciente requeria una terapia especifica
individual, pero esta podria verse frustrada por la aparicion de un subclon genéticamente diferente

y resistente al tratamiento (Nowell, 1976) (Figura 3).

2.1.2. Modelo de las células madre del cancer

El segundo modelo es de las células madre del cancer (CSCs). A diferencia de la evolucién clonal,
donde todas las células de los subclones poseen un potencial tumorigénico similar, la hipétesis de
las CSCs postula que solo una pequefia subpoblacion de células tumorales indiferenciadas, las
CSCs, tiene la capacidad de auto-renovacion y potencial para dar lugar a un nuevo tumor (Zorniak
et al.,, 2010; Cabrera et al., 2015). El resto del tumor estaria constituido por células
fenotipicamente diferentes, con un mayor grado de diferenciacién y con potencial proliferativo y
tumorigénico limitado. Este modelo postula que los tumores siguen una organizacion jerarquica
donde la poblacion de CSCs es responsable de dar lugar al resto de células tumorales con

diferentes fenotipos, contribuyendo asi a la heterogeneidad celular del tumor.

La mayor parte de los estudios han utilizado marcadores de superficie celular para identificar y
aislar CSCs. El implante en ratones inmunodeficientes de las células aisladas en base a los
marcadores de superficie permite comprobar su potencial tumorigénico y de regenerar el tumor
parental. Ademas, los ensayos de dilucion limite (LDA), basados en el implante en diluciones
seriadas de una determinada poblacion de células tumorales en ratones inmunodeficientes,
permiten calcular en qué frecuencia se encuentran las CSCs o células iniciadoras de tumores
(TICs) dentro de esta poblacién (Visvader, 2011; Kreso & Dick, 2014;). Asi, el modelo de las

CSCs se evidencid por primera vez cuando se aislaron células hematopoyéticas de pacientes con
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leucemia mieloide aguda (AML) y estas fueron trasplantadas en ratones inmunodeficientes. Los
resultados mostraron que solo las células CD34" (marcador previamente asociado a células madre
hematopoyéticas) CD38", a diferencia de las poblaciones CD34" CD38"y CD34, eran capaces de
regenerar el tumor parental (Lapidot et al., 1994). Mas adelante, Al-Hajj y sus colaboradores
demostraron que, a diferencia de las otras poblaciones aisladas de tumores de mama, la inyeccion
de células CD44'/CD24  (marcadores de células madre mamarias normales) en ratones
inmunodeficientes daba lugar a la formacion de nuevos tumores en el 89% de los casos, los cuales

recapitulaban las caracteristicas de los tumores parentales (Al-Hajj et al., 2003).

Sin embargo, hay que destacar que estos dos modelos no tienen porque ser mutualmente
excluyentes. Un tumor podria contener diferentes clones de CSCs, genéticamente distintos, que
pueden generarse a partir de una poblacién inicial de células portadoras de mutaciones
oncogeénicas. Estos subclones de CSCs, cada uno con su capacidad de auto-renovacion y de dar
lugar a progenitores intermedios, asi como a células tumorales mas diferenciadas, podrian seguir
una evolucidn clonal en paralelo, acumulando los cambios genéticos y epigenéticos necesarios

para el mantenimiento del tumor (Cabrera et al., 2015).

El modelo de las CSCs ha sido recientemente validado en diferentes tipos de tumores. Asi,
mediante experimentos de trazado de linaje en modelos de raton se demostrd que las células
madre adultas con mutaciones especificas, actuarian como las células de origen de los tumores de
piel, colon y cerebro, y que estas células madre transformadas se comportan como CSCs
(Schepers et al., 2010; Chen et al., 2012; Driessens et al., 2012). Sin embargo, otros estudios
apuntan que las CSCs también se podrian originar a partir de progenitores mas diferenciados, a

través de procesos de desdiferenciacion o reprogramacion (Wang et al., 2014) (Figura 3).

Las CSCs tienen una gran relevancia clinica, ya que estas células pueden ser responsables del
crecimiento tumoral, la resistencia al tratamiento, la recurrencia y la metéstasis (Eun et al., 2017).
A diferencia del resto de células tumorales, las CSCs son capaces de sobrevivir al tratamiento con
quimioterapia a través de diferentes mecanismos (Phi et al., 2018). Algunos de los mecanismos
propuestos serian: la expresion de altos niveles de proteinas trasportadoras de drogas o
detoxificadoras (Alisi et al., 2013; Raha et al., 2014), la capacidad de entrar en un estado
guiescente (o dormancy) y cambiar a un fenotipo proliferativo (Kreso et al., 2013), la activacién
de mecanismos de resistencia a la muerte inducida por dafio al DNA (Ishimoto et al., 2011,
Peitzsch et al., 2013), mecanismos epigenéticos como la modificacion de histonas y la metilacién
del DNA (Zhang et al., 2010; McDonald et al., 2011), asi como la activacion de procesos de
desdiferenciacion (Schwitalla et al., 2013; Pires et al., 2016). Ademas, la activacion de vias de
sefializacién que promueven la auto-renovacion de las CSCs, como las vias de NOTCH, WNT,
TGFp, PISK/AKT, EGFR y JAK/STAT (Kurth et al., 2014) y la adquisicion de caracteristicas de
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célula madre a través de la induccion del programa epitelio-mesénquima (EMT; concepto que
ser4 abordado méas adelante en la seccion 2.3) (Nieto et al., 2016), son también algunos de los
principales mecanismos que favorecen la supervivencia y la proliferacion durante el periodo de

tratamiento, asi como la invasion y la metastasis de las CSCs.

2.1.3. Modelo de plasticidad de las células tumorales

Recientemente, se ha propuesto un tercer modelo que reconcilia los modelos de evolucién clonal
y el de CSCs (Meacham & Morrison, 2013). EI modelo de plasticidad de las CSCs postula que
las células tumorales tienen la capacidad de convertirse en CSCs y viceversa de forma dinamica.
Este modelo ha afiadido un grado de complejidad adicional a los modelos de evolucion clonal y
CSC que puede ayudar a explicar la heterogeneidad intra-tumoral y entender mejor los procesos

de progresion tumoral, metastasis y respuesta a terapias (Figura 3).

El concepto de plasticidad celular es muy amplio y puede ser aplicado a células diferenciadas no
transformadas, donde en respuesta a estrés fisiologico pueden adquirir un comportamiento
plastico (Figura 3). Por ejemplo, la ablacion de una de las poblaciones de SCs que contribuye a
la homeostasis del intestino (SCs-LGFR5") puede provocar la expansién de otra poblacién de SCs
intestinal (SCs-Bmil®), la cual darfa lugar a células LGR5" que compensaria la pérdida de la
poblacién depleccionada (Tian et al., 2011). El proceso de curacion de heridas también es un
contexto donde la plasticidad de las SCs juega un papel relevante. En respuesta a la induccién de
una herida, las poblaciones SCs foliculares adoptan transitoriamente caracteristicas propias de las
SCs de la IFE, y pueden movilizarse hasta esta localizaciéon, donde contribuyen, junto con su

progenie a la curacion de la herida (Ge et al., 2017).

En un contexto tumoral, la plasticidad de las células tumorales puede activarse en respuesta a
sefiales intrinsecas de las propias células, estimulos del microambiente y/o en respuesta a terapias.
Durante este proceso, las células tumorales diferenciadas pueden cambiar de forma dinamica
hacia un estado indiferenciado con caracteristicas de CSC, y viceversa, lo cual tiene un impacto
relevante en la progresidon tumoral, la metastasis y la resistencia a terapias (da Silva-Diz et al.,
2018). En este sentido, células tumorales diferenciadas de colon pueden desdiferenciarse tras la
ablacion de la poblacion CSC-LGR5" preexistente en el tumor, compensando asi la pérdida de
CSCs (Shimokawa et al., 2017).
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Modelo de evolucidn clonal Modelo de las CSCs Modelo de plasticidad
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Figura 3. Descripcion de los modelos propuestos de heterogeneidad intra-tumoral. ElI modelo de evolucion
clonal o estocastico considera que cada célula tumoral dentro tiene potencial tumorigénico similar. EI modelo
CSC cléasico asume que células similares a las células madre adultas, las CSCs, son la fuente de la heterogeneidad
intra-tumoral por su capacidad de auto-renovacién y de diferenciacion. EI modelo de plasticidad de CSC propone
un equilibrio (reversible) de conversion bidireccional entre CSC y no CSC.

Como se ha comentado anteriormente, el enriquecimiento de la poblacién CSC después de la
terapia podria ser la consecuencia de un aumento de la dinamica de division simétrica de estas
células, pero también por la transicion de un estado diferenciado (no-CSC) al estado CSC. Asi,
las células diferenciadas de glioblastoma inducen la expresion de marcadores de SC como SOX2,
OCT4 y Nestina y se produce una expansion de CSC in vivo en respuesta al farmaco (Auffinger
et al., 2014). Estas observaciones demuestran que las células tumorales diferenciadas o no-CSCs

pueden adquirir un estado CSCs para promover la progresion tumoral y la resistencia a terapias.

Esta transicion dindmica y reversible entre diferentes fenotipos de las células tumorales puede
estar regulada por diferentes mecanismos incluyendo alteraciones epigenéticas, sefiales
procedentes de las mismas células tumorales y/o del microambiente tumoral (TME) (da Silva-Diz
etal., 2018)

2.2. Identificacidn de las CSCs en carcinomas de célula escamosa de piel de raton y humano

Malanchi y colaboradores identificaron y aislaron por primera vez una poblacion de células
tumorales de cSCCs de ratdn que reunia las caracteristicas funcionales de las CSCs. Este grupo
demostrd que las células tumorales que expresaban CD34 (marcador de las células madre del
bulge de los foliculos pilosos) presentes en papilomas y WD-SCCs, mostraban un potencial 100
veces mayor de generacion de tumores que el resto de células epiteliales, cuando eran implantadas

en ratones inmunodeficientes. Estas células CD34" conservaban algunas caracteristicas de las
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células madre del bulge y la capacidad de auto-renovarse y diferenciarse, permitiendo el
crecimiento de tumores que presentaban la misma organizacion jerarquica que los tumores

parentales (Malanchi et al., 2008).

Sin embargo, otros investigadores mostraron que la expresion de CD34 no era suficiente para la
identificacion de CSCs en SCC de piel de raton e incluyeron otros marcadores como la o6-
integrina y Bl-integrina. La generacion de tumores secundarios a partir de una sola CSC, ya fuera
06"B1"CD34" (alta expresion de CD34) o a6"p1"CD34" (baja expresion de CD34) demostrd
que ambos contenian células tanto CD34" como CD34", indicando que las dos poblaciones tenian
potencial tumorigénico y que podrian coexistir diferentes poblaciones de CSCs que podian
convertirse unas en otras de forma bidireccional (Schober & Fuchs, 2011). Més tarde, el grupo de
Cedric Blanpain demostr6 mediante el uso de diferentes modelos de trazado de linaje celular, que
Unicamente las células tumorales CD34" eran capaces de mantener el crecimiento tumoral a largo

plazo, siendo consideradas por lo tanto como CSCs (Lapouge et al., 2012).

Varios estudios han demostrado que las CSCs de cSCCs se localizan preferentemente en la
periferia del tumor y en los frentes de invasion de los tumores méas agresivos, sugiriendo que las
funciones de las CSCs podrian estar reguladas por sefiales procedentes del estroma circundante
(Malanchi et al., 2008; Beck et al., 2011; Schober & Fuchs, 2011). Asimismo, estos estudios
demostraron que la sefializacion de p-cateninay TGFf eran esenciales para el mantenimiento del
fenotipo y la funcion de las CSCs. Mientras la ablacion de B-catenina en las células tumorales
provocaba la pérdida de las CD34*-CSCs y la regresién completa del tumor (Malanchi et al.,
2008), la ablacion del receptor Il de TGFB (TGFBR2) provocaba un aumento de la poblacion
CD34" en tumores pobremente diferenciados (Schober & Fuchs, 2011). En este sentido, la
deleccion de TGFBR2 en las células epiteliales, induce el desarrollo de SCCs de piel invasivos
en un contexto dénde HRas esta mutado, o tras un tratamiento con el carcinégeno DMBA (Guasch
et al., 2007). Sin embargo, la via de TGFp no siempre actia como supresor tumoral, sino que
puede tener un papel dual en muchos tipos tumorales, incluido el cSCC dénde inicialmente puede
actuar como un supresor tumoral y promover la metastasis en estadios avanzados de progresion
(Massagué, 2008). En este sentido, se ha demostrado que se requiere de la cooperacion de las vias
de sefializacion H-Ras y TGFB (mediante la acumulacion de Smad2 nuclear) para la
transformacion y progresion del cSCC hacia un estado fusocelular y con el programa EMT
inducido (el concepto de EMT sera descrito en la seccion 2.3) (Oft, Akhurst, & Balmain, 2002).

Estudios realizados por nuestro grupo demostraron que, tal y como ya se habia descrito en otros
modelos de raton (Malanchi et al., 2008; Lapouge et al., 2012), las células a6-integrina’/CD34"

aisladas de WD-SCCs estaban enriquecidas en células iniciadoras de tumores en comparacion
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con la poblacién de células a6-integrina’/CD34". Ademas, los tumores generados a partir del
trasplante de células a.6-integrina”/CD34" aisladas de tumores PD/S-SCCs crecieron mucho mas
rapido que los tumores generados a partir de células a6-integrina’/CD34" aisladas de tumores
WD-SCCs, sugiriendo que la capacidad de las CSCs para promover el crecimiento tumoral podria
cambiar significativamente durante la progresion del cSCC de ratén. Mediante ensayos de
dilucion limite se demostré que la frecuencia de TICs aumentaba dramaticamente en PD/S-SCCs
en comparacion con sus precursores WD-SCCs. De acuerdo con estas observaciones, los PD/S-
SCCs derivados de WD-SCCs, generados espontaneamente o inducidos por el tratamiento con
DMBAJ/TPA, mostraron un aumento significativo del porcentaje de células con a6-
integrina®’/CD34" en comparacion con sus respectivos precursores. Estos resultados demostraron
que durante la progresion tumoral desde WD-SCCs a PD/S-SCCs se produce una expansion de
la poblacion CSC (da Silva-Diz et al., 2016).

Estudios recientes han identificado otros marcadores de CSCs en los cSCCs. Boumahdi y
colaboradores (2014) demostraron que el factor de transcripcion SOX2, que no se expresa en la
epidermis normal y es prescindible para la homeostasis de la piel, se expresa de manera
heterogénea en las células de los ¢cSCCs invasivos murinos y humanos. Estos estudios
demostraron que las células que expresan SOX2 en los SCCs invasivos de raton estan
enriquecidas en CSCs. La ablacion condicional de SOX2 en papilomas y cSCC invasivos provocé
una clara regresion tumoral y una disminucion de la capacidad de propagacién después del
trasplante en ratones inmunodeficientes, demostrando que SOX2 juega un papel importante en el
mantenimiento del tumor, regulando las funciones de las CSCs (Boumahdi et al., 2014). El mismo
afio, Siegle y colaboradores demostraron que SOX2 es necesario para la iniciacion y el
crecimiento de los ¢cSCCs en ratones y humanos, promoviendo la expansion de la poblacion de

las CSCs en las zonas de interaccion entre el tumor y el estroma (Siegle et al., 2014).

Algunos estudios mostraron que la expresion de marcadores como CD44, CD133 y ALDH, que
permitian identificar CSCs en otros tipos de cancer (Al-Hajj et al., 2003; Ricci-Vitiani et al., 2006;
Dalerba et al., 2007; Eramo et al., 2008), se expresaban en células con caracteristicas de CSCs en
¢SCC humanos (Prince et al., 2007; Clay et al., 2010; Patel et al., 2012). Sin embargo, no fue
hasta un afio mas tarde que Geng y colaboradores (2013) observaron que la expresién combinada
de niveles altos de CD44 y CD29 (integrina B1) podria ser suficiente para identificar y aislar
CSCs de cSCC humanos. Los autores demostraron que las células CD44"9"/CD29"" presentaban
una mayor capacidad de formar colonias in vitro y una mayor capacidad de generar tumores in
vivo, comparado con las células CD44"°Y/CD29'", y estas presentaban una induccion de la
expresion de genes relacionados con la activacion del ciclo celular, metéstasis, resistencia a

drogas e induccion de EMT, todos ellos procesos caracteristicos de las CSCs (Geng et al, 2013).
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2.3. El programa EMT y el estado CSC en progresion tumoral y metéstasis

Durante el desarrollo embrionario y el proceso de curacion de heridas, las células epiteliales
pueden adquirir un comportamiento dindmico y plastico que les permite transitar entre los estados
epitelial y mesenquimal. El proceso hacia un estado mesenquimal se conoce como transicion
epitelio-mesenquima (EMT). La activacion del programa EMT se produce como consecuencia de
la induccion de la expresion de factores de transcripcion especificos (TF) llamados EMT-TFs (por
ejemplo, SNAIL, SNAI2, TWIST, ZEB1, ZEB2 y PRRX1), lo que conduce a la pérdida de
algunas caracteristicas epiteliales, como las interacciones célula-célula y la polaridad apical-
basal, la reorganizacion y expresion de proteinas del citoesqueleto y la produccion de enzimas de
degradacién de la matriz extracelular. Estos procesos culminan con la adquisicion de
caracteristicas fenotipicas y moleculares que permite a las células adoptar un comportamiento
mas migratorio e invasivo (Polyak & Weinberg, 2009; Nieto et al., 2016; da Silva-Diz et al.,
2018).

Diferentes estudios han descrito que la expresion de EMT-TFs conduce a la adquisicion de
caracteristicas de SCs (stemness) en las células normales y tumorales, y se ha demostrado que el
programa EMT esté inducido en las CSCs, siendo una caracteristica general de estas células (Mani
et al., 2008). Asi, se ha descrito que la expresion de Snail o Twist en células epiteliales de mama
induce el programa EMT vy la adquisicion de caracteristicas de SCs (Mani et al., 2008). En esta
misma direccién, la expresion de ZEB1 mantiene el estado stemness en células de carcinoma
pancreatico, reprimiendo la expresion de miRNAs que regulan negativamente este proceso
(Wellner et al., 2009). Ademas, la expresién de Snail induce una expansion de la poblacion CSCs
a través de un cambio de la division asimétrica de estas células (la division de una SC da lugar a
una célula con estas caracteristicas y una célula destinada a la diferenciacion) a una divisién
simétrica (la division de una SCs da lugar a dos células con estas mismas caracteristicas), lo que
permitio asociar el programa EMT con un aumento de la poblacion CSCs (Hwang et al., 2014).
De acuerdo con este trabajo, en nuestro laboratorio se ha demostrado que durante la progresion
del ¢cSCC se produce una expansion de la poblacion CSC (células a6-integrina’/CD34") que
coincide con una robusta induccion del programa de EMT en los PD/S-SCCs, caracterizada por
la pérdida de expresion de E-cadherina, y un aumento en la expresion de Vimentina y de factores
de transcripcion que regulan dicho proceso, como SNAIL, TWIST, ZEB1 y ZEB2 (da Silva-Diz et
al., 2016).

A pesar de las multiples evidencias que se han reportado durante afios sobre la relacion directa
entre stemness y el programa EMT, otros estudios apuntan a que estas dos caracteristicas de las
CSCs transcurren en paralelo, en lugar de formar parte de un mismo proceso. Asi, las CSCs, una

vez diseminadas, necesitan activar el proceso de MET (transicion mesénquima-epitelio) para
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colonizar el nicho metastésico y generar un nuevo tumor. Diferentes estudios demostraron que
este proceso se lleva a cabo mediante la represion de la expresion los EMT-TFs, lo cual inhibe el
programa EMT (Ocafia et al., 2012; Tsai et al., 2012; Tran et al., 2014), a la vez que se produce
un aumento de la capacidad iniciadora de tumor (Ocafia et al., 2012). Ademas, en carcinomas de
piel y de mama se ha descrito que la induccion de EMT y stemness estan regulados por dosis
diferentes de TWIST (Beck et al., 2015; Schmidt et al., 2015). Otros estudios indican que las
células tumorales con diferenciacion epitelial estdn mas enriquecidas en células iniciadoras de
tumores 0 CSCs y son mas invasivas que aquellas que presentan un estado mesenquimal estable,
indicando que stemness y EMT son dos procesos que podrian estar desacoplados (Korpal et al.,
2011; Celia-Terrassa et al., 2012).

2.3.1. EMT parcial y la adquisicidn de caracteristicas stemness.

La descripcién clésica del programa EMT, entendida como la transformacién de células
epiteliales a células mesenquimales, podria interpretarse como un proceso dindmico entre dos
estados finales. Sin embargo, trabajos mas recientes han demostrado que las células oscilan entre
estos dos estados a través de estados intermedios o hibridos inducidos por una activacion parcial
del programa EMT, donde las células tumorales conservan el fenotipo epitelial y a la vez expresan

marcadores mesenquimales (Figura 4).
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Figura 4. Espectro de los fenotipos celulares durante la induccién de EMT en células tumorales. Algunas
células tumorales epiteliales pueden responder a sefiales inductoras de EMT, la cuales provocan la disrupcién de
las vias que mantenian su estado epitelial estable e inician una transicion hacia un estado mesenquimal. Durante
esta transicion, las células pasan por estados de EMT parciales, que se consideran reversibles y transitorios. Estos
estados hibridos se asocian con la adquisicion de un potencial iniciador de tumor. Adaptado de Chaffer y
colaboradores, 2016.

Este tipo de células se han identificado en tumores de mama (Yu et al., 2013), ovario (Lieber et
al., 2009), cabeza-cuello (Parikh et al., 2017), pancreéticos y de prostata (Reichert et al., 2012;

Ruscetti et al., 2015) y en lineas celulares de carcinoma de rifién y pulmoén (Huang et al., 2013;
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Sampson et al., 2014). La co-expresion de genes epiteliales y mesenquimales o la induccion
parcial de EMT en células tumorales se ha relacionado con una mayor capacidad stemenss y un
mayor potencial tumorigénico (Lieber et al., 2011; Grosse-Wilde et al., 2015; Ruscetti et al.,
2015), y varios estudios correlacionaron EMT parcial o la presencia de células tumorales hibridas
con una baja supervivencia de los pacientes y resistencia a quimioterapia (Grosse-Wilde et al.,
2015; Smith & Bhowmick, 2016) (Figura 4).

2.3.2. EMT parcial y el desarrollo de metastasis

Muchos estudios han demostrado que la induccion del programa EMT es un mecanismo esencial
para la diseminacion y el desarrollo de metéstasis en muchos tipos de tumores (Thiery et al., 2009;
Craene & Berx, 2013). Sin embargo, otros estudios han puesto en duda la necesidad del EMT en
el proceso de metastasis. En este sentido, un modelo de trazado de células de cancer de mama que
permite identificar células con EMT inducido mediante la expresion de GFP, demostré que solo
una pequefia poblacién de células del tumor primario presentaba el programa EMT inducido y
estas células GFP* estaban altamente enriquecidas en la poblacion de células tumorales
circulantes (CTCs). Sin embargo, estas CTCs GFP* no contribuyeron significativamente a la
formacion y el crecimiento de las metéstasis (Fischer et al., 2015). Ademas, se ha descrito que la
inhibicion genética de Twist o Snail en modelos murinos de adenocarcinoma pancreéticos inhibe
el programa EMT pero no bloquea la generacion de metéstasis (Zheng et al., 2015).
Contrariamente, otros investigadores demostraron que la abrogacion de ZEB1 reduce la
plasticidad de las células tumorales, stemness, la invasién y la colonizacién en el nicho
metastasico en modelos de raton de cancer de pancreas (Krebs et al., 2017), lo que demuestra que
los diferentes EMT-TFs pueden tener funciones complementarias en el desarrollo de metastasis

y que la relevancia de cada uno de ellos podria depender del tipo de tumor.

En un estudio in vivo se ha detectado un conjunto de células tumorales de mama que inducen de
forma espontanea el programa EMT, adquieren un comportamiento migratorio, diseminan y
finalmente revierten al estado epitelial para favorecer el crecimiento de la metastasis (Beerling et
al., 2016). Ademas, un estudio realizado en pacientes de cancer de mama describio que las células
tumorales circulantes estaban enrigquecidas en células mesenquimales, pero también contenian
una poblacién celular que expresaba simultaneamente marcadores mesenquimales y epiteliales
(Yuetal., 2013), indicando que una subpoblacion de las células diseminadas podria tener activado

de forma parcial el programa de EMT.

Todas estas observaciones sugieren que las células que diseminan presentando un EMT completo,
podrian ser menos eficaces en la generacion de metéstasis que las células con EMT parcial. Asi,

el estado de EMT parcial puede representar un mecanismo clave para promover la metastasis, ya
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que la adquisicion de caracteristicas mesenquimales puede favorecer la diseminacion de las
células tumorales y su invasion a tejidos distales, mientras que la conservacion de algunas
caracteristicas de tipo epitelial puede facilitar la reprogramacion al estado epitelial, lo que
favorece la colonizacion y el crecimiento de la lesion metastasica (Bonnomet et al., 2011,
Gunasinghe et al., 2012; Stankic et al., 2013). Por lo tanto, aquellas células que presenten un
determinado grado de plasticidad tendrian una mayor capacidad para diseminar, colonizar y

crecer en érganos distales.

Otros estudios mostraron que marcadores de superficie celular como CD61, CD106 y CD51
permitian clasificar células tumorales de tipo mesenquimal en distintas poblaciones en SCC de
piel y tumores de mama. Asi, las células EpCAM™ podian clasificarse en células con fenotipos
epitelial-mesenquimal hibridos y aquellas con un fenotipo completamente mesenquimal. Las
células con un fenotipo hibrido, co-expresaban el marcador epitelial K14 y Vimentina y
presentaban una mayor capacidad para diseminar y formar metéstasis que el resto de células
mesenquimales. Ademas, presentaban una mayor plasticidad ya que podian dar lugar al resto de
poblaciones con fenotipo mesenquimal cuando eran implantadas en ratones inmunodeficientes
(Pastushenko et al., 2018).

Sin embargo, estudios realizados por nuestro laboratorio demostraron que los PD/S-SCCs de
raton y pacientes estan formados por células con un fenotipo mesenquimal estable, y estas células
presentan una elevada capacidad de generar metéstasis pulmonares con fenotipo mesenquimal
(da Silva-Diz et al., 2016). Estos resultados indican que las células de carcinoma pueden transitar
desde un fenotipo epitelial estable a un fenotipo hibrido mediante la induccidn parcial de EMT y
finalmente a un fenotipo mesenguimal estable, y que las caracteristicas fenotipicas idéneas para
iniciar y finalizar el desarrollo de metéastasis pueden depender del tipo de tumor y la etapa de la

progresion del tumor en particular.

3. ESTRATEGIAS TERAPEUTICAS EN CANCER: TERAPIAS DIRIGIDAS CONTRA
LAS VIAS DE SENALIZACION MEDIADAS POR RECEPTORES TIROSINA
QUINASA (RTKS)

Actualmente, la cirugia, la radioterapia, la quimioterapia, las terapias dirigidas y la inmunoterapia
son las principales estrategias terapéuticas para el tratamiento del cancer. Los agentes
quimioterapicos tradicionales acttan bloqueando la division celular, la replicacion del ADN y la
formacién de los microtubulos del huso mitético (Jackson et al., 2007; Bagnyukova et al., 2010),
por lo que tienen como diana las células tumorales que se dividen activamente. Estas terapias en

muchos casos presentan efectos secundarios importantes y su efectividad es limitada en algunos
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casos (Jackson et al., 2007). En los Gltimos afios, se han dedicado muchos esfuerzos en disefiar
terapias dirigidas a vias de sefializacion y procesos moleculares especificos de las células

tumorales y del microambiente tumoral, asi como a bloquear la funcion de las CSCs.

Entre las aproximaciones de terapia dirigida estan los farmacos anti-angiogénicos, que actGan
blogueando el factor de crecimiento endotelial vascular (VEGF) que es secretado por las células
tumorales para favorecer la angiogénesis (Vasudev & Reynolds, 2014). Por otra parte, se han
desarrollado nuevas estrategias mas efectivas de inmunoterapia, como los anticuerpos que
bloquean los receptores de punto de control inmunitario (inmune checkpoints) o sus ligandos. El
primer anticuerpo aprobado fue el Ipilimumab, que esta dirigido contra el antigeno 4 de los
linfocitos T citotoxicos (CTLA-4), que fue seguido por varios anticuerpos que bloquean el
receptor de muerte celular programada 1 (PD-1) o su ligando, PD-L1 (Postow et al., 2015;
Topalian et al., 2015; Baumeister et al., 2016). Estas terapias han resultado tener grandes
beneficios clinicos en algunos tipos tumorales como el melanoma y el cancer de pulmén (Garon
et al., 2015; Larkin et al., 2015; Mellman et al., 2016). Ademas, se ha aprobado los inhibidores
de PD-1 para el tratamiento de los tumores de cabeza y cuello (HNSCCs) recurrentes y
metastasicos con progresion durante o después de la quimioterapia con platino (FDA y EMA)
(Seiwert et al., 2016), y para el tratamiento de pacientes con SCCs cutaneos metastasicos o
localmente avanzado gque no pueden someterse a cirugia o radiacion (FDA) (Migden et al., 2018).
La terapia con células T con antigenos quiméricos (CAR-T) también constituye uno de los focos
maés actuales en el campo de la inmunoterapia. Los linfocitos T aut6logos se aislan del paciente,
se modifican genéticamente para que expresen receptores contra antigenos tumorales y se

trasfieren al paciente como terapia antitumoral (Dougan et al., 2018).

Otras aproximaciones terapéuticas contra las células tumorales son las que tienen como objetivo
inducir la apoptosis de las células tumorales (Koff et al., 2015), o las que se basan en la induccion
de la diferenciacion de las células tumorales. Esta Gltima, atn en fase experimental, podria tener
un gran impacto sobre las CSCs, induciendo su diferenciacion y la pérdida de sus propiedades
intrinsecas que promueven el crecimiento tumoral, la metastasis y resistencia a las terapias
convencionales (Jin et al., 2017; De Thé, 2018).

Finalmente, una de las estrategias que ha concentrado més esfuerzos es la terapia basada en el
blogueo de vias de sefializacion que promueven el crecimiento tumoral y la metéstasis (Levitzki
& Kilein, 2010). En esta memoria nos hemos centrado en las terapias dirigidas a bloquear la
transduccion de sefiales que regulan la proliferacion y diseminacion de las células tumorales, y
mas concretamente en las terapias dirigidas contra los RTKs. La mayoria de RTKSs estan formados
por subunidades monoméricas, aunque muchos de ellos actidan como complejos multiméricos.

Cada subunidad de RTK esta formada por: (i) una region extracelular que contiene el sitio de
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union al ligando y una regidn de dimerizacion con otras subunidades o receptores; (ii) un dominio
transmembrana hidrofébico cuya funcion es estabilizar la dimerizacion de los receptores y (iii)
un dominio intracelular compuesto por una region yuxtamembrana, el dominio tirosina quinasa 'y
la region C-terminal. La region yuxtamembrana regula el estado activo e inactivo del receptor,
mediante cambios de conformacion. EI dominio tirosina quinasa contiene un sitio de unién a ATP
y su actividad catalitica permite la trans- y autofosforilacion del receptor y, en consecuencia, su
activacion y la unidn de proteinas efectoras que transducen la sefial. ElI dominio quinasa también
contiene residuos de lisina que son los sitios primarios de la ubiquitinacion del receptor. La cola
C-terminal incluye varios residuos de tirosina, que cuando son fosforilados en respuesta a la union
del ligando, pueden ejercer en algunos casos una funcién auto-inhibitoria de la sefial, y en otros
permitir el anclaje de una gran variedad de proteinas intracelulares efectoras que transducen las

sefales de los receptores activos (Ségaliny et al., 2015).

3.1. Papel de los receptores tirosina quinasa en cancer

Estos receptores son mediadores esenciales de la sefializacién celular y juegan un papel crucial
en diversos procesos como la diferenciacion, la proliferacién y la apoptosis en respuesta a
diferentes estimulos. La desregulacién de la vias de sefializacién mediadas por estos receptores
conduce a la interrupcion del equilibrio entre la proliferacion y la muerte celular (Schlessinger,
2000), por lo que una activacion constitutiva de estos receptores puede conferir propiedades

oncogénicas a las células normales y promover el desarrollo tumoral (McDonell et al., 2015).

Muchas de las vias de sefializacion mediadas por los RTKs tienen importancia en cancer por su
papel en la induccién del programa EMT y en el control de la proliferacion, migracion e invasion
de las células tumorales. Vias de sefializacion como las de MET, AXL, FGFR, PDGFR, EGFR y
TGFBR se han asociado con desarrollo y progresion tumoral (Hynes & Lane, 2005; Jechlinger et
al., 2006; Padua & Massagué, 2009; Turner & Grose, 2010; Logothetis et al., 2011; Rankin &
Giaccia, 2016). Los cuatro mecanismos principales que conducen a la activacion aberrante de
RTKSs en diferentes tipos de cancer son: (i) mutaciones asociadas a una ganancia de funcién, (ii)
amplificacion gendmica, (iii) reorganizaciones cromosdémicas y (iv) activacion autocrina del
receptor (Du & Lovly, 2018) (Figura 5).
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© Ligando
Dominio extracelular
% Dominio transmembrana
Dominio tirosina quinasa

@ Fosforilacion
$% Mutacion activadora

. Proteina de fusién

Figura 5. Mecanismos de activacion fisiologica y oncogénica de los RTKs. A. Activacion fisioldgica de los
RTKs. Los RTKs se activan tras la unién de su ligando y la formacién de dimeros, lo que resulta en la activacion
de su dominio quinasa y la fosforilacion de la region intracelular del receptor. B. Representacion de posibles
mutaciones activadoras en los diferentes subdominios que conllevan una activacion constitutiva de los RTKSs en
ausencia de ligando. C. La sobrexpresion de RTKSs, a menudo como resultado de la amplificacién del gen,
conduce a un aumento de la concentracion local de los receptores. D. Los reordenamientos cromosémicos pueden
dar lugar a la formacién de una oncoproteina que consta en parte del RTK y en parte de otra proteina. Estas
proteinas de fusion pueden estar ancladas en la membrana (lado izquierdo de la figura) o pueden ser
citoplasmaticas (lado derecho de la figura), dependiendo de la ubicacién del punto de fusién. En cualquier caso,
el resultado es un dominio quinasa activado. E. La sobrexpresion de los ligandos, a menudo como resultado de
la amplificacion del gen, conduce a la activacion autocrina de la via de sefializacion.

3.1.1. Lavia de sefializacion mediada por FGFR

La via de FGF desempefia un papel crucial en la regulacion de una gran cantidad de procesos,
tanto en la etapa embrionaria como en la adulta. Esta via de sefializacion controla la proliferacion,
la supervivencia, la migracion y la diferenciacién celular, procesos vitales para el mantenimiento

de la homeostasis de los tejidos, la curacion de heridas y la angiogénesis (Katoh, 2016).

La familia de los FGFs comprende 18 ligandos altamente conservados (FGF1-10, FGF16-23),
agrupados en cinco subfamilias de accidn autocrina y/o paracrina, una subfamilia de accion
endocrina y cuatro factores homologos a FGF (FGF11-14), que tienen una secuencia similar a
FGF pero no inducen la activacion de FGFR. FGF15 murino es ortélogo del FGF19 humano
(Katoh, 2016). La familia de receptores que unen los FGFs funcionales esta formada por cuatro
miembros: FGFR1, FGFR2, FGFR3 y FGFRA4. La region extracelular de los FGFRs esta
compuesta por tres dominios tipo Ig. El primer dominio desempefia un papel importante en la
auto-inhibicion del receptor, mientras que los otros dos dominios forman el sitio de union al
ligando (Olsen et al., 2004). La region N-terminal del tercer dominio Ig esta codificada por un

exon conservado (l11a), mientras que la C-terminal esta codificada por dos exones mutuamente
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excluyentes (111b y Ilic). Como consecuencia del splicing alternativo de este dominio, FGFR1-3
presentan diferentes isoformas con diferente afinidad por los ligandos. Mientras que las isoformas
I1Ib se expresan en células de tipo epitelial, las isoformas Illc se asocian a un fenotipo
mesenquimal (Wesche et al., 2011). Esta regulacion del splicing dependiente de tejido, marca la
especificidad de la union ligando-receptor. Asi, las isoformas expresadas en el tejido
mesenguimal se activan mediante ligandos que se expresan en las células epiteliales, como son
los miembros de las subfamilias FGF4 (FGF4-5) y FGF8 (FGF8, FGF17-18), y las isoformas
expresadas por los tejidos epiteliales son estimuladas por ligandos que se expresan en tejidos
mesenguimales, como son los miembros de la subfamilia FGF7 (FGF3, FGF7, FGF10, FGF22).
La subfamilia de FGF1 esta compuesta por FGF1y FGF2. FGF1 puede activar todas las isoformas
de FGFRs y FGF2 presenta afinidad para las isoformas Illc de FGFR1-3, pero también puede
activar la isoforma Illb de FGFR1 (Ornitz & ltoh, 2015). Se ha descrito un quinto receptor
(FGFRLZY) que se caracteriza por no tener dominio tirosina quinasa y puede regular negativamente
la via de sefializacidn, inhibiendo la proliferacién y promoviendo la diferenciacién celular (Trueb
et al., 2003).

La unién del ligando a FGFR1-4 induce la dimerizacion del receptor y la activacion de los
dominios quinasa intracelulares, permitiendo la transfosforilacion del mismo en residuos tirosina
quinasa. Estos residuos fosforilados actian como sitios de unidn de proteinas adaptadoras como
FRS2 (sustrato 2 de FGFR) y PLCy (fosfolipasa Cy), las cuales cuando son fosforiladas estimulan
las vias de RAS/RAF/MAPK, PIBK/AKT, STATs y PKC (Su et al., 2016).

En la piel, los queratinocitos expresan FGFR1 y FGFR2 (Beer et al., 2000; Zhang et al., 2004;
Meyer et al., 2012), y el ligando FGF22, mientras que los fibroblastos de la dermis y la papila
dermal expresan mayoritariamente FGF7 y FGF10 (Yang et al., 2010), los cuales juegan un papel
clave en la migracién y procesos de curacion de heridas (Song et al., 2016). Ademaés, la
abrogacion conjunta de las isoformas Illb de FGFR1 y FGFR2 provoca una pérdida progresiva
de los apéndices de la piel (glandula sebacea y foliculo piloso), inflamacion cuténea,
hiperproliferacion de los queratinocitos y finalmente el desarrollo de acantosis (Yang et al., 2010).
Ademas, se ha demostrado que la deleccion condicional de Fgfr2b induce un engrosamiento
severo de la piel, la aparicién de papilomas espontaneos en un 10% de los ratones y un aumento
masivo del desarrollo de papilomas, asi como de cSCCs en respuesta al tratamiento con
DMBAJ/TPA (Grose et al., 2007). Estas observaciones indican que FGFR2b puede desempefar

una funcion supresora tumoral.
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3.1.1.1. Lavia de FGFR y su implicacién en cancer

Se ha descrito una activacion aberrante de la via de FGFR en multiples tipos de cancer, la cual
induce stemness, EMT, proliferacion, supervivencia, migracion e invasion de las células
tumorales, y angiogenesis (Ota et al., 2009; Korc & Friesel, 2009; Katoh & Katoh, 2010; Nilsson
etal., 2010; Cuevas et al., 2011; Heinzle et al., 2011). La sefializacion aberrante de la via de FGFR
se puede producir como consecuencia de todos los mecanismos descritos en la Figura 5, asi como

por una sobre-estimulacion de los FGFRs por el switch de las isoformas 111b a lllc.

Las amplificacion de FGFR1 se ha descrito en el 17% de los tumores de pulmén de células no
pequefias (NSCLCs) (Stoelben et al., 2010; Yang et al., 2014), en un 6% de los tumores de pulmén
de células pequefias (SCLCs) (Peifer et al., 2012), en un 3% de los HNSCCs (Koole et al., 2016)
y en un 10-15% de todos los canceres de mama (Lee et al., 2014). La amplificacion de FGFR2 es
menos frecuente, pero se ha observado en un 5-10% de los casos de cancer gastrico mas agresivo
(Matsumoto et al., 2012) y en el 2-4% de los casos de cancer de mama (Turner et al., 2010).
FGFR3 esta sobrexpresado en aproximadamente el 50% de los SCC orales y orofaringeos (Koole
etal., 2016) y frecuentemente en cancer de vejiga (Tomlinson et al., 2007; Fischbach et al., 2015),
aungue en ninguno de los dos casos la sobrexpresion esta vinculada a la amplificacion del gen.
La sobrexpresion de FGFR4 se ha identificado en méas del 50% del carcinomas hepatocelulares,
donde juega un papel relevante en el control de la invasion de las células tumorales (Gauglhofer
et al., 2014). La amplificacién de FGFR3 y FGFR4 es poco frecuente y la activacion oncogénica
de estos receptores puede estar vinculada a mutaciones (Bernard-Pierrot et al., 2006), a la

amplificacion de ligando o a la formacidn de proteinas de fusion (Wu et al., 2013).

Las mutaciones activadoras en FGFRs raramente ocurren en la region tirosina quinasa, a
diferencia de EGFR, y se han descrito en FGFR2 y FGFR3, mientras que las mutaciones en
FGFR1 son muy poco frecuentes en cancer. Las mutaciones de FGFR2 se han identificado en el
10-12% de los carcinomas endometriales (Dultt et al., 2008; Helsten et al., 2016), el 4% de los
NSCLC y canceres gastricos (Greenman et al., 2007), y en el 2% de los tumores uroteliales (Gao
etal., 2014). Las mutaciones en FGFR2 y FGFR3 se producen mayoritariamente en los dominios
Ig Iy 111, asi como en el dominio transmembrana, y pueden proporcionar una ganancia de funcién
a través de un aumento de la afinidad de union receptor-ligando (lbrahimi et al., 2002; Ibrahimi
et al., 2004), o por la dimerizacion constitutiva del receptor que activa la sefializacion

independientemente de la union del ligando (Bernard-Pierrot et al., 2006).

Esta via también puede activarse de forma aberrante a través de alteraciones en la expresion de
los ligandos. Las células tumorales pueden inducir la expresion de ligandos, activando la via de

forma autocrina, o se puede activar de forma paracrina, mediante los ligandos producidos por las
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células estromales. Asi, FGF2 y FGF9 y sus respectivos FGFRs pueden activar un bucle autocrino
que promueve la proliferacion de lineas celulares de NSCLC resistentes a gefitinib, un inhibidor
de la via de EGFR (Marek et al., 2009) o en tumores resistentes a la terapia anti-VEGF (Kopetz
et al., 2010), sugiriendo que la activacion autocrina de la via de FGFR puede actuar como

mecanismo de resistencia a terapias (ver mas adelante en apartado 4).

Por otra parte, se ha descrito que las células tumorales de los melanomas metastésicos inducen el
bucle autocrino FGFR1-FGF2 para regular su proliferacion y promover la progresion de los
melanomas malignos (Becker & Wang, 1997). La activacion autocrina de esta via se ha descrito
ademas en lineas celulares de HNSCC y en SCCs de piel avanzados de raton (Marshall et al.,
2011; da Silva-Diz et al., 2016).

Diferentes estudios han relacionado la induccién del programa EMT con un cambio de la isoforma
epitelial FGFR2b hacia las isoformas mesenquimales FGFR2c y FGFR1c. Asi, nuestro grupo de
investigacion demostrd que las CSCs de los WD-SCC de piel de ratdn expresan altos niveles de
FGFR2, mientras que las CSCs de PD/S-SCCs reprimen la expresion de esta isoforma e inducen
de forma estable el programa EMT y la via de FGFR1c, la cual promueve el crecimiento agresivo
de estos tumores (da Silva-Diz et al., 2016). En modelos de ratdn de cancer de préstata y vejiga,
el cambio de FGFR2b a FGFR2c result6 en una activacion autocrina de FGFR2 y una induccion
del programa EMT (Sorg et al., 2006; Savagner et al., 2013; Yan et al., 2015). En este sentido,
estudios recientes indican que FGF2 y TGF-B pueden cooperar controlando el cambio de
expresion de las isoformas FGFR1b y FGFR2b hacia una expresion de FGFR1c e inducir del

programa de EMT, promoviendo la invasion y la metastasis (Shirakihara et al., 2011).

3.1.1.2. Terapias dirigidas contra la via de FGFR

Las terapias dirigidas contra FGFRs para el tratamiento del cancer estan pendientes de aprobacion
por la FDA/EMA. Sin embargo, se han desarrollado un gran nimero de ensayos clinicos con
inhibidores de FGFR. Las aproximaciones terapéuticas incluyen i) inhibidores de la actividad
tirosina quinasa (TKI) no selectivos, ii) TKI dirigidos selectivamente al dominio quinasa de los
FGFRs (TKI selectivos), iii) anticuerpos monoclonales (mAbs) contra los FGFRs vy iv) las

trampas de los FGFs (Figura 6).
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Anticuerpos y trampas de ligandos

FP-1039 (GlaxoSmithKline): FGF2
NCT01868022: Canceres solidos con aberraciones genéticas en FGFR en cobinacién con paclitaxel y carboplatino o docetaxel

FPA114 (Five Prime Therapeutics): FGFR2-llb
NCT02318329: Tumores solidos avanzados

Inhibidores no selectivos Inhibidores selectivos
MFGR1877S (Genentech): FGFR3
NCT01363024: Tumores solidos avanzados AZD4547 (AstraZeneca): FGFR1; FGFR3; FGFR2; VEGFR2
o ) NCT02664935: NSCLC con aberraciones genéticas en FGFRs (ll)
Dovitinib (Novartis): FTL3; c-KIT, FGFR1; FGFR3; VEGFR3; VEGFR1 NCT02117167: NSCLC 4sico con aberraciones gendticas en FGFRs (1l)

NCT01719549: Cancer gastrico con amplificacion de FGFR2 (1l)

NCT01732107: Cancer urotelial con FGFR3 mutado o
sobreexpresado (I1)
NCT01223027: Cancer renal metastasico (lll)

NCT02154490: NSCLC con aberraciones genéticas en FGFRs (Il)

NVP-BGJ398 (Novartis): FGFR1, FGFR3, FGFR2; FGFR3 (K650E); FGFR4
NCT01004224: Tumores sdlidos con aberraciones genéticas en FGFR1-

3/SCC de pulmén con amplificacion en FGFR1/cancer de vejiga con FGFR3
mutado o fusionado (I)
Ponatinib (ARIAD Pharma): ABL; PDGFRa; VEGFR2; FGFR1
i NCT01928459: Tumores sélidos
NCT02265341: Cancer biliar con FGFR2 fusionada (11) ¥ b en FGFRs y mutaciones en PIK3CA (I)
[

NCT01975701: Glioma con la fusiéon FGFR1-TACC1/FGFR3-TACC3
ylo mutaciones activadoras en FGFR1-3 (Il)

NCT02272998: Canceres avanzados con aberraciones |JIf
genéticas en FGFRs (Il) i

NCT02160041: Canceres solidos o hematoldgicos con aberraciones
genéticas en FGFRs (Il)

NCT02150967: C« i inoma o asit con
aberraciones genéticas en FGFRs (II)

Lucitanib (Clovis Oncology): VEGFR1,3; FGFR1; VEGFR2; FG

NCT01283945: Tumores sélidos avanzados con FGFR1 ‘
amplificado (1) Q’v
NCT02202746: Canceres de mama metastasicos con
aberraciones genéticas en FGFRs (Il)

NCT02053636: Canceres de mama ER* metastasicos con
amplificacion FGFR1/11q (Il)

NCT02109016: Cancer de pulmén avanzado o metastasico con .
cualquier aberracion en la via (I1)

JNJ-42756493 (Janssen): FGFR1, FGFR2, FGFR4; FGFR3; FGFR3 (G697C)
NCT02421185: Carcinoma hepatocelular con amplificacién en FGF19 (1)

NCT02365597: Cancer urotelial metastasico con aberr. genéticas en FGFRs (Il)

LY2874455 (Lilly): FGFR1, FGFR2, FGFR3; FGFR4; VEGFR2
NCT01212107: Cancer en estadios avanzados (I)
TAS120 (Taiho Oncology): FGFR1, FGFR2, FGFR3; FGFR4

i ’ X ) N .
NCT02052778: Tumores sdlidos con aberraciones genéticas en FGFRs o mieloma muiltiple (1)

Debio-1347 (Debiopharm International): FGFR2, FGFR1, FGFR3
NCT01948297: Tumores sélidos con aberraciones genéticas en FGFR1-3 (1)

Figura 6. Descripcion de algunos ensayos clinicos que evalGan la respuesta a terapias dirigidas contra
FGFRs. Varios inhibidores no selectivos de FGFR han entrado en ensayos de fase Il/Ill, mientras que los
inhibidores selectivos de FGFR se encuentran principalmente en estudios de fase temprana. Adaptado de Touat
y colaboradores, 2015; Babina y colaboradores, 2017; ClinicalTrial.gov.

Los inhibidores selectivos, a diferencia de los no selectivos, permiten atribuir una determinada
respuesta a la terapia a un estado de la via de FGFR, asi como reducir los efectos toxicos asociados
a los inhibidores que afectan a maltiples RTKSs. El andlisis retrospectivo de los ensayos basados
en TKIs selectivos que estan actualmente en desarrollo (Figura 6) demuestra que la eficacia de
estas terapias es muy variable en los distintos tipos tumorales. En estudios de fase | y Il para testar
los farmacos AZD4547 y NVP-BGJ398 en pacientes con NSCLC y cancer de mama con FGFR1
amplificado, y en tumores uroteliales con alteraciones en FGFR3 se obtuvieron respuestas
(parciales) en 5-10% de los casos (ClinicalTrials.gov: NCT00979134; NCT01795768;
NCT00979134). Sin embargo, el tratamiento con NVP-BGJ398 dio una mejor respuesta en

pacientes de cancer de vejiga con FGFR3 mutado (Nogova et al., 2017).

Por otro lado, en un ensayo de fase Il que evalud el efecto del AZD4547 en pacientes con cancer
gastrico con FGFR2 amplificado, 3 de 9 pacientes mostraron una buena respuesta
(ClinicalTrials.gov: NCT01795768), mientras que en otro estudio el tratamiento con AZD4547

no mostrd una ventaja significativa comparado con el tratamiento con paclitaxel.

Sin embargo, los tumores con fusiones de FGFRs parecen responder mejor a estas terapias. El
tratamiento con NVP-BGJ398 provocd la remision del tumor en un paciente con
colangiocarcinoma y un paciente con hepatocarcinoma (HCC), ambos con fusiones genéticas

FGFR2-BICC1 (Nogova et al., 2017). En consecuencia, actualmente hay estudios de fase Il en
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desarrollo para testar este farmaco en colangiocarcinoma (ClinicalTrials.gov: NCT02150967) y
tumores gastrointestinales avanzados (ClinicalTrials.gov: NCT02257541), entre otros tumores
solidos y hematoldgicos (ClinicalTrials.gov: NCT02160041). Ademas, el tratamiento con JNJ-
42756493 en pacientes con tumores uroteliales con la fusion de FGFR3-TACC3 mostro una

buena respuesta clinica (Tabernero et al., 2015).

Finalmente, los anticuerpos monoclonales especificos para los FGFRs estan en una fase de
desarrollo muy inicial y hasta el momento hay pocos resultados clinicos para obtener conclusiones

sobre su eficacia.

3.1.2. Lavia de sefializacion mediada por PDGFR

Se han descrito cuatro cadenas polipeptidicas denominadas PDGF-A, -B, -C y -D, que se unen
formando cinco factores de crecimiento funcionales, PDGF-AA, -BB, -AB, -CC y -DD. La
dimerizacion de estos factores favorece la dimerizacion de sus receptores tirosina quinasa:
PDGFRo y PDGFR (Figura 7). Estos receptores tienen diferente afinidad por las distintas
formas activas de PDGFR: PDGF-A, -B y -C se unen a PDGFRa., mientras que PDGF-B y -D se
unen a PDGFR}. Por lo tanto, dependiendo de la isoforma especifica de PDGF, se formaran
diferentes homo (RaRa, RBRP) o heterodimeros (RaRP) del receptor. La activacion de los
receptores generalmente requiere que el ligando promueva la dimerizacion o la oligomerizacion

del receptor (Figura 7).

RasGAP, SHP-2
PI3K, Grb2,7

Ra Ra Ra Rp RB R

Figura 7. Factores de crecimiento PDGF y sus receptores. Se han descrito cinco formas de PDGF activas,
formadas por la dimerizacién de cuatro polipéptidos, y tres receptores. Las flechas indican las afinidades entre
ligandos y receptores. PDGF-C y -D contienen un dominio CUB auto-inhibitorio que requiere protedlisis
extracelular para que el ligando sea funcional. En las regiones intracelulares de los receptores se muestran los
diferentes efectores downstream que se unen a estos receptores activados. Adaptado de Ehnmn y Ostrman, 2013
y Heldin, 2013.
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Los PDGFRs dimerizados y activos, se autofosforilan en aproximadamente 10 residuos tirosina,
creando sitios de unidn para proteinas de sefializacion que contienen el dominio SH2. Estas
proteinas incluyen la fosfolipasa PLCy, las quinasas SRC, FER y PI3K y la fosfatasa SHP2.
Ademas, proteinas adaptadoras como GRB2, GAB2, NCK también pueden unirse para formar
los complejos de transduccion de sefial. La unién de estas proteinas al receptor induce a la
activacion de varias vias de sefializacion, como la via de las MAP quinasas (MAPK), la via de
PI3K/AKT y la via de PLCy (Heldin, 2013)

Las diferentes isoformas de PDGF son producidas por células epiteliales y endoteliales, y acttan
principalmente de manera paracrina, activando esta via en las células mesenquimales cercanas,
como fibroblastos, pericitos y células del musculo liso (Heldin, 2013). La activacion de la via de
PDGFRa es importante para el desarrollo del esqueleto facial, foliculos pilosos, oligodendrocitos
y astrocitos (Soriano, 1997), asi como para el desarrollo del pulmoén (Bostrom et al., 1996) y las
vellosidades intestinales (Karlsson et al., 2000), mientras que la via de PDGFR participa en el
desarrollo de vasos sanguineos, rifiones (Soriano, 1994; Pekny et al., 2007) y tejido adiposo
(Ohashi et al., 2011). Ademas, se ha descrito que PDGF estimula la cicatrizacion de heridas en la
piel en ratones adultos (Robson et al., 1992). En este sentido, algunos de estos ligandos son
expresados por los queratinocitos de la piel de raton, mientras que sus receptores se expresan en
células mesenquimales y fibroblastos de la dermis (Pontén et al., 1994; Akiyama et al.,1996). La
inhibicién genética de estos ligandos y receptores especificamente en la piel de ratén, ha
demostrado que PDGF-A, PDGF-C y PDGFRa. estan implicados en el correcto desarrollo de la
dermis (Soriano, 1997; Betsholtz, 2004; Ding et al., 2004). La inyeccion de PDGF-AA o PDGF-
BB en la dermis de ratones promueve que los foliculos pilosos en fase de reposo (fase de telogén)
entren en la fase de crecimiento (fase de anagén), favoreciendo la renovacion del pelo (Tomita et
al., 2006). Ademas, PDGF-A secretado por la epidermis promueve la proliferacién de las células
mesenquimales progenitoras PDGFRa" que contribuyen a la correcta formacion de la papila

dermal y la dermis durante el desarrollo de la piel (Karlsson et al., 1999).

3.1.2.1. Lavia de PDGFR y su implicacion en cancer

La activacion aberrante de la via de PDGFR se ha relacionado con procesos de tumorogénesis,
progresion tumoral e invasion y metéstasis. En glioblastoma multiforme (GBM), se demostré que
la activacion de PDGFR mediada por PDGF-B promueve la auto-renovacion y la capacidad
iniciadora de tumores en las CSCs (Kim et al., 2012). Un subgrupo de GBM que engloba casi un
30% de los GBMs de pacientes, se caracteriza por la sobrexpresion de PDGFB, la cual conduce
a un aumento de la fosforilacion de PDGFRp (Brennan et al., 2009). Ademas, se ha descrito que

la activacion autocrina PDGF-B/PDGFRJ promueve la supervivencia de las células tumorales en

-57 -



Introduccién

leucemia linfocitica granular (Baab et al., 2009), mientras que la activacion autocrina de PDGF-
D/PDGFR, mediante la secrecion del activador proteolitico de PDGF-DD matriptasa, promueve
el crecimiento de las células de cancer de préstata (Ustach et al., 2010). En NSCLC y sarcomas,
la co-expresion de PDGF-C y PDGFRa induce la proliferacion de las células tumorales, la cual
es inhibida en respuesta al tratamiento con sunitinib, un inhibidor dual de la via de PDGFR y
VEGFR (McDermott et al., 2009).

Por otra parte, se ha demostrado que algunas mutaciones que afectan a los genes que codifican
los ligandos y receptores de PDGF provocan la activacion de esta via de sefializacion. Asi,
mutaciones en el dominio yuxtamembrana y en el dominio de unién al ATP de PDGFRA
conducen a la activacion constitutiva de la via, independiente de ligando, en tumores
gastrointestinales (GIST) (Kang et al., 2005). Ademas, se han observado amplificaciones del gen
PDGFRA en un 5-10% de los GBM, SCC de esdfago y sarcomas de la arteria intima (Arai et al.,
2003; Ohgaki et al., 2011). Por otra parte, se ha correlacionado una elevada expresion de
PDGFRB, inducida por mutaciones en TP53, con una mayor agresividad y una menor
supervivencia de los pacientes con cancer de pancreas, colon y ovario (Weissmueller et al., 2014).
La activacién autocrina y/o paracrina de la via de PDGFR se ha correlacionado con la progresién
tumoral en algunos tipos de tumores (Cao, 2013a) y con la activacién del programa EMT,
promoviendo la invasién y metastasis en cancer de mama, prdstata y mesotelioma (Jechlinger et
al., 2006; Konga et al,. 2008; Tam & Weinberg, 2013). En este sentido, en nuestro laboratorio se
ha demostrado que la activaciéon autocrina de la via de PDGFRa en las CSCs promueve su
invasion y la generacion de metastasis de los SCC de piel murinos més avanzados (da Silva-Diz
et al., 2016).

3.1.2.2. Terapias dirigidas contra la via de PDGFR

Dado el patron de expresion de las diferentes formas de PDGF y sus receptores en los tumores, a
menudo no es posible valorar el efecto terapéutico sobre las células tumorales y cudl afecta al
microambiente tumoral (TME). Actualmente, se dispone de tres estrategias para inhibir la via de
PDGFR: i) secuestrar el ligando con anticuerpos neutralizantes, regiones extracelulares solubles
de los receptores gue actlan como trampas de ligando, o aptameros de ADN/ARN; ii) bloquear
la interaccion entre el ligando y el receptor con anticuerpos especificos contra la region
extracelular del receptor o pequefias moléculas inhibidoras; y iii) moléculas inhibidoras de bajo
peso molecular que bloquean la actividad quinasa del PDGFR (Papadopoulos & Lennartsson,
2018).

Actualmente, solo han sido aprobadas algunas terapias basadas en inhibidores tirosina gquinasa.

Es importante destacar que algunas de estas terapias se han desarrollado para bloguear
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directamente los PDGFRs, mientras que en otros casos, se han considerado estos receptores como
una diana secundaria. Es el caso del imatinib, que fue aprobado en 2001 (Igbal & Igbal, 2014)
para el tratamiento de la leucemia mieloide cronica (CML), causada por la activacion constitutiva
de la proteina oncogénica de fusion BCR-ABL, la cual conduce a una desregulaciéon de la
sefializacién de las células madre hematopoyéticas y precursores mieloides (Kurzrock et al.,
2003). Sin embargo, este inhibidor también tiene como dianas terapéuticas a PDGFR y cKIT. Por
este motivo, este farmaco es utilizado para el tratamiento de algunos tipos de leucemias (como
por ejemplo la ALL), que presentan la activacion de PDGFRp, y del GIST, que se caracteriza por

tener ¢-KIT, y con menos frecuencia PDGFRa, mutado o sobrexpresado.

En muchos casos, el tratamiento conduce a una mejora significativa de la supervivencia de los
pacientes, aunque pueden desarrollar resistencia al imatinib (Sleijfer et al., 2007). Para estos
casos, se han desarrollado inhibidores de tirosina quinasa de segunda y tercera generacion, como
el dasatinib, el nilotinib, el bosutinib y el ponatinib con el objetivo de bloquear multiples RTKs
(por ejemplo, PDGFR, VEGFR, FGFR, entre otros) e inhibir asi la proliferacién celular y la
angiogénesis tumoral (Regad, 2015; Wu et al., 2018). Como se ha descrito anteriormente, otros
tipos de cancer como el GBM, NSCLC, sarcoma, SCLC, cancer de prdstata, mama, ovario,
presentan una fuerte activacién de esta via. Sin embargo, ninguna de estas terapias ha mostrado

tener grandes beneficios clinicos en estos tipos de cancer (Papadopoulos & Lennartsson, 2018).

En nuestro laboratorio se demostro que el tratamiento con imatinib en ratones portadores de PD/S-
SCCs de piel consigue reducir de forma significativa el nimero y tamafio de las metéstasis (da
Silva-Diz et al., 2016). Sin embargo, se desconocen los mecanismos que inducen la activacion de
lavia de PDGFR en las CSCs de los PD/S-SCCsy a través de qué mecanismos esta via promueve

la invasion de las CSCs y la generacion de metastasis.

3.1.3. Lavia de sefializacién mediada por EGFR

La familia de receptores ErbB incluyen EGFR (también llamado ErbB1 o0 HER1), HER2 (ErbB2
o NEU), HER3 (ErbB4) y HER4 (ErbB4). Estos receptores tirosina quinasa pueden formar homo
y heterodimeros entre si durante su activacion. ErbB2 se caracteriza por no tener dominio de
unién al ligando, aunque puede activarse mediante la formacidn de heterodimeros con otros
receptores de su familia. Aungue HER3 puede unirse a ATP y catalizar la autofosforilacion, tiene
una actividad quinasa débil en comparacion con el resto de los receptores ErbB (Arteaga &
Engelman, 2014; Wee & Wang, 2017). Sin embargo, puede ser fosforilado por otro receptor de

la familia, contribuyendo de forma eficiente a la activacion de vias de sefializacion downstream.
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Los miembros de la familia de EGF (factor de crecimiento epidermal) se agrupan en tres
categorias segun su afinidad por los diferentes receptores ErbB. En el primer grupo se encuentra
EGF, TGFa, AREG y HB-EGF, los cuales se unen a EGFR. El segundo grupo presenta afinidad
tanto por EGFR como por HER4 e incluye EREG, BTC y EPGN. El tercer grupo incluye todas
las neuregulinas (NRG1-NRG4). NRG1y NRG2 se unen a HER3 y HER4, mientras que NRG3
y NRG4 solo se unen a HER4 (Arteaga & Engelman, 2014; Roskoski, 2014).

La activacion de los receptores tras la union del ligando desencadena una red de sefializaciones a
través de diferentes vias downstream, que pueden estar interconectadas entre si. La formacion de
los complejos de proteinas efectoras que se acoplan en los residuos fosforilados del receptor,
inicia la activacion de varias vias de sefializacion, incluidas RAS/ERK, PI3K/AKT, PLCy1, SRC
y STAT que regulan procesos celulares fundamentales, como la proliferacion, la diferenciacion,
la migracion celular, el metabolismo y la supervivencia (Citri & Yarden, 2006; Mitsudomi &
Yatabe, 2010).

EGFR se expresa en los queratinocitos de la piel y su activacion induce la proliferacion de estas
células, provocando un aumento de la celularidad y del grosor de la epidermis. También puede
inducir la migracion y supervivencia de los queratinocitos, asi como inducir o bloquear la
diferenciacion de éstos de forma dependiente del contexto (Uribe & Gonzalez, 2011). La
inhibicion de la via de EGFR en los queratinocitos de la piel, inducida en modelos de raton por la
pérdida del receptor o TGFa, tiene como consecuencia defectos en la diferenciacion de esta
células, disminucion de la capacidad de cicatrizacion de heridas, desregulacion del ciclo del pelo
y alteraciones de la regulacion de las reacciones inflamatorias/inmunitarias en la piel (Pastore et
al., 2008; Schneider et al., 2008; Smolle et al., 2013 Holcmann & Sibilia, 2015).

3.1.3.1. La viade EGFR y su implicacion en cancer

La activacion aberrante de estos receptores esta fuertemente asociada con procesos de
tumorogénesis y progresion tumoral en una gran variedad de tumores, incluyendo NSCLC,
HNSCC, glioma, meduloblastoma, cancer de mama, es6fago, colorrectal, anal, gastrico, vejiga,

endometrio, melanoma, prostata, pancreas y ovario (Arteaga & Engelman, 2014).

La sobrexpresion y las mutaciones activadoras en EGFR son las principales causas de
desregulacion de esta via de sefializacion (Figura 8). Las mutaciones en el dominio quinasa de
EGFR ocurren en un 10-40% de las muestras de cancer de pulmon (Figura 8). La amplificacion
del gen EGFR se produce en aproximadamente el 15% de los adenocarcinomas y en el 30% de

los SCC de pulmén, mientras que la amplificacion de ErbB2 se produce en el 6% de los
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adenocarcinomas y en el 2% de los SCC de pulmon. La sobrexpresion de EGFR se produce en
aproximadamente el 60% de los NSCLC (Roskoski, 2014; Zhixiang Wang, 2017).
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Figura 8. Alteraciones genéticas en EGFR en tumores humanos y distribucién en los diferentes dominios
del gen EGFR. A. Representacion de los porcentajes de las diferentes alteraciones descritas para EGFR en
pacientes con diferentes tipos de cancer. Verde: mutacidn; lila: fusién con otro gen; rojo: amplificacion del gen;
azul: deleccion de alguna region del gen; gris: maltiples alteraciones. B. Representacion de la distribucién y tipo
de mutaciones descritas para el gen EGFR. La informacion ha sido obtenida de cBioPortal y GENIE Cohort v5.0-
public (56970 pacientes/59437 muestras).

Las mutaciones activadoras en EGFR son poco frecuentes en cancer de mama, mientras que la
sobrexpresion de EGFR se observa en un 15-30% de estos tumores y se asocia a una
desensibilizacion a la quimioterapia a través de la induccién del programa de EMT, lo que
conduce a una mayor agresividad y un peor pronéstico (Bartholomeusz et al., 2012). De forma
similar, EGFR se sobrexpresa entre un 25% y un 82% de los canceres colorrectales (CRC), y se
asocia a un mayor grado del tumor y a una reducida supervivencia de los pacientes (Pabla, 2015).
La sobrexpresion de EGFR también es muy frecuente en GBM vy se han observado alteraciones
en el nimero de copias somaticas en el 43% de los pacientes. Ademas, se han descrito mutaciones
gue conducen a la activaciéon constitutiva del receptor, siendo la mas comin (40% de los
pacientes) la que afecta a la pérdida de los exones 2-7 (llamada también EGFRvIII),
correspondientes a la region extracelular, la cual provoca una activacion constitutiva del receptor
independiente del ligando. En general, alrededor del 60% de los pacientes con GBM tienen algin
tipo de alteracion gendmica que afecta esta via (Westphal et al., 2017). Por otra parte, EGFR esta
sobrexpresado en un 80% de los HNSCCs (Vatte et al., 2017), lo cual se ha asociado a un

prondstico desfavorable (Mitsudomi & Yatabe, 2010). En un analisis sistematico de 57 estudios
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independientes se ha demostrado que la prevalencia mutaciones en EGFR en HNSCC es baja
(2.8%) (Perisanidis, 2017) y se han correlacionado con un mayor grado histopatolégico y con un

estado avanzado del tumor (Vatte et al., 2017).

La expresion de EGFR esté inducida en un porcentaje variable de cSCCs (Maubec et al., 2005),
la cual no esta generalmente asociada a una amplificacion del receptor (Cafiueto et al., 2017) y la
frecuencia de mutaciones en este gen es muy baja (Pickering et al., 2014; South et al., 2014; Li et
al., 2015). En nuestro laboratorio se ha demostrado que la via de EGFR esté fuertemente inducida
en las CSCs de los WD-SCCs de piel de ratdn y que su activacion autocrina regula la proliferacion
y supervivencia de estas células, promoviendo el crecimiento tumoral. Sin embargo, se desconoce
si la sobrexpresion y la activacion de esta via de sefializacion juegan un papel clave en el

crecimiento de los cSCC en pacientes.

A parte de los eventos descritos en EGFR, también se han descrito alteraciones en otros receptores
de la familia de ErbBs en mdltiples tipos de cancer, asi como la induccion de la expresion de
factores que activan estas vias de sefializacion (Tabla 1). Todas estas alteraciones, que conducen
a la activacion de las vias de sefalizacion dependientes de ErbB, constituyen desde el punto de
vista clinico una diana ideal, para la cual se han desarrollado toda una serie de estrategias
terapéuticas que bloquean o disminuyen la actividad de estos receptores. En esta memoria me voy

a centrar en las terapias dirigidas especificamente al bloqueo de la actividad de EGFR.

Molécula |  Alteracion | Tipo de cancer | Observaciones
Ligandos
TGF-a Sobrexpresion Prostata Expresado por el estroma y las células tumorales
Sobrexpresion Pancreas Correlaciona con un mayor crecimiento tumoral y baja
supervivencia de los pacientes
Sobrexpresion Pulmén, ovario, | Correlaciona con una mala prognosis cuando se co-
colon expresa con EGFR
NRG-1 Sobrexpresion Adenocarcinoma Contribuye a la tumorogénesis en modelos animales
mamario
Receptores
ERBB2 Sobrexpresion Mama, ovario, | Sobrexpresion como consecuencia de la amplificacion del

pulmon, pancreas, | gen en 15-30% de los canceres de mama ductales
colon,  esofago, | invasivos y de ovario, y se asocia a una mala prognosis
endometrio, cérvix

ERBB3 Sobrexpresion Mama y vejiga Promueve la activacion oncogénica de ERBB2 y EGFR.
Sobrexpresion SCC oral La sobrexpresion correlaciona con metastasis en ganglios
linfaticos y baja supervivencia de los pacientes
Mutaciones Mama y gastrico
ERBB4 Baja Expresion Mama y prostata Correlaciona con un fenotipo diferenciado
Expresion Mama triple Marcador pronostico y predictivo de respuesta a la terapia
negativo

Tabla 1. Alteraciones de los receptores de la familia ErbB (excluyendo EGFR) y sus ligandos en tumores

humanos.
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3.1.3.2. Terapias dirigidas contra la via de EGFR

Actualmente, se emplean dos aproximaciones terapéuticas para bloquear la actividad de EGFR:
los inhibidores tirosina quinasa (TKIs) y anticuerpos monoclonales (mAbs). Los TKIs, se unen al
dominio de tirosina quinasa, bloqueando la actividad del receptor, mientras que los anticuerpos
anti-EGFR se unen a los dominios extracelulares. Varios estudios han confirmado los beneficios
de estas terapias en varios tipos de cancer, incluidos el NSCLC, CRC, cancer de pancreas, mama
y HNSCC (Tabla 2). Estas terapias han mejorado significativamente la supervivencia de los
pacientes comparado con los tratamientos convencionales basados en la administracion de
quimioterapicos (Vermorken et al., 2008; Van Cutsem et al., 2011; Rosell et al., 2012; Wu et al.,
2015; Gold et al., 2018; Patil et al., 2018; Tian et al., 2018)

Actualmente, hay varios inhibidores de EGFR disponibles en clinica. Los de primera generacion
o reversibles (gefitinib y erlotinib) muestran una excelente eficacia clinica en pacientes con
NSCLC portadores de mutaciones activadoras en EGFR, como por ejemplo la deleccion de los
exones 19 y 15 o la mutacion L858R en el exdén 21. Los inhibidores covalentes de segunda
generacion (afatinib y dacomitinib) han demostrado tener un mayor efecto antitumoral en células
con determinadas variantes oncogénicas de EGFR (EGFR-L858R), ya que se une de forma
irreversible al sitio de union al ATP vy el receptor no restaura su sefializacion hasta que no se ha
reciclado por completo. Sin embargo, algunos tipos de tumores, como el NSCLC, han
desarrollado un mecanismo de resistencia a los farmacos de primera y segunda generacion, basado
en la adquisicion de la mutacion EGFR T790M. Para contrarrestar la resistencia mediada por la
mutacion T790M, se han desarrollado inhibidores de EGFR covalentes de tercera generacion
(osimertinib, olmutinib y rociletinib). Todos estos farmacos han sido designados como terapias
innovadoras y aprobados por la FDA para diferentes tipos de cancer (Tabla 2) (Yamaoka et al.,
2017).

Los mAb contra EGFR estan disefiados especificamente contra la region extracelular del receptor.
Estos anticuerpos compiten con el ligando por la union al receptor y bloquean la dimerizacion del
receptor, la autofosforilacion y la activacion de la via (Burgess et al., 2003). Ademés de inhibir
el EGFR, estos mAbs inducen la ubiquitinacion y degradacion del receptor, asi como una
reduccion de su expresion (Sunada et al., 2006). Actualmente, hay dos mAbs anti EGFR
disponibles: cetuximab y panitumumab. El cetuximab, un mAb anti-EGFR quimérico humano-
raton 1gG1, ha sido aprobado para el tratamiento contra el CRC metastasico y el HNSCC con
KRAS no mutado. El panitumumab es un mAb IgG2 completamente humanizado que esta

aprobado para el tratamiento de CRC metastasico con KRAS no mutado.
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Férmaco Propiedades Dianas Usos aprobados por la FDA
TKIs
Gefitinib 12 Generacion: EGFR NSCLC metastésico con deleccion en exén 19 o
(Iressa) reversible mutacion L858R en exdn 21
Erlotinib 17 Generacion: EGFR NSCLC metastasico o localmente avanzado con
(Tarceva) reversible deleccion en exon 19 o mutacion L858R en exdn
21. Céncer pancreatico metastasico o localmente
avanzado en combinacion con gemcitabina.

Afatinib 22 Generacion: EGFR, HER2, NSCLC metastasico con deleccién en exén 19 o
(Gilotrif) irreversible HER4 mutacion L858R en exon 21
Osimetinib 32 Generacion: afinidad | EGFR T790M NSCLC metastasico con mutacion T790M y
(Tagrisso) T790M vy selectivo refractario a la primera linea de tratamiento con

para EGFR no mutado inhibidores TKI.
Olmutinib 32 Generacion: EGFR T790M Segunda linea de tratamiento en NSCLC
(Olita) Afinidad T790M y metastasico con la mutacion T790M (en Corea)

selectivo para EGFR

no mutado
Lapatinib Reversible EGFR, HER2 Cancer de mama con sobrexpresion de HER2
(Tykerb)
Vandetanib Reversible EGFR, VEGFR, | Carcinoma medular de tiroides
(Caprelsa) Ret

Anticuerpos monoclonales

Cetuximab Quimérico humano- EGFR HNSCC y CRC metastasicos refractarios a la
(Erbitux) raton 1gG1 quimioterapia y sin mutaciones en KRAS
Panitumumab | Humanizado IgG2 EGFR CRC metastasicos con KRAS no mutado
(Vectibix)

Tabla 2. Terapias dirigidas contra EGFR aprobadas por la FDA

Las terapias dirigidas para los pacientes con cSCC de alto riesgo, recurrente y/o metastasico son
limitadas, y solo se dispone de unos cuantos ensayos clinicos con inhibidores de EGFR en
cohortes de pacientes reducidas. En estos ensayos clinicos se utilizaron anticuerpos neutralizantes
e inhibidores de la tirosina quinasa, como el gefitinib, para tratar pacientes con cSCC avanzados
y metastasicos. Los resultados de estos ensayos mostraron que solo un porcentaje (15-27%) de
los pacientes consiguen una respuesta completa o parcial duradera. De hecho, algunos de los
pacientes presentaron progresion de la enfermedad tras una respuesta inicial (Maubec et al.,
2011). Sin embargo, la falta de estudios moleculares pre y post tratamiento hace dificil de
determinar si los casos que no respondieron de forma éptima estaban relacionados con la
presencia de mutaciones o alteraciones genéticas que podrian evadir el efecto de la inhibicion de
EGFR (Mentré et al., 2011; Lewis et al., 2012; Stratigos et al., 2015; Gold et al., 2018)

3.2. Impacto del microambiente tumoral en el crecimiento y progresion de los tumores

Aungue hay muchos estudios que han demostrado que las células tumorales pueden activar de
forma autocrina las vias de sefializacion que regulan su proliferacion y supervivencia (Heldin,

2012), los factores de crecimiento y citoquinas derivados de las células del estroma o el TME
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juegan un papel importante promoviendo el crecimiento tumoral y la metéstasis (Pietras &
Ostman, 2010; Hanahan & Coussens, 2012). Los tumores solidos estan constituidos, ademas de
por células tumorales, por el TME, que lo conforman células mesenquimales, como
miofibroblastos y células madre mesenquimales, células endoteliales y pericitos, células inmunes,
proteinas que forman la matriz extracelular y una gran variedad de factores de crecimiento y
citoguinas que son segregadas por el estroma y las células tumorales (Bhowmick et al., 2004;
Scheel et al., 2011; Sounni & Noel, 2013; Wang et al., 2017).

La angiogénesis es un proceso fundamental para la progresion tumoral en la cual las vias
mediadas por RTKs tienen un papel relevante. Asi, las células endoteliales pueden responder a
factores secretados por las células tumorales y los fibroblastos asociados al cancer (CAFs), como
por ejemplo PDGFs, VEGFs y FGF2 favoreciendo el proceso de neo-angiogénesis (Wang et al.,
2007; Chen et al., 2017)

Los CAFs son fibroblastos normales que se activan en respuesta a sefiales del estroma o de las
células tumorales. Son el componente mas abundantes del estroma tumoral y expresan altos
niveles de PDGFRs (Cao, 2013b). La activacion de los CAFs se induce por numerosas citoquinas,
incluyendo TGF-B, VEGF, FGF2 y IL6, entre otras, que son secretadas por las células tumorales
y otras células del estroma (Cirri & Chiarugi, 2012; Kalluri, 2016). Los CAFs activados se
identifican por la expresion de la actina del musculo liso (a-SMA), y su expresion esta
estrechamente regulada por factores como el factor derivado de estroma 1 (SDF-1 0 CXCL12) o
los PDGFs, entre otros (Orimo et al., 2005; Zhong et al., 2009). Factores como TGF-B, FGFs y el
factor de crecimiento hepéatico (HGF), desempefian un papel critico en la invasién de células
tumorales mediada por CAF (Kalluri, 2016). Henriksson y colaboradores (2011) demostraron que
los CAF activados in vitro mediante medio condicionado de células de céncer de colon
aumentaban la secrecién de FGF1 y FGF2, los cuales inducian la migracion e invasién de células
tumorales (Henriksson et al., 2011; Knuchel et al., 2015). Se ha descrito también que PDGF-AA,
-BB y -CC derivados de células tumorales promueven el reclutamiento de CAFs en tumores de
mama, pulmén, melanoma y prdstata (Shao et al., 2000; Tejada et al., 2006; Anderberg et al.,
2010; Cheng et al., 2013), y la expresién de PDGFR en células estromales esta asociada a un mal
prondstico en cancer de mama, préstata (Paulsson et al., 2009; Stattin et al., 2010), colon (Heldin
et al., 2006) y pancreas (Yuzawa et al., 2012; Heldin, 2013)
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3.2.1 Laviade SDF-1/CXCR4

Las citoquinas median la comunicacion entre las células tumorales y las estromales, y estas
interacciones juegan un papel crucial durante la iniciacion y la progresion tumoral (Guo et al,
2016), asi como en el desarrollo de la metéstasis (Sun et al, 2010). Una de estas citoquinas es
SDF-1.

SDF-1 (0o CXCL12) es una quimioquina homeostatica de la familia CXC que induce la migracion
celular durante el desarrollo embrionario (Cheng et al., 2014). En tejidos adultos, esta
quimioquina actta estimulando la supervivencia de las células inmunes, como los linfocitos B
(Kawaguchi et al., 2019) y regulando la quimiotaxis de las células T y los monocitos (Rosenkilde
et al., 2016). SDF-1 se expresa en varios érganos, incluyendo corazén, higado, cerebro, rifién,
musculo esquelético y érganos linfoides. Las células endoteliales, los fibroblastos y los
osteoblastos son la principal fuente de SDF-1 en estos 6rganos (Kryczek et al., 2007). Los
fibroblastos de la dermis son la principal fuente de SDF-1 en la piel de ratén y humana (Florin et
al., 2005; Quan et al., 2015).

El gen de SDF1 humano contiene cuatro exones Yy el splicing alternativo de su ARN mensajero
puede dar lugar a seis isoformas distintas (SDF-1a, SDF-13, SDF- 1y, SDF-15, SDF-1¢ y SDF-
1o), siendo la variante alpha las mas abundante en los tejidos que las expresan (Janowski, 2009).
SDF-1 se une CXCR4 y CXCRY7, dos receptores de membrana asociados a proteinas G. En
condiciones fisiologicas, CXCR4 se expresa por mdltiples tipos celulares, como linfocitos,
células madre hematopoyéticas, células endoteliales, células epiteliales y fibroblastos (Guo et al.,
2016), mientras que CXCR7 se expresa en células endoteliales y en linfocitos T e induce el

desarrollo y la diferenciacion de las células B (Burns et al., 2006).

En un contexto tumoral, la via de sefializaciéon mediada por SDF-1 juega un papel importante
facilitando la comunicacion entre las células tumorales y el TME, creando un entorno ideal para
el crecimiento tumoral y el desarrollo de metastasis. SDF-1 se expresa principalmente en las
células tumorales y en CAFs (Kryczek et al., 2007) y esté fuertemente expresado en cancer de
mama, pancreas, prostata, glioblastoma y SCC de piel (Quan et al., 2015). Dos estudios han
correlacionado la expresion de SDF-1 con una menor supervivencia de los pacientes con cancer
de ovario (Ganzfried et al., 2013; Stordal et al., 2014). CXCR4 se sobrexpresa en muchos tipos
de tumores humanos, incluyendo mama, ovario, prostata, melanoma, pulmén y HNSCC (Sun et
al., 2010), y en muchos de estos tejidos se expresa especificamente en las CSCs (Miki et al., 2007,
Hermann et al., 2007; Bertolini et al., 2009; Gygi et al., 2014; Uemae et al., 2014). Por otra parte,
CXCRY7 se expresa en células inmunes, endoteliales y tumorales, y tiene una afinidad para SDF-
1 diez veces mas alta que CXCR4 (Burns et al., 2006).
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La activacion de la via de SDF-1, ya sea de forma autocrina o paracrina (secretado por los CAFs),
estimula la proliferacion de las células tumorales de cancer de prostata y de mama, asi como la
vascularizacion en estos tumores y gliomas (Darash-Yahana et al., 2004; Smith et al., 2004;
Orimo et al., 2005; Folkins et al., 2009). La activacién de la via de CXCR4, junto con un aumento
del programa EMT, promueven la migracion y la invasion de las células tumorales de los HCC
inducida por la via de TGF-p (Bertran et al., 2013). La activacion de esta via a través de CXCR4
promueve la auto-renovacion de las CSCs de tumores de mamay cerebro (Ehtesham et al., 2009;
Uemae et al., 2014; Kong et al., 2016), e induce el programa EMT y la generacion de metéstasis
en sarcoma, cancer de mama, pancreas, colon y higado (Li et al., 2014; Hu et al., 2014; Kong et
al., 2016). En este sentido, se demostrd que las células tumorales que expresan CXCR4 eran
atraidas durante su diseminacion a 6rganos distales que expresaban elevados niveles de SDF-1,
donde podian iniciar el desarrollo de lesiones metastasicas (Guo et al., 2016). Inicialmente, se
consideré que CXCR7 actuaba como un receptor scavenger. Asi, la union del ligando al receptor
provocaba la activacion de la p-arrestina, lo que conducia a la internalizacion del complejo
ligando/CXCR7 y a su degradacion via lisosomas, o al reciclaje del receptor a la membrana
celular (Naumann et al., 2010). Sin embargo, se ha demostrado recientemente que la via de
sefializacion SDF-1/CXCRY7 induce proliferacién y supervivencia (Tang et al., 2016), asi como el
programa de EMT en las células tumorales (Wu et al., 2016), sugiriendo que, al igual que la

sefializacion mediada por CXCR4, podria promover el crecimiento tumoral y la metastasis.

La expresion de SDF-1 se induce significativamente en los fibroblastos del estroma de los cSCC
humanos, comparado con la piel normal (Quan et al., 2015). Ademas, se ha descrito una induccion
de la expresion de CXCR4 en cSCC metastasicos en comparacion con los cSCC no metastasicos
(Basile et al., 2008), mientras que la expresion de CXCR?7 se induce en el 70% de cSCCs, y su
activacion se ha asociado con la supervivencia de las células cancerosas (Hu et al., 2014). Sin
embargo, se desconoce si la induccién de esta via juega un papel relevante promoviendo el

crecimiento tumoral y la metastasis durante la progresion del cSCC.

4. MECANISMOS DE RESISTENCIA A LAS TERAPIAS DIRIGIDAS CONTRA EL
CANCER

Uno de los obstaculos més importantes en el tratamiento del cancer es la resistencia que aparece
frecuentemente a las terapias. En los Ultimos afios se han realizado enormes esfuerzos para
comprender los mecanismos moleculares responsables de la resistencia, sin embargo hay mucho

camino por recorrer en este campo.
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4.1. Tipos de resistencias a terapias dirigidas

Se han descrito dos categorias de resistencias farmacologicas, la intrinseca y la adquirida. La
resistencia intrinseca se caracteriza por la falta de respuesta a una terapia especifica o la rapida
progresion de la enfermedad durante el tratamiento. Los factores responsables de la resistencia,
tales como mutaciones u otras caracteristicas celulares, pueden estar presentes en el tumor o en
algunas subpoblaciones de células tumorales antes de recibir el tratamiento (Figura 9). La
resistencia adquirida se refiere a la recidiva que se produce después de una respuesta inicial

Optima al tratamiento y tras un largo periodo de tratamiento (Figura 9).
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Figura 9. Descripcion de las diferentes vias de generacion de resistencia a farmacos. Comparacion de los
procesos de generacion de resistencia intrinseca y adquirida y respuestas al tratamiento. Adaptado de
Hammerlindl1 & Schaider, 2017.

La heterogeneidad intra-tumoral y la plasticidad celular influyen de forma significativa en las
respuestas terapéuticas y en la generacion de resistencias. Asi, el tumor puede contener
poblaciones de células tumorales con alteraciones moleculares diferentes, que podrian mostrar

distintas sensibilidades al tratamiento.

La plasticidad de las células tumorales es un mecanismo por el cual estas células cambian sus
caracteristicas para adaptarse al estrés o las condiciones del microambiente durante el crecimiento
del tumor, o en respuesta a la terapia. Ademas de contribuir a la generacion de heterogeneidad
intra-tumoral, puede conducir al desarrollo de resistencia adaptativa mediante distintos
mecanismos, como la reactivacion de la via de sefalizacion diana, la hiperactivacion de vias

alternativas y/o modificando el crosstalk con el microambiente (Silva-Diz et al., 2018).
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4.2. Mecanismos de resistencia desarrollados por las células tumorales

Los pacientes de CML portadores de fusiones BCR-ABL han mostrado una buena respuesta al
tratamiento con imatinib. Sin embargo, en algunos casos esta respuesta se mantiene solo durante
un corto periodo de tiempo. En el 50% de los casos, esto se debe a la aparicion de mutaciones
puntuales o cambios de pauta de lectura en la secuencia de BCR-ABL, que impiden la interaccion
del inhibidor con el dominio quinasa del receptor (Shah et al., 2002; Nardi et al., 2004; Karvela
etal., 2012).

La mutacion V555M en la region tirosina quinasa de FGFR3, asi como en los residuos V561 de
FGFR1 y V564 de FGFR2, inducen resistencia a multiples inhibidores de FGFR en cultivos de
células tumorales (Blencke et al., 2001; Chell et al., 2013; Mohammadi et al., 2015), lo cual ha
sido recientemente confirmado en muestras de pacientes con colangiocarcinoma intrahepético, en
los cuales la enfermedad progresé bajo el tratamiento con NVP-BGJ38 (Babina & Turner, 2017;
Goyal et al., 2017). Mecanismos de resistencia similares se han descrito para multiples dianas
como FLT3, SRC o MEK1 (Hammerlindl & Schaider, 2018).

La resistencia a los inhibidores estd frecuentemente asociada a la activacion de vias de
sefializacion alternativas, que permiten superar los efectos de la terapia sobre la
proliferacion/supervivencia de las células tumorales (Figura 10). En este sentido, la activacion de
la via de sefializacion HGF/CMET ha sido identificada como un mecanismo de resistencia a
inhibidores de FGFR. Asi, el tratamiento combinado con inhibidores de cMET y FGFR en
xenoimplantes de tumores derivados de pacientes (patient-derived xenograft; PDX) de cancer de
pulmon resistentes a inhibidores de FGFR, result6 en un bloqueo casi total del crecimiento de las
células tumorales (Harbinski et al., 2012). Otros ejemplos son, la activacion de HER2 o ERBB3
observada en respuesta al tratamiento con NVP-BGJ398 en lineas celulares de cancer de vejiga
con amplificacion de FGFR3 y la fusiéon FGFR3-TACC3 (Wang et al., 2015), o la co-activacién
de PDGFRa y HER2 en lineas celulares de NSCLC con amplificacién de FGFR1, que
desarrollaron resistencia a la terapia contra FGFR (Kotani et al., 2016). En la mayoria de estos
casos, el tratamiento combinado con un farmaco dirigido contra la via de sefializacién diana y

otro contra la posible via compensatoria suele tener resultados positivos.

Un mecanismo comun de desarrollo de resistencia a una terapia contra un RTK es la activacion
de sus efectores downstream (Figura 10). Este es el caso de la activacion de PI3K (mediante
mutaciones activadoras en su subunidad catalitica, PIK3CA) en respuesta a trastuzumab o
lapatinib (inhibidores de HER?2) en pacientes con cancer de mama con HER2 amplificado (Ramos
& Bentires-Alj, 2015). Se han desarrollado inhibidores contra los efectores de los RTKs, como
MEK, AKT, BRAF, entre otros (Levitzki & Klein, 2010). Sin embargo, también se han descrito
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resistencias a estos inhibidores, que se producen mayoritariamente por la activacion de otros
efectores que regulan, mediante vias alternativas la proliferacién/supervivencia de las células
tumorales, o por un aumento de la expresion y activacion de multiples RTKs (Chandarlapaty et
al., 2011). En este sentido, se ha visto que la resistencia a inhibidores de PI3K puede estar asociada
a la activacion de MAPK y al aumento de la expresion y activacion de HER3, IGFIR o IR en
células tumorales de prostata, mama y pulmén (Chandarlapaty et al., 2011), o mediada por la
amplificacion de MYC y la activacion de las vias de NOTCH o de Wnt/B-catenina en tumores de
mama (Liu et al., 2011; Uras et al., 2011; Tenbaum et al., 2012).

De forma similar, se ha descrito que la resistencia a los inhibidores de RAF/MEK utilizados para
el tratamiento del melanoma mutante para BRAF, puede estar mediada por la activacion
alternativa de las vias de PI3K, NOTCHL1 y el receptor de estrogenos (ER). Algunas de ellas,
como la activacion de NOTCHL1, ha sido corroborada en muestras de melanoma de pacientes con
resistencia adquirida a inhibidores de RAF/MEK (Martz et al., 2015). Aungue el 50-60% de los
pacientes con melanomas que contienen la mutacién BRAF V600E, muestran una buena respuesta
a la inhibicion de BRAF (Hauschild et al., 2012), los CRC mutantes para BRAF (representan
aproximadamente el 10% de todos los casos) muestran solo una tasa de respuesta del 5%. Esto es
debido a que la inhibicion de BRAF en estos tumores provoca la inhibicion de CDC25C, una
proteina implicada en la defosforilacion e inactivacion de EGFR, lo que conduce a una réapida
activacion de este receptor y AKT (Prahallad et al., 2012; Hammerlindl & Schaider, 2018).

4.3. Mecanismos de resistencia a inhibidores de EGFR

De forma similar a lo descrito en la seccidn anterior, existen multiples mecanismos que conducen

al desarrollo de resistencia a la terapia contra EGFR.

4.3.1. Mutaciones primarias y secundarias en EGFR

Uno de los mecanismos de resistencia intrinseca o primaria mas conocidos son las mutaciones en
EGFR. Una insercion en el exon 20 del gen, que representa el 5-10% de las mutaciones de EGFR,
induce resistencia a los inhibidores de EGFR de primera generacion (Greulich et al., 2005; Naidoo
et al., 2015). Actualmente, inhibidores dirigidos contra estas inserciones del exdn 20 se
encuentran en ensayos clinicos (NCT02716116). Resultados similares se han descrito para la
mutacion EGFR T790M. Esta mutacion puede estar presente en una subpoblacion de células
tumorales antes del tratamiento, que puede seleccionarse durante la terapia con gefitinib y
erlotinib, generando resistencia (Inukai et al., 2006; Arcila et al., 2012). Ademas, esta mutacion
también se ha encontrado en el 60% de muestras de pacientes con resistencia adquirida a los

inhibidores de EGFR de primera generacién (Rekhtman et al., 2013; Yu et al., 2013). La aparicion
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de esta mutacion durante el tratamiento, es un ejemplo de deriva oncogénica y demuestra la
adiccion que presentan algunos tipos tumorales por la via de EGFR. La mutacién EGFR T790M
aumenta cinco veces la afinidad del receptor por el ATP, lo que provoca una reduccién de la
sensibilidad a los inhibidores reversibles de EGFR de primera generacion (Yun et al., 2008). El
tratamiento con TKIs irreversibles de segunda generacién, como el afatinib, consigue reducir la
aparicion de esta mutacién a un 36-48% de los pacientes tratados (Tsai et al., 2013; Wu et al.,
2014).

Para tratar a los pacientes que han desarrollado resistencia a los farmacos de primera y segunda
generacion, se han desarrollado farmacos de tercera generacion, como el osimertinib. Este
inhibidor se une irreversiblemente al dominio quinasa de EGFR, ejerciendo su actividad sobre las
células que presentan mutaciones activadoras en EGFR, asi como las que presentan la mutacion
T790M. Sin embargo, no actla sobre los receptores no mutados. El uso del osimertinib ha
resultado tener buenos resultados en un ensayo clinico de fase Il en pacientes con NSCLC con
EGFR mutado (deleccidn en exdn 19 o mutacién L858R) sin otro tratamiento previo (Soria et al.,
2017). Sin embargo, las células tumorales desarrollan mecanismos para vencer la inhibicién
ejercida por el osimertinib. La adquisicidén de una nueva mutacion (C797S) en el sitio de union
del farmaco confiere resistencia. Por otra, se han descrito la pérdida de la mutacion EGFR T790M
y la amplificacion de EGFR no mutado en muestras de pacientes resistentes a inhibidores de
tercera generacion (AZD9291) (Thress et al., 2016).

Otras mutaciones secundarias que confieren resistencia a inhibidores de EGFR con mucha menos
frecuencia son las mutaciones G796S, G796R, L718Q, T854A, D761Y, L747S y L792F/H (Balak
et al., 2006; Bean et al., 2008; Hayashi et al., 2017; Miller et al., 2017). En pacientes con CRC,
la adquisicion de las mutaciones de S492R, G465R y G465E en el exdn 12, que codifica para el
dominio extracelular de EGFR, estan asociadas a resistencia a cetuximab. Curiosamente, la
mutacion S429R impide la unién del cetuximab al EGFR, pero no inhibe la unién del

panitumumab a diferentes aminoacidos del receptor (Montagut et al., 2012; Bertotti et al., 2015).

Finalmente, se ha descrito que una variante de EGFR llamada EGFRVIII, que carece de una parte
del dominio extracelular (regién que comprendida entre el exon 2 y 7 del gen) (Kawamoto et al.,
2015), es la mutacion més prevalente en GBM (Brennan et al., 2013) y también se encuentra en
cancer de mama, pulmon, ovario y prostata (Moscatello et al., 1995; Okamoto et al., 2003). En
ensayos clinicos, se ha mostrado que esta variante se encuentra en aproximadamente el 40% de

los casos de HNSCC y confiere resistencia al cetuximab (Sok et al., 2006).
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4.3.2. Mecanismos independientes de EGFR

De forma similar a lo descrito en el la seccidn 4.2, la activacion de vias alternativas conduce al
desarrollo de resistencia a las terapias contra EGFR. La desregulacion de otros receptores tirosina
quinasa o la activacion anormal de efectores downstream pueden compensar la inhibicion de
EGFR (Tabla 3) (Figura 10).

Mecanismo Pulmén Colon Cabeza-Cuello Mama GBM/Préstata
(EGFR TKis) (EGFR mAbs) (cetuximab)

Resistencia - Ins. exén 20 - KRAS mut* - EGFR tansloc.
intrinseca EGFR* - NRAS mut - Clivaje pro TGF-a,

- Del BIM* - PIK3CA mut* AREG

- EGFR-T790M* - BRAF mut*

- Del. PTEN*

Resistencia
adquirida
Modificacion - T790M* - S492R* - EGFRvIII - EGFRVIII
EGFR - Otras mut - G465R/E

- EGFR ampl
Sefializacion - BRAF mut* - HER2* - Aurora - HER2 - MET
alternativa - PIK3CA mut* - HER3 - HER2 - HER3

- FGFRs - IGF1 oe* - HER3 - MET

- HER2* - FGFR1 - MET - PTEN perd

- HER3 - PDGFR - AXL oe

- IGF1R - KRAS mut* - FGFR3-TACC3

- VEGF - MET - FGFR2/3 activ.

- JAK2 - BRAF mut*

- MAPK1 - PIK3CA mut

- MET/HGF* - Del. PTEN*

- NF-xB* - AXL

- Perdida PTEN - VEGFR

- MEK

Transformacion - Adg. stemness EMT (via activ AXL)
histolégica - EMT (activ. AXL, Notch-1 0 TGFB)*

- Transform. SCLC*

Tabla 3. Mecanismos de resistencia dependientes e independientes de EGFR. Resumen de los mecanismos
de resistencia descritos en diferentes tipos de cancer tratados con inhibidores de EGFR. * Significa que se ha
verificado en pacientes. Fuente: (Oliveras-Ferraros et al., 2012; Chong & Jénne, 2013; Bertotti et al., 2015; Daly
etal., 2017; Rotow & Bivona, 2017; Yamaoka et al., 2017; Zhao et al., 2017; Wu et al., 2018; Byeon et al., 2019)

Asi, la amplificacion de MET, que activa PI3K a través de la transactivacion de ErbB3, la
sobrexpresion de HGF, la amplificacion de ErbB2, la activacion de ErbB3, o de IGF1R por la
unién de IGF o la reduccién de IGFBP (un inhibidor de IGF1), la activacion de AXL y la
activacion de FGFRs son algunos de los mecanismos que impulsan la proliferacion e invasion de
las células tumorales, la metastasis y la angiogénesis, cuando la via de EGFR estéa blogueada (Wu
et al., 2018). Ademas, la perdida de PTEN, que inhibe PISK/AKT, y la activacion constitutiva de
PIK3CA y BRAF como consecuencia de mutaciones, conducen a la activacion de las vias de
sefializacion de AKT y ERK las cuales promueven la proliferacidn y supervivencia de las células
tumorales, generando resistencia a las terapias contra EGFR (Wu et al., 2018). La activacion de

la via de FGFR, a través de la induccion de la expresion de receptores y/o de sus ligandos, o la
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formacion de proteinas de fusién, también ha sido relacionada con la adquisicion de resistencia a
inhibidores de EGFR en algunos tipos de cancer (Hallinan et al., 2016) (Tabla 3).

Actualmente hay varios ensayos clinicos que intentan prevenir y/o bloquear la resistencia a
inhibidores de EGFR en varios tipos de cancer mediante tratamientos combinados de farmacos
(Wu etal., 2018).

4.3. Resistencia mediada por el microambiente tumoral

Aungue la mayoria de los estudios sobre los mecanismos de resistencia a la terapia dirigida se
centran en las células tumorales, no podemos olvidar que el TME puede proteger las células
tumorales, y por lo tanto, también podria estar implicado en la adquisicidn de resistencia. En este
sentido, Straussman y colaboradores describieron que los CAFs de melanoma inducen resistencia
a los inhibidores de BRAF mediante la secrecion de HGF, lo cual, activa MAPK y PIK3, y
promueve la supervivencia y la tolerancia al tratamiento. Mecanismos similares se han observado
en células de CRC y glioblastoma mutantes para BRAF (Straussman et al., 2012). Por otra parte,
las interacciones entre las células estromales y las tumorales estimulan vias alternativas de
supervivencia en las células tumorales que les permiten resistir a los efectos citotoxicos de la
terapia. Por ejemplo, la integrina B1 promueve la supervivencia de las células de cancer de mama
resistentes a lapatinib a través de la activacion de la quinasa de adhesién focal (FAK) y SRC, lo
cual se revierte con el bloqueo de la integrina B1 (Huang et al., 2011). En otro estudio se observo
gue la inhibicién dual de PI3K/mTOR en cultivos de células tumorales en 3D provocaba la muerte
por apoptosis de las células sin contacto con la matriz, mientras que las células localizadas
externamente y en contacto con la matriz eran resistentes al tratamiento (Muranen et al., 2012),
demostrando que la matriz estaba aportando sefiales de proliferacién/supervivencia a las células

tumorales (Figura 10).

En conjunto, estos estudios demuestran que las sefiales derivadas del TME pueden influenciar en
la respuesta terapéutica, y sugieren que el bloqueo de la comunicacidn entre las células tumorales

y su microambiente podria ser una estrategia para evitar la resistencia a terapias.
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Figura 10. Resumen de los principales mecanismos de resistencia a inhibidores tirosina quinasa
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Objetivos

Los estudios realizados por nuestro laboratorio demostraron que las caracteristicas y los
mecanismos que regulan la proliferacion y diseminacion de las CSCs de los ¢cSCCs de raton
cambian durante la progresion tumoral. Asi, la activacion autocrina de la via de EGFR induce la
proliferacion de estas células en cSCCs que conservan caracteristicas de diferenciacion epitelial
(WD-SCCs). Esta via de sefializacion se atenGia en las CSCs de los ¢cSCCs avanzados e
indiferenciados (PD/S-SCCs), las cuales inducen de forma autocrina las vias de FGFR1 y
PDGFRa para promover respectivamente el crecimiento y la metéstasis de los cSCCs avanzados.
Sin embargo, al inicio de esta tesis doctoral, no se conocia si estos mecanismos regulaban de
forma similar el crecimiento y la metastasis de los cSCCs de pacientes, 0 a través de qué

mecanismos la via de PDGFRa promueve la metastasis.

El objetivo principal de esta tesis es caracterizar los mecanismos moleculares que controlan la
proliferacion y diseminacion de las células tumorales del cSCC, y evaluar qué aproximaciones
terapéuticas serian mas apropiadas para bloquear el crecimiento tumoral y la metastasis en cada

estadio de la progresion tumoral.

Los objetivos concretos de esta tesis son:

1.- Andlisis de las caracteristicas epiteliales/mesenquimales y la expresion de receptores de las
familias de EGFR, FGFR y PDGFR y de sus ligandos en las células tumorales de los cSCCs de

pacientes en diferentes estadios de progresion.

2.- Generacion y caracterizacion molecular de cultivos primarios de células tumorales y de
modelos de ratdn (patient-derived xenograft, PDX) derivados de muestras de pacientes de cSCCs

en diferentes estadios de progresion.

3.- Estudio del efecto de la inhibicion de EGFR en el crecimiento de los cSCCs de tipo epitelial
de pacientes (MD/PD-SCC o G2/G3-SCC) y los mecanismos implicados en la adquisicion de

resistencia a esta terapia.

4.- Determinar los mecanismos implicados en la invasion de las células tumorales y en el
desarrollo de metéstasis inducida por la via de PDGFRa en los ¢cSCCs avanzados de raton y de

pacientes.
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RESUMEN EN CASTELLANO

Diferentes estudios han demostrado que en la mayor parte de los tumores, incluyendo los
carcinomas escamosos de piel (cSCCs), existe una poblacion de células tumorales, llamadas
células madre del cancer (CSCs), que son responsables de mantener el crecimiento tumoral a
largo plazo y del desarrollo de metastasis. Sin embargo, se desconoce si las caracteristicas de esta
poblacién de células cambian durante la progresion de los cSCCs. El principal objetivo de este
trabajo es identificar alteraciones moleculares y funcionales de las CSCs que serian responsables
de la mayor malignidad y desarrollo de metastasis asociada a la progresion del cSCC. Para ello,
se han generado modelos de progresion de cSCCs, mediante el implante seriado de tumores
generados en los ratones K14-HPV16 (espontaneos o inducidos por DMBAJ/TPA), en ratones
inmunodeficientes. La caracterizacion de los diferentes linajes de progresidn obtenidos demuestra
gue los tumores mas avanzados e indiferenciados (PD/S-SCCs), se generan a partir de la
progresion maligna de los SCC bien diferenciados y que exhiben caracteristicas epiteliales (WD-
SCCs). Durante este proceso, se produce un aumento dramatico de la frecuencia de CSCs y una
robusta induccién del programa de transicion epitelio meséngquima (EMT), que correlacionan con
el crecimiento agresivo y la mayor capacidad metastasica que presentan los PD/S-SCCs. La
caracterizacion de las CSCs aisladas de los WD-SCCs (E-CSCs) y de los PD/S-SCCs (L-CSCs)
demuestra que, a diferencia de las E-CSCs, las L-CSCs pierden caracteristicas de diferenciacién
epitelial. Ademas, los mecanismos que regulan la proliferacion/supervivencia y la diseminacion
de las CSCs cambian durante la progresion. Asi, las E-CSCs presentan activada la via de B-
catenina e inducen de forma autocrina la via de EGFR, la cual promueve la proliferacién y
supervivencia de estas células. Sin embargo, estas vias se atendan en las L-CSCs, las cuales, a su
vez inducen de forma autocrina las vias de FGFR1 y PDGFRa. La activacion de la via de FGFR1
promueve la proliferacion/supervivencia de las L-CSCs y el crecimiento agresivo de los PD/S-
SCCs, mientras gque la via de PDGFRa induce la invasion de las L-CSCs y la generacion de
metastasis en los PD/S-SCCs. El anélisis de muestras de SCCs de piel de pacientes de diferentes
estadios de progresién muestra que los ¢cSCCs méas avanzados Yy recurrentes presentan una
expansion de una poblacién de células tumorales CD44" con caracteristicas CSCs, una fuerte
induccion del programa de EMT e inducen la expresion de PDGFRa/p y FGFR1. Por el contrario,
la expresion de estos genes esta atenuada en los WD/MD-SCCs de pacientes, los cuales presentan
una fuerte expresion de EGFR y sus ligandos.

Por lo tanto, estos resultados sugieren, que similarmente a lo descrito en los cSCCs de raton, las
vias de FGFR y PDGFR podrian jugar un papel importante promoviendo el crecimiento y la
metastasis de los cSCCs avanzados e indiferenciados de pacientes, y la utilizacidn de inhibidores
de estos receptores seria una buena aproximacién terapéutica para bloquear el crecimiento

agresivo, la recurrencia y el desarrollo de metéastasis de los PD/S-SCCs de pacientes.
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ABSTRACT

Cancer stem-like cells (CSC) play key roles in long-term tumor propagation and metastasis, but
their dynamics during disease progression are not understood. Tumor relapse in patients with
initially excised skin squamous cell carcinomas (SCC) is characterized by increased metastatic
potential, and SCC progression is associated with an expansion of CSC. Here, we used genetically
and chemically-induced mouse models of skin SCC to investigate the signaling pathways
contributing to CSC function during disease progression. We found that CSC regulatory
mechanisms change in advanced SCC, correlating with aggressive tumor growth and enhanced
metastasis. B-Catenin and EGFR signaling, induced in early SCC CSC, were downregulated in
advanced SCC. Instead, autocrine FGFR1 and PDGFRa signaling, which have not been
previously associated with skin SCC CSC, were upregulated in late CSC and promoted tumor
growth and metastasis, respectively. Finally, high-grade and recurrent human skin SCC
recapitulated the signaling changes observed in advanced mouse SCC. Collectively, our findings
suggest a stage-specific switch in CSC regulation during disease progression that could be
therapeutically exploited by targeting the PDGFR and FGFR1 pathways to block relapse and

metastasis of advanced human skin SCC.
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INTRODUCTION

Skin squamous cell carcinoma (SCC) is the second most common nonmelanoma skin cancer in
humans. Eight percent to 10% of patients suffer tumor relapse after surgical excision, which is
associated with an enhanced propensity to metastasize and with poor survival (1). SCC
development in humans and mice is a multistage process ending in the generation of invasive
tumors (2). Most invasive tumors conserve some epithelial traits and are considered to be well-
differentiated SCCs (WD-SCCs). However, some tumors have poorly differentiated features (PD-
SCCs) and are eventually spindle-shaped, these traits being associated with enhanced recurrence
and metastasis (1, 3). Currently, advanced and metastatic skin SCCs are mostly treated with
radiotherapy or classical chemotherapy, which have limited clinical benefits (4). Furthermore, the
mechanisms that control SCC growth and metastasis at different stages of progression remain

unclear, limiting the possibilities for targeted therapy.

Solid tumors may be hierarchically organized and contain cancer stem cells (CSC), which drive
long-term tumor growth and disease progression (5, 6) and are responsible for relapse after
therapy (7, 8). CSCs are also the most likely candidates for metastasis-initiating activities, as they
may induce epithelial-to-mesenchymal transition (EMT), which promotes tumor cell migration
(9, 10). Mouse skin SCC cells expressing CD34 and a6-integrin are enriched in tumor-initiating
and long-term tumor-propagating cells compared with the bulk of tumor cells, and they are able
to recapitulate the phenotypic cell diversity of parental tumors in engraftment assays (11, 12).
Sox2 expression is induced in CSCs of SCCs to promote CSC self-renewal and skin SCC growth
(13, 14). Wnt/B-catenin, TGFB, and VEGF signaling pathways regulate CD34"-CSC features at
early stages of progression (11, 15, 16). Moreover, skin SCC progression is associated with an
expansion of the CD34"-CSC population (12, 16). However, it is not known whether signaling
pathways regulating CSC function switch during progression. In this study, we demonstrate that
CSC features and regulatory mechanisms change during late stages of skin SCC progression to

promote aggressive tumor growth and metastasis.
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MATERIALS AND METHODS
Mouse models

K14-HPV16™* mice (FVB/C57/BI6 F1; ref. 17) were used as models of SCC development. K14-
HPV16"* mice were treated with 7,12-dimethylbenz(a)anthracene/12-O-tetradecanoylphorbol-
13-acetate (DMBA/TPA), as previously described (18). To generate ortho-SCC (OT-SCC)
lineages, small pieces of spontaneous or DMBA/TPA-induced tumor (2-4 mm?) were implanted
in the back skin of nude mice (Harlan Laboratories). Tumor sizes were measured every week (V=
/6 X L x W?). When they reached a critical size, they were surgically excised and a small piece
was serially engrafted in each new immunodeficient mouse. Resected mice were checked daily
until they presented symptoms of poor health, where upon they were sacrificed and checked for
the presence of metastatic lesions. Animal housing, handling, and all procedures involving mice
were approved by the Bellvitge Biomedical Research Institute (IDIBELL) Ethics Committee

(Barcelona, Spain), in accordance with the Spanish national regulations.

Human skin SCC samples

Samples of human skin SCCs were supplied by the Plastic Surgery and Pathology Units of the
Hospital Universitario de Bellvitge (IDIBELL, Barcelona Spain) and the Spanish Hospital
Platform Biobank Network (RetBioH; www.redbiobancos.es). The protocol of sample collection
was supervised and approved by the Ethical Committee of Clinical Research of Hospital
Universitario de Bellvitge (IDIBELL). All patients were informed beforehand and their signed

consent to participate was obtained.

Isolation of SCC cells and flow cytometry analysis

Tumor cells were isolated from SCC and analyzed for flow cytometry as previously described

(19). For detailed protocols, see Supplementary Methods.

Cell cultures and treatments

Tumor cells (hematopoietic lineage and endothelial-negative cells) isolated from PD/S-SCCs
(PD/S cells) were grown in basic medium composed of DMEM-F12 medium (Gibco, Life
Technologies) with B27 (Gibco, Life Technologies) and penicillin/streptomycin (PAA
Laboratories) in a humidified 37 °C, 5% CO; incubator. Tumor cells isolated from WD-SCCs
(WD cells), were grown in basic medium with EGF (20 ng/mL; Sigma). Protocols for determining

cell proliferation and lentiviral transduction are described in detail in Supplementary Methods.

Tumor cell grafting and in vivo treatments
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To limiting dilution assays, tumor cells isolated from WD-SCCs and PD/S-SCCs were serially
diluted, mixed with 1 x 10° newborn dermal fibroblasts, and subcutaneously injected in nude mice
(Harlan Laboratories). Tumor growth was monitored for 8 to 12 weeks. The tumor-initiating cell
frequency was calculated using ELDA software (http://bioinf.wehi.edu.au/software/elda). A
similar frequency of tumor-initiating cells was obtained when Matrigel (BD Biosciences) was
coinjected with tumor cells (1:1 v/v) instead of dermal fibroblasts (data not shown). To determine
the effect of PDGFRa knockdown on tumor growth and metastasis, 4 x 10° sh-control and sh-
PDGFRa PD/S cells were subcutaneously injected in immunodeficient mice, as described above.
Tumors were excised when they reached a critical size, and the mice were sacrificed 20 days later.
Lungs were recovered to quantify metastasis lesions. For pharmacologic inhibition of FGFR1 and
PDGFRa, mice carrying orthotopically engrafted PD/S-SCCs were randomly assigned to a
control or inhibitor treatment group. Imatinib (150 mg/kg; diluted in water; LC Laboratories) was
orally administrated daily, and PD173074 (25 mg/kg; diluted in 50 mmol/L lactic acid; LC
Laboratories) was daily intraperitoneally injected. Control groups were treated with the respective
vehicle. OT-SCCs were excised, and resected mice were treated with their respective control or
inhibitor solution and sacrificed 8 to 10 days later. Lungs and other organs were collected for the

assessment of metastasis development.

In vitro invasion assays

Invasion assays were performed in CIM-16 plates (ACEA Biosciences) coated with 5% Matrigel
(Factor-Reduced; BD Biosciences). Bottom chamber wells with DMEM 10% FBS and top
chamber wells with serum-free medium were assembled and equilibrated for 1 hour at 37 °C.
PD/S cells (8 x 10%), previously treated without (control) or with imatinib (4 pmol/L) for 48 hours,
and sh-control and PDGFRa-knockdown PD/S cells were seeded onto the top chamber and placed
in the xCELLigence system. The cell index represents the capacity for cell invasion. In addition,
sh-control, PDGFRa. knockdown, and PD/S cells treated for 48 hours with different doses of
imatinib were included in Matrigel and seeded in replicates on previously Matrigel-coated 96-
well plates with 100 pL of basic medium without or with imatinib. Images were captured 24 hours
later using an inverted phase microscope, and spheres containing >4 invasion structures longer

than 25 um were quantified.

Histology, IHC, and immunoblotting assays
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Tumor samples were fixed in 4% formaldehyde overnight at 4 °C, paraffin-embedded, and
sectioned at 4 um. For immunofluorescence or immunohistochemical staining, we followed the
protocols previously described in ref. 19. Whole-cell extracts for Western blot assays were
prepared from tumors and isolated cells as previously described (see Supplementary Methods;
ref. 20).

Reverse transcription, gPCR, and microarray analysis

Total RNA was extracted using TRIzol (Invitrogen), and reverse transcription and qPCR were
carried out as previously described (see Supplementary Methods; ref. 19). cDNA amplification
by picoprofiling was performed as previously described (21). Seven micrograms cDNA was used
for hybridization in an Affymetrix Mouse Genome 430 PM Strip Array. Data array analyses are
described in Supplementary Methods.

Sequencing analysis

Mutations in Hras (Q61L) and Kras (G12V, G12A, G12D, G13R, G13D, Q61L, and Q61H) were
analyzed by pyrosequencing assays. The set of primers for PCR amplification and sequencing
were designed with PyroMark Assay Design Software (Qiagen). PCR products were
pyrosequenced and allele mutations were quantified with the Pyromark Q24 System (Qiagen),

following the manufacturer's instructions.

Accession number

The gene expression data described in this study have been deposited in the Gene Expression
Omnibus (GEO) database under accession number GSE59439.

RESULTS
Generation and characterization of lineages of skin SCC progression

To determine whether the aggressive growth and enhanced metastasis of advanced SCCs are
associated with changes in CSC features, we generated mouse models of skin SCC progression
based on tumors developed in K14-HPV16 mice. K14-HPV16 mice express E6 and E7
oncoproteins from the HPV16 papillomavirus in basal keratinocytes, and 30% of them develop
spontaneous SCCs during their first year (3, 19), 27% of which were undifferentiated and/or
spindle tumors. To promote SCC development, these mice were treated with DMBA/TPA. At the
end of the treatment, all mice developed multiple invasive SCCs, most of them showing epithelial
traits, while spindle-shaped tumors were more infrequent (4.65%), as previously reported in other
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mouse strains (22). Single small pieces from several SCC samples (spontaneous or DMBA/TPA-
induced) were orthotopically grafted onto the back skin of nude mice. Samples of each OT-SCCs
were serially engrafted in nude mice over several passages, generating SCC lineages
(Supplementary Table S1). After the first engraftment, OT-SCCs recapitulated the
histopathologic features of the parental tumors (Supplementary Fig. S1A). However, after serial
engraftments, 62.5% of the WD-SCCs showing epithelial differentiation features (tumor cells
organized in nests containing keratin pearls) progressed to moderated SCCs (MD-SCC), which
evolved to PD-SCCs that frequently contained focal spindle regions, and finally to mesenchymal-
shaped spindle tumors, in which the epithelial phenotype was completely lost (Supplementary
Fig. S1A; Supplementary Table S1). Therefore, PD and spindle SCCs can be generated by the
malignant advance of WD-SCCs.

K14 expression was strongly reduced and K8 expression was upregulated in PD-SCCs and
spindle tumors (Supplementary Figs. S1C and S1D; (3)). On the basis of keratin expression and
histopathologic features, SCCs from each lineage were classified as WD-SCCs or PD and spindle
SCCs (PD/S-SCCs). PD/S-SCCs grew significantly faster than their respective WD-SCC
precursors in all tumor lineages (Supplementary Fig. S1E). Nude mice carrying PD/S-SCCs
showed reduced survival due to more frequent lower-latency metastasis occurring mainly in the
lungs and occasionally in regional lymph nodes, kidney, and liver (Supplementary Figs. S1F-
S1H).

Analysis of Ras genes showed that Hras was frequently mutated in primary DMBA/TPA-induced
SCCs (Hras Q61L; 75% of tumors; refs. 23, 24). This mutation was infrequent in spontaneous
SCCs, but 57.14% of them instead exhibited a distinct percentage of alleles with activating
mutations in the Kras gene (G13R, G12A, G12D, and Q61L; Supplementary Fig. S1B; ref. 25).
The intratumor genetic heterogeneity was frequently maintained in the respective OT-SCCs (data
not shown), and some WD-SCCs (OT14 lineage) were able to progress to PD/S-SCCs in the

absence of previously described Hras- or Kras-activating mutations.
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Figure 1. Strong induction of EMT and expansion of CSCs is observed in advanced SCCs of different
lineages of progression. A, serial dilutions of tumor cells isolated from WD-SCCs and PD/S-SCCs from the
indicated lineages (OT) were injected into immunodeficient mice (6-18 mice per dilution). The number of mice
developing tumors, frequency of CSCs, and confidence intervals (conf. int.) for each condition is shown (n.d.,
not determined). B, representative images showing histopathologic features of parental and regenerated tumors
after the engraftment of the indicated number of tumor cells. Scale bar, 30 um. C and D, quantification of a.6-
integrin*/CD34" cells in OT WD-SCCs and PD/S-SCCs by flow cytometry. D, means (£SE) of the percentages
of a6-integrin*/CD34" cells in the indicated tumors. OT4* is SCC lineage derived from a spontaneous WD-SCC.
E and F, mean * SE of the percentages of a.6-integrin*/EpCAM*/CD34" cells in WD-SCCs and PD/S-SCCs (6—
8 tumors per group), as quantified by flow cytometry. G, gRT-PCR results showing the levels (mean + SE) of
the indicated mRNAs in PD/S-SCCs relative to WD-SCCs (six samples per group) in different lineages (OT)
and in primary SCCs (PT) spontaneously developed in K14-HPV16 mice (four samples per group). *, significant
differences between WD-SCCs and PD/S-SCCs (t-test; P < 0.05). E-cad., E-cadherin; Vim., vimentin.
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Limiting dilution assays showed that the frequency of tumor-initiating cells was dramatically
increased in OT7 and OT14 PD/S-SCCs compared with their WD-SCC precursors (Fig. 1A).
SCCs with an epithelial and mesenchymal phenotype were respectively generated by tumor-
initiating cells of parental WD-SCCs and PD/S-SCCs (Fig. 1B), suggesting that tumor-initiating
cells of WD-SCCs, but not those of PD/S-SCCs, retained the ability to differentiate into an
epithelial shape. As reported in other mouse models (11, 12), o6-integrin’/CD34" cells
(hematopoietic and endothelial lineage negative cells) isolated from orthotopic WD-SCCs were
significantly enriched in tumor-initiating cells relative to a6-integrin/CD34" cells or to the
overall tumor cell population (Fig. 1A and Supplementary Fig. S2A). Moreover, tumors derived
from PD/S-SCC a6-integrin®/CD34" grew significantly faster than tumors generated from WD-
SCC a6-integrin*/CD34" cells (Supplementary Fig. S2B). These results indicate that the ability
of CD34*-CSCs to promote tumor growth changes significantly during progression. Although a
similar tumor-initiating capability and impaired epithelial differentiation was observed in a6-
integrin®/CD34" and a6-integrin’/CD34" cells isolated from PD/S-SCCs (Supplementary Fig.
S2A,; data not shown), previous reports demonstrated that, in contrast to CD34 cells, CD34'-
CSCs present long-term self-renewal capability in advanced SCCs and are considered as long-
term tumor-propagating cells (12). Therefore, we compared the frequency and molecular features
of the a6-integrin®/CD34" cells from advanced tumors and from their respective WD-SCC
precursors. We found that PD/S-SCCs of different lineages, derived from spontaneous or
DMBAJ/TPA-induced WD-SCCs, showed a significant increase in the percentage of a6-
integrin®/CD34" cells as compared with their respective precursors (Fig. 1C and D). A similar
expansion in this cell population was observed in spontaneous PD/S-SCCs (Supplementary Fig.
S2C).

In accordance with the loss of epithelial traits, the expression of the EpCAM epithelial marker
was significantly downregulated in a.6-integrin®/CD34" cells of PD/S-SCCs (Fig. 1E and F and
Supplementary Fig. S2C), implying that CSC features change during tumor progression. In
addition, diminished expression of Cdh1 (E-cadherin), and upregulation of vimentin and the EMT
inducer transcription factors Snail, Twist, Zeb1, and Zeb2 were detected in PD/S-SCCs from
different lineages and in spontaneous PD/S-SCCs (Fig. 1G and Supplementary Figs. S2D and
S2E), as reported in other mouse models (22). Thus, an expansion of CSCs and robust induction
of EMT occur during OT-SCC progression, along with a switch from epithelial-to-mesenchymal

features and enhanced metastasis capability.

It is important to highlight that the tumors that did not progress to PD/S-SCC during serial
engraftment did not exhibit an expansion of CSCs or further induction of EMT (OT9 in

Supplementary Fig. S2F), indicating that these events are not a consequence of long-term growth
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in immunodeficient mice. These results validate the OT-SCC lineages as models for

characterizing CSC alterations during tumor progression.

ab-integrin®/CD34" CSC features change during SCC progression

To determine whether alterations in features of CSCs can contribute to tumor progression, we
compared the global gene expression profiles of a6-integrin*/CD34" cells isolated from PD/S-
SCCs (late CSC, L-CSC) and their respective precursor WD-SCCs (early CSC, E-CSC) from
different lineages. This analysis revealed 1,839 genes differentially expressed (by 2-fold or more;
FDR < 5%) in L-CSCs compared with E-CSCs, giving rise to a gene signature for CSCs in
advanced and mesenchymal SCCs (Fig. 2A; Supplementary Table S2). Genes overexpressed in
this signature were mainly those associated with proliferation, morphogenesis, negative
regulation of apoptosis, cytoskeleton organization, motility, and metastasis, whereas
underexpressed genes were linked to cell differentiation, cell adhesion, and tight junction
maintenance (Fig. 2B-D). Sox2, Hmgn3, and Gasl stem cell markers were overexpressed,
whereas Cdh3 (P-cadherin) was underexpressed in L-CSCs compared with E-CSCs. Krt15 and
Lgr5 was undetectable in both populations of CSCs (Fig. 2B and D). In addition, E-cadherin
expression was strongly downregulated and vimentin, Twist, and Axl significantly overexpressed
in L-CSCs, indicating that stemness and EMT were enhanced in these CSCs relative to E-CSCs.
The overexpression of self-renewal-promoting genes and the underexpression of differentiation-
related genes (Fig. 2D), together with the impaired differentiation capability of tumor-initiating
cells of advanced tumors, suggest that an imbalance between self-renewal and differentiation is
produced in CSCs during late stages of progression. Some of the altered genes described in this
signature were also similarly deregulated in unrelated skin PD-SCCs, as unsupervised clustering
correctly identified skin SCCs with an EMT-like status in other mouse SCC models (Fig. 2E; ref.
22). Indeed, a large subset of genes overexpressed in L-CSCs (536/1,259 genes) and in E-CSCs
(362/578 genes) was also upregulated in EMT-like SCCs and in epithelial like SCCs, respectively,
in this DMBA/TPA-induced SCC model (Fig. 2F).

Furthermore, the expression of key factors related to WNT, FGFR, PDGFR, and EGFR pathways,
which were previously associated with progression in other tumor types (26-28), was also
significantly altered in our L-CSC signature (Fig. 2B). This suggests that alterations in these
pathways may be associated with CSC expansion, aggressive tumor growth, and metastasis in
advanced SCCs
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Figure 2. CSC gene signature changes during SCC progression. A, hierarchical gene-cluster analysis of genes
differentially expressed (log, FC > 1; FDR P < 0.05) between a.6-integrin*/CD34" CSCs of PD/S-SCCs (L-CSC)
and their respective WD-SCC precursors (E-CSC; four CSC samples per group) from three lineages. B, selected
set of genes overexpressed (red) or underexpressed (blue) in L-CSCs relative to E-CSCs. C, gene ontology
enrichment analysis of genes differentially expressed in L-CSCs compared with E-CSCs. D, mean (+ SE) mRNA
levels relative to Gapdh expression of the indicated genes in L-CSCs and E-CSCs (three samples per group).
n.d., the expression of these genes was not detected in E-CSCs or L-CSCs. *, significant differences between
groups (t-test; P < 0.05). E, heatmap representation of differentially expressed genes in L-CSCs that identify
genes in the previously reported EMT-like mouse SCC signature (22). F, Venn diagrams showing the overlap of
genes from the L-CSC signature and those associated with epithelial-like SCCs and mesenchymal-like SCCs
(22). A selected number of these overlapping genes is indicated.
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B-Catenin signaling is downregulated in advanced skin SCCs

[-Catenin signaling is essential for sustaining CSC features in the early stages of skin SCCs (11),
therefore we compared -catenin expression in WD-SCCs and PD/S-SCCs. Most epithelial cells
showed B-catenin labeling at the cell surface and more than 25% showed [-catenin nuclear
staining in WD-SCCs (Fig. 3A and B). In contrast, there was considerable reduction of §-catenin
overall and of its active form (non-phosphorylated Ser37/Thr41) in the respective PD/S-SCCs
(Fig. 3C). Moreover, B-catenin transcriptional activity was analyzed by transducing tumor cells
isolated from early and advanced SCCs (Supplementary Figs. S3A-S3C) with a B-catenin
reporter construct (29). WD-SCCs and PD/S-SCCs were regenerated by engrafting transduced
WD and PD cells into nude mice. We detected a subset of EGFP-expressing cells with 3-catenin
transcriptional activity at the base of the nest in WD-SCCs (Fig. 3D), where CD34*-CSCs reside
(11, 15, 16). However, EGFP-expressing cells were absent from PD/S-SCCs (Fig. 3D). Therefore,
although B-catenin activity plays an important role in SCC generation and growth in early SCCs,

this pathway is switched off in advanced SCCs.
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N - nuclear p-catenin
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B WD-SCCs
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Figure 3. B-Catenin signaling is attenuated during late stages of SCC progression. A, B-catenin cell localization
by IHC assays. Arrowheads, cells with B-catenin at nuclei. Scale bar, 30 um. B, quantification of cells (mean
SE; three samples per group) with B-catenin at nuclei in WD-SCCs and PD/S-SCCs of the indicated lineage. C,
levels of B-catenin and its active form in WD-SCCs and PD/S-SCCs. B-Actin was used as a protein-loading
control. Sample number identifies tumor passage and letters indicate independent tumor replicates. D, top,
schema of the construct used to determine B-catenin transcriptional activity; bottom, representative images
showing transduced cells (red) and cells with induced pB-catenin signaling (green cells) in WD-SCCs and PD/S-
SCCs. Scale bar, 30 pum.
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EGFR signaling is downregulated in a.6-integrin®/CD34*-CSCs of advanced SCCs

We investigated the relevance of the receptor tyrosine kinase (RTK)-dependent pathways that
were identified in the L-CSC signature to promote tumor progression. EGFR signaling is
necessary to maintain the proliferation and survival of basal cell compartment in the early stages
of SCCs (30, 31). Previous studies showed that Egfr expression is downregulated in advanced
SCCs (22). However, whether this pathway regulates CSC proliferation and survival and is altered
during progression remains to be determined. Thus, we compared the expression of Erbb
receptors and ligands in E-CSCs and L-CSCs isolated from various OT-SCC lineages. The
expression of Egfr, Erbb2, and Erbb3 receptors, as well as of the Tgfa, Areg, and Hbegf ligands
was reduced in L-CSCs from most tumor lineages (Fig. 4A), consistent with the Erbb and ligand
expression profiles observed in spontaneous and orthotopically derived PD/S-SCCs (Fig. 4B and
C). These results, along with the substantially lower phosphorylated status of EGFR consistently
observed in PD/S-SCCs (Fig. 4D), indicate that EGFR signaling is downregulated in advanced
SCCs. To determine the role of EGFR signaling in CSC proliferation, we analyzed tumor cells
isolated from WD-SCCs and their PD/S-SCC offspring and maintained in culture. Primary WD
cells grew as adherent cells and had a typical epithelial shape, whereas PD/S cells grew as spheres
(Supplementary Fig. S3A). These primary cultures were enriched in a6-integrin®/CD34*-CSCs
(50% and 90% in WD and PD/S cells, respectively), exhibited a similar expression profile of
EMT inducer factors and Erbb and ligands to their respective parental tumors, and isolated
CD34"-CSCs (Supplementary Figs. S3B—-S3E). In accordance with the genetic profile of their
parental tumors, no Ras mutations were detected in OT14 WD and PD/S cells, whereas 34% of
Hras alleles were mutated (Q61L) in OT7 cells. a6-integrin”/CD34" WD cells showed a higher
level of expression of EGFR and Tgfa ligand than a.6-integrin®/CD34" WD cells, whereas Areg
and Epgn expression were similar in both subpopulations of cells (Fig. 4E). Furthermore, EGFR
was mainly activated in a6-integrin’/CD34" WD cells, as determined by the levels of
phosphorylated EGFR (Fig. 4F). In contrast to PD/S cells, EGF treatment significantly increased
the proliferation of WD cells (Fig. 4G) concomitantly with a stronger induction of EGFR, AKT,
and ERK1/2 phosphorylation, which were inhibited in response to the EGFR inhibitor gefitinib
(Fig. 4H and | and Supplementary Figs. S3F and S3G). In the absence of EGF, WD cells showed
basal levels of pEGFR, which were inhibited along with the phosphorylation of downstream
effectors and cell proliferation in response to gefitinib (Fig. 4H and | and Supplementary Fig.
S3G). However, these effects were stronger in OT14 WD cells (Ras WT) than in OT7 WD cells,
which present activating mutations in a subset of Hras alleles (Supplementary Fig. S3H).
Together, these results indicate that autocrine and probably paracrine EGFR signaling promotes
the growth of E-CSCs, and that this pathway is attenuated in L-CSCs.
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Figure 4. E-CSC-induced EGFR signaling is downregulated in CSCs of advanced SCCs. A-C, levels of the
indicated mRNAs (mean + SE) in L-CSCs relative to E-CSCs (A; three samples per group) and in PD/S-SCCs
relative to WD-SCCs (B and C; 6-8 samples per group) in the indicated tumor lineages (OT) and spontaneous
primary SCCs (PT; four samples per group). D, EGFR and its phosphorylated form in WD-SCCs and PD/S-
SCCs. E, mean (= SE) mRNA levels relative to Gapdh expression of the indicated genes and populations of WD
cells (three samples per group). F, levels of EGFR and its phosphorylated form in the indicated populations of
WD cells. G, cell proliferation upon EGF treatment, as measured by MTT. Means (+ SE) indicate arbitrary units
of fluorescence (a.u.f.) in EGF-treated cells relative to cells growing without factor. H and I, effect of gefitinib
on proliferation (H; mean + SE of a.u.f.; two samples per group) of cells treated without or with EGF, and EGFR,
AKT, and ERK1/2 phosphorylation (I). Note that the time of exposure was increased to detect EGFR and p-
EGFR in PD/S cells. *, significant differences between groups (t-test; P < 0.05). B-Actin was used as a protein-
loading control in D and F.
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CSC-induced autocrine PDGFRa signaling promotes metastasis in advanced SCCs

PDGFR is not expressed in normal keratinocytes (32) and has not previously been associated with
skin SCC CSCs. However, in accordance with our array data, Pdgfra expression was strongly
induced in L-CSCs (Fig. 5A), correlating with the consistently observed stronger expression of
this receptor in their respective PD/S-SCCs and in primary PD/S-SCCs (Supplementary Fig.
S4A). Although expression of Pdgfrb was also enhanced in PD/S-SCCs (Supplementary Fig.
S4A), ab-integrin/CD34*-CSCs and isolated WD and PD/S cells showed a low level of
expression of this receptor (Fig. 5A and Supplementary Fig. S4C), suggesting that PDGFR} is
essentially associated with stromal cells. Most of the PD/S-SCC a6-integrin"/CD34" cells
expressed PDGFRa, in contrast to the sparse a6-integrin’/CD34" cell population exhibiting low
levels of PDGFRa expression in WD-SCCs (Fig. 5C and D; Supplementary Figs. S4B and S4D).
Furthermore, strong PDGFRa phosphorylation (Fig. 5B) and significant induction of Pdgfa and
Pdgfc ligand expression were detected in PD/S-SCCs of different lineages, and specifically in
their respective L-CSCs (Fig. 5A and Supplementary Fig. S4E), suggesting that CSCs of
advanced SCCs may induce autocrine activation of PDGFRa signaling. These events were
directly related to tumor progression, as no changes in Pdgfra, Pdgfrb, or Pdgfc expression were
detected in WD-SCCs that never progress to PD/S-SCCs after serial engraftments
(Supplementary Fig. S4F; OT9). As further evidence of autocrine activation of PDGFRa., we
observed that PD/S cells growing in the absence of growth factors exhibited PDGFRa
phosphorylation, which was blocked in response to the imatinib PDGFR inhibitor
(Supplementary Fig. S4G). Despite PDGFRao phosphorylation was further induced in response to
PDGFR ligands (Supplementary Fig. S4G), there were no significant changes in PD/S cell
proliferation upon PDGF or imatinib treatment (Supplementary Figs. S4H and S4l), and PD/S
cells with PDGFRa knockdown expression had a similar proliferation rate to PDGFRa-
expressing control cells (Supplementary Figs. S5A and S5B). Furthermore, similar tumor growth
was observed when PDGFRa knockdown cells and their respective control cells were engrafted
in nude mice (Fig. 5E and Supplementary Figs. S5C and S5D), and when orthotopically implanted
PD/S-SCCs were treated daily with imatinib, compared with the control treatment (Fig. 5F).
Nevertheless, we observed a significant reduction in the number and size of lung metastases
developed in imatinib-treated mice and in those carrying PDGFRa knockdown tumors (Fig. 5G
and H and Supplementary Fig. S5E). Infrequent metastases developed from PDGFRa-interfered
tumors showed a high receptor expression, indicating that these lesions may have arisen from
tumor cells that eluded the Pdgfra interference (Supplementary Fig. S5F).
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Figure 5. Autocrine PDGFRa signaling induced in CSCs of advanced SCCs promotes metastasis. A,
expression of indicated genes relative to Gapdh mRNA (mean + SE) in E-CSCs and L-CSCs (two samples per
group). B, PDGFRa protein and its phosphorylated form in WD-SCCs and PD/S-SCCs. 3-Actin is shown as a
protein-loading control. Sample number identifies the tumor passage and letters indicate independent tumor
replicates. C and D, quantification of a6-integrin* cells expressing CD34 and PDGFRa in WD-SCCs and PD/S-
SCCs by flow cytometry. D, percentage (mean + SE) of a6-integrin*/CD34* cells with or without PDGFRa.
expression in the indicated tumors (5-6 samples per group). E and F, growth kinetics (mean + SE of tumor size)
of PDGFRa-expressing (sh-control) and PDGFRa-knocked-down (sh-PDGFRa) PD/S-SCCs (E; 8 tumors per
group) and PD/S-SCCs treated with vehicle or imatinib (F; 10 mice per group). G, mean + SE of metastatic foci
per lung section (categorized by size, mm?) in mice injected with sh-control or sh-PDGFRa. PD/S tumor cells (4
mice per group) and in control and imatinib-treated mice (10 mice per group). *, significant differences between
the groups (t-test; P < 0.05). H, metastatic lesions (indicated by black arrowheads) in the lungs of mice grafted
with sh-control and sh-PDGFRa PD/S tumor cells. Scale bar, 200 um. I, comparison of the invasion capacity
(indicated as cell index) in control and upon PDGFRa signaling inhibition in XCELLingence real-time cell
analysis. J, effect of imatinib treatment and PDGFRa-knock-down on the formation of invasion structures in

PD/S cells growing in Matrigel. Scale bar, 50 pm.
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Reduced metastasis observed after PDGFRa inhibition was not associated with a reduction of
tumor angiogenesis because, although significantly fewer CD31" vessels were observed in
imatinib-treated PD/S-SCCs (Supplementary Fig. S5G), as previously reported (33, 34), the
frequency of CD31" vessels was unaltered in PDGFRo-interfered tumors (Supplementary Fig.
S5G). These results demonstrate that PDGFRa signaling plays an important role promoting
metastasis development, but not L-CSC proliferation. Reduction of metastasis mediated by
PDGFRa signaling inhibition was not due to a decrease in the frequency of tumor-initiating cells
or to an attenuation of the EMT program (Supplementary Figs. S5H-S5J). However, both
knocking down of PDGFRa. expression and imatinib treatment significantly reduced the invasion
capability of PD/S cells (Fig. 51 and J). These results indicate that autocrine PDGFRa signaling

promotes CSC motility and invasion, consequently favoring CSC dissemination and metastasis.

Autocrine FGFR signaling promotes CSC proliferation and survival in advanced SCCs

Our results showed that Fgfr2 was underexpressed in L-CSCs compared with E-CSCs (Figs. 2B
and 6A), indicating that FGFR signaling is altered in CSCs of advanced SCCs. FGFR1 and
FGFR2 are expressed in normal keratinocytes and play an important role in the epidermal
homeostasis (35). However, the role of FGFR in regulating CSC proliferation and survival during
SCC progression was unexplored. Analysis of the expression of different members of the FGFR
family and variants (lllb and Ilic) showed that Fgfrl-llic (Fgfrlc) was the FGFR most
prominently expressed in E-CSCs and L-CSCs (Fig. 6A). Upregulation of Fgfrlc was not
consistently found in L-CSCs of different lineages (Fig. 6A), although a strong FGFR1 expression
was observed in spontaneous and orthotopically derived PD/S-SCCs relative to their respective
WD-SCCs, but not in those WD-SCCs that never progressed (Supplementary Figs. S6A, S6C-
S6E). These results indicate that CD34*-CSCs express high levels of FGFR1c and that the
stronger expression of this receptor in advanced SCCs is due to the CSC expansion in these
tumors. Interestingly, most L-CSCs from different lineages strongly induced the expression of
Fgf2 and Fgf7 (Fig. 6B), correlating with their significant induction in PD/S-SCCs relative to
WD-SCCs (Supplementary Fig. S6B). These results suggest that autocrine regulation of FGFR is

induced in CSCs of advanced tumors.
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Figure 6. Autocrine FGFR1 signaling is upregulated in L-CSCs promoting tumor growth. A and B, mRNA
guantification (mean + SE) of the indicated genes in E-CSCs and L-CSCs (two samples per group) from three
lineages. Results are represented as mMRNA levels relative to Gapdh expression (A) and n-fold change in L-CSCs
relative to E-CSCs for each lineage (B). C, mean + SE of WD and PD/S cell proliferation after the indicated
treatments, as measured by MTT. D, growth kinetics (mean + SE of tumor size) of PD/S-SCCs treated with
vehicle or PD173074 (10 mice per group). Arrow, the start of the treatment. E, immunodetection of
phosphorylated histone H3 (Ser10) in control and PD173074 treated tumors. Scale bar, 30 um. F, percentage
(mean + SE) of proliferating cells, as determined in E. G, levels of cleaved caspase-3 in mock and PD173074-
treated tumors. B-Actin was used as a protein-loading control. H, mean + SE of metastatic foci per lung section
(categorized by size; mm?) developed in mock- and PD173074-treated mice (10 mice per group). *, significant
differences between groups (t-test; P < 0.05).
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Next, we evaluated the relevance of FGFR signaling to CSC proliferation and survival. a.6-
integrin®/CD34" population showed stronger expression of Fgfric than the a6-integrin®/ CD34°
population in WD cells (Supplementary Fig. S6F), but the proliferation of these cells was
unaltered in response to FGF2 or to the FGFR1 inhibitor PD173074 (36; Fig. 6C and
Supplementary Fig. S6G). However, the response to FGF2 was significantly enhanced upon
gefitinib-mediated EGFR inhibition (Supplementary Fig. S6G), indicating that the strong
induction of the EGFR pathway attenuates FGFR signaling in WD cells. In contrast, the
proliferation of PD/S cells was significantly induced upon FGF2 treatment (Fig. 6C, +FGF2),
concomitantly with the induction of FGFR, AKT, and ERK1/2 phosphorylation, which were
blocked in the presence of PD173074 similarly in Ras mutated or wild-type genetic backgrounds
(Fig. 6C and Supplementary Fig. S6H). Furthermore, in the absence of growth factors, PD/S cell
proliferation was significantly reduced in response to PD173074 (Fig. 6C; -FGF2). These results
indicate that autocrine activation of FGFR1 signaling promotes CD34"-CSC proliferation in
advanced SCCs. To analyze the effect of in vivo FGFRL1 inhibition, mice carrying PD/S-SCCs
were treated with PD173074. Tumor growth was significantly reduced in response to FGFR
inhibition (Fig. 6D), coinciding with diminished tumor cell proliferation and induced apoptosis,
as determined by phosphohistone H3 (Ser10) and cleaved caspase-3 levels, respectively (Fig. 6E-
G). Despite the lesser tumor growth, no significant changes in the number and size of metastatic
lesions were observed in PD173074-treated compared with mock-treated mice (Fig. 6H). These
results indicate that autocrine FGFRL1 signaling plays an important role promoting CSC survival
and proliferation in PD/S-SCCs, although its inhibition does not impair the metastatic capability

of these cells.

Advanced human skin SCCs recapitulate the molecular alterations described in mouse
PD/S-SCCs

To determine the clinical relevance of our findings, we examined whether the molecular
alterations described in mouse PD/S-SCCs were also associated with progression in human skin
SCCs. The histopathologic grade of patient samples frequently showed intratumor regional
heterogeneity, and they were classified as WD/MD-SCCs or PD/S-SCCs according to their main
stage of progression and the percentage that this region represented in the overall sample
(Supplementary Table S3). PD-SCCs and spindle SCCs exhibited more tumor cells with CD44
expression, which identifies CSCs in human skin SCCs (37, 38), than WD/MD-SCCs (Fig. 7A).
In addition, the EMT program was induced (Fig. 7A and C) mainly in PD-SCCs with spindle
tumor cell regions and a history of recurrence after surgical resection (Supplementary Table S3).
Consistent with the downregulation of B-catenin in advanced mouse SCCs, the expression of -
catenin was reduced in PD/S-SCCs compared with low-grade SCCs (Fig. 7B). Similarly, the level
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of expression of EGFR, ERBB2, ERBB3, and ligands was markedly lower in recurrent PD/S-
SCCs (Fig. 7D and E), indicating that advanced human SCCs downregulate EGFR signaling. In
contrast, the expression of PDGFRA, PDGFRB, PDGFC, FGFR1b, FGFR1c, and FGF2 (Fig.
7F-H) was increased in most of the EMT induced and advanced tumors. These results suggest
that the signaling pathways controlling CSC proliferation and survival in advanced mouse skin
SCCs may also operate in advanced human SCCs.
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Figure 7. Advanced human skin SCCs with induced EMT recapitulate the changes in signaling pathways
described in mouse PD/S-SCCs. A, representative images showing an expanded CD44" cell population, lower
E-cadherin, and higher vimentin expression levels in PD/S-SCCs compared with WD/MD-SCCs. Scale bar, 30
pm. B, B-catenin expression and cell localization in WD/MD-SCC and PD/S-SCCs. Scale bar, 20 um. C-H,
quantification of the indicated mRNAs in a set of human WD/MD-SCCs and PD/S-SCCs. Mean (+ SE) mMRNA
levels of these genes relative to GAPDH mRNA are shown (individual data and mean + SE). Green dots, recurrent
PD/S-SCCs. I, schema describing the identified changes in CSC features and regulatory mechanisms at different
stages of mouse SCC progression.

The L-CSC signature described here in mouse skin SCCs may identify progression and poor
prognosis in other human SCCs. Indeed, this L-CSC signature identified a subtype of lung SCCs
that exhibit poorly differentiated features and are associated with poor prognosis (Supplementary
Fig. S7, left; refs. 39, 40). A similar association was found when this L-CSC signature was
compared with a large subset of head and neck SCCs (Supplementary Fig. S7, bottom right; ref.
41). This suggests that CSC features in advanced skin SCCs may be commonly associated with

SCC progression and poor prognosis in humans.

DISCUSSION

Signaling pathways controlling the CSC function at early stages of skin SCC progression have
been previously described (11, 15, 16). However, it was not known whether CSC regulatory
mechanisms change during disease progression, correlating with the enhanced recurrence and
metastasis of high-grade SCCs (1), which could influence the selection of the most efficient
therapy. In the study reported here, we generated lineages of SCC progression and showed that a
high percentage of WD-SCCs exhibiting epithelial features progressed to PD and mesenchymal
SCCs with enhanced metastasis capability, recapitulating the skin SCC progression reported in
other mouse models (42). In contrast, previous reports suggested that spindle and EMT-like skin
SCCs might arise by a route other than WD-SCCs after DMBA/TPA treatment, relying on a
different cell of origin and/or lower requirement for inflammatory stimuli (22). In this regard,
K14-HPV16 mice, which show chronic inflammation in the skin (43), mainly developed WD-
SCCs spontaneously or after DMBA/TPA treatment. Although inflammatory signaling might
favor WD-SCC development, our results show that once these tumors are generated they can
progress to PD/S-SCCs after serial engraftments in nude mice, which show a proficient
inflammatory response (44). However, it remains unclear whether some mutated cell populations

may evolve more rapidly or efficiently to PD/S-SCCs than do others.

WD- to PD/S-SCC transition was associated with a robust induction of the EMT program and an
expansion of a6-integrin”/CD34"-CSCs and tumor-initiating capability, which were similarly

observed in primary PD/S-SCCs spontaneously developed in K14-HPV16 mice, as well in other
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mouse models of advanced SCCs (12, 16). Cell hierarchy could be altered in advanced tumors,
as a6-integrin®/CD34" and a6-integrin®/CD34" of PD/S-SCC showed a similar tumor-initiating
capability and impaired epithelial differentiation after initial engraftments in immunodeficient
mice. However, previous studies showed that the tumor-initiating capability of CD34" was
significantly reduced after multiple serial engraftments, and only CD34" cells have long-term

self-renewal capability and are long-term tumor propagation cells (12).

Comparison of gene expression profiles between a6-integrin*/CD34*-CSCs of WD- and PD/S-
SCCs defined a CSC signature associated with highly malignant SCCs, which is characterized by
the strong induction of stemness, the EMT program, cell proliferation, motility and metastasis,
and reduced epidermal cell differentiation and cell adhesion-regulatory genes. Accordingly,
tumor-initiating cells of PD/S-SCCs lose the ability to generate cells exhibiting epithelial traits.
Therefore, CSC expansion may be the consequence of a sustained self-renewal and the inhibition

of differentiation.

Furthermore, we found that the mechanisms that regulate CSC proliferation, survival, and
dissemination change at different stages of progression. Indeed, 3-catenin signaling, which plays
a key role in regulating CD34*-CSC features in early SCCs (11), is downregulated in advanced
SCCs. Moreover, EGFR signaling, which is strongly upregulated in E-CSCs to drive their
proliferation, is similarly attenuated in L-CSCs, which instead induce autocrine FGFR1 signaling
to promote tumor growth. Thus, although inhibition of EGFR signaling leads to WD-SCC
regression and cancer cell differentiation (45), this treatment may be ineffective in advanced
SCCs, which downregulated EGFR signaling. Although previous studies showed that the
effectiveness of FGFR1 inhibitors is compromised in the presence of Ras mutations in other tumor
types (46), FGFR1-dependent downstream signaling was similarly inhibited in PD/S cell with or
without Ras mutations after PD173074 treatment, suggesting that the relevance of Ras-activating
mutations promoting proliferation maybe reduced in advanced SCCs, as previously reported in
EMT-like skin SCCs (22) and in lung and pancreatic cancer cells with induced EMT (47).

In addition, autocrine PDGFRa. signaling is strongly induced in L-CSCs. In this regard, the strong
induction of EMT in L-CSCs may promote the activation of both FGFR1 and PDGFRa signaling,
as reported in other tumor types (48, 49). So, breast CSCs generated from cell lines that
spontaneously induced EMT, activated PDGFR/PLCy/PKCa. signaling, which promoted cell
proliferation (48). However, inhibition of PDGFRa. signaling in SCCs did not block tumor growth
but strongly reduced the invasion capability of PD/S cells and metastasis in advanced SCCs. In

contrast, FGFR1 inhibition reduced tumor growth without blocking metastasis. These results
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suggest that FGFR1 and PDGFRa signaling may act exclusively to promote tumor growth and
metastasis, respectively.

The WD-to-PD/S-SCC transition may be induced by genetic, epigenetic, and/or,
microenvironment alterations, which may modify the differentiation ability, frequency, and
regulatory mechanisms of CSCs, promoting the generation and selection of a subset of tumor-
initiating cells with strong growth advantages. Given the intratumor cell and clonal heterogeneity
reported in some tumors (50), SCC progression may result from a selection and/or activation of
rare cells with L-CSC features (a.6-integrin*/EpCAM/CD34*/PDGFRa") residing in WD-SCCs.
However, these cells were practically undetectable in WD-SCCs, as most of a6-integrin*/CD34"
cells conserved EpCAM expression and exhibited low levels of PDGFRa. Thus, our results
indicate that the CSC features and mechanisms that control tumor-initiating cell proliferation and
dissemination change in later stages of SCC progression, promoting aggressive growth and

enhanced metastasis (Fig. 71).

Interestingly, advanced and recurrent human skin SCCs with an expanded CD44'-CSC
population and enhanced EMT, downregulated EGFR and [-catenin expression, and induced
PDGFRo/p and FGFR1 expression, thereby recapitulating the alterations detected in advanced
mouse SCCs. These results suggest that the use of specific inhibitors of these pathways may be a
possible therapy to block relapse and metastasis in recurrent and advanced human SCCs, in which
classic chemotherapy is of limited clinical benefit (4). Thus, identifying the regulatory
mechanisms controlling CSCs at specific stages of progression may guide the choice of the most

suitable therapy for selectively targeting the signaling pathways that regulate this subset of cells.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: V. da Silva-Diz, P. Simin-Extremera, A. Bernat-Peguera, P. Mufioz
Development of methodology: V. da Silva-Diz, P. Simén-Extremera, A. Bernat-Peguera, A.
Rodolosse, M. Esteller, A. Villanueva

Acquisition of data (provided animals, acquired and managed patients, provided facilities,
etc.): V. da Silva-Diz, P. Simén-Extremera, A. Bernat- Peguera, J. de Sostoa, R.M. Penin, D.

Pérez Sidelnikova, O. Bermejo, J.M. Vifals, A. Rodolosse, M. Esteller, A. Villanueva

- 109 -



Resultados. Articulo 1

Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational
analysis): V. da Silva-Diz, P. Simon-Extremera, A. Bernat- Peguera, J. de Sostoa, M. Urpi, E.
Gonzalez-Suérez, A. Gomez Moruno, M.A. Pujana, A. Villanueva, P. Mufioz

Writing, review, and/or revision of the manuscript: E. Gonzalez-Suérez, F. Vifials, P. Mufioz
Administrative, technical, or material support (i.e., reporting or organizing data,
constructing databases): M. Esteller, P. Mufioz

Study supervision: P. Mufioz

Acknowledgments

The authors thank R. Alvarez, J. Comas, and E. Castafio (Universitat de Barcelona-SCT) for
technical support with flow cytometry; the patients enrolled in this study for their participation;
the Hospital Universitario Ramadn y Cajal, Hospital Virgen de la Salud, Biobanco del Principado
de Asturias, and Fundacion Instituto Valenciano de Oncologia, which are integrated in the
Spanish Hospital Platform Biobanks Network; Y. Pérez (Tumor Bank, Hospital de Bellvitge) for
help with human tumor sample collection; the IDIBELL animal facility service for mouse care;

and David Monk for help with the manuscript preparation.

Grant Support

V. da Silva-Diz and P. Simén-Extremera are funded by the Spanish Ministry of Science and
Innovation fellowships; A. Bernat-Peguera received an IDIBELL fellowship. The research of
P.Mufioz and colleagues is supported by the Spanish Ministry of Science and Innovation
(SAF2011-22894; SAF2014-55944R) and by the Catalan Department of Health (Generalitat de
Catalunya).

The costs of publication of this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734

solely to indicate this fact.

REFERENCES

1. Cherpelis BS, Marcusen C, Lang PG. Prognostic factors for metastasis in squamous cell
carcinoma of the skin. Dermatol Surg 2002;28:268-73.

2. DiGiovanni J. Multistage carcinogenesis in mouse skin. Pharmacol Ther 1992;54:63-128.

3. Coussens LM, Hanahan D, Arbeit JM. Genetic predisposition and parameters of malignant
progression in K14-HPV16 transgenic mice. Am J Pathol 1996;149:1899-917.

-110 -



Resultados. Articulo 1

4. Franco R, Nicoletti G, Lombardi A, Di Domenico M, BottiG, Zito Marino F, et al. Current
treatment of cutaneous squamous cancer and molecular strategies for its sensitization to new
target-based drugs. Expert Opin Biol Ther 2013;13:51-66.

5. Visvader JE. Cells of origin in cancer. Nature 2011;469:314-22.

6. Nguyen LV, Vanner R, Dirks P, Eaves CJ. Cancer stem cells: an evolving concept. Nat Rev
Cancer 2012;12:133-43.

7. Chen J, Li Y, Yu TS, McKay RM, Burns DK, Kernie SG, et al. A restricted cell population
propagates glioblastoma growth after chemotherapy. Nature 2012;488:522-6.

8. Pattabiraman DR, Weinberg RA. Tackling the cancer stem cells — what challenges do they
pose? Nat Rev Drug Discov 2014;13:497-512.

9. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelial-
mesenchymal transition generates cells with properties of stem cells. Cell 2008;133:704-15.

10. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in
development and disease. Cell 2009;139:871-90.

11. Malanchi I, PeinadoH, Kassen D, Hussenet T,Metzger D,Chambon P, et al. Cutaneous cancer
stem cell maintenance is dependent on beta-catenin signalling. Nature 2008;452:650-3.

12. Lapouge G, Beck B, Nassar D, Dubois C, Dekoninck S, Blanpain C. Skin squamous cell
carcinoma propagating cells increase with tumour progression and invasiveness. EMBO J
2012;31:4563-75.

13. Siegle JM, Basin A, Sastre-Perona A, Yonekubo Y, Brown J, Sennett R, et al. SOX2 is a
cancer-specific regulator of tumour initiating potential in cutaneous squamous cell carcinoma.
Nat Commun 2014;5:4511.

14. Boumahdi S, Driessens G, Lapouge G, Rorive S, Nassar D, Le Mercier M, et al. SOX2
controls tumour initiation and cancer stem-cell functions in squamous-cell carcinoma. Nature
2014;511:246-50.

15. Beck B, Driessens G, Goossens S, Youssef KK, Kuchnio A, Caauwe A, et al. A vascular niche
and a VEGF-Nrpl loop regulate the initiation and stemness of skin tumours. Nature
2011;478:399-403.

16. Schober M, Fuchs E. Tumor-initiating stem cells of squamous cell carcinomas and their
control by TGF-beta and integrin/focal adhesion kinase (FAK) signaling. Proc Natl Acad Sci U
S A 2011;108:10544-9.

17. Arbeit JM, Munger K, Howley PM, Hanahan D. Progressive squamous epithelial neoplasia
in K14-human papillomavirus type 16 transgenic mice. J Virol 1994;68:4358-68.

-111 -



Resultados. Articulo 1

18. Blanco R, Mufioz P, Flores JM, Klatt P, Blasco MA. Telomerase abrogation dramatically
accelerates TRF2-induced epithelial carcinogenesis. Genes Dev 2007;21:206-20.

19. da Silva-Diz V, Sole-Sanchez S, Valdes-Gutierrez A, Urpi M, Riba-Artés D, Penin RM, et al.
Progeny of Lgr5-expressing hair follicle stem cell contributes to papillomavirus-induced tumor
development in epidermis. Oncogene 2013;32:3732-43.

20. Muiioz P, Blanco R, Flores JM, Blasco MA. XPF nuclease-dependent telomere loss and
increased DNA damage in mice overexpressing TRF2 result in premature aging and cancer. Nat
Genet 2005;37:1063-71.

21. Gonzalez-Roca E, Garcia-Albeniz X, Rodriguez-Mulero S, Gomis RR, Kornacker K, Auer
H. Accurate expression profiling of very small cell populations. PLoS One 2010;5:614418.

22. Wong CE, Yu JS, Quigley DA, ToMD, Jen KY, Huang PY, et al. Inflammation and Hras
signaling control epithelial-mesenchymal transition during skin tumor progression. Genes Dev
2013;27:670-82.

23. Quintanilla M, Brown K, Ramsden M, Balmain A. Carcinogen-specific mutation and
amplification of Ha-ras during mouse skin carcinogenesis. Nature 1986;322:78-80.

24. Nassar D, Latil M, Boeckx B, Lambrechts D, Blanpain C. Genomic landscape of carcinogen-
induced and genetically induced mouse skin squamous cell carcinoma. Nat Med 2015;21:946-
54.

25. Holderfield M, Lorenzana E, Weisburd B, Lomovasky L, Boussemart L, Lacroix L, et al.
Vemurafenib cooperates with HPV to promote initiation of cutaneous tumors. Cancer Res
2014;74:2238-45.

26. Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of targeted inhibitors. Nat
Rev Cancer 2005;5:341-54.

27. Jechlinger M, Sommer A, Moriggl R, Seither P, Kraut N, Capodiecci P, et al. Autocrine
PDGFR signaling promotes mammary cancer metastasis. J Clin Invest 2006;116:1561-70.

28. Turner N, Grose R. Fibroblast growth factor signalling: from development to cancer. Nat Rev
Cancer 2010;10:116-29.

29. Fuerer C, Nusse R. Lentiviral vectors to probe and manipulate the Wnt signaling pathway.
PLoS One 2010:;5:9370.

30. Hansen LA, Woodson RL I, Holbus S, Strain K, Lo YC, Yuspa SH. The epidermal growth

factor receptor is required to maintain the proliferative population in the basal compartment of
epidermal tumors. Cancer Res 2000;60:3328-32.

-112 -



Resultados. Articulo 1

31. Sibilia M, Fleischmann A, Behrens A, Stingl L, Carroll J, Watt FM, et al. The EGF receptor
provides an essential survival signal for SOS-dependent skin tumor development. Cell
2000;102:211-20.

32. Ponten F, Ren Z, Nister M, Westermark B, Ponten J. Epithelial-stromal interactions in basal
cell cancer: the PDGF system. J Invest Dermatol 1994;102:304-9.

33. Hwang RF, Yokoi K, Bucana CD, Tsan R, Killion JJ, Evans DB, et al. Inhibition of platelet-
derived growth factor receptor phosphorylation by STI571 (Gleevec) reduces growth and
metastasis of human pancreatic carcinoma in an orthotopic nude mouse model. Clin Cancer Res
2003;9:6534-44.

34. Ruan J, Luo M, Wang C, Fan L, Yang SN, Cardenas M, et al. Imatinib disrupts lymphoma
angiogenesis by targeting vascular pericytes. Blood 2013;121: 5192-202.

35. Yang J, Meyer M, Muller AK, Béhm F, Grose R, Dauwalder T, et al. Fibroblast growth factor
receptors 1 and 2 in keratinocytes control the epidermal barrier and cutaneous homeostasis. J Cell
Biol 2010;188: 935-52.

36. Mohammadi M, Froum S, Hamby JM, Schroeder MC, Panek RL, Lu GH, et al. Crystal
structure of an angiogenesis inhibitor bound to the FGF receptor tyrosine kinase domain. EMBO
J 1998;17:5896-904.

37. Biddle A, Liang X, Gammon L, Fazil B, Harper LJ, Emich H, et al. Cancer stem cells in
squamous cell carcinoma switch between two distinct phenotypes that are preferentially
migratory or proliferative. Cancer Res 2011;71:5317-26.

38.Geng S, Guo Y, Wang Q, Li L, Wang J. Cancer stem-like cells enriched with CD29 and CD44
markers exhibit molecular characteristics with epithelial mesenchymal transition in squamous cell
carcinoma. Arch Dermatol Res 2012;305:35-47.

39. Wilkerson MD, Yin X, Hoadley KA, Liu Y, Hayward MC, Cabanski CR, et al. Lung
squamous cell carcinoma mRNA expression subtypes are reproducible, clinically important, and
correspond to normal cell types. Clin Cancer Res 2010;16:4864-75.

40. Network CGAR. Comprehensive genomic characterization of squamous cell lung cancers.
Nature 2012;489:519-25.

41. Rickman DS,Millon R,De Reynies A, Thomas E, Wasylyk C, Muller D, et al. Prediction of
future metastasis and molecular characterization of head and neck squamous-cell carcinoma

based on transcriptome and genome analysis by microarrays. Oncogene 2008;27:6607-22.

42. White RA, Neiman JM, Reddi A, Han G, Birlea S, Mitra D, et al. Epithelial stem cell
mutations that promote squamous cell carcinoma metastasis. J Clin Invest 2013;123:4390-404.

-113 -



Resultados. Articulo 1

43. Coussens LM, Raymond WW, Bergers G, Laig-Webster M, Behrendtsen O, Werb Z, et al.
Inflammatory mast cells up-regulate angiogenesis during squamous epithelial carcinogenesis.
Genes Dev 1999;13: 1382-97.

44. Jacobson RH. Immunodeficiency models in characterization of immune responses to
parasites—an overview. Vet Parasitol 1982;10:141-54.

45. Zhang L, Ge Y, Fuchs E. miR-125b can enhance skin tumor initiation and promote malignant
progression by repressing differentiation and prolonging cell survival. Genes Dev 2014;28:2532—
46.

46. Lamont FR, Tomlinson DC, Cooper PA, Shnyder SD, Chester JD, Knowles MA. Small
molecule FGF receptor inhibitors block FGFR-dependent urothelial carcinoma growth in vitro
and in vivo. Br J Cancer 2011;104: 75-82.

47. Singh A, Greninger P, Rhodes D, Koopman L, Violette S, Bardeesy N, et al. A gene
expression signature associated with "K-Ras addiction" reveals regulators of EMT and tumor cell
survival. Cancer Cell 2009;15:489-500.

48. Tam WL, Lu H, Buikhuisen J, Soh BS, Lim E, Reinhardt F, et al. Protein kinase C alpha is a
central signaling node and therapeutic target for breast cancer stem cells. Cancer Cell
2013;24:347-64.

49. Zhu DY, Guo QS, Li YL, Cui B, Guo J, Liu JX, et al. Twistl correlates with poor
differentiation and progression in gastric adenocarcinoma via elevation of FGFR2 expression.

World J Gastroenterol 2014;20:18306-15.

50. Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell Stem Cell 2014;14:275-91.

- 114 -






Resultados. Articulo 1

SUPPLEMENTARY INFORMATION

Cancer Stem-like Cells Act via Distinct Signaling Pathways in Promoting Late Stages of

Malignant Progression

Victoria da Silva-Diz*, Pilar Simén-Extremera®, Adria Bernat-Peguera®, Jana de Sostoa’, Maria

Urpi*, Rosa M. Penin?, Diana Pérez Sidelnikova®, Oriol Bermejo®, Joan Maria Vifals®, Annie
Rodolosse*, Eva Gonzélez-Suarez', Antonio Gémez Moruno', Miguel Angel Pujana®, Manel

Esteller®’ Alberto Villanueva®, Francesc Vifals>®, and Purificacion Mufioz*

These authors contributed equally: Adria Bernat-Peguera, Pilar Simon-Extremera.

Supplementary Figures S1-S7

Supplementary Tables 1-3

Supplementary Material and Methods

Supplementary References

-116 -



Resultados. Articulo 1

A Orthotopic implant da Silva_Figure S1
X X o
-3 (AN ] i
Passage 1 Passage 2 Passage 3 Passage 4 Passage X
¥ \ 4 ¥

e -
OT-WD

AP AT o P T R e eis !
OT-WD OT-WD/MD OT-PD OT-PD/Spindle
LA AR N RRRRRRRNERNENNNNEEREDRDESRERNENENEREDRSRENENENNNNNENERNRRRNNERENNNNRNNHNHSN)
SCC progression
B - Primary WD-SCCs
@ ® Hras Q&1L c oT7 WD'SCC_',. 0 -SC
2 80 B s Kras Q61L |
2 - ® Kras G12A #
g 601 oT15 » Kras G12D w
5 . OT9% 54 3, o Kras G13R ]
2 OT7 OTdag 5 o WT b
3201 § s OTI4
= Al S L oT1 S o
Hras Kras Hras Kras
spontaneous DMBA/TPA-induced 2
X
B K14 -
= |
0001 p<p-0001 =
Eoo 0% — ¢
G oimof o 5
o . p<0.0001 ‘T P
%um rI— — E
E {2 ° - . o E
T o £ o
E WD PD/S WD PD/S WD PD/S § WD PD/S WD PD/S WD PD/S
oT1 o717 OT14 oT1 OT7 0OT14
E Tumor growth
3000 3500 3500
T e OT7SCC s OT15SCC * o] OT14SCC % —WD
g i) —a—PDIS
— 2000 *
% 1500-] * 2:2
= 1 4 *
5 10004 % 10004
5 5004 5004
Z2 <
o 1 2 3 4 5 & 12 3 4 6 6 7
Time after graft (weeks) Time after graft (weeks)
F - Survival Gm H 4 Metastasis latency
. p=0.05
- L o
T gy -4-0T15 WD o ® 2004 =
% 80 “iorispp ) Pe0-007 @ %200 =0.005 —I—
5 a0 5 o4 o PR
* wl £ €100 iy
5 : B¥ L
1 L, oL ° bl o m
11 0
0 5 10 15 20 25 30 35 40 oT7 OT15 OT14 WD PD WD P'D V\;D Pb
Time (weeks) OT7 OT15 OT14
L g U Tk e U U UE U s iU D U G iy S EUE [E Uy SUSESE e 5 8 DUE iU e fUr gt vy s oayg e

with orthotopic skin SCCs. Ortho-SCCs (OT) were serially engrafted to allow tumor progression. Scale bar, 50
pm. B, Percentage of alleles with the indicated Hras and Kras mutations, as analyzed by pyrosequencing assays.
WT indicates the absence of the indicated mutations. C, Representative images showing histopathological
features (H/E hematoxylin/eosin staining) and cells expressing K14 and K8 in WD-SCCs and PD/S-SCCs. Scale
bar, 30 um. D, Levels of K14 and K8 mRNA relative to Gapdh expression (individual data and mean + SE) in
WD-SCCs and PD/S-SCCs. E, Growth kinetics (mean + SE of tumor size) of PD/S-SCCs and their respective
WD-SCC precursors of the indicated lineages. F, Kaplan-Meier curves comparing the survival of mice carrying
WD-SCCs and PD/S-SCCs. G, Mice developing metastatic lesions indicated as percentage and frequency out of
the total number of mice in each group and lineage. H, Latency time (individual data and mean + SE) of



Resultados. Articulo 1

metastasis development in the indicated groups. * indicates significant differences between groups (t-test; P <

0.05).
. 5 5 e .
A Ou6*/CD34 M u6*/CD34 B 64/CD34 colls C primary tumors
1% 11200 cefls 100 cells H‘ISOO 11200 cells R 2500 1 — * wD-sccC PD/S-SCC
e g = & : A ; :
P, £1200  PRR0% £ 2000 (107 cells) w
5 111 66 = E | ; r o i
£ 100 - 5 900 5 1500 | —a— PDVS-5CC | L |
2 go4 2 g | (100 cells) */ 2 S d
S g 2 600 2 1000 ) L
Fol — D |
# | S G ‘ =
40 4 @ 300 @ 500 4 S
20 + o 3 -L (g L
0 0 s e e I
WD PD/S WD 012345678
Time after graft (weeks) (3-.“ 3
D E-cadherin Vimentin Sl
& 3
Q < R
o (E)L +
= w - . ! .
P~ w w " w '-
'— >
o CD34-APC
E oT7scCs
o
(& ] 170 kDa - ZEB-1
7
g 130 kDa -
o Rl — R
=
|6 3A 3B 4A 4B BA BB 9B 9D
WD-sCC PD/S-SCC
LI CD34 - E-cadherin Vimentin
2 : - . 3
40004
Z 204 & 150 b .
E % . E 125 .? 53000 %
O 150 [s} 1004 ° o
s ° .:‘ 3 s - 8 2000
[ - al Q n
s T % 5 5°<ﬂ:_ =2 s ==@.*. 2
o 504 o® @ 1 e 4 @ 1000+ e
= . ° LY o® = 25 > -
5 - = A B e — A st e
2 WD PD/S WD PD/S WD PD/S @& WD PD/S WD PD/S WD PDIS & WD PD/S WD PD/S WD _PD/S
OT9* OT13* OT4* oT14 OoT9* OT13* OT4* oT14 OT9* OT13* OT4* OT14
< 50 Snall. < 3 Zeb1 < 100 Zeb2
= z . = o
X 4 QE: 309 °° EEC
£ . E el % E %
S 304 g 204 ° .® z
w . @2 — 504
% 09 . e % % 159 * tl-? %
" 10-] ° oo o M o 259 A ope
2 . e . 2. s
RN I . B oplese M e AL S . S S
x WD PD/S WD PD/S WD PDIS WD PD/S WD PD/S WD PDIS WD PD/S WD PD/S WD PD/S
OoT9* OT13* OT4* oT14 OT9* OT13* OT4* oT14 OoT9* OT13* OT4* oT14

Percentage, frequency and size of tumors generated after injection In nude mice ot the indicated cells from WD-
SCCs and PD/S-SCCs. B, Growth kinetics (mean + SE of tumor size) of tumors generated after engrafting the
indicated number of a.6-integrin*/CD34" cells isolated from WD-SCCs and PD/S-SCCs. * indicates significant
differences between groups (t-test; P < 0.05). C, Analysis by flow cytometry of CD34* cells expressing a.6-
integrin and EpCAM in primary WD-SCC and PD/S-SCC. D, Immunodetection of E-cadherin and vimentin-
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lineages were spontaneously induced.
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Figure S3. Primary cell cultures derived from WD-SCCs and PD/S-SCCs are enriched in CSCs and
exhibit similar features to E-CSCs and L-CSCs. A, Cells derived from WD-SCCs (WD cells) grow in vitro as
adherent cells and those derived from PD/S-SCCs (PD/S cells) grow as spheres. B, Analysis of a6-
integrin*/CD34* and EpCAM*/CD34" cells in WD and PD/S cells, by flow cytometry. C, mRNA quantification
of EMT markers and EMT-inducer transcription factors. Mean (x SE) mRNA levels of these genes in PD/S cells
and PD/S-SCCs relative to WD cells (2 samples per group) and WD-SCCs, respectively. D, E, Mean (x SE)
MRNA levels of the indicated genes relative to Gapdh expression, quantified by gqRT-PCR. F, H, Proliferation
(mean £ SE of a.u.f) of WD cells from the indicated lineages, after EGF and/or Gefinitib treatments, as measured
by MTT. G, Effect of gefitinib and/or EGF treatment on EGFR, AKT and ERK1/2 phosphorylation in OT14 WD
cells. * indicates significant differences between groups (t-test; P < 0.05).
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Quantification by flow cytometry of a6-integrin® cells expressing PDGFRo and CD34 in primary SCCs. C,
Mean (+ SE) levels of Pdgfra and Pdgfrb mRNA relative to Gapdh mRNA in WD cells and PD/S cells (2 samples
per group). D, Percentage (mean + SE) of the indicated cells in WD-SCCs and PD/S-SCCs (6-8 tumors per
group), as quantified by flow cytometry. E, Quantification of PDGFR ligand mRNAs (mean + SE) in PD/S-
SCCs relative to WD-SCCs in the indicated lineages (5-7 samples per group) and in primary SCCs (PT PD/S). *
indicates significant differences between groups (t-test; P < 0.05). F, mRNA levels (mean £ SE) of the indicated
genes relative to Gapdh expression in samples of SCC lineages that progressed (OT4 and OT14), lineages that
did not show tumor progression (OT9) and those that conserved PD/S-SCC features (OT13) after serial
engraftment. (*) indicates that tumors of origin of these lineages were spontaneously induced. G,
Phosphorylation status of PDGFRa in PD/S tumor cells in the absence or presence of the indicated ligands and
Imatinib. H, Proliferation kinetics (mean + SE of a.u.f.) of PD/S cells of the indicated lineages treated without
(control) or with PDGF-AA (10 ng/ml), PDGF-BB (30 ng/ml) and PDGF-CC (30 ng/ml), as determined by MTT
assays. I, PD/S cell proliferation in response of PDGF-BB (30 ng/ml) and increasing doses of imatinib. Results
(mean + SE) represent cell proliferation (a.u.f.) upon these treatments relative to their respective cells growing
without factors (red line).
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Figure S5. Inhibition of PDGFRa signaling reduces metastasis development, but not tumor growth. A,
PDGFRa expression in the indicated cells after transduction with sh-control and sh-PDGFRa. lentivirus. B,
Proliferation kinetics (mean + SE of a.u.f. relative to day 0) of PDGFRa-interfered (sh-PDGFRa) and PDGFRa-
expressing (sh-control) cells. C, Growth kinetics (mean + SE of tumor size; 8 tumors per group) of tumors
generated from control and PDGFRa-knocked-down cells from the indicated PD/S-SCCs. D, Levels of PDGFRa
protein in the indicated tumors from the assays described in C. E, Percentage of metastatic foci per lung section
(mean * SE) developed from sh-PDGFRa tumors relative to control tumors (12 mice per group from 3 PD-SCC
lineages). * indicates significant differences between groups (t-test; P < 0.05). F, Levels of PDGFRa protein in
tumors (T) and their respective metastasis (M) of the indicated samples. A tumor-free lung sample (C) was
included as a control of PDGFRa expression in this tissue. f-actin was included as a protein-loading control in
A, D and F. Dotted line indicates that these samples were analyzed in the same gel but in distant lanes. G, Mean
(x SE) frequency of CD31* vessels per tumor section in the indicated groups. H, Quantification by flow
cytometry of the percentage of a6-integrin*/CD34" cells (mean + SE) in the indicated tumor groups. I, Serial
dilution of tumor cells isolated from PDGFRa-expressing and PDGFRa-interfered PD/S-SCCs were injected in
immunodeficient mice. The number of mice developing tumors, frequency of CSCs and confidence intervals
(conf. int.) for each condition are shown. J, mRNA levels (mean + SE) of EMT markers relative to Gapdh
expression in the indicated tumors.



Resultados. Articulo 1

da Silva_Figure S6

A B
< 800 - Fgfric 12 4 m Fgfrib §1oo ImoT7 PD/S-SCCs
o2 * W WD-SCCs 10 | o Fgfr2b 17)
£ 600 - a Z0T14
s B PD/S-SCCs 8 1 m Fgfr3b = BOT15 *
3 6 - B Fgfr3o £ 4o |WPT N
3 =) *
2 N g ]+
3 27 ke
“ ol 0 £
OT7 OT14 OT15 PT WD PD/S  WDPD/S WD PD/S Fgf2 Fgf7
oT7 OoT14 OoT15
Cc OT7 SCCs OT15SCCs D OT7 WD-SCC OT7 PD/S-SCC
170 kDa - -
wo - -
130 kDa - - —-== FEFR
40 kDa- . — p-actin
2A 3B 4A 4B BABB9B 9D 2A 2B 3B 4B 7D 8D 8E 9A
WD-SCC PD/s-SCC WD-SCC PD/S-SCC
E < 75 Fgfric « Fgr2
i - Z 124 B
(1 4 x
£ € .
"5 500+ "6 e {_ E-
@ © !
2 . 2 6 . &
D 2504 ‘% Rad ol 2 . =
2 . 2., & o
Sl A e | BT 4
o WD PD/S WD PD/S WD PD/S X  wD PD/S WD PD/S WD PD/S
OT9* OT13* OT4* oT14 OT9* OT13* OT4  OT14
G H PD/S cells
_ 160 WD cells 170 kDa — i —
c 2 10 130kDa — ! L i’ g PrerR1
28 1?,3 170 kDa — | E-._'_
g2 | —
%; 80 130"03—"5'".-‘ E:.—-. onll 4 =1 | - i
%g 33 70 kDa— :
o§ 20 55 kDa — [ fpe— — S mm—— DAKT
Gefitinib ( :n 06 o 2 2 5 5 7040a - [ |
etminiD (). ———— — . e e —— —— AR
FGF2 (10ngml): -~ + - + - 4 55 kDa — [ |
40 kDa — .- - = =_- D — pERKA1/2
0hD0 — . —— —— | —— I 2
PD173074 (uM): 0 0 1 2 0 0 1 2 o0 2
FGF2 (10 ng/ml): - + + + =+ 4+ - o+ + o+
oT7 OoT14 OoT15

Figure S6. PD/S-SCCs show autocrine activation of FGFR1 signaling. A, mRNA levels of the indicated genes
relative to Gapdh mRNA (mean + SE) in WD-SCCs and PD/S-SCCs of different lineages (6-8 samples per
group) and primary tumors (PT) (4 samples per group). B, Quantification of Fgf2 and Fgf7 mRNA (mean + SE)
in PD/S-SCCs relative to WD-SCCs. C, FGFR1 protein levels in WD-SCCs and PD/S-SCCs. B-actin was
included as a protein-loading control. The sample number identifies the tumor passage and the letters indicate
independent tumor replicates. D, Immunodetection of FGFR1-expressing cells in WD-SCCs and PD/S-SCCs.
Scale bar, 30 um. E, Quantification of mRNA levels of the indicated genes relative to Gapdh mRNA (individual
data and mean + SE) in SCC samples of lineages. (*) indicates that tumors of origin of these lineages were
spontaneous SCCs. F, FGFR1c and CD34 mRNA levels relative to Gapdh mRNA (mean = SE) in a6-
integrin*/CD34"* and a6-integrin*/CD34" populations isolated from WD cells. G, Results (mean + SE) represent
WD cell proliferation (a.u.f.) in the absence or presence of FGF2 (10 ng/ml) and increasing doses of gefitinib, as
determined by MTT assays. * indicates significant differences between groups (t-test; P < 0.05). H, Analysis of
phosphorylation status of FGFR, AKT and ERK1/2 proteins upon FGF2 and PD173074 treatment in PD/S tumor
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Figure S7. L-CSC signature identifies advanced and poor-prognosis human lung and head-neck SCC. Left,
heatmap representation of differentially expressed genes (FDR <1%) in mouse L-CSCs that identifies a subgroup
of human undifferentiated lung SCCs associated with poor prognosis. Right, GSEA enrichment plots showing a
set of genes underexpressed in human lung SCCs (upper right panel) and in human HNSCCs (bottom right panel),
which were also significantly downregulated in L-CSCs.

e rU BRI E U LUS §

# tumor Primary tumor Growth time 20| W PP e | P
lineage histopathology (P1)
OT1 WD/MD-SCC 9w
012 WD/MD-SCC 5w
OT4* WD/MD-SCC 7w
oT17 WD-SCC 18 w
OT8 WD/MD-SCC 21w
OT9* WD/MD-SCC 12w
OT11 PD/spindle-SCC 2w
OT12* PD/spindle-SCC 2w
GTI5" PD/spindle-SCC 2w

Table S1. Features of primary- and ortho-SCCs (OT) of different tumor lineages. The latency (weeks) to
tumor growth after the first orthotopic implant (P1) is shown. * indicates spontaneous tumors, whereas the others
SCCs were generated after DMBA-TPA treatment. The histopathology of the tumor sample at each engraftment
is indicated by colors: yellow, WD/MD-SCCs; orange, MD-PD-SCCs; red: PD-SCC and spindle tumors. White
boxes indicate that we interrupted the serial engraftment at this point.

Table S2. List of differentially expressed genes between E-CSCs and L-CSCs, which were isolated from
WD-SCCs and PD/S-SCCs, respectively.
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% of indicated tumor region in overall sample*
Sample | Classification/Grade % WD-SCC 9% MD-SCC % PD-SCC % spindle SCC

T1(R) PD-SCC/G3 0% 0% 95% 5%
T2 (R) PD-SCC / G3 0% 0% 40% 60%

T3 (R) PD-SCC/ G4 0% 0% 0% 100%
T5 PD-SCC/ G3 0% 55% 45% 0%
T6 MD-SCC / G2 0% 100% 0% 0%
T MD-SCC /G2 0% 80% 20% 0%
T8 (M) MD-SCC /G2 5% 85% 10% 0%
T9 MD-SCC /G2 40% 60% 0% 0%
T10 PD-SCC/G3 5% 55% 40% 0%

T16 (R) PD-SCC/ G4 0% 0% 0% 100%
T23 MD-SCC /G2 10% 90% 0% 0%
T24 WD-SCC /G1 100% 0% 0% 0%
T26 PD-SCC/G3 0% 0% 100% 0%
T30 PD-SCC/G3 0% 60% 40% 0%
T34 MD-SCC /G2 70% 30% 0% 0%
139 MD-SCC /G2 0% 100% 0% 0%
T41 WD/MD-SCC / G2 40% 50% 10% 0%

T42 (R) PD-SCC /G4 0% 0% 0% 100%

Table S3. Features of human skin SCC samples. Due to human samples frequently present intra-tumor
heterogeneity in the histopathological grade, a pathologist determined the percentage represented by each region
in the overall sample. Tumors that contain at least 40 % of PD component or spindle regions were classed as
PD/S-SCCs. R: recurrent tumor; M: tumor with associated lymph node metastasis.

SUPPLEMENTARY MATERIALS AND METHODS
Isolation of SCC cells

Excised tumors were minced and incubated with collagenase | (60 U/ml; Sigma) and dispase (0.7
U/ml; Gibco) overnight at 37 °C. Cell suspensions were filtered and recovered after
centrifugation. Tumor cells were incubated with anti-CD31 antibody (1:200; BD Bioscience) for
30 min at 4 °C, then with Dynabeads® anti-rat (1:50; Invitrogen) for 30 min at 4 °C to deplete the
suspension of endothelial cells. The cells in the supernatant were used in flow cytometry assays,

where CD45" (1:50; eBioscence) cells were excluded.

Flow cytometry analysis and sorting

For flow cytometry analysis and sorting, isolated tumor cells in blocking buffer (5% FBS in PBS)
were stained with biotin-labeled CD34 antibody (1:30; eBioscience) for 30 min at 4 °C, then with
streptavidin-allophycocyanin (1:50; BD Bioscience) and phycoerythrin labeled a6-integrin
(CDA49f) antibody (1:50; BD Bioscience) or FITC-labeled a6-integrin (CD49f) antibody (1:50;
BD Bioscience) for 30 min at 4 °C. In addition, isolated tumor cells were incubated for 30 min at

4 °C with anti-CD140a-PE antibody (1:50; eBioscience) and anti-EpCAM APC/Cy7 (1:50;
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BioLegend) to identify PDGFRa"* cells and EpCAM-expressing cells, respectively. Cells were
finally resuspended in analysis buffer (2% FBS, 0.5 mM EDTA in PBS). The live cells excluded
DAPI (Sigma). Fluorescence-activated cell sorting (FACS) and analysis were done with BD

Bioscience Aria equipment.

Cell cultures and treatments

All primary cell cultures used in this manuscript were established in our laboratory from
orthotopically engrafted WD-SCCs and PD/S-SCCs during the development of these studies. For
proliferation assays, 2 x 10° of WD cells were seeded per well in replicates on 96-well plates and
starved in basic medium for 12 h. PD/S cells, already growing in basic medium, were seeded at
the same density. Then, fresh basic medium without or with EGF (20 ng/ml), FGF2 (10 ng/ml)
or PDGF-AA (10-30 ng/ml), PDGF-BB (10-30 ng/ml) or PDGF-CC (10-30 ng/ml) was added.
Cell viability was measured using the 3- (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay. To evaluate the effect of Imatinib or PD173074 on the presence or absence
of growth factors, 5 x 10° PD/S cells/well were seeded in replicates on 96-well plates and
inhibitors were added in fresh basic medium 2 h before the growth factor treatments began. In
these assays, medium with factors and/or inhibitors was refreshed every 3 days and cell
proliferation and survival were measured by calculating the mean (£ SE) absorbance at 560 nm
after 6 days of treatment with MTT assays. To determine the effect of growth factors and
inhibitors on the activation/inhibition of EGFR, PDGFR and FGFR signaling, 1.5 x 10° WD and
PD/S cells/well were seeded in six-well plates. WD cells were starved for 12 h in the absence of
factors before starting the treatments. Inhibitors were added 2 h before treatment with growth
factors. Cells were then incubated for 10 min in the presence of respective factors. At the end of
treatment, cells were placed on ice, washed twice with cold PBS and recovered for further analysis

by western blot.

Short hairpin (sh) RNA and lentiviral transductions

To knock down PDGFRa. expression, six TRC shRNA lentivirus vectors (Dharmacon) targeting
the expression of this gene were initially tested. TCF/LEF reporter driving expression of EGFP
(7TGC) (1) was used to compare the transcriptional activity of B-catenin in WD and PD/S cells
and derivative SCCs. To carry out the transduction, lentivirus particles were produced in 293T
using standard protocols and psPAX2 and pMD2.G as packaging vectors. WD cells growing as
adherent cells were detached by trypsin treatment (Trypsin 2.5X/EDTA; Sigma) for 10 min at 37
°C, and 1 x 10° cells were seeded in plates 24 h before infection, whereas PD/S cells, growing as

spheres, were mechanically disaggregated and 1 x 10° cells were plated as individual cells just
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before infection. WD and PD/S cells were then incubated with 293T medium containing lentivirus

particles and the standard infection protocol was followed.

Western blotting

Whole-cell extracts were prepared from tumors and isolated tumor cells in lysis buffer (50 mM
Tris pH 8, 5 mM EDTA, 350 mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM
phenylmethanesulfonylfluoride (PMSF), 2 mM NaF, 0.1 mM Na3VO4, 1 mM DTT, PhosSTOP
(Roche), Complete (Roche), 0,1% SDS (Invitrogen) and 1% Triton X-100 (Thermo Scientific),
as previously described (2). After transfer, proteins were incubated overnight with the antibodies
anti-p-catenin (1:5000; BD Bioscience), anti-active B-catenin (1:400; Millipore), anti-EGFR
(1:1000; Cell Signaling), anti-pEGFR (1:1000; Cell Signaling), anti-AKT (1:1000; Cell
Signaling), anti-pAKT (1:1000; Cell Signaling), anti-ERK1/2 (1:1000; Cell Signaling), anti-
pERK1/2 (1:1000; Cell Signaling), anti-PDGFRa (1:500; R&D Systems), anti-pPDGFRa
(1:1000; R&D Systems), anti-FGFR1 (1:1000; Cell Signaling), anti-pFGFR (1:1000; Cell
Signaling), anti-ZEB1 (1:500; Abcam), anti-cleaved Caspase-3 (1:1000; Cell Signaling) and anti-
[-actin (1:50.000; Sigma). Antibody binding was detected with a secondary antibody coupled to

horseradish peroxidase using enhanced chemiluminescence detection reagents (Amersham).

Histology and immunohistochemistry

Tumors were fixed in 4% formaldehyde overnight at 4 °C, paraffin-embedded and sectioned at 4
um. For immunofluorescence or immunohistochemical staining, antigens were retrieved in 10
mM sodium citrate (pH 6.0). Tumor sections were blocked with 5% horse serum or 5% BSA in
PBS for 1 h at room temperature and incubated with primary antibodies overnight at 4 °C. The
primary antibodies used were anti-p-catenin (1:150; BD Bioscience), anti-E-cadherin (1:100; Cell
Signaling), anti-Vimentin (1:500; Abcam), anti-K14 (1:400; Covance), anti-K8 (1:100; Covance),
anti-FGFR1 (1:80; Cell Signaling), anti-phosphorylated H3 (Ser10) (1:200; Cell Signaling) and
anti-CD31 (1:50; BD Bioscience). Tumor sections were then incubated with secondary antibodies
for 1 h at room temperature. The MOM Basic Kit (Vector Laboratories) was used for mouse
monoclonal antibodies (following the manufacturer’s instructions). To visualize EGFP or
mCherry directly, tumors were previously fixed in 4% formaldehyde for 30 min, washed for 30
min with PBS and then embedded in OCT. Nuclei were stained using 4’6’-diamidino-2-
phenylindole (DAPI) for immunofluorescence. Samples were imaged on a Leica DM6000B

microscope and a Leica TCS SP5 confocal microscope.
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Reverse transcription and quantitative PCR

RNA samples were DNase-treated with Turbo DNA-free (Ambion). The High Capacity cDNA
Reverse Transcription kit (Applied Biosystems) was used for reverse transcription. Real-time
PCR reactions were performed on an Applied Biosystems 7900HT System, using PCR Master
Mix No AmpErase® UNG (Applied Biosystems) and TagMan Gene Expression Assays, or were
performed using SYBR Green Mix (Applied Biosystems). All data were normalized with respect

to Gapdh and Hprtl expression for human and mouse samples.

cDNA amplification and microarray analysis

cDNA amplification by picoprofiling was performed as previously described (3). cDNA was
purified using GeneElute PCR Clean-up columns (Sigma Aldrich). 7 ug cDNA was used for
hybridization in an Affymetrix Mouse Genome 430 PM strip array. Summary expression values
for all probe sets were calculated using the RMA algorithm as implemented in the affy package
from Bioconductor, written in the R statistical language (4). To identify genes that were
differentially expressed between L-CSCs and E-CSCs, whole gene expression profiles of L-CSC
populations (a6-integrin’/CD34" cells isolated from four independent PD/S-SCCs) from three
different lineages were compared with their respective E-CSC populations (a.6-integrin®/CD34"
cells isolated from their respective WD-SCCs). Genes differentially expressed in L-CSCs from
all lineages were detected using the empirical Bayes (eBayes) adjusted t-test, as implemented in
the Limma package. WD-SCC and PD/S-SCC conditions and the sample type were considered
when the linear model was developed. Multiple testing was corrected by the Benjamini-Hochberg
false discovery rate (FDR) method. Differentially expressed genes were defined as those
exhibiting an at least two-fold change and having an FDR P-value of < 5%. To identify the
biological processes that are over- or under-represented by the differentially expressed genes,
hypergeometric tests for association of Gene Ontology (GO) biological process categories and
genes were performed using the GOStats package (5). Hierarchical clustering of the expression
profile was performed using the Euclidean distance and Ward’s minimum variance as the

agglomeration method.
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RESUMEN EN CASTELLANO

Actualmente, los cSCC avanzados, localmente recurrentes y/o metastasicos, asi como aquellos
que no pueden ser eliminados quirdrgicamente, son tratados mediante radioterapia o
quimioterapia, con escasos beneficios clinicos. Hasta el momento, no se han aprobado terapias
dirigidas para el tratamiento de estos pacientes. Los ensayos clinicos realizados para evaluar la
respuesta de los cSCCs avanzados y/o metastasicos a diferentes inhibidores de EGFR mostraron
gue un elevado porcentaje de los pacientes eran refractarios al tratamiento. Sin embargo, es
importante destacar que en estos estudios no se realiz6 una caracterizacion molecular de los
tumores, de forma que no fue posible determinar los mecanismos implicados en la resistencia, o
qué pacientes podrian beneficiarse de estos tratamientos. Esto pone de manifiesto la necesidad de
estudiar los mecanismos moleculares que controlan el crecimiento y metastasis de los cSCCs, con

el objetivo de identificar posibles dianas terapéuticas para el tratamiento de estos pacientes.

En este estudio, hemos generado modelos de raton (patient-derived xenograft, PDX) a partir de
muestras de pacientes de cSCC de diferentes estadios de progresion tumoral. Estos cSCC-PDXs
recapitulan las caracteristicas histopatologicas y moleculares de sus respectivos tumores
primarios, lo cual les convierte en unos modelos preclinicos excelentes. Nuestros resultados
demuestran que los cSCC-PDXs que conservan caracteristicas de diferenciacion epitelial (G2/G3-
SCCs), como la expresion de E-Cadherinay EpCAM, inducen de forma autocrina la via de EGFR,
la cual promueve la proliferacion y supervivencia de sus células tumorales. Contrariamente, esta
via de sefializacién esta atenuada en las células tumorales de los cSCC-PDXs indiferenciados y
gue muestran caracteristicas mesenquimales (G4-SCCs). El tratamiento con inhibidores de
EGFR, como el gefitinib, no solo bloquea el crecimiento de los G2/G3-SCCs, sino que provoca
una fuerte regresién de estos tumores. Sin embargo, alrededor del 30% de los cSCCs de tipo
epitelial desarrollan resistencia después de una exposicién prolongada al farmaco. La
comparacién de las secuencias de RNA (RNA-seq) de las células tumorales aisladas de cSCC-
PDXs control y resistentes al gefitinib de tres pacientes diferentes, demuestra que la resistencia
no es debida a la adquisicion de mutaciones en EGFR, o0 en otros genes previamente asociados
con resistencia a inhibidores de EGFR en otros tipos de tumores. Tampoco se han identificado
mutaciones que sean adquiridas de forma comin en los diferentes cSCC-PDXs resistentes al
farmaco. Sin embargo, hemos observado que las células tumorales resistentes a gefitinib inducen
la expresidn de diferentes isoformas del receptor de FGF y de su ligando FGF2, y la inhibicion
farmacoldgica y genética de las via de FGFR bloguea el crecimiento de los ¢cSCC-PDXs
resistentes. Estos resultados demuestran que la via de FGFR controla la
proliferacion/supervivencia de células cuando la via de EGFR estd bloqueada, siendo un

mecanismo de resistencia a la terapia dirigida a EGFR en los ¢SCCs. Por lo tanto, estos resultados
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sugieren que la terapia dirigida contra EGFR podria ser una aproximacion terapéutica apropiada
para el tratamiento de los cSCCs con caracteristicas epiteliales, y el tratamiento combinado con

inhibidores de EGFR y FGFR podria ser efectivo para evadir la resistencia generada a los
inhibidores de EGFR.
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ABSTRACT

Most of cSCCs are successfully treated by surgery, but high-risk, recurrent and/or metastatic
tumors are subsequently treated with radio or chemotherapy. Cisplatin-based therapies have a
high toxicity and these strategies, along with radiotherapy give poor clinic responses. Clinical
trials performed with small series of patients with advanced and metastatic cSCCs showed a
limited response to EGFR-targeted therapies and disease progression in a high subset of cases.
However, molecular traits associated with an optimal response to EGFR inhibitors, as well as
mechanisms responsible of ¢cSCC growth and resistance to EGFR-targeted therapies are still
unclear. Here, we generated patient cSCC-derived xenografts (cSCC-PDXs), which recapitulate
most of histopathologic and molecular features of parental patient cSCCs. We showed that cSCCs
that conserve epithelial traits, as MD/PD-SCCs (G2/G3 grade) exhibit a strong activation of
EGFR signaling, which promotes tumor cell proliferation and survival, in contrast to
mesenchymal-like PD/S-SCCs (G4 grade). Gefitinib treatment strongly blocked epithelial-like
cSCC-PDX growth, but resistance was acquired after long-term treatment in 30% of these tumors.
Gefitinib resistance was not related to emerging EGFR or RAS mutations, and no gene alterations
were commonly identified in resistant tumors from different cSCC-PDXs. We demonstrated that
resistance to EGFR inhibitor is induced by a switch from EGFR to FGFR signaling, which bypass
the therapy pressure, allowing tumor cell proliferation and survival upon gefitinib treatment.
Pharmacological and genetic inhibition of FGFR signaling significantly overcomes resistance to
EGFR inhibitor. Altogether, these findings suggest that EGFR-targeted therapy may be
appropriate for the treatment of a large group of epithelial-like ¢cSCCs, while a combined EGFR-

and FGFR- targeted therapy may be used to treat refractory cSCCs to EGFR inhibitors.
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INTRODUCTION

Cutaneous squamous cell carcinoma (cSCC) is the second most prevalent form of nonmelanoma
skin cancer and its incidence has increased over the last decades (1). Most cSCCs conserve some
epithelial differentiation features, being considered as well- and moderate-differentiated SCCs
(WD/MD- or G2-SCCs). A subset of cSCCs exhibit poorly differentiated traits (PD- or G3-SCCs)
and are eventually undifferentiated and spindle-shaped (PD/S- or G4-SCCs), being these
histopathologic traits, along with tumor size, invasion grade and perineural invasion, associated
with an enhanced recurrence and metastasis (2). Most of ¢cSCCs are successfully treated by
surgical excision. Advanced and non-resectable tumors are eventually treated with radiotherapy
and chemotherapy (1, 3). However, these therapies have shown limited clinical outcome (4), and
in most cases patients showed disease progression (5, 6). Immunotherapy based on interferon
alpha combined with retinoic acid and/or chemotherapy has been tested in several clinical trials
with still scarce results (7-9). Recently, FDA approved a treatment for advanced and metastatic
cSCCs based on PD-1 blockade with Cemiplimab, an immune checkpoint inhibitor. Despite a
response was reported in half of the treated patients, a considerable percentage of them suffered
disease progression (10). Thus, the identification of mechanisms that control ¢cSCC growth and
metastasis is critical in order to design effective targeted therapies that enhance patient

progression-free survival.

EGFR expression is frequently upregulated in solid tumors, as lung and colorectal carcinomas,
glioblastomas and head and neck SCCs (HNSCCs) (11, 12) and more than 50% of advanced
and/or metastatic cSCCs showed EGFR overexpression, but the relevance of this signaling
pathway in this tumor type was unclear (13, 14). Activating mutations in EGFR are prevalent in
lung cancers (15, 16), HNSCCs (17) and glioblastomas (18), while EGFR mutations or gene
amplifications have been identified in a low percentage of cSCCs (14, 19, 39-41). Cetuximab, an
antibody that blocks the activity of EGFR, was approved by FDA for the treatment of HNSCCs
and colorectal carcinomas without RAS activating mutations (20-24). Tyrosine kinase inhibitors,
such as gefitinib, erlotinib and lapatinib, which act blocking EGFR phosphorylation and
signaling, were approved for the treatment of advanced non-small cell lung cancer (NSCLC).
Furthermore, gene amplification and mutations that lead to EGFR constitutive activation, increase

the response to these inhibitors in lung tumors (25-29).

Therapies based in EGFR inhibitors have been tested for cSCCs in clinical trials
(ClinicalTrials.gov Identifiers: NCT00240682, NCT01198028, NCT00054691, NCT00126555,
NCT01059305). A low response ratio (complete and partial responses of 15-27%) was reported
in small series of patients with advanced and metastatic skin SCCs who were treated with

gefitinib, erlotinib or cetuximab as a first-line of treatment, with a median duration of response

- 136 -



Resultados. Articulo 2

of 6.8 months (30, 31). Disease progression was observed in 17-19% of these cases, even after an
initial favorable response. However, predictive biological markers of response or even molecular
traits of tumor cells were lacking in most of these studies, and only expression EGFR was
previously analyzed in patient tumors (30). However, as previously reported in other tumor types
(32-34), no correlation between EGFR expression and response to EGFR-targeted therapy was
observed in advanced cSCCs (30).

Our previous studies demonstrated that EGFR is strongly expressed in cancer stem cells (CSCs)
of mouse skin WD-SCCs, and an autocrine activation of this pathway promotes the proliferation
and survival of these cells. In contrast, EGFR signaling was attenuated in CSCs of PD/S-SCCs,
which strongly induced FGFR1 and PDGFRa signaling to promote the aggressive growth and
enhanced metastasis, respectively, of these advanced tumors (35, 36). Furthermore, a strong
expression of EGFR and ligands was observed in WD/MD-SCCs from patients, whereas this was
strongly downregulated in patient PD/S-SCCs (33). However, it was unclear if EGFR signaling
was activated in early cSCCs from patient and the relevance of this signaling pathway in tumor

growth.

Here, we show that cSCCs that conserve epithelial traits, as MD/PD-SCCs (G2/G3 tumors),
exhibit a strong activation of EGFR signaling, which promotes tumor cell proliferation and
survival. Gefitinib treatment strongly blocked epithelial-like cSCC-PDX growth, but resistance
was acquired after long-term treatment in 30% of patient-derived tumors. Pharmacological and
genetic inhibition of FGFR signaling significantly overcomes resistance to EGFR inhibitor,
suggesting that combined EGFR- and FGFR- targeted therapy may be used to treat refractory
cSCCs to EGFR-targeted therapy.

MATERIAL AND METHODS
Human skin SCC samples

Fresh samples of human skin SCCs were supplied by the Plastic Surgery and Pathology Units of
the Hospital Universitario de Bellvitge (IDIBELL). Samples were recovered in RPMI 1460 (Life
Technologies) medium containing 10% fetal bovine serum (FBS) (Life Technologies), 2mM
HEPES (Sigma) and 1% of antibiotic/antimycotic (Ab/Am) (Sigma) shortly after the surgery.
Collection sample protocol was supervised and approved by the Ethical Committee of Clinical
Research of Hospital Universitario de Bellvitge (IDIBELL). All patients were informed

beforehand and signed the consent to participate in this study.
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Generation of patient-derived xenografts (PDX) of cSCCs

Fresh patient cSCC samples (2-4 mm?) were engrafted in the back skin of 6-week-old male NOD-
scid IL2Ry™" (NSG) mice. Tumor growth was monitored and volume was calculated every seven
days (V = /6 x L x W?). Tumors with a critical size (1500-2000 mm?®) were surgically excised
and serially engrafted in new NSG mice. When resected mice presented symptoms of poor health,
they were sacrificed and examined for metastatic lesions. Animal housing, handling, and all
procedures involving mice were approved by the Bellvitge Biomedical Research Institute
(IDIBELL) Ethics Committee (Barcelona, Spain), in accordance with the Spanish national

regulations.

Isolation of SCC cells and flow cytometry assays

Patient cSCC and cSCC-PDX samples were minced and incubated in RPMI medium containing
10% FBS, 2mM HEPES, 1% Ab/Am, 60 U/ml collagenase | (Sigma) and 0.7 U/ml dispase (Life
Technologies) overnight at 37 °C. Cell suspensions were filtered and then depleted of red blood
cells by incubating with ACK lysis buffer (Lonza). For endothelial cell depletion, cell suspensions
were incubated with anti-CD31 antibody for 30 min at 4 °C, and then with Dynabeads® anti-rat

for 30 min at 4 °C. Isolated tumor cells were then plated and cultured as described below.

For flow cytometry analysis, isolated tumor cells were incubated in blocking buffer (5% FBS in
PBS) were incubated with PE-labeled a.6-integrin (CD49f) and anti-EpCAM-FITC antibodies for
30 min at 4 °C (Supplementary Table S1). For FACS-sorting assays, isolated tumor cells were
incubated with PE-labeled a6-integrin (CD49f) in blocking buffer for 30 min at 4 °C. Cells were
then washed with 0.5% BSA, 2 mM EDTA in PBS, and resuspended in analysis buffer (2% FBS,
2 mM EDTA in PBS). Live cells excluded DAPI (Sigma) staining. FACS-sorting and analysis

were carried out with BD Bioscience Aria and Fusion Il equipment.

Cell cultures and in vitro generation gefitinib-resistant cells

Tumor cells isolated from patient or PD/S-SCCs (SCC11 cells) were grown in basic medium,
composed by DMEM-F12 medium (Life Technologies), B27 (Life Technologies) and
penicillin/streptomycin (PAA Laboratories). Tumor cells isolated from patient samples (SCC10
and SCC24) or MD/PD-SCC-PDXs (SCC16 and SCC34 cells) were grown in basic medium alone
(SCC10 and SCC34) or supplemented with EGF (20 ng/mL; Sigma) (SCC16 and SCC24). Cells
were cultured and grew at 37 °C in a humidified, 5% CO- incubator, as previously reported (23).
To generate gefitinib resistant cell cultures, SCC10, SCC16 and SCC24 cells were grown in basic
medium with 2 uM gefitinib and FGF2 (10 ng/mL; Peprotech) until they reached the confluence.
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Then, surviving/tolerant cells were splitted and cultured with increasing doses of gefitinib in the

presence of FGF2, until cells were able to exponentially grow in 10 uM gefitinib.

Lentiviral cell transduction

To knockdown the expression of FGFR2B a TRIPZ sh-control and Doxycycline-inducible TRIPZ
sh-FGFR2 lentivirus vector (Dharmacon) was used. Lentiviral particles were produced in 293T
cells using standard protocols. SCC10, SCC16 and SCC24 control (Control) and gefitinib-
resistant cells generated in vitro (iGefR cells), as well as tumor cells isolated from GefR1 SCC10-
PDXs were plated and when reached a 50% of confluence, cells were incubated with 293T
medium containing lentivirus particles, following standard infection protocols. Then, transduced
cells (sh-control and sh-FGFR2 cells) were selected in presence of puromycin (1ug/ml; Sigma).
To induce the expression of sShRNA, transduced cells were incubated in presence of doxycycline
(1pg/mL) for 48 or 72 h and FGFR2B interference was tested by gRT-PCR.

Cell proliferation assays and treatments

To analyze tumor cell proliferation, 4 x 10° mesenchymal-like cells (from G4 PD/S-SCCs) or
1000-6000 epithelial-like cells were plated in six replicates on 96-well plates containing basic
medium. To evaluate the effect of gefitinib in the absence or presence of EGF (20 ng/mL; Sigma),
basic medium without or with gefitinib (LC Laboratories) or EGF was immediately added. To
evaluate the effect of EGFR and FGFR inhibitors, epithelial-like cells (from G2/G3 MD/PD-
SCCs) were incubated for 24 h with the basic medium. Then, medium was changed by basic
medium without or with gefitinib, afatinib (Selleck Chem), cetuximab (Merck KGaA), PD173074
(LC Laboratories) or NVP-BGJ398 (MedChem), and without or with EGF (20 ng/mL), FGF2 (10
ng/mL) or FGF7 (10 ng/mL, Peprotech).

To determine the effect of FGFR2B knockdown on tumor cell proliferation, sh-control and sh-
FGFR2B cell were previously incubated with doxycycline (1ug/ml) for 48 h. Then, 1000-2000
sh-control and sh-FGFR2B cells were plated in six replicates on 96-well plates in basic medium
containing doxycycline (1pug/mL). FGF2 and FGF7, or these factor plus gefitinib (5uM; in the
studies with iGefR cells) were added after 12 h. Culture medium containing factors and inhibitors
was renewed every 3 days. Each assay was carried out 2-3 times. Cell proliferation/survival were
measured by calculating the mean (= SE) absorbance at 560 nm after 6 days of treatment by using
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Sigma).

To evaluate the status of EGFR signaling, 1.5 x 10° epithelial-like tumor cells were seeded and

incubated for 24 h in basic medium. Then, cells were treated for 2 h with different doses of
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gefitinib. During the last 10 min of treatment, EGF was added to the corresponding culture
medium. In the experiments focused on comparing the status of EGFR signaling in control and
iGefR cells, 1.5 x 10°iGefR cells were seeded and incubated for 24h with medium containing 10
uM of gefitinib and FGF2. Then, gefitinib and FGF2 were removed 12 h before starting the
treatments, and treated with the corresponding factors and inhibitors. At the end of treatments,

plates were placed on ice, washed with cold PBS and recovered for analysis by western blot.

Western blot assays

Whole-cell extracts from tumor and culture cells were prepared in lysis buffer, containing 50 mM
Tris pH 8, 5 mM EDTA, 350 mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM
phenylmethanesulfonylfluoride (PMSF), 2 mM NaF, 0.1 mM NasVO., 1 mM DTT, PhosSTOP
(Roche), Complete (Roche) and 0.1% SDS (Invitrogen), as previously described (22). After
transfer, proteins were incubated overnight at 4 °C with antibodies anti-E-Cadherin, anti-
Vimentin, anti-EpCAM, anti-ZEB1, anti-EGFR, anti-pEGFR, anti-AKT, anti-pAKT, anti-ERK,
anti-pERK, anti-FGFR1, anti-PDGFRa, anti-PDGFR and anti-B-actin-HRP (Supplementary
Table S1). Antibody binding was detected with a mouse, rabbit or goat secondary antibody
coupled to horseradish peroxidase using enhanced chemioluminescence detection reagents

(Amersham).

Tumor cell grafting and in vivo treatments

For limiting-dilution assays, tumor cells isolated from MD/PD-SCCs and PD/S-SCCs were
serially diluted in 100 pl of DMEM and mixed with 100 pl of DMEM containing 1 x 10° new-
born dermal fibroblasts (1:1 v/v). Mixed tumor cells and fibroblast were subcutaneously injected
in NSG mice. Tumor growth was monitored every 2-3 days until they reached a critical size, at
which time they were surgically excised. ELDA software
(http://bioinf.wehi.edu.au/software/elda) was used to calculate the tumor-initiating cell

frequency.

To determine the effect of pharmacological inhibition of EGFR, ¢cSCC-PDX samples were
engrafted on NSG mice. When tumors were detectable (approximately 380 mm?), mice were
randomly assigned to a control or inhibitor treatment group and were orally treated with gefitinib
(LC Laboratories; 75 mg/kg; diluted in sterile water with 0.05% Tween 80), or vehicle every 48
hours. Tumor volume was monitored every 2 days. The treatment was continued until the mice
received 21 doses of the drug and gefitinib-treated tumors exhibited a stable and significant

reduction of tumor growth. Then, treatment was halted, allowing tumor relapse in the absence of
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gefitinib. Samples of relapsed tumors were engrafted in new NSG mice and when they reached
an approximate size of 380 mm?®, mice were treated again with gefinitib to test the acquisition of
gefitinib resistance. We repeated this process for one or two cycles more and the frequency of
sensitive- and resistant-tumors was calculated after each treatment cycle, in each cSCC-PDX

model.

To determine the effect of pharmacological inhibition of FGFR on resistant tumors, mice carrying
detectable GefR tumors were randomly separated in two group: Control group, which were treated
every two days with gefitinib, following the above described regimen, or NVP-BGJ398 group,
which were treated with gefitinib every two days and daily with NVP-BGJ398 (MedChem; 25
mg/kg; diluted in acetate buffer and PEG300 1:1 v/v).

To analyze the effect of FGFR2 knockdown on GefR tumor growth, 3 x 10° sh-control and sh-
FGFR2B iGefR SCC10 cells or sh-control and sh-FGFR2B GefR1 SCC10 cells, which were
previously treated with doxycycline for 72 h, were injected in NSG mice, as above described.
When tumors reached an approximate size of 380 mm?, mice were orally treated with gefitinib
every 48 hours, and doxycycline (2 mg/mL) was continuously administrated in the bottle water,
which was renewed every 48-72 hours. Tumor volume was monitored every 2 days, and they

when they reached a critical size were surgically excised.

Histology and immunohistochemistry assays

Tumor and lung samples were fixed in 4% formaldehyde overnight at 4 °C, paraffin-embedded,
and sectioned at 4 um. For histopathological analysis of tumors and lung metastatic lesions, tissue
sections were stained with hematoxylin and eosin. For E-Cadherin, Vimentin, ZEB1 and
phosphorylated H3 immunodetection, tumor paraffin-embedded sections were used and antigens
were retrieved in 10 mM sodium citrate solution (pH 6.0). Tumor sections were then blocked with
3% horse serum or 5% BSA in TBS for 1 h at room temperature and incubated with primary
antibodies (Supplementary Table S1) overnight at 4 °C. Anti-rabbit or anti-mouse Alexa-488 or
Alexa-568 secondary antibodies were used for 1h at room temperature to detect antigen-primary
antibody binding. Nuclei were stained with 4’6’-diamidino-2-phenylindole (DAPI) and images
were obtained from a Leica TCS SP5 confocal.

For tumor viability analysis, Image J Weka Training Segmentation Plugin was used. This plugin
allows selecting reference viable and necrotic regions from each tumor section (training),
previously checked by a pathologist, and provides a labeled result of whole tumor section, which

allows calculating percentages of viable and necrotic areas.
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Reverse transcription and quantitative real-time PCR

Total RNA was extracted from tumors and cells using Trizol Reagent (Invitrogen). Reverse-
transcription reactions were carried out with the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). SYBR Green Mix (Applied Biosystems) and primers described in
Supplementary Table S2 were used for real-time PCR reactions, by using Applied QuantStudio5
machine. GAPDH, HPRT and GUSB were used to normalize the gene expression for all samples.
MRNA levels were shown as relative to GAPDH mRNA, or alternatively as fold change, in which

mean of MRNA levels relative to three housekeeping was calculated.

RNA sequencing, gene expression and variant calling

Total RNA was isolated from FACS-sorted tumor cells by using RNAesay Mini Kit (Qiagen).
RNA-Sequencing assays were carried out at the Center for Genomic Regulation (CRG,
Barcelona, Spain). Strand-specific 50-bp paired-end reads were generated using a HiSeq 2500
sequencer (lllumina). The quality of the fastq files was checked using the FastQC and the
Qualimap (rnseq module — version 2.2.1) software. An estimation of ribosomal RNA in the raw
data was obtained with riboPicker (version 0.4.3). Reads were aligned with the STAR mapper
(version 2.5.2a) to release 88 of the Homo sapiens ENSEMBL version of the genome
(GRCh38/hg38 assembly). A raw count of reads per gene was also obtained with STAR
(quantMode GeneCounts option). The R/Bioconductor package DESeg2 (version 1.20.0) was
used to assess differential expression between experimental groups (Wald statistical test + False
Discovery Rate correction). Prior to processing the differential expression analysis, genes for
which sum of raw counts across all samples were less than 2 were discarded. Genes with >2-fold
change and p-value adjusted > 0.05 were considered differentially expressed. The lists of
upregulated and downregulated genes were functionally classified according to the Gene
Ontology (GO) database.

For variant calling and annotation, samples were processed using GATK v 3.6 RNA-Seq variant
calling best practices (https://gatkforums.broadinstitute.org/gatk/discussion/3892/the-gatk-best-
practices-for-variant-calling-on-rnaseg-in-full-detail) and annotated using ENSEMBL VEP (78).
Rare (Allele Frequency < 1% in population
[https://www.biorxiv.org/content/10.1101/531210v2), well covered (coverage > 8)
nonsynonimous variants were selected and variants with more than 5 supporting reads for

alternative allele are kept (https://wellcomeopenresearch.org/articles/2-6).

For control cSCC-PDX mutation identification, we searched for variants affecting the same gene

in the 3 control cSCC-PDX replicates from each model (SCC10, SCC16 and SCC24). Both

heterozygous (0/1) and homozygous genotype (1/1) calls have been included in the analysis. For
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GefR cSCC-PDX mutation analysis we searched for specific variants present in at least 2 of 3
GefR cSCC-PDX replicates (0/1 and 1/1) and absent in control cSCC-PDX from each model.
Moreover, we selected those mutations identified as heterozygous (0/1) in control cSCC-PDX
and heterozygous in GefR ¢cSCC-PDX replicates from each model. In all analysis, at least 5

alternative reads were required for kept the mutation.

Genomic DNA isolation and Sanger sequencing assays

To isolate genomic DNA, frozen cSCC-PDXs and patient samples were lysed overnight at 55 °C
in lysis buffer containing 1% SDS and 10 ug/mL proteinase K. DNA was extracted and
precipitated using phenol:chloroform:isoamyl alcohol (25:24:1) and then dissolved in 10 mM Tris
and 1 mM EDTA. To validate some of the identified mutations, PCR amplification of exon
regions containing the corresponding mutation was performed using primers shown in
Supplementary Table S2. Resulting DNA fragments were checked using a 2% agarose gel. PCR
products were cycle-sequenced using Big Dye Terminator chemistry (Applied Biosystems) and
the same primers used for PCR amplification with DNA Analyzer 3730 (Applied Biosystems,
Foster City, CA, USA).

Statistical analysis

Prism 5.0 Software (GraphPad software, San Diego, CA) was used for statistical analysis.
Student’s t-test (two-tailed) was used to determine the significance of differences between groups
in each experiment. Shapiro-Wilk Normality and F-Fisher tests were used to check the normal
distribution of data and similarity of variances between compared groups, respectively. For
differential gene expression analysis, Wald statistical test + False Discovery Rate correction were
used and genes with p-value adjusted > 0.05 were considered differentially expressed between

compared groups.
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RESULTS

Generation and characterization of patient-derived xenografts of cutaneous SCCs (cSCC-
PDXs)

To identify signaling pathways controlling patient cSCC growth, which may be the base of
targeted therapies, we previously analyzed the expression of different tyrosine-kinase receptors
and their ligands in a subset of patient samples of WD/MD-SCCs and advanced PD/S-SCCs of
skin. These studies showed that EGFR and some of their ligands as AREG, HB-EGF and TGFA
were strongly expressed in early ¢SCCs as compared to PD/S-SCCs (35). To determine the
relevance of EGFR signaling in promoting tumor cell proliferation and survival in patient cSCCs
at different stages of progression, as well as the effect of EGFR inhibitors on ¢SCC growth, we
generated different cSCC-PDXs by engrafting surgical samples of patient cSCCs with different
grades and histopathologic features in immunodeficient mice (see Material and Methods). This
subset of patient samples included two MD-SCCs (G2 grade), three MD/PD-SCCs (G3 grade)
and an undifferentiated and advanced PD/S-SCCs (G4 grade) (Supplementary Table S3). Most
of PDXs conserved the histopathologic features of parental patient samples (Fig. 1A), although
some showed a higher (SCC23-PDXs) or even a lower (SCC34-PDXs) grade than parental
samples. These observations suggest that these patient tumors exhibited strong intra-tumor
heterogeneity and specific tumor cell populations may be selected during PDX establishment
(Supplementary Table S3). In accordance to our previous studies in patient tumors and lineages
of mouse cSCC progression (35, 36), we observed that patient G2/G3 ¢SCCs conserved the
expression of E-cadherin and EpCAM epithelial markers, whereas G4 SCC11 lost the expression
of these markers and strongly induced the expression of EMT and mesenchymal markers, as
Vimentin, ZEB1 and SNAIL. Furthermore, the expression of these epithelial and mesenchymal
markers was conserved in their respective cSCC-PDXs (Fig. 1B; Supplementary Fig. S1A and
S1B).

In addition, cSCC-PDXs recapitulated the expression profile of different tyrosine-kinase
receptors and ligands of their respective parental samples, following a specific pattern in
accordance to their epithelial- or mesenchymal-like features. In this regard, epithelial-like cSCC-
PDXs (G2/G3 tumors) exhibited a strong expression of EGFR, ERBB2, ERBB3 and ligands, as
well as FGFR2B and FGFR2C, whereas these receptors were strongly downregulated in
mesenchymal-like SCC11-PDX (Figs. 1C and 1D). In contrast, the expression of FGFR1c, which
is mostly associated with fibroblast and mesenchymal cells (37) was upregulated along with
PDGFRA, PDGFRB and PDGFC in SCC11-PDX and its respective parental tumor, in

accordance with the mesenchymal features of these tumors (Figs. 1D and 1E) (35, 36).
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Figure 1. Patient-derived xenografts (PDXs) recapitulate histopathological and molecular features of their
respective primary cSCCs. A, Representative images showing histopathological features of primary cSCCs and
their derivated PDXs. Scale bar, 200 um. B, Representative images of the immunodetection of E-Cadherin
(green), Vimentin (red) and ZEB1 (red) in sections of indicated cSCC. Scale bar, 40 um. C-E, Quantification of
the indicated mRNAs in the PDXs and their respective primary cSCCs. Results represent mMRNA mean ( + SE)
levels of the indicated genes relative to GAPDH mRNA.



Resultados. Articulo 2

To evaluate the expression of these receptors and ligands specifically in the cancer cell
compartment, we stablished primary cultures from patient samples or cSCC-PDXs. Tumor cells
from MD/PD-SCCs (G2/G3) grew as adherent cells, exhibiting strong cell-to-cell contacts and a
strong expression of epithelial markers (Supplementary Figs. S2A-S2C). In contrast, tumor cells
isolated from advanced PD/S-SCCs (G4) grew forming spheres, downregulated the expression of
E-cadherin and EpCAM, induced the expression of EMT markers and were enriched in CSCs
(Supplementary Figs. S2A-S2D). Indeed, limiting-dilution assays demonstrated that the
frequency of tumor-initiating cells was significantly increased in mesenchymal-like cells derived
from PD/D-SCCs (Supplementary Fig. S2D), in accordance with the aggressive growth of these
tumors and their enhanced metastasis capability (Supplementary Table S3) (36), or that reported
in advanced mouse skin SCCs (35, 38). Both, tumor cells derived from epithelial and
mesenchymal-like cSCC-PDXs, recapitulated the expression of receptors and ligands of their
respective cSCC-PDXs and parental patient samples (Supplementary Figs. S2E and S2F). These
results suggest that the strong FGFR1c expression observed in parental epithelial-like SCC may
be consequence of FGFR1c-expressing stromal fibroblast present in the patient samples (Fig.
1D). Altogether, our results indicate that, similarly to that described in mouse skin SCCs,
signaling pathways controlling cancer cell proliferation and survival change during patient cSCC
progression and therapy may be selected considering the epithelial or mesenchymal

differentiation traits of cancer cells.

To determine the mutational and transcriptional landscape of these tumors, we performed RNA-
Seq analysis of three epithelial-like cSCC-PDXs (SCC10-PDX, SCC16-PDX and SCC24-PDX).
The number of genetic alterations (SNV), including missense variants, frameshifts, inframe
insertions, deletions and stop gain ranged from 764 (SCC10-PDXs) to 856 (SCC24-PDXs), which
affected from 501 up to 740 genes (Supplementary Table S4). Although these high mutation
frequencies may be overvalued by contaminating germline events, they were in the range of those
previously described in this tumor type (39-41). The comparison of gene alterations between these
cSCC-PDXs showed strong differences in their genetic landscape (Fig. 2A), although 44 genes,
including FAT1, HAT1, KMT2A, KMT2D and RALA were recurrently mutated in all these tumors
(Fig. 2A), as previously reported in ¢cSCCs (39-41). Mutations in TP53 (66% of tumors) and
NOTCH (mutations in NOTCH1, NOTCH2 or NOTCH3 in all PDXs) driver genes, besides a long
subset of genes (Fig. 2B) were detected in a similar frequency as previously reported (39-41). No
mutations were detected in EGF, IGF1 and FGF receptor family members, neither in RAS genes
(Fig. 2B; Supplementary Table S4), in accordance with the low frequency of these mutations
detected in cSCCs (26-28). Analysis of a subset of mutations identified in each cSCC-PDX model
were also detected in their respective parental patient tumors (Fig. 2C). Therefore, our cSCC-

PDXs recapitulated most of the histopathological, molecular and regulatory pathways of primary
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patient tumors, becoming exceptional pre-clinical models to evaluate the response of EGFR-
targeted therapies to block cSCC growth.

PDX
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analyzed from RNA sequencing data. Triplicates for each cSCC-PDXs are shown. Red box highlights genes
commonly mutated in the three different cSCC-PDXs. B, Schematic representation of mutational status of a
selection of genes in ¢cSCC-PDXs from three patients. Gene selection was made in accordance with their
previously reported implication in skin SCCs and in resistance to EGFR inhibitors in other tumor types. C,
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Chromatograms showing the indicated mutation in DNA of cSCC10-PDX, cSCC16-PDXs and cSCC24-PDXs,
and their respective patient cSCCs, as analyzed by Sanger sequencing. Analyses were performed in three samples
of each cSCC-PDX model. Forward (5°-3’) or reverse (3’-5") sequences are indicated on the top of each
chromatogram. * shows the mutation position.

EGFR signaling pathway promotes epithelial-like cSCC-PDX growth

Most cSCCs are detected at early stage of progression, being diagnosed most of them as G2
MD/PD-SCCs and G3 PD-SCCs (42). Given the strong expression of EGFR and ligands in these
epithelial-like tumors, we evaluated the relevance of this signaling pathway in cancer cell
proliferation and cSCC growth. We observed a significant EGFR phosphorylation in epithelial-
like cSCC cells that were grown upon basal culture conditions (without added EGF to the culture
medium), which was inhibited, along with the phosphorylation of AKT and ERK1/2 downstream
effectors, in response to gefitinib treatment (Fig. 3A; Supplementary Fig. S3A). In addition,
gefitinib significantly blocked tumor cell proliferation and survival, both in basal culture
condition and after EGF stimulation (Fig. 3B; Supplementary Fig. S3B). Similarly, these cells
showed a strong sensitivity to other well-characterized EGFR inhibitors, such as afatinib and
cetuximab, being cell proliferation strongly reduced in response to these therapeutic agents (Figs.
3C and 3D). These results indicate that autocrine activation of EGFR signaling promotes the
proliferation and survival of epithelial-like cSCC cells. In contrast, mesenchymal-like cells from
PD/S-SCCs exhibited a reduced EGFR expression and phosphorylation (Supplementary Fig.
S2F), and gefitinib treatment did not affect the proliferation and survival of these cells (Figs. 3A
and 3B).

To determine the effect of gefitinib on in vivo cSCC growth, samples of SCC10-, SCC16- and
SCC24-PDXs were engrafted in immunodeficient mice. When tumors were detectable (200-400
mm?), mice were randomly distributed in the control group, which were treated with vehicle
solution, and the gefitinib group, which were orally treated with gefitinib (75 mg/Kg) every two
days (Fig 4A). Gefitinib treatment strongly blocked the growth of these cSCC-PDXs generated
from three independent patient samples (Figs. 4B-4D). To evaluate the effect of EGFR inhibitor
on tumor regression, mice carrying SCC10- and SCC24-PDXs with a size closed to ethical end-
point (1000-2000 mm?) were treated with gefitinib during 20 to 30 days. Our results demonstrated
that EGFR inhibition induced a significant regression in these cSCC-PDXs (Supplementary Fig.
S4A), coinciding with a diminished tumor cell proliferation, as determined by phosphohistone
H3 (Ser10) labelling (Supplementary Figs. SAE and S4F, central panel). Therefore, these results
indicate that gefitinib treatment blocks the growth, and even promotes a strong remission of

patient-derived MD/PD-SCCs that conserved epithelial-differentiation traits.
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Long-term gefitinib treatment leads resistance acquisition and cSCC relapse

Intrinsic or acquired resistance to EGFR-targeted therapies has been described in an important
percentage of NSCLC and HNSCC patients (43, 44). Despite the apparent complete gefitinib
response observed in our epithelial-like cSCC-PDXs, we wanted to determine if these tumors
might eventually acquire resistance. To test this hypothesis, the gefitinib administration was
interrupted 4 weeks after treatment starting, when tumor growth was stably blocked, and we
evaluated the ability of residual tumor cells to relapse tumor growth (Figs. 4B-4D). Despite the
dramatic initial response to EGFR inhibition, all gefitinib-treated tumors regrew after treatment
withdrawal, indicating that a subset of surviving tumor cells was able to drive tumor relapse. To
determine if these residual/persistent tumor cells were resistant to gefitinib, relapsed tumors from
each cSCC-PDX model were engrafted in several immunodeficient mice, which were submitted
to a continuous gefitinib treatment (Fig. 4A; Supplementary Fig. S4B). The 68.4% of relapsed
SCC10-PDXs were resistant to EGFR inhibitor after this second treatment cycle (Fig. 4E;
Supplementary Fig. S4B). In contrast, only the 25% and 17% of relapsed SCC16-PDXs and
SCC24-PDXs, respectively, grew in presence of gefitinib (Figs. 4F and 4G; Supplementary Fig.
S4B). To corroborate the gefitinib resistance of these tumors, they were submitted to one or two
additional treatment cycles. Resistant cSCC-PDXs conserved the capability to grow in presence
of gefitinib during the subsequent treatment cycles (100% of SCC10; 95.5%-100% of cSCC16-
PDXs and 87.5% of cSCC24-PDXs), demonstrating the resistance of these tumor cells to therapy
(Supplementary Fig. S4B). Resistant SCC10-PDXs (GefR SCC10) showed a growth kinetic
similar or even faster than their respective control tumors, already at the second treatment cycle,
whereas the growth of resistant SCC16-PDXs (GefR SCC16) was approaching to those of their
controls during subsequent treatment cycles (Figs. 4E and 4F). These findings suggest that
relapsed SCC16 tumors were still heterogeneous and resistant tumor cells were enriched during
the continuous therapy pressure. In contrast, resistant SCC24-PDXs (GefR SCC24) showed a
slower growth than control tumors even after subsequent treatment cycle (Fig. 4G). Further
characterization of GefR tumors showed that these exhibited a tumor cell viability and
proliferation ratio similar than their respective untreated control tumors (Supplementary Figs.
S4C-S4F). Therefore, these results demonstrate that, despite an initial strong response to gefitinib,
epithelial-like cSCCs become resistant to this EGFR inhibitor after long-term treatment with a

frequency that is dependent of the intrinsic features of these tumors.
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in a subset of tumors after long-term treatment. A, Schema of the experimental procedure to test the effect of
EGFR inhibition in epithelial-like ¢cSCC-PDXs and the generation of gefitinib-resistant (GefR) PDXs after
several cycles of treatment. B-D, Growth kinetics (mean + SE of tumor size, mm?; 9-11 tumors per group) of the
indicated cSCC-PDXs, which were treated with vehicle (Control) or gefitinib (75 mg/Kg). Green arrows indicate
the treatment initiation and red arrows indicate treatment interruption. Number fraction indicates the frequency
of relapsed tumors vs total gefitinib-treated tumors after treatment withdrawal. Black arrow indicates significant
differences between the indicated groups (t-test; P < 0.001). E-G, Tumor growth Kinetics (mean + SE of tumor
size, mm?; 2-6 tumors per group) of indicated GefR and sensible (GefS) PDXs after second, third and four
treatment cycle (C2, C3 and C4) as compared to control PDXs treated with vehicle (Control).
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A low number of common gene alterations are identified in gefitinib resistant cSCC-PDXs
In order to identify molecular mechanisms involved in resistance to EGFR inhibitor, we initially
compared the global gene expression profiles between tumor cells isolated from control and GefR
tumors from each of cSCC-PDX model (Supplementary Table S3). RNA sequencing analysis
revealed that the expression of a long subset of genes was deregulated in resistant tumors
compared to their respective control ones (1127 genes in GefR SCC10; 619 in GefR SCC16 and
884 genes in GefR SCC24) (Fig. 5A; Supplementary Table S5). The comparison of gene
signatures of the three GefR ¢cSCC-PDX models identified only one gene that was commonly
upregulated (ANKEF1), and one common downregulated gene (PDZK1) (Supplementary Figs.
S5A and S5B). ANKEF1 was previously associated with recurrence in prostate cancer (45), but
its function is currently unclear. On the other hand, PDZK1 is a scaffolding protein that has been
described as an oncogene or tumor suppressor, depending of tumor type. Indeed, PDZK1 inhibits
cell proliferation, migration and invasion in renal carcinoma (46) and suppress PI3K/AKT
activation via PTEN phosphorylation in gastric cancer (47), whereas this protein promotes breast
cancer cell proliferation. In this regard, Gene Ontology analysis showed that genes related to cell
migration were commonly downregulated in the three analyzed GefR ¢SCC models (Figs. 5B and
5C). Therefore, although PDZK1 downregulation may play a role in gefitinib resistance, its
function as scaffolding protein may implicate the action of multiple unknown factors, which may
even be different for each cSCC-PDX models. As no specific inhibitors of these proteins have
been described, we focused on other factors or signaling pathways altered in GefR tumors, in
order to identify a possible targeted therapy to overcome gefitinib resistance.

Given that amplification or acquisition of activating mutations of EGFR, downstream effectors
or other tyrosine-kinase receptors genes has been associated with resistance to EGFR inhibitors
in other tumor types (48), we analyzed gene mutations that were acquired in GefR SCCs. Analysis
of RNA-Sequence data did not reveal alterations in EGFR, RAS, RAF or in other genes previously
associated with resistance to EGFR inhibitors in the subset of expressed genes in GefR SCCs
(Supplementary Table S6). The comparison of control and GefR tumors from each PDX model
did not identify common genetic mutations that were acquired in resistant SCC10, SCC16 and
SCC24 (Supplementary Fig. S5C). In contrast, a subset of mutations, absent in control SCC-
PDXs, appeared in each GefR SCC model (Supplementary Fig. S5D). Acquired mutations,
including stop-gain, and missense (altered reads > 10% of total reads) were identified in 13 genes
that affected all GefR SCC10 replicates and 41 genes were detected in two of these three GefR
tumors (Supplementary Fig. S5D; Supplementary Table S6). In contrast, a lower number of
mutations were identified in GefR SCC16 (12 mutated genes that affected 2 of 3 replicates) and
GefR ¢SCC24 (2 mutated genes in all replicates and 1 mutated gene affecting 2 of 3 replicates).
It is important to highlight that E542K PIK3CA, which was previously associated with resistance
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to EGFR inhibitors in lung and colorectal carcinomas (49-53), was identified in 2 of 3 GefR
cSCC16 replicates (30% of altered vs total reads), and this mutation was absent in parental and
non-treated cSCC16 (Supplementary Fig. S5E). These data suggest that although this genetic
alteration may contribute to GefR SCC16 growth, it was not the main mechanism of the gefitinib
resistance in cSCC16-PDXs.
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Figure 5. Analysis of gene expression alterations in GefR SCC-PDXs. A, Hierarchical gene-cluster analysis
of differentially expressed genes (Log, FC >1; Adjusted p-value P < 0.05) in tumor cells isolated by FACS-
sorting from the indicated control and GefR SCC-PDXs (three samples per group). B, Gene ontology (GO)
enrichment analysis of differentially expressed genes in the indicated control and GefR PDXs. P value and the
code number from the selected GO are shown. C, Representation of a subset of differentially expressed genes
(Logz FC) in GefR compared with their respective control cSCC-PDXs, which were grouped by biological
functions.

To evaluate possible mechanisms involved in the acquisition of gefitinib resistance, we compared
biological processes that were similarly deregulated in GefR SCCs. The expression of genes
related to cell-to-cell contact and extracellular matrix remodeling were significantly
downregulated in the three GefR SCC models. Similarly, genes related to stemness and EMT
were significantly downregulated, whereas the expression of genes associated with keratinocyte
and epidermal differentiation were commonly upregulated in GefR SCCs (Figs. 5B and 5C).
These findings suggest that more undifferentiated tumor cells, as cancer stem cells, may be
preferentially affected by EGFR inhibitors, in accordance with the higher expression of EGFR
detected in cancer stem cells vs bulk tumor cells of mouse skin WD-SCCs (35). However, as
GefR tumors grew after serial cycles of treatment, our results suggest that a switch of signaling
pathways controlling tumor cell proliferation and survival may be induced in response to gefitinib

in a subset of plastic tumor cells, in order to bypass the inhibition of EGFR pathway.

FGFR signaling pathway is activated in response to EGFR inhibition

GO analysis from RNA-sequence data identified several signaling pathways that may be
deregulated in GefR tumors, as insulin receptor signaling that was downregulated in GefR SCC16
and SCC24, whereas genes related with protein kinase B signaling was upregulated (GefR
SCC16) or even downregulated (GefR SCC24) (Fig. 5B). Similarly, few cytokines and growth
factors were commonly up or downregulated in GefR tumors. In this regard, EGF expression was
upregulated in GefR SCC10 and SCC24, probably as a response mechanism to EGFR inhibition,
and IGF2 was downregulated in both GefR models (Fig. 5C). However, we observed that FGFR2
and FGF2 expression was significantly upregulated in GefR SCC10 and GefR SCC16,
respectively (Fig. 5C). A deeper characterization of the expression of FGFR isoforms by
guantitative PCR revealed that the expression of FGFR2B, FGFR2C, but also of FGFR1B was
significantly induced in tumor cells isolated from GefR SCC10, as compared to those isolated
from control and untreated tumors (Fig. 6A). Furthermore, gPCR analysis demonstrated that
FGFR2B and FGFR3 was significantly upregulated in GefR SCC16 cells compared to their
respective control cells (Fig. 6B). Given that these genes were not strongly expressed, significant

changes in their expression may be missed in RNA-sequencing analysis.
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Figure 6. Analysis of the expression of genes related with FGFR signaling in tumor cells isolated from
GefR SCC-PDXs. A-C, Mean levels (£ SE; 2-3 samples per group) of the indicated mRNAS relative to
GAPDH mRNA in tumor cells isolated from (A) GefR1 SCC10-PDXs, (B) GefR2 SCC16-PDXs and (C)
GefR2 SCC24-PDXs and their respective control PDXs. *, significant differences between groups (t-test;
P < 0.05).

On the other hand, cSCC24 primary tumors, tumor cells and PDXs exhibited a strong expression
of FGFR2B and FGFR3 (Fig. 1D; Supplementary Fig. S2E). Despite the FGFR or ligand
expression were not significantly altered in GefR SCC24, as determined by gPCR and RNA-
sequencing (Figs. 5C and 6C), we observed that ITGB3 was one of the top 10 genes upregulated
in GefR tumors (Fig. 5C). Interestingly, a crosstalk between integrin 3 (ITGB3) in complex with
integrin a5 (a5p3 integrin) and FGFR signaling was previously reported to promote proliferation
in acute myeloid leukemia cells (54) and has been associated to resistance to EGFR inhibitors in
breast cancer cells (55), suggesting that the upregulation of ITGB3 may enhance FGFR signaling
in GefR SCC24.

To determine the relevance of FGFR signaling in promoting tumor cell proliferation and survival
upon EGFR inhibition, SCC10, SCC16 and SCC24 cells were in vitro treated with gefitinib in the
absence or presence of FGFR ligands. We observed that FGF2 and FGF7 rescued the proliferation

of these tumor cells upon acute gefitinib treatment (Supplementary Fig. S6A). Furthermore, in
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vitro long-term treatment of SCC10, SCC16 and SCC24 cells with increasing doses of inhibitor
gave rise gefitinib resistant cells (called here iGefR SCC10, iGefR SCC16 and iGefR SCC24
cells). In contrast to control cells, proliferation of iGefR cells was strongly inhibited only at high
doses of gefitinib (5 uM-10 uM) in the absence of FGF2 (Fig. 7A). Furthermore, EGFR signaling
was attenuated in iGefR cells, as phosphorylation of this receptor and downstream effectors was
only slightly induced in response to EGF, in contrast to control tumor cells (Fig. 7B).
Accordingly, tumors generated from iGefR SCC10 cells were resistant to in vivo gefinitib
treatment, as compared to those generated from control cells (Fig. 8A).

Analysis of the expression of different FGFR isoforms demonstrated that similarly to that
observed in tumor cells isolated from GefR tumors, FGFR2B and FGFR2C were strongly induced
in the three iGefR cell types, whereas FGFR1B/C was upregulated in iGefR SCC10 and SCC16
and iGefR SCC24 strongly induced the expression of FGFR3 (Fig. 7C). Altogether, these results
suggest that FGFR signaling is induced in GefR SCC cells.

Inhibition of FGFR signaling pathway blocks GefR ¢cSCC growth

To determine the relevance of FGFR signaling in regulating iGefR cell proliferation, we analyzed
the effect of two FGFR inhibitors, PD173074 (inhibits FGFR3 and FGFR1) and NVP-BGJ398
(infigratinib; pan-inhibitor of FGFR) (36, 37). We observed that iGefR cells showed a strong
sensitivity to FGFR inhibitors, as proliferation was significantly reduced in response to gefitinib
and lower doses of FGFR inhibitors than control cells (Supplementary Figs. 6B-6D). The
hypersensitivity of iGefR cells to FGFR inhibitors indicates that activation of FGFR signaling

promotes iGefR cell proliferation, overcoming the resistance to EGFR inhibitor.

As FGFR2B expression was consistently induced in iGefR cells, we tested the impact of FGFR2B
knock-down (Supplementary Figs. S7A and S7E) on the proliferation of iGefR cells, but also of
tumor cells isolated from in vivo generated GefR1 SCC10-PDXs. In contrast to sh-control cells,
FGFR2B mRNA interference inhibited the proliferation of GefR cells in the presence of gefitinib,
being this effect higher in iGefR and GefR1 SCC10 cells than in iGefR SCC24 and SCC16 cells
(Supplementary Figs. S7B-S7D and S7F). These differences may be related to the more moderate
induction of FGFR2B expression in iGefR SCC16 and SCC24 cells (Fig. 7C), or even to the

implication of other FGFR isoforms to overcome the resistance to EGFR inhibitor
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control and in vitro generated gefitinib-resistant cells (iGefR), as measured by MTT. Mean (z SE) of arbitrary
units of fluorescence (a.u.f.) of the indicated treated cells relative to cells growing without gefitinib. B, Effect of
gefitinib and EGF treatment on EGFR, AKT, and ERK1/2 phosphorylation status in the indicated control and
iGefR cells. C, Mean levels (+ SE) of indicated mRNAs relative to GAPDH mRNA in the indicated control and
iGefR cells. *, significant differences between groups (t-test; P < 0.05).

To determine the effect of FGFR2B abrogation on GefR SCC growth, we engrafted sh-control
and sh-FGFR2B iGefR SCC10 cells in immunodeficient mice, and both mouse groups were
treated with gefitinib. FGFR2 knocked-down strongly inhibited the growth of iGefR tumors,
compared to sh-control tumors (Fig. 8B). Similarly, GefR1 SCC10 tumors exhibited an impaired
growth upon FGFR2B knocked-down (Fig. 8C), concomitantly with a significant reduction of

tumor cell proliferation (Fig. 8F). These findings demonstrate that upregulation of FGFR2B
signaling overrides the resistance of cSCC10 to gefitinib.
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In addition, we found that growth of GefR SCC10 and SCC16 tumors was significantly reduced
in response to combined gefitinib and NBV-BGJ398 therapy (Figs. 8D and 8E), in accordance to
the significant reduction of tumor cell proliferation observed in these tumors (Figs. 8G and 8H).
Altogether, our results demonstrate that pharmacological inhibition of FGFR signaling blocks the
growth of GefR cSCCs, and suggest that a switch from EGFR to FGFR signaling may be

responsible of evading the resistance to EGFR inhibitor.
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Figure 8. Inhibition of FGFR pathway blocks GefR ¢cSCC-PDX growth. A, Growth kinetics (mean + SE of
tumor size, mm?®; 4-12 tumors per group) of tumors generated after engrafting control and iGefR SCC10 cells in
immunodeficient mice. Control (blue line) and iGefR (red line) tumors were treated with gefitinib (75 mg/Kg),
whereas control tumors (green lines) were treated with vehicle solution. B-C, Growth kinetics (mean + SE of
tumor size, mm?; 6-8 tumors per group) of tumors generated after engrafting sh-control and sh-FGFR2 iGefR
SCC10 (B) and GefR1 SCC10-PDX cells (C) in immunodeficient mice, which were continuously treated with
doxycycline (2 mg/mL) and with gefitinib (75 mg/Kg) every two days. D, E, Growth kinetics (mean + SE of
tumor size, mm?®) of GefR1 SCC10-PDXs (7-11 tumors per group) (D) and GefR2 SCC16-PDXs (14-17 tumor
per group) (E), which were treated with gefitinib or gefitinib plus NVP-BGJ398 (25mg/Kg). F-H, Mean
percentage of proliferating cells (+ SE; 5-6 tumor samples per group), as determined by immunodetection of
phosphorylated H3 (Ser10) in the indicated tumors from C-E. *, significant differences between groups (t-test;
P < 0.05).
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DISCUSSION

Currently, first line therapy for advanced and metastatic cSCCs is cisplatin-based chemotherapies,
but the associated toxicity limits its administration (58). Radiotherapy gives local symptom
control and IFN-o and 13cis-Retinoic acid combined therapy has been tested in several clinical
trials with still limited results (4). Therefore, targeted therapies with reduced toxicity are

necessaries for advanced cSCC treatment.

Therapies based in EGFR inhibitors for cSCCs have been tested in some clinical trials. A low
response was reported in small series of patients with advanced and unresectable cSCCs, and
recurrence was observed in some of these cases, even after an initial response (30, 31). However,
lack of the molecular characterization of these tumors impaired the identification of possible

mechanisms responsible of resistance to EGFR inhibitors.

To determine the role of EGFR signaling in patient cSCC growth and evaluate the response of
EGFR inhibitors, we generated a subset of cSCC-PDXs that included tumors at different stages
of progression (G2 WD/MD-SCCs to G4 PD/S-SCCs). Characterization of cSCC-PDXs showed
that most of histopathologic and molecular features of parental patient samples were conserved
after their engrafting in immunodeficient mice. Analysis of RNA sequence of G2/G3 ¢cSCC-PDXs
revealed a mutation frequency of known drivers of cSCC that was consistent with that reported
in previous studies (26, 28). However, no mutations in EGFR, ERBB2, ERBB3, FGFRs or IGF1R,
neither in KRAS, HRAS or BRAF, were identified in these tumors, in accordance with the low
incidence of mutations in these genes described in ¢cSCCs (39, 40, 59, 60). These data indicate

that these tumors may be good candidates to receive EGFR-targeted therapy.

Characterization of primary samples, isolated tumor cells and cSCC-PDXs demonstrated that our
cSCC collection could be stratified in epithelial-like ¢cSCCs and mesenchymal-like cSCCs.
Epithelial-like cSCCs comprise WD/MD-SCCs, MD/PD-SCCs and PD-SCCs, whose tumor cells
conserved the expression of epithelial differentiation markers, while mesenchymal-like cSCCs
(PD/S-SCC G4) contained tumor cells that lost the expression of epithelial markers, acquired a
mesenchymal phenotype and strongly induced the expression of EMT markers. Interestingly, the
expression and activity of EGFR correlated with the expression of epithelial markers. Indeed,
epithelial-like cSCC cells exhibited a strong expression of EGFR and ligands and the autocrine
activation of this signaling promotes tumor cell proliferation and survival, while mesenchymal-
like cSCC cells downregulated the expression of EGFR and induced the expression of FGFR1
and PDGFR signaling, latter responsible of promoting mesenchymal-like tumor cell invasion and
metastasis (36). Accordingly, EGFR inhibition did not have any effect on the proliferation and

survival of mesenchymal-like tumor cells. In vivo assays demonstrated that tumor growth was
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strongly blocked in the three analyzed epithelial-like cSCC-PDXs in response to a first cycle of
gefitinib. Furthermore, gefitinib induced the regression of large-size growing cSCC-PDXs,
indicating that cSCC exhibiting epithelial differentiation traits show a good response to EGFR-
targeted therapy. In this regard, previous studies showed that treatment with AEE788, which
inhibits EGFR and VEGFR reduced cSCC cell proliferation/survival and PDX growth. However,
it was difficult to separate the effect on EGFR or VEGFR in this study (61). Therefore, patient
cSCCs may be stratified in accordance with the epithelial or mesenchymal features of their tumor
cells, along to the histopathologic or grade status, in order to obtain an optimal response to EGFR-

targeted therapies.

Resistance to EGFR inhibitors has been described in lung SCC, HNSCC, colorectal carcinoma
and brain cancer patients (43, 44, 62, 63). Resistance to EGFR inhibitors has been related to intra-
tumor cell heterogeneity and the presence of tumor cells carrying mutations in RAS and EGFR
genes, loss of PTEN function, or by other mechanisms, including activation of alternative
pathways, as cMET, HGF or AXL signaling and phenotypic or histological transformation (64,
65). However, no mutations in EGFR, RAS, RAF and MET were identified in GefR SCCs.
Previous reports indicated that EMT induction by activation of AXL or TGFa signaling was
associated to acquired resistance to EGFR inhibitors in NSCLCs (66, 67). In contrast, we
observed that genes related with keratinocyte differentiation were upregulated, whereas genes
related with stemness and EMT were significantly downregulated in most of GefR SCCs, in
accordance to the more differentiated phenotype induced by gefitinib treatment HNSCC cell lines
(68).

Despite the strong response to gefitinib of epithelial-like cSCCs, we found that all gefitinib treated
tumors relapsed after treatment interruption, as expected by the reversible activity of this EGFR
inhibitor (68). However, residual tumors contained gefitinib resistant cells, as indicated by
resistance that exhibited the relapsed tumors to subsequent cycles of treatment. The incidence of
resistance was different in each of these cSCC-PDX models. Near to 70% of relapsed SCC10-
PDXs become resistant to EGFR inhibition. In contrast, only 17 and 24% of relapsed cSCC24-
PDXs and cSCC16-PDXs, respectively, were able to growth after a second treatment cycle.
Difference in the resistance between cSCC-PDX models may be due to a variable frequency of
resistant cells already present in initial untreated tumors, which become selected upon treatment
pressure, or even to the acquisition of mutations in specific genes and activation of signaling
pathways that may overcome the inhibition of EGFR. Comparison of RNA sequences between
tumor cells of untreated control and GefR ¢cSCC-PDXs revealed a subset of mutations emerging
in resistant cSCC-PDXs of each model. E542K PIK3CA, which was previously associated with

resistance to EGFR inhibitors in lung and colorectal carcinomas (49-53, 70) was identified in 2
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on 3 GefR SCC16 samples in a percentage of reads, but not in untreated or parental patient
cSCC16. Although we cannot discard that this genetic alteration may play a role in promoting
tumor cell proliferation/survival upon EGFR inhibition, the fact that it was absent of some
replicates of these GefR SCCs indicate that other molecular events are responsible to promote
tumor growth in these tumors upon gefitinib treatment. Moreover, none common emerging gene
mutation were identified in the three analyzed GefR ¢cSCC models, suggesting that selection of
tumor cells carrying specific gene mutations or even the novo acquisition of mutations were not

the major drivers of gefitinib resistance in these cSCCs.

Our results indicated that FGFR signaling pathway was commonly upregulated in GefR cells.
Indeed, GefR SCC10 and GefR SCC16 significantly induced the expression of different FGFR
isoforms and FGF2 ligand, as compared to their respective control tumors, whereas control and
GefR SCC24 exhibited a strong expression of FGFR2B and FGFR3. In this regard, cSCC10,
cSCC16 and cSCC24 cells strongly induced the expression of FGFRs upon the continuous in
vitro gefitinib treatment in order to proliferate upon EGFR inhibition. Accordingly, these in vitro
induced GefR cells (iGefR cells) showed a strong sensitivity to FGFR inhibitors compared to
control cells, and abrogation of FGFR2B or pharmacological inhibition of FGFRs significantly
reduce the growth of tumors generated from iGefR cells, but also of in vivo generated GefR
SCC10, upon continuous treatment with gefitinib. The strong response of GefR SCC16 cells to
pan-FGFR inhibitor compared to FGFR2 abrogation indicates that other FGFR isoforms may be

responsible of gefitinib resistance in these tumors.

Altogether, these findings demonstrated that GefR tumor cells activate FGFR signaling pathway
in response to long-term EGFR inhibition. Although we cannot discard the implication of other
molecular mechanisms in driving gefitinib resistance, our results indicate that inhibition of FGFR
signaling may be a good therapeutic strategy to overcome the resistance of cSCC to EGFR-
targeted therapy. An important question is how the switch of EGFR to FGFR signaling is induced
during long-term gefitinib treatment. Our results indicate that EGFR signaling is responsible to
drive epithelial-like ¢cSCC growth, despite tumor cells already express FGFR2 and FGFR3
isoforms. However, upon a continuous inhibition of EGFR signaling, tumor cells acquire the
capability to switch to FGFR signaling. In accordance, increased expression or activation of
FGFR signaling was described in lung and breast tumor cells with acquired resistance to EGFR
inhibitors (71-75).

The distinct incidence of gefitinib resistance observed in ¢cSCC10 vs ¢SCC16 and cSCC24
indicate that not all tumor cells of these tumors showed a similar capability to switch toward
FGFR signaling upon therapy pressure. In this regard, it was demonstrated that cancer cell showed

a strong plasticity, defined as the ability to change their phenotypic and molecular traits to adapt
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to tumor growth or therapy constrictions (77). We suggest that only a subset of cSCC cells present
or even acquire a plastic capability to adapt to EGFR inhibition by inducing FGFR signaling,
which become selected upon continuous therapy pressure. Indeed, frequency of these plastic cells
may dictate the incidence of resistance of each patient sample, and in consequence the overall

response to EGFR inhibitors.

Therefore, our results demonstrate that epithelial-like cSCC show an optimal response to EGFR-
targeted therapies, although long-term treatment may lead to resistance to these treatments, which
is overcome by FGFR inhibitors. Further studies will be necessary to identify markers of plastic
cSCC cells with strong capability to switch from EGFR to FGFR signaling, in order to predict the

acquisition of resistance to EGFR-targeted therapy.
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Supplementary Figure S1. MD/PD SCC-PDXs conserve epithelial-differentiation traits in contrast to PD/S
SCC-PDXs, which induce the expression of mesenchymal-like markers. A, Mean levels (+ SE; 2-3 samples
per group) of MRNA of the indicated genes relative to GAPDH mRNA in a set of SCC-PDXs. B, Representative
results of the quantification by flow cytometry of the percentage a.6-integrin*/EpCAM®* tumor cells from MD/PD
SCC23-PDX and mesenchymal-like SCC11-PDX.
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Supplementary Figure S2. Characterization of phenotypic and molecular alterations of tumor cells during
¢SCC progression. A, Tumor cells isolated from MD/PD-SCCs (SCC10 and SCC16 cells) grow in vitro as
adherent cells, exhibiting epithelial-shape morphology, whereas tumor cells isolated from a PD/S-SCC (SCC11
cells) grow in suspension by forming spheres. B, Mean levels (+ SE) of mRNA relative to GAPDH mRNA of
the indicated genes in primary culture cells isolated from the indicated patient and cSCC-PDXs. C,
Representative images of E-Cadherin, EpCAM, ZEB1, and Vimentin expression in primary culture of the
indicated cells. B-actin was used as a protein-loading control (C and F). D, Serial dilutions of tumor cells isolated
from epithelial-like SCC10-PDXs and mesenchymal-like SCC11-PDXs were injected in immunodeficient mice.
The number of mice developing tumors vs total tumor engrafted, frequency of cancer stem cells (CSCs), and
confidence intervals (conf. int.) for each condition is shown (n.d., not determined). E, Results show mRNA levels
(mean £ SE) relative to GAPDH mRNA of the indicated genes in primary culture of tumor cells isolated from
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patient and cSCC-PDXs. F, Expression of FGFR1, PDGFRa and PDGFRp as well as EGFR phosphorylation
status, was analyzed in primary culture of tumor cells isolated from the indicated patients and cSCC-PDXs. j3-
actin was used as a protein-loading control. The 11.1 and 11.2 samples are different primary cultures generated
from the same patient sample (SCC11).
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Supplementary Figure S3. Autocrine activation of EGFR signaling promotes proliferation of tumor cells
isolated from epithelial-like cSCCs. A, Representative images of EGFR, AKT, and ERK1/2 phosphorylation
status in SCC24 and SCC34 cells that were treated with or without gefitinib and EGF. B, Proliferation of the
indicated tumor cells upon gefitinib and/or EGF treatment, as measured by MTT. Results show mean (+ SE) of
arbitrary units of fluorescence (a.u.f.) of treated cells relative to cells growing upon basal conditions.
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Supplementary Figure S4. Gefitinib therapy induces regression of epithelial-like ¢SCC-PDXs, but
resistance is acquired after long-term treatment in a subset of tumors. A, Growth Kinetics (mean + SE of
tumor size, mm?; 3-4 tumors per group) of the indicated tumors, which were treated with vehicle (control) or
gefitinib (75 mg/Kg) when tumors reached 1000-2000 mm?®. Black arrow indicates start of the treatment. B,
Schematic representation of the gefitinib response of the indicated relapsed cSCC-PDXs after several treatment
cycles (C2, C3 and C4) in presence of gefitinib. The percentage of GefR tumors is shown for each PDX model.
C, Results show the mean (x SE; 3-4 tumor samples per group) of the percentage of viable area in representative
tumor sections of the indicated cSCC-PDXs, as quantified by ImageJ software. D, Representative images of
tumor sections of control and GefR SCC10 PDXs that were quantified in (C). Necrotic areas are indicated by an
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asterisk (*). Scale bar, 400 um. E, Representative images of the immunodetection of phosphorylated H3 (Ser10)
in the indicated cSCC-PDXs. Scale bar, 20 um. F, Mean percentage of proliferating cells (£ SE; 2-6 tumor
samples per group), as determined in (E). *, significant differences between the compared groups (t-test; P <
0.05).
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Supplementary Figure S5. A low number of genes with an altered expression or acquired mutations are
commonly detected in the different GefR SCC-PDX models. A and B, Venn diagrams showing the
overlapping of genes that are upregulated (A) and downregulated (B) in the indicated GefR SCC-PDXs compared
to their respective control tumors. Common differentially expressed genes in the three PDXs are indicated. C,
Venn diagrams showing the overlapping of mutated genes in the indicated GefR SCC-PDXs compared to their
respective control tumors. D, Schematic representation of mutated genes detected in at least two of the three
analyzed samples of the different GefR SCC-PDX models, as compared to their respective control tumors. E,
Chromatograms showing the indicated mutation (*) in the DNA of three independent samples of control, GefR
SCC16-PDX and parental patient tumor, as analyzed by Sanger sequencing. Forward (5’-3’) sequences are
indicated on the top of each chromatogram.
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Supplementary Figure S6. Activation of FGFR signaling stimulates the proliferation of epithelial-like SCC
cells and iGefR cells upon EGFR inhibition. A, Proliferation of the indicated cells after six days of treatment
with or without gefitinib, FGF2 or FGF7, as measured by MTT. Results show mean (£SE) of arbitrary units of
fluorescence (a.u.f.) of treated cells relative to their respective control cells growing in basal conditions. B-D,
Proliferation of the indicated control and iGefR cells upon NVP-BGJ398 or PD173074 treatment during six days,
as measured by MTT. iGefR cells were simultaneously treated with gefitinib, to block EGFR activity. Mean (£
SE) of arbitrary units of fluorescence (a.u.f.) of treated cells relative to their respective control cells are indicated.
*, significant differences between groups (t-test; P < 0.05).
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Supplementary Figure S7. FGFR2B abrogation blocks the proliferation of GefR cells. A, Mean levels (+
SE) of FGFR2B mRNA in the indicated FGFR2 interfered (sh-FGFR2) iGefR cells relative to sh-control iGefR
cells. B-D, Proliferation of (B) iGefR SCC10 cells, (C) iGefR SCC16 cells and (D) iGefR SCC24 cells
expressing FGFR2B (sh-control) or FGFR2B knocked-down (sh-FGFR2) upon FGF2 or FGF7 treatment, as
measured by MTT. These cells were grown in continuous presence of gefitinib. Means (+ SE) of arbitrary units
of fluorescence (a.u.f.) of treated cells relative to their respective cells growing without factors are indicated. E,
Mean levels (+SE) of FGFR2B mRNA in sh-FGFR2 relative to sh-control cells isolated from GefR1 SCC10-
PDXs. F, Proliferation of sh-control and sh-FGFR2 cells from GefR1 SCC10-PDX upon FGF2 or FGF7
treatment in the presence of gefitinib, as measured by MTT. Means (x SE) of a.u.f. of treated cells relative to

their respective cells growing without factors are indicated. *, significant differences between the compared
groups (t-test; P <0.05).
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Antibody | Dilution | Source | Catalog number
Primary antibodies
a6-integrin (CD49f)-PE 1/50 BD Bioscience 555736
anti-EpCAM-FITC 1/350 Milteny Biotec 130-098-113
anti-CD31 1/100 BD Bioscience 550274
anti-phosphorylated H3 1/200 Cell Signaling 9706S
(Ser10)
anti-E-Cadherin IF: 1/200 BD Bioscience 610182
WAB: 1/3000
anti-Vimentin IF: 1/200 Abcam ab45939
WAB: 1/8000
anti-Zebl IF: 1/400 Sigma HPA027524
anti-Zebl WAB: 1/1000 Santa Cruz Biotec sc-10572
anti-PDGFRa 1/500 R&D Systems AF-307-SP
anti-PDGFRp 1/1000 Santa Cruz Biotec sc-374573
anti-EpCAM 1/1000 abcam
anti-EGFR 1/2000 Cell Signaling 4267
anti-pEGFR 1/1000 Cell Signaling 2234
Anti-AKT 1/1000 Cell Signaling 9272
Anti-pAKT 1/1000 Cell Signaling 9271
Anti-ERK 1/3000 Cell Signaling 9102
Anti-pERK 1/1000 Cell Signaling 4376
Anti-FGFR1 1/1000 Cell Signaling 9740
Anti-actin-HRP 1/1000000 Abcam ab49900
Secondary antibodies
Dynabeads anti-rat 1/50 Invitrogen 11035
anti-rabbit-Alexa 488 1/400 ThermoFisher A27034
anti-rat-Alexa 488 1/400 ThermoFisher A11006
anti-rabbit-Alexa 568 1/600 ThermoFisher A10042
anti-rabbit-HRP 1/1000 DAKO P0448
anti-mouse-HRP 1/1000 DAKO P0447
anti-goat-HRP 1/1000 DAKO P0449

Supplementary Table S1. List of antibodies used in flow cytometry, immunofluorescence and western blot

analysis
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Gene | Forward (5’ - 3?) | Reverse (5" - 3)
gRT-PCR primers
GAPDH CAAGATCATCAGCAATGCCT AGGGATGATGTTCTGGAGAG
HPRT TGACACTGGCAAAACAATG GGTCCTTTTCACCAGCAAG
GUSB CTCATTTGGAATTTTGCCGATT CCGAGTGAAGATCCCCTTTTTA
PDGFRA GTCTGGAGCGTTTGGGAAGGT GATCTGGCCGTGGGTTTTAGC
PDGFRB GGACATACCCCCGCAAAGAA CTAACTCGGCACTGGGGATGT
PDGFC ATATTAGGGCGCTGGTGTGGT TGGCAAAGCTGAAGGGGGTAG
FGFR1b GTGAATGGGAGCAAGATTGG GCAGAGTGATGGGAGAGTCC
FGFR1c GTGAATGGGAGCAAGATTGG GCAGAGTGATGGGAGAGTCC
FGFR2b GCAGAAGTGCTGGCTCTGTT TGTTTTGGCAGGACAGTGAG
FGFR2c CACCACGGACAAAGAGATTG CAACCATGCAGAGTGAAAGG
FGFR3 CCTCGGGAGATGACGAAGAC CGGGCCGTGTCCAGTAAGG
EGFR CCCACTCATGCTCTACAACCC TCGCACTTCTTACACTTGCGG
ERBB2 AGCATGTCCAGGTGGGTCT CTCCTCCTCGCCCTCTTG
ERBB3 GGTGATGGGGAACCTTGAGAT CTGTCACTTCTCGAATCCACTG
ERBB4 GCAGATGCTACGGACCTTACG GACACTGAGTAACACATGCTCC
AREG GTGGTGCTGTCGCTCTTGATA CCCCAGAAAATGGTTCACGCT
EREG CACAGTTGTACTGAGGACTGCC AGGAGGATGGAGATGCTCTG
TGFA AGGTCCGAAAACACTGTGAGT AGCAAGCGGTTCTTCCCTTC
CDH1 CAGAATTGCTCACATTTCC GGATTTGATCTGAACCAGGT
VIMENTIN | GGCTCAGATTCAGGAACAGC GCTTCAACGGCAAAGTTCTC
SNAIL GCTGCAGGACTCTAATCCAGA GACAGAGTCCCAGATGAGCAT
ZEB1 TTTGGCTGGATCACTTTCAAG GCCAATAAGCAAACGATTCTG
ZEB2 TGTAGATGGTCCAGAAGAAATG CCATTGTTAATTGCGGTCT
Sanger sequencing primers

FAT1 CCGCACTTCAGGAGTTCTGT GGTAGTAATGCACTTCCCCGT

TGCACAGTCCTGCTTTCCTT TTCACGGTGCAGAAAGCAAC

TCGACCTCCCATTATTGGCT TGTGGATTTCCACTTGTAATTTTGT
NOTCH1 AGATCAACCTGGATGACTGTGCC ACAGCTCTGACCGGAGACAAG

GGACGGACCCAACACTTAC GGCTGGAGCACTCGTTGA
NOTCH2 TGCCCACCATGTACCAGATT GCAGAGTGGGGTGATGAACT
NOTCH3 TCGGTAGTAATGCTGGAGATTGA ACCCAGGACGAGAATGACCAG
TP53 GGCCCATCCTCACCATCATC CTTCTTTGGCTGGGGAGAGG
KMT2D GGCCTTTTAAACCAGAGTCGAAC CTAACGGCCCTCCCTGATGT
RASA2 CAGAAGACTACGTGCTTCCTTC TCAAGTCTAATTCAGCCACAGCA
GSK3B ACTGTGAAAGGATAGCAGTCTAAGT | TGAGGTATGCCTATACATGTTTGC
LOXL2 GTCCTCAATGCGGAGATGGT ACAGTCGTGCCAGATCCAC
VHL ACCGGTGTGGCTCTTTAACAA CAGTGTGATATTGGCAAAAATAGGC
IHD1 GTAGGTCATTTGGTTGTGGTGG CAGAGTGGTTTTGTTTCACTCCTG
PIK3CA CATCTGTGAATCCAGAGGGGA TTAGCACTTACCTGTGACTCCA

Supplementary Table S2. Primers used in gRT-PCR and Sanger sequencing.
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Tumor Classification Perineural | Treatment | Recurrence Metastasis
/Grade (passage) invasion (adjuvant) (patient) lung  lymph liv./kid.
node

SCC7 MD-SCC/G2 no RT yes - yes -
SCC7- MD-SCC/G2 (4) no - - 25% - -
PDX

SCC10 MD/PD-SCC/G3 no no no no no no

SCC10- MD/PD-SCC no - - 0% 14.3% 0%
PDX G2/G3 (8)

SCC11 PD/S-SCC/G4 yes no no no no no

SCC11- | PD/S-SCC/G4 (13) yes - - 77.5% | 32.7% | 32.7%
PDX

SCC16 PD-SCC/G3 yes no no yes yes no

SCC16- PD-SCC/G3 (9) no - - 0% 0% 0%
PDX

SCC23 MD-SCC/G2 Met yes no yes no yes no

SCC23- MD/PD-SCC no - - 25% 8.3% 0%
PDX G2/G3 (6)

SCC24 MD-SCC/G2 yes RT no no no no

SCC24- MD-SCC/G2 (5) no - - 20% 40% 0%
PDX

SCC34 MD/PD-SCC/G3 yes no yes no no no

SCC34- MD-SCC/G2 (5) no - - 66.6% | 33.3% 0%
PDX

Supplementary Table S3. Histopathologic characteristics of generated cSCC-PDXs and their respective patient

samples.
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RESUMEN EN CASTELLANO

Los cSCC avanzados y de alto riesgo, junto con los cSCC metastasicos y los de dificil reseccion,
son tratados con radioterapia y quimioterapia. Sin embargo, estas terapias presentan pocos
beneficios clinicos, y en muchos casos se produce una progresion de la enfermedad,
frecuentemente asociada a la aparicion de recurrencias y el desarrollo de metastasis, lo cual
compromete significativamente la supervivencia de los pacientes. En este sentido, nuestros
estudios previos demostraron que la via de PDGFR se induce de forma autocrina en las CSCs de
los SCCs avanzados de raton, controlando su invasion y promoviendo la metastasis. Sin embargo,
desconociamos los mecanismos por los cuales la via de PDGFR controla estos procesos, y si esta

regulacion se produce de forma similar en cSCC de pacientes.

Estudios recientes han demostrado que las citoquinas juegan un importante papel en la regulacion
de la metéstasis en muchos tipos de cancer. En este sentido, nuestros estudios demuestran que la
expresion de la citoquina SDF-1 (CXCL12) est4 inducida en las L-CSCs de los PD/S-SCCs,
comparado con la expresion detectada en las CSCs de los WD-SCCs (E-CSCs). Ademas,
observamos que una poblacién de las E-CSCs y L-CSCs expresan CXCR4 y CXCRY7, los
receptores de SDF-1.

El bloqueo de la via de SDF-1/CXCR4, ya sea mediante la interferencia de SDF-1 o CXCR4, o
mediante el tratamiento con el inhibidor AMD3100, consigue reducir de forma significativa la
proliferacion/supervivencia y la invasion de las L-CSCs in vitro, demostrando que la activacion
autocrina de la via mediada por SDF-1 controla estos procesos en las CSCs de los SCC de piel
avanzados de raton. Sin embargo, la inhibicién de la via no afecta al crecimiento tumoral,
sugiriendo que el SDF1 secretado por el estroma tumoral podria estimular de forma paracrina la
via de SDF-1/CXCR4, o bien que, alternativamente, otras citoquinas provenientes del estroma
podrian promover la proliferacién/supervivencia de las L-CSCs y el crecimiento de los PD/S-
SCCs cuando la via de SDF-1 esta blogueada en las células tumorales.

Sin embargo, la inhibicion de la via de sefalizacion SDF-1/CXCR4 en L-CSCs reduce
significativamente el desarrollo de metastasis, sugiriendo que esta via podria estar cooperando
con la via de PDGFR regulando la invasién de las L-CSCs y promoviendo la metastasis. En este
sentido, nuestros resultados han revelado una relacién funcional entre las vias de SDF1 y PDGFR.
La sefializacion PDGFRa induce la expresion de SDF-1 y viceversa, lo cual activa de forma
autocrina la via mediada por SDF-1/CXCR4 e induce la invasion de las L-CSC y promueve la

metastasis.

La validacién de estos resultados en muestras de pacientes de cSCC ha demostrado que existe

una fuerte correlacion entre la expresion de SDF1, PDGFRA y PDGFRB, los cuales estan
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altamente expresados, junto con CXCR4, en las células tumorales de los cSCCs més avanzados.
De forma similar a lo observado en raton, PDGFR regula positivamente la expresion de SDF-1y
la inhibicion de las vias SDF-1/CXCR4 y PDGFR bloquea la metéstasis asociada a los PD/S-SCC

de pacientes.

Todos estos resultados indican que los procesos de invasion y metéstasis de los SCC avanzados
estan regulados por una relacion funcional entre las via de sefializacién de SDF1 y PDGFR, y
sugieren que el tratamiento con AMD3100 y/o imatinib, inhibidores de CXCR4 y PDGFR,
respectivamente, podria ser una aproximacion terapéutica para bloguear la metastasis en los

pacientes con tumores mas avanzados y agresivos.
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ABSTRACT

Advanced and undifferentiated skin squamous cell carcinomas (SCCs) exhibit aggressive growth
and enhanced metastasis capability, which is associated in mice with an expansion of the cancer
stem-like cell (CSC) population and with changes in the regulatory mechanisms that control the
proliferation and invasion of these cells. Indeed, autocrine activation of PDGFRa induces CSC
invasion and promotes distant metastasis in advanced SCCs. However, the mechanisms involved
in this process were unclear. Here, we show that CSCs of mouse advanced SCCs (L-CSCs)
express CXCR4 and CXCRY7, both receptors of SDF-1. PDGFRa signaling induces SDF-1
expression and secretion, and the autocrine activation of this pathway in L-CSCs. Autocrine SDF-
1/CXCR4 signaling induces L-CSC proliferation and survival, and mediates PDGFRa-induced
invasion, promoting in vivo lung metastasis. Validation of these findings in patient samples of
skin SCCs shows a strong correlation between the expression of SDF1, PDGFRA, and PDGFRB,
which is upregulated, along CXCR4 in tumor cells of advanced SCCs. Furthermore, PDGFR
regulates SDF-1 expression and inhibition of SDF-1/CXCR4 and PDGFR pathways blocks
distant metastasis of human PD/S-SCCs. Our results indicate that functional crosstalk between
PDGFR/SDF-1 signaling regulates tumor cell invasion and metastasis in human and mouse
advanced SCCs, and suggest that CXCR4 and/or PDGFR inhibitors could be used to block

metastasis of these aggressive tumors.
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INTRODUCTION

Squamous cell carcinoma (SCC) is the second most common non-melanoma skin cancer in
humans, accounting for 20% of cutaneous malignancies [1, 2]. Most invasive skin SCCs conserve
epithelial differentiation traits and are considered to be well-differentiated SCCs (WD-SCCs). A
subset of SCCs show poorly differentiated features and eventually become spindle-shaped (PD/S-
SCCs), the latter characteristic being associated with enhanced recurrence, metastasis, and
reduced patient survival [3-5]. Most skin SCC lesions are treated by surgical excision. Although
high risk and metastatic skin SCCs are treated with adjuvant radiotherapy or chemotherapy, the
clinical benefits of these treatments have been limited [6]. Therefore, it is important to design

targeted therapies that efficiently block the aggressive growth and metastasis of advanced SCCs.

Mouse skin SCC cells expressing CD34 and a6-integrin, or Sox2 are enriched in tumor-initiating
or cancer stem-like cells (CSCs) relative to the bulk of tumor cells. This cell population is
responsible for long-term SCC growth and metastasis [7-9]. Highly aggressive and metastatic
mouse PD/S-SCCs arise from the malignant progression of WD-SCCs [10, 11] and during this
process, the CSC population is dramatically expanded and regulatory mechanisms controlling
CSC proliferation and dissemination change. FGFR1 signaling is induced in the CSCs of
advanced PD/S-SCCs to promote aggressive growth. The PDGFRa pathway is also activated by
an autocrine way in these CSCs, which promotes CSC invasion and enhances metastasis in PD/S-

SCCs [11]. However, the mechanisms involved in PDGFRa-induced metastasis remain unclear.

The chemokine SDF-1 (CXCL12), which binds to G protein-coupled receptors CXCR4 and
CXCRY7, plays an important role in tumor growth and metastasis in different tumor types [12—
15]. Stromal fibroblasts and cancer cells produce SDF-1 [16], which stimulates cancer cell
proliferation and is responsible for recruiting CXCR4-expressing endothelial progenitor cells,
thereby increasing tumor angiogenesis [17, 18]. CXCR4 is expressed by CSCs in various tumor
types [19-21]. SDF-1/CXCR4 signaling increases the self-renewal of breast and brain CSCs [22—
24], and the epithelial-to-mesenchymal transition (EMT) program and metastasis in sarcomas,
breast, pancreatic, colon, and liver cancer cells [24-27]. CXCR7/RDC1 receptor is expressed by
immune, endothelial, and tumor cells and binds SDF-1 with high affinity [28]. Although CXCR7
was thought to act as a scavenger receptor [29], it was recently demonstrated that SDF-1/ CXCR7
signaling induces CSC proliferation/survival and EMT [30, 31], supporting growth and metastasis

in different tumor types.

SDF-1 is significantly upregulated in stromal fibroblasts of human skin SCCs relative to normal
skin [32], and CXCR4 is upregulated in metastatic SCCs in comparison to normal skin and non-

metastatic skin carcinomas [33], whereas CXCR7 expression is induced in 70% of patient skin
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SCC samples and is associated with cancer cell survival [34]. However, the role of the
SDF1/CXCR4/CXCR7 pathway in cutaneous SCCs has been unclear. Here, we demonstrate that
functional crosstalk between PDGFR/SDF-1 pathways induces the autocrine activation of SDF-
1/CXCR4 signaling in cancer cells of mouse and human PD/S-SCCs, which promotes distant

metastasis.

MATERIAL AND METHODS
Mouse models and lineages of skin SCC generation

To generate the different lineages of skin SCC progression, small pieces (2-4 mm?®) of
spontaneous or DMBA/TPA-induced tumor that were developed in K14-HPV16™" mice
(FVB/C57/BI6 F1) [52] were engrafted in the back skin of 6-week-old male nude mice (Athymic
Nude-Foxn1™; Harlan Laboratories). Each orthotopic tumor (OT-SCC) was serially engrafted in
a new immunodeficient mouse, as previously described [11]. Animal housing, handling, and all
procedures involving mice were approved by the Bellvitge Biomedical Research Institute

(IDIBELL) ethics committee, in accordance with Spanish national regulations.

Human skin SCC samples

Samples of human skin SCCs were supplied by the Plastic Surgery and Pathology Units of the
Hospital Universitario de Bellvitge (IDIBELL) and the Spanish Hospital Platform Biobank
Network (RetBioH; www.redbiobancos.es). The protocol of sample collection was supervised
and approved by the Ethical Committee of Clinical Research of Hospital Universitario de
Bellvitge (IDIBELL). All patients were informed beforehand and their signed consent to

participate was obtained.

SCC cell isolation and flow cytometry analysis

Tumor cells from skin SCCs were analyzed by flow cytometry, and specific cell populations were

isolated by FACS-sorter, as described in Supplementary Methods.

Cell cultures

Tumor cells (hematopoietic lineage and endothelial negative cells) isolated from mouse WD-
SCCs (WD cells) and PD/S-SCCs (PD/S cells) from different lineages, and tumor cells isolated
from human PD/S-SCCs (hSCC11 cells) (see Supplementary Methods for detailed protocol) were
grown in DMEM-F12 medium (GIBCO Life Technologies) with 1X B27 (GIBCO Life

Technologies) and penicillin/streptomycin (PAA Laboratories) (basic medium). Tumor cells
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isolated from human WD/MD-SCCs (hSCC24 cells) were grown in basic medium supplemented
with EGF (20 ng/mL; Sigma). Cells were cultured at 37 °C in a humidified, 5% CO; incubator.
Protocols for analyzing cell proliferation and for cell transduction are described in detail in the

Supplementary Methods.

In vitro invasion assay

To test the invasion capability of human and mouse tumor cells in response to inhibitor treatments,
CIM-16 plates (ACEA Biosciences) coated with 5% Matrigel (Factor-Reduced; BD Biosciences)
were used. PD/S cells were previously treated without (control) or with AMD3100 (1 and 5
Hg/mL; Chemscene LLC) and imatinib (4 uM; LC Laboratories) for 48 h, and cells (8 x 10°, 46
replicates for sample) were seeded in the top chamber, and placed in the xCeLLigence system,
maintaining the same concentration of inhibitors in the lower chamber. Each assay was performed

twice. The cell index represents the cell invasion capacity.

ELISA assay

To carry out these analyses, 1.5 x 10° of mouse and human WD and PD/S cells were incubated
for 48 h at 37 °C in basic medium. The medium was then collected and centrifuged (13,000 r.p.m.)
for 10 min and SDF-1 concentration in the supernatant was analyzed using the PeproTech ELISA
kit (Mini ABTS ELISA Development kit) (three replicates per sample), following the
manufacturer’s recommendations. Substrate solution (TMB Liquid Substrate) was added and

incubated for 20 min at room temperature. The absorbance was measured at 450 nm.

Tumor cell grafting and in vivo treatments

Sdfl, Cxcr4, and Cxcr7 expression and tumor cell populations expressing these receptors were
analyzed in skin SCCs spontaneously developed in male and female K14-HPV16'" mice (four
samples per group), and in WD-SCCs and PD/S-SCCs generated after subcutaneous engrafting
WD cells (1 x 10° cells) and PD/S cells (1 x 10* cells) from OT7 and OT14 lineages with Matrigel
(1:1; BD Biosciences) in syngeneic immunocompetent mice (6-week-old C57BI6/FVB F1 male
mice; four samples for group). The impact of CXCR4, CXCR7, SDF1 knockdown on mouse
tumor growth and metastasis was studied by subcutaneously co-injecting 4x10° sh-control (n=10),
sh-CXCR4 (n=11), sh-CXCR7 (n=11), and sh-SDF1 (n=11) mouse PD/S cells with Matrigel (1:1;
BD Biosciences) in 6-week-old male nude mice. Following the same protocol, 4x10° sh-control
(n=6) and sh-CXCR4 (n=10) PD/S cells were injected in immunocompetent mice. To test the in
vivo effect of CXCR4 and SDF1 knockdown on human PD/S-SCC growth and metastasis, 1 x
10° of sh-control (n=15), sh-CXCR4 (n=10), and sh-SDF1 (n=5) hSCC11 cells were engrafted in
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NOD-scid IL2Rgnull (NSG) mice. Tumor growth was monitored and tumors were excised after
25-27 days (mouse SCCs) or 30-32 days (human SCCs), when they reached a critical size. Mice
were sacrificed 20 days (mouse PD/S-SCCs) or 10 days (human PD/S-SCCs) after tumor
resection. The lungs were recovered and formalin-fixed to quantify the metastatic lesions (5-6
samples per group). For pharmacological inhibition of CXCR4 in mouse PD/S-SCCs, 4 x 10°
OT14 PDI/S cells were subcutaneously engrafted in syngeneic immunocompetent mice. For
pharmacological inhibition of PDGFR and CXCR4 in human PD/S-SCCs, 1 x 10° of hSCC11
cells were engrafted in NSG mice. When the tumors were palpable, mice were randomly
distributed between control and treated groups, in order that tumor size was similar in both groups
at the start of the treatment. Then, mice were intraperitoneally treated with AMD3100 (Glentham
Life Sciences; 15 mg/kg; diluted in sterile serum), or serum (n = 7 tumors per group for mouse
and human SCCs), or orally administered with imatinib (LC Laboratories; 150 mg/kg; diluted in
water) or water (n = 9 tumors per group), daily. Tumors were excised when they reached a critical
size (20 days post-engraftment) and mice continued to be treated until sacrifice, 10-15 days (for
human SCCs) or 20 days (for mouse SCCs) after tumor resection. Then, lungs were recovered
and formalin-fixed to quantify the development of the metastatic lesions (5—6 samples per group).
Tumors that did not grow after 4-5 weeks of the engraftment or mice that died before the

experiment endpoint were excluded.

Histology, immunohistochemistry, and western blot assays

Tumor and lung samples were fixed in 4% formaldehyde overnight at 4 °C, paraffin-embedded,
and sectioned at 4 um. For histopathological analysis and quantification of metastatic lesions,
tumor and lung sections were stained with hematoxylin and eosin. Protocols for
immunofluorescence assays and western blot analysis are described in detail in the Supplementary
Methods.

Reverse transcription and quantitative real-time PCR

Total RNA was extracted from tumors and cells using Trizol Reagent (Invitrogen). Reverse
transcription reactions and quantitative real-time PCR were carried out as described in

Supplementary Methods.
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RESULTS
SDF-1 and CXCR4 expression is upregulated in mouse advanced SCCs

To determine the relevance of SDF-1 signaling in skin SCC growth and metastasis, we initially
compared the expression of this chemokine and Cxcr4 and Cxcr7 receptors in early WD-SCCs
and advanced PD/S-SCCs of two different lineages of mouse skin SCC progression (OT7 and
OT14). In each of these lineages, PD/S-SCCs were generated after the serial engraftment of their
WD-SCC precursors in immunodeficient mice [11]. We found that Sdfl expression, which was
weakly detected in early SCCs, was upregulated in PD/S-SCCs (Fig. 1A). In WD-SCCs, Sdfl was
expressed by fibroblasts (Fig. 1B) and immunodetected in stromal cells (Fig. 1C), as previously
described [32, 35], whereas tumor cells and CD45" immune cells (deficient in T-cell in nude
immunodeficient mice) exhibited a faint or undetectable Sdfl expression (Fig. 1B). In contrast,
SDF-1 was strongly upregulated in tumor cells of PD/S-SCCs (Fig. 1C), reaching similar levels
to those expressed by fibroblasts (Fig. 1B).

Cxcr4 and Cxcr7 expression was upregulated in advanced SCCs relative to WD-SCCs (Fig. 1D).
An expansion of CXCR4-expressing tumor cells was detected by immunohistochemistry in PD/S-
SCCs, as compared to WD-SCCs (Supplementary Fig. 1A). Flow cytometry analysis showed that
around 3-7% of tumor cells expressed CXCR4 (a6-integrin/CXCR4" cells) in WD-SCCs, and
this frequency was significantly increased in PD/S-SCCs (Fig. 1E, F). CXCR7" cells were more
frequent than CXCR4-expressing cells in early and advanced SCCs (Supplementary Fig. 1A and
1B). Accordingly, 60-70% of tumor cells expressed CXCR7 (a6-integrin*/CXCR7" cells) in WD-
SCCs and this frequency was not significantly increased in PD/S-SCCs (Fig. 1E, F). These results
suggest that increased levels of Cxcr7 mRNA detected in advanced tumors may be associated
with a different stromal/tumor cells ratio in WD-SCCs and PD/S-SCCs [36, 37].

Analysis of the ligand and receptors in the CSC population (a6-integrin"/CD34" cells) showed
that CSCs isolated from PD/S-SCCs (L-CSCs) strongly expressed Sdfl, whereas the expression
of this chemokine was practically undetectable in CSCs of WD-SCCs (E-CSCs) (Fig. 1G).
CXCR4 was mostly expressed by a subpopulation (5-20%) of E-CSCs (Fig. 1H, 1), whereas
CXCR7 was detected in CSC and non-CSC populations, and around 50-80% of E-CSCs
expressed CXCR7. Furthermore, the percentage of CXCR4- or CXCR7- expressing ob-
integrin*/CD34" cells was not significantly altered in PD/S-SCCs compared with WD-SCCs (Fig.
1H, 1). Since the a6-integrin’/CD34*-CSC population is expanded in advanced tumors (Fig. 11;
see [7, 11]), our results indicate that the global amount of CXCR4"-CSCs was increased in the
PD/S-SCCs.
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Fig. 1. CSCs of mouse advanced skin SCCs express CXCR4 and CXCR?7 and up-regulate the expression
of Sdfl. A, B, Mean (x SE) levels of Sdf1 mRNA relative to Gapdh, as quantified by qRT-PCR in WD-SCCs
and PD/S-SCCs (three different samples per group) of OT7 and OT14 lineages (A), and in tumor cells (a6-
integrin*/CD45/CD31" cells), immune cells (a6-integrin /EpCAM/CD45*/CD31" cells), and fibroblasts (a6-
integrin /EpCAM™/CD457/CD31" cells) isolated from OT14 WD-SCCs and PD/S-SCCs (two different samples
per group) by FACS-sorter (B). C, Representative images of the SDF-1 immunodetection in paraffin sections of
WD-SCCs and PD/S-SCCs of OT14 lineage. Scale bar, 100 um. D, Mean (+ SE) levels of the indicated mMRNAsS,
relative to Gapdh, as quantified by gqRT-PCR in WD-SCCs and PD/S-SCCs (three different samples per group)
of OT7 and OT14 lineages. E, Representative results of quantification of the indicated cell populations in OT14
WD-SCCs and PD/S-SCCs by flow cytometry. Percentage of a6-integrin*/CXCR4" and a6-integrin*/CXCR7*
cells is indicated in each panel. F, Mean percentages (+ SE) of cell populations analyzed in E (3-10 different
tumor samples per group). G, Mean (+ SE) Sdfl mRNA levels relative to Gapdh in E-CSCs and L-CSCs (three
different samples per group) isolated by FACS-sorter from the indicated tumors. H, Flow cytometry
quantification of CXCR4" and CXCR7* cells (red numbers) into the a6-integrin®/CD34* CSC population (blue
numbers) of the indicated tumors. I, Mean percentage (+ SE) of the indicated cell populations in WD-SCCs and
PD/S-SCCs, as quantified in H. *, significant differences between compared groups (t-test; P < 0.05). n.d. not
detected.
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It is important to highlight that similar Sdfl and Cxcr4 upregulation was observed in primary
PD/S-SCCs (spontaneously developed in K14-HPV16 mice [11]) and in PD/S-SCCs that were
engrafted in syngeneic immunocompetent mice, relative to their respective WD-SCCs
(Supplementary Fig. 1C and 1D). SDF-1 expression was significantly induced in tumor and
stromal cells (Supplementary Fig. 1E), and an expansion of CXCR4-expressing CSCs was
detected in PD/S-SCCs generated in immunocompetent mice (Supplementary Fig. 1F-1H),
indicating that SDF-1 signaling may be activated in CSCs of advanced tumors independently of

the immune status of the mice.

Autocrine SDF-1 signaling promotes PD/S-SCC CSC proliferation and invasion

To determine whether an autocrine SDF-1 signaling is induced in L-CSCs, we isolated tumor
cells from WD-SCCs (WD cells) and PD/S-SCCs (PD/S cells), which were maintained in culture.
We previously demonstrated that these primary cultures were enriched in tumor-initiating cells
that conserved the molecular traits of parental SCC CSCs [11]. In this regard, PD/S cells
expressed and secreted higher levels of SDF-1 than WD cells (Fig. 2A, B). In addition, PD/S cells
expressed Cxcr4 and Cxcr7, showing a lower expression of Cxcr4 than Cxcr7 (Fig. 2C).
Accordingly, 40-60% of a6-integrin’/CD34*-CSCs in PD/S cell cultures expressed CXCR?7,
whereas 6-16% of a6-integrin®/CD34*-CSCs expressed CXCR4 (Fig. 2D; Supplementary Fig.
2A and 2B), and most CXCR4"-CSCs expressed CXCR7 (Supplementary Fig. 2C).

To determine the impact of SDF-1 signaling on proliferation, PD/S cells growing in basal medium
or supplemented with purified chemokine were treated with AMD3100, an antagonist of CXCR4
[38]. AMD3100 treatment significantly inhibited the proliferation/survival of PD/S cells under
basal conditions, and addition of SDF-1 to the medium did not alter or only slightly induced the
proliferation of PD/S cells (Fig. 2E; Supplementary Fig. 2D). Similarly, the proliferation of PD/S
cells with interfered expression of SDF-1 (Supplementary Fig. 2E) was significantly reduced in
comparison with that of PD/S control cells (Fig. 2F; Supplementary Fig. 2F), indicating that the
autocrine activation of SDF-1 signaling promotes PD/S cell proliferation. The expression of
Cxcr4, but not of Cxcr7, was significantly reduced in SDF-1 knocked-down cells (Supplementary

Fig. 2G), suggesting that Cxcr4 expression is regulated directly or indirectly by SDF-1 signaling.

PD/S cells showed in vitro a strong migration and invasion capacity, which was associated with
enhanced distant metastasis in advanced SCCs [11]. We observed that AMD3100 treatment, as
well as SDF-1 abrogation significantly reduced the invasive capability of PD/S cells (Fig. 2H, I).
These results indicate that autocrine SDF-1 signaling promotes CSC motility and invasion, which

may consequently favor CSC dissemination and metastasis.
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Fig. 2. Autocrine SDF-1 signaling promotes L-CSC proliferation and invasion. A, Mean (+ SE) of Sdfl
mMRNA levels relative to Gapdh, as quantified by gqRT-PCR in in vitro growing tumor cells isolated from WD-
SCC (WD cells) and PD/S-SCCs (PD/S cells) of the indicated tumor lineages (two different primary cell cultures
per tumor type and lineage). B, SDF-1 concentration in the culture medium of the indicated cells (two primary
culture cells per group and lineage), as quantified by ELISA assays. C, Mean (x SE) Cxcr4 and Cxcr7 mRNA
levels, relative to Gapdh, in PD/S cell cultures (three samples per group) of the indicated lineages. D, Mean
percentages (+ SE) of CXCR4- or CXCR7-expressing a6-integrin*/CD34* cells (three samples per group) in
PD/S cells of OT7 and OT14 lineages, as quantified by flow cytometry. E, Cell proliferation upon SDF-1a and/or
AMD3100 treatment, as measured by MTT. Results show means (+ SE) of arbitrary units of fluorescence (a.u.f.)
in treated cells relative to cells growing without SDF-1a and inhibitor. F, Proliferation kinetics (means + SE of
a.u.f. relative to day 0) of control PD/S cells (sh-control) or SDF-1 interfered cells (sh-SDF-1.1), as measured by
MTT. Representative results of two independent assays. G, Proliferation kinetics (means + SE of a.u.f.) of control
PD/S cells (sh-control) and PD/S cells with CXCR4 (sh-CXCR4.3) or CXCR7 (sh-CXCR7.1) mRNA
interference, as measured by MTT. Representative results of three independent assays. H, I, Comparison of
invasion capacity (mean cell index + SE) of PD/S cells upon control or AMD3100 treatment (H), or in SDF-1
interfered PD/S cells (1) in x-CELLingence real-time analysis. Representative results of two independent assays.
*, significant differences between the compared groups (t-test; P <0.05)
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CXCR4 inhibition blocks distant metastasis in mouse PD/S-SCCs

As SDF-1 signaling can be activated through CXCR4 and CXCRY7, we evaluated the role of each
of these receptors in regulating PD/S-SCC growth and metastasis. For this purpose, we knocked
down the expression of Cxcr4 and Cxcr7 in PD/S cells of different SCC lineages (Supplementary
Fig. 3A). Abrogation of CXCR4 did not affect the expression of Cxcr7, but did significantly
reduce the expression of Sdfl (Supplementary Fig. 3B). In contrast, CXCR7 knockdown induced
the downregulation of Cxcr4, whereas Sdfl expression was significantly reduced only in OT7
PD/S cells (Supplementary Fig. 3B). As OT7 cells showed a lower level of Cxcr4 expression and
a smaller percentage of CXCR4*-CSCs than OT14 cells (Fig. 2C, D), CXCR7 knockdown may
lead to an almost complete abrogation of Cxcrd in OT7 cells, in turn causing a significant
downregulation of Sdfl. Therefore, these data suggest that the expression of Cxcr4 is finely
regulated by the levels of SDF-1 and CXCRY7 and, in turn, that CXCR4 regulates the expression
of the ligand.

CXCR4 knockdown significantly reduced the proliferation of PD/S cells in both lineages,
whereas CXCR7 knockdown only inhibited the proliferation of OT7 PD/S cells, in accordance
with the strong downregulation of Sdf1 observed in these cells (Fig. 2G; Supplementary Fig. 3C).
In order to determine the impact of CXCR4 and CXCR7 on PD/S-SCC growth and metastasis,
we engrafted sh-control, sh-CXCR4, and sh-CXCR7 PD/S cells from the OT14 lineage in
immunodeficient mice. sh-CXCR4 tumors showed a reduced percentage of a6-integrin*/CXCR4*
tumor cells, and specifically of CXCR4-expressing CSCs, compared with sh-control tumors,
whereas the percentage of CXCR7-expressing CSCs was not affected (Supplementary Fig. 3D-
3F). In contrast to CXCR7 knocked-down tumors, sh-CXCR4 tumors grew less than control
tumors (Fig. 3A), in accordance with the significant reduction in the percentage of proliferating
tumor cells observed in the CXCR4-deficient tumors (Supplementary Fig. 3G and 3H). To
determine the impact of CXCR4 signaling on tumor growth under an immunocompetent
background, sh-control and sh-CXCR4 PD/S cells were engrafted in syngeneic
immunocompetent mice. In contrast to that observed in immunodeficient mice, tumor growth was
not significantly blocked after CXCR4 abrogation (Fig. 3B; Supplementary Fig. 3I), or after
AMD3100 treatment (Fig. 3C), suggesting that the effect of CXCR4 inhibition on tumor growth

may be tumor microenvironment-dependent.
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+ SE of tumor size, mm®) of control (sh-control), CXCR4 (sh-CXCR4.3), and CXCR?7 knocked-down (sh-
CXCR7.1) PD/S-SCCs (eleven tumors per group) in immunodeficient mice (A), and of sh-control and sh-
CXCR4.3 PD/S-SCCs (six and ten tumors, respectively) in syngeneic immunocompetent mice (B). C,
Growth kinetics (means + SE of tumor size, mm®) of control and AMD3100 treated PD/S-SCCs (seven
tumors per group) growing in immunocompetent mice. D, Metastatic lesions (indicated by black arrows)
in the lungs of immunodeficient mice carrying sh-control, sh-CXCR4.3, and sh-CXCR7.1 PD/S-SCCs.
Scale bar, 200 um. E, Mean of metastatic foci (+ SE) per lung section (categorized by size, mm?) in mice
with the indicated PD/S-SCC types (5—6 mice per group), as determined in D. F, Representative images of
the immunodetection of CD31* vessels in sh-control, sh-CXCR4.3, and sh-CXCR7.1 PD/S-SCCs. Scale
bar, 40 um. G, Mean frequency (+ SE; 3-4 tumor samples per group) of CD31* vessels per tumor section,
as determined in F. H, Metastatic lesions (indicated by black arrows) in the lungs of immunocompetent
mice carrying the sh-control and sh-CXCR4.3 PD/S-SCCs. Scale bar, 200 um. I, Mean of metastatic foci
(x SE) per lung section (categorized by size, mm?) in mice with the indicated PD/S-SCC types and
treatments (six mice per group). *, significant differences between the compared groups (t-test; P < 0.05).
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Furthermore, immunodeficient mice carrying sh-CXCR4 PD/S-SCCs developed significantly
less metastatic foci in the lungs than mice carrying sh-control tumors (Fig. 3D, E), in the absence
of alterations in the tumor angiogenesis, as indicated by the unaltered frequency of CD31" vessels
(Fig. 3F, G) and the conserved expression of Vegfr2, a marker of endothelial cells (Supplementary
Fig. 3J). Despite the number of metastases generated from CXCR7-interfered PD/S-SCCs was
lower than from sh-control tumors, this difference was not significant (Fig. 3D, E) and could be

associated with the downregulation of Cxcr4 expression induced by CXCR7 knockdown.

Similarly, CXCR4 abrogation in L-CSCs and CXCR4 pharmacological inhibition by AMD3100
treatment significantly reduced lung metastasis development in immunocompetent mice (Fig. 3H,
I). Taken together, these results indicate that CXCR4 inhibition blocks distant metastasis of PD/S-

SCCs, independently of the immune status of mice.

SDF-1 abrogation in L-CSCs inhibits distant metastasis

To determine the impact of Sdfl upregulation in L-CSCs on PD/S-SCC growth and metastasis,
we engrafted sh-control and sh-SDF-1 PD/S cells in immunodeficient mice. Tumor latency and
growth kinetics were similar in sh-control and sh-SDF-1 PD/S-SCCs (Fig. 4A; Supplementary
Fig. 4A), even though the interference of the chemokine expression in tumor cells was maintained
during tumor growth (Supplementary Fig. 4B). Furthermore, a reduction in the percentage of a6-
integrin”CD34*/CXCR4" CSCs, but not of a6-integrin’/CD34*/CXCR7* CSCs, was observed in
sh-SDF-1 tumors, compared with sh-control tumors (Fig. 4B; Supplementary Fig. 4C and 4D), in
accordance with the downregulated expression of Cxcr4 observed in sh-SDF-1-interfered PD/S

cells (Supplementary Fig. 2G).

SDF-1 abrogation dramatically reduced the development of lung metastasis from PD/S-SCCs
(Fig. 4C, D; Supplementary Fig. 4E). As stroma-derived SDF-1 promotes the recruitment of
endothelial cells at tumors [39], SDF-1 interference in tumor cells might also alter tumor
angiogenesis, blocking metastasis. However, a similar density of CD31" vessels and Vegfr2
expression were observed in control and SDF-1-interfered tumors (Fig. 4E-G). Metastasis
blockage was not related to the attenuation of the EMT program, as the expression of EMT-
inducer transcription factors (Supplementary Fig. 4F) and the repressed expression of Cdhl (E-
Cadherin) (data not shown) was not altered in sh-SDF-1 tumor cells. No changes in the expression
of SDF-1 were detected in the fibroblasts isolated from sh-SDF-1 PD/S-SCCs, as compared with
the control tumors (Fig. 4H). These results suggest that a paracrine activation of SDF-1 signaling
or the activation of other stroma-induced signaling pathways can support tumor cell proliferation,

but not distant metastasis.
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Fig. 4. Inhibition of autocrine SDF-1 signaling in L-CSCs blocks metastasis development. A, Growth
kinetics (mean + SE of tumor size, mm?®) of SDF-1 expressing (sh-control) or SDF-1 knocked-down (sh-SDF-
1.1) PD/S-SCCs (eleven tumors per group). B, Mean percentage (x SE) of CXCR4- or CXCR7-expressing a6-
integrin*/CD34" CSCs in the indicated tumor (7-9 samples per tumor group). C, Metastatic lesions (indicated by
black arrow) in lungs of immunodeficient mice carrying sh-control or sh-SDF-1.1 PD/S-SCCs. Scale bar, 200
um. D, Mean of metastatic foci (= SE) per lung section (categorized by size, mm?) in mice with the indicated
PD/S-SCC types (six mice per group), as determined in C. E, Mean frequency (+ SE; 4-6 samples per tumor
group) of CD31* vessels per tumor section in sh-control and sh-SDF-1.1 PD/S-SCCs. F, Representative images
of the immunodetection of CD31* vessels in the indicated tumors. Scale bar, 40 um. G, Mean level (+ SE) of
Vegfr2 mRNA, relative to Gapdh in the indicated tumors (4-6 samples per tumor group). H, Mean level (+ SE)
of Sdf1 mRNA in fibroblasts of sh-SDF-1 PD/S-SCCs, relative to that detected in fibroblasts of sh-control tumors.
*, significant differences between the compared groups (t-test; P < 0.05).

Taken together, these results indicate that abrogation of autocrine SDF-1 signaling reduces the
migration and invasion capacity of CSCs of PD/S-SCCs, blocking the development of metastasis

of these advanced tumors.
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Functional PDGFRa/SDF-1 signaling crosstalk promotes L-CSC invasion in mouse PD/S-
SCCs

PDGFRa signaling promotes L-CSC invasion and PD/S-SCC metastasis [11], so we tested
whether activation of this pathway regulates SDF-1 signaling in SCC CSCs. Flow cytometry
assays demonstrated that whereas the scarce population of CXCR4" WD cells did not express
PDGFRa, most PD/S cells, including CXCR4" PD/S cells, exhibited high levels of PDGFRo. (Fig.
5A, B). PDGFRa knockdown (Fig. 5C) significantly reduced Sdfl expression in PD/S cells, as
determined by quantitative reverse transcriptase PCR (RT-PCR) and enzyme-linked
immunosorbent assay (ELISA) assays (Fig. 5D, E). In turn, SDF-1 knockdown reduced the
expression of PDGFRa (Fig. 5F; Supplementary Fig. 5A and 5B), whereas the ectopic expression
of SDF-1 in PD/S cells (Supplementary Fig. 5C) further upregulated the expression of PDGFRa
(Fig. 5G, H), indicating that the activity of each of these signaling pathways modulates the activity
of the other. In order to determine whether PDGFRa-induced invasion of PD/S cells is mediated
by SDF-1 signaling, we compared the invasion capability of these cells under control conditions,
upon inhibition of PDGFRua signaling by treatment with imatinib, an inhibitor of PDGFR, and in

imatinib-treated SDF-1a-overexpressing PD/S cells.
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Fig. 5. PDGFRa-induced invasion in L-CSCs is mediated by SDF-1 signaling. A, Representative results of
the quantification by flow cytometry of the percentage of PDGFRa*/CXCR4" cells in WD and PD/S cells.
Percentage of each cell population is indicated. B, Mean percentage (+ SE; 3-5 different cell cultures per group
and lineage) of PDGFRa*/CXCR4* cells in the indicated cell cultures, as analyzed in A. C, Representative images
of PDGFRa expression in the indicated cells after transduction with sh-control and sh-PDGFRa lentivirus. D,
Mean mRNA levels (+ SE) of the indicated genes in sh-PDGFRa PD/S cells relative to sh-control PD/S cells of
OT7 and OT14 tumor lineages (three different samples per group). E, Quantification of SDF-1 concentration
(mean + SE) in the culture medium of the indicated PD/S cells by ELISA assays (three samples per group). F,
Representative images of PDGFRa expression in two independent samples of control and SDF-1-interfered PD/S
cells. G, Mean Pdgfra mRNA levels (+ SE) in SDF-1-overexpressing PD/S cells (SDF-1) relative to control cells
(transduced with empty vector). H, Representative images of PDGFRa expression in two independent samples
of control and SDF-1-overexpressing PD/S cells (OE SDF-1). I, Representative results of the invasion capability
(mean cell index £ SE) of control PD/S cells in the absence (control DMSO) or presence of imatinib (4 uM)
(control imatinib) and in imatinib-treated SDF-1-overexpressing PD/S (SDF-1 imatinib), as measured by x-
CELLingence real-time analysis. GAPDH was used as a protein-loading control in C, F and H. *, significant
differences between the compared groups (t-test; P < 0.05)

Our results demonstrated that whereas imatinib treatment significantly reduced the invasion of
PD/S cells, the ectopic expression of SDF-1 restored the invasion of imatinib-treated PD/S cells
(Fig. 51), indicating that PDGFRa-induced invasion is mediated by SDF-1 signaling in PD/S cells.
Therefore, these results demonstrated that PDGFRa and SDF-1 signaling crosstalk regulates the

invasion capability of L-CSCs and promotes metastasis development in advanced PD/S-SCCs.

PDGFR/SDF-1 signaling crosstalk in cancer cells promotes metastasis in human advanced
SCCs

Advanced and recurrent human PD/S-SCCs of skin induce the expression of PDGFRA/B,
similarly to mouse PD/S-SCCs [11]. To determine whether SDF1 expression is upregulated in
human PD/S-SCCs, we analyzed the expression of this chemokine in a subset of patient WD/
MD-SCCs (G2 grade tumors) and advanced SCCs (G3-G4 grade tumors) (Supplementary Table
1). We found that SDF1 and CXCR4 expression was induced in human skin SCCs at late stages
of progression, whereas the expression of CXCR7 was not significantly affected (Fig. 6A, C;
Supplementary Table 1). Furthermore, a high positive correlation was observed between SDF1
and PDGFRA or PDGFRB expression in this subset of patient tumors (Fig. 6B). SDF-1 was
mostly expressed by stromal cells of patient WD/MD-SCCs and was strongly induced in tumor
cells of advanced SCCs (Fig. 6D), in accordance with that observed in mouse SCCs (Fig. 1C). A
reduced population of tumor cells expressed CXCR4 in early tumors and this population was

expanded in the patient PD/S-SCCs (Supplementary Fig. 6A).
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Fig. 6. Functional crosstalk between PDGFR and SDF1/CXCR4 signaling in cancer cells of human
advanced SCCs. A, mRNA levels of the indicated genes relative to GAPDH (individual data and mean + SE) in
WD/MD-SCC and PD/S-SCC patient samples. P value (t-test) of the compared groups is indicated. B,
Correlation between SDF1 and PDGFRA or PDGFRB mRNA levels in the indicated patient samples, as
determined by Pearson’s test. P value is indicated. C, mRNA levels of CXCR4 and CXCR7 (individual data and
mean + SE) in the indicated patient samples. P value (t-test) of the compared groups is indicated. D,
Representative images of the immunodetection of SDF-1 in paraffin sections of WD/MD-SCCs and PD/S-SCCs
patient samples. Scale bar, 100 pm. E, Mean (£ SE) SDF1 mRNA levels relative to GAPDH, in primary culture
cells isolated from human WD/MD-SCC (hSCC24) and PD/S-SCC (hSCC11). F, Mean (+ SE) of SDF-1
concentration in the culture medium of the indicated cells, as determined by ELISA assays. G, Mean (+ SE)
MRNA levels of the indicated genes, relative to GAPDH, in primary culture of hSCC24 and hSCC11 cells. H,
Quantification of the indicated cell populations in hSCC24 and hSCCL11 cells by flow cytometry. Percentage of
a6-integrin/CXCR4" and a6-integrin®/CXCR7* cells is indicated in each panel. I, J, Mean (+ SE) of the
indicated mRNA in imatinib-treated (4 uM for 48 h) relative to those detected in untreated (control) hSCC11
PD/S cells (1), or in sh-SDF-1 relative to sh-control hSCC11 PD/S cells (J). *, significant differences between
the compared groups (t-test; P <0.05)
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To determine the relevance of SDF-1 signaling in human SCCs, we established primary cultures
of tumor cells from a patient WD/MD-SCC (hSCC24 cells) and from a patient PD/S-SCC
(hSCC11 cells). hSCC24 WD cells grew as adherent cells and exhibited a typical epithelial shape,
whereas hSCC11 PD/S cells grew forming spheres (Supplementary Fig. 6B). In accordance with
the conserved epithelial differentiation traits of patient WD/MD-SCCs [11], hSCC24 WD cells
expressed high levels of EpCAM and E-cadherin epithelial markers, whereas hSCC11 PD/S cells
lost the expression of these epithelial markers and upregulated the expression of EMT-inducer
transcription factors (Supplementary Fig. 6C and 6D). These observations indicate that the EMT
program was strongly induced in these human PD/S cells. hSCC11 PD/S cells induced the
expression and secretion of SDF-1 (Fig. 6E, F), as well as the CXCR4 expression, as compared
to hSCC24 WD cells (Fig. 6G). Furthermore, we observed an expansion of the o6-
integrin®/CXCR4" cell population in hSCC11 PD/S cells (Fig. 6H), consistent with that observed
by immunohistochemistry in patient samples. However, CXCR7 expression was significantly
downregulated in hSCC11 PD/S cells (Fig. 6G), in contrast to what was observed in mouse PD/S
cells and in other human cutaneous SCC cell lines [34]. In this regard, whereas 89% of hSCC24
WD cells expressed CXCR?7, this population of cells was strongly reduced in hSCC11 PD/S cells
(Fig. 6H). These findings suggest that CXCR7 expression in tumor cells may be dependent on
intrinsic features and/or the stage of progression of patient tumors. Therefore, these results

indicate that SDF-1/CXCR4 signaling is induced in tumor cells of advanced human SCCs.

In addition, a strong upregulation of PDGFRa and PDGFRf was detected in hSCC11 PD/S cells
(Fig. 6G; Supplementary Fig. 6E), indicating that tumor cells from human advanced SCCs induce
PDGFR signaling. Inhibition of PDGFR by imatinib treatment significantly reduced the
expression of SDF1 and in turn, SDF-1 knockdown reduced PDGFRA and PDGFRB expression
in hSCC11 PD/S cells (Fig. 61, J). Therefore, PDGFR signaling controls SDF-1 expression and
vice versa, establishing a functional crosstalk between PDGFR/SDF-1 signaling in tumor cells of

human advanced SCCs.

CXCR4 knockdown (Supplementary Fig. 6F-6H) or AMD3100 treatment blocked the
proliferation of hSCC11 PD/S cells upon basal conditions (Fig. 7A, B). Similarly, abrogation of
SDF-1 decreased hSCC11 cell proliferation (Fig. 7C). These findings indicate that an autocrine
activation of SDF-1/CXCR4 signaling promotes proliferation of human PD/S-SCCs cells. In
accordance with previous findings in mouse PD/S cells [11], no effect on hSCC11 cell
proliferation was observed upon PDGFR inhibition by imatinib treatment (Fig. 7D). However,
PDGFR and CXCR4 inhibition significantly reduced the invasion capability of hSCC11 PD/S
cells (Fig. 7E, F), indicating that activation of both signaling pathways promotes tumor cell

invasion in advanced SCCs.
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Fig. 7. Inhibition of PDGFR and SDF1/CXCR4 signaling pathways blocks distant metastasis in human
PD/S-SCCs. A, D, hSCC11 cell proliferation after the indicated treatments, as measured by MTT. Mean (+ SE)
of arbitrary units of fluorescence (a.u.f.) of treated cells relative to cells growing without SDF-1 or AMD3100
(A), or without PDGF or imatinib (D). B, C, Representative proliferation Kinetics (means + SE of a.u.f. relative
to day 0) of control (sh-control) and CXCR4 knocked-down (sh-CXCR4.6) hSCC11 cells (B), or of control and
SDF-1 interfered hSCC11 cells (sh-SDF-1) (C), as measured by MTT. E, F, Comparison of invasion capacity
(mean cell index = SE) of hSCC11 PD/S cells upon control or imatinib treatment (e), or after AMD3100 treatment
(5 ug/mL) (F) in x-CELLingence real-time analysis. G-I Growth kinetics (mean * SE of tumor size, mm®) of
tumors generated after engrafting in immunodeficient mice: G, hSCC11 cells, which were treated daily with
vehicle (control) or imatinib (nine tumors per group); H, sh-control and SDF-1 knocked down (sh-SDF-1)
hSCC11 cells (five tumors per group); and I, sh-control and CXCR4 knocked-down (sh-CXCR4.6) hSCC11 cells
(ten tumors per group). J-L, Mean of metastatic foci (+ SE) per lung section (categorized by size, mm?)
developed in: J, control and imatinib-treated mice (six mice per group); K, sh-control and sh-SDF-1 PD/S-SCCs
carrying mice (five mice per group); and I, sh-control and sh-CXCR4 PD/S-SCCs carrying mice (six mice per
group). *, significant differences between the compared groups (t-test; P < 0.05)
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To determine the impact of PDGFR/SDF-1 signaling in human PD/S-SCC growth and metastasis,
hSCC11 PD/S cells were engrafted in immunodeficient mice and when tumor growth was
detected, mice were treated with imatinib or AMD3100. In addition, sh-control, sh-CXCR4, and
sh-SDF-1 hSCC11 PD/S cells were engrafted in immunodeficient mice. We found that PDGFR
signaling inhibition, SDF-1 abrogation, or CXCR4 inhibition by RNA interference or AMD3100
treatment did not affect human PD/S-SCC growth (Fig. 7G-I; Supplementary Fig. 61). However,
inhibition of both PDGFR and SDF-1/CXCR4 signaling pathways significantly reduced the

number and size of metastatic lesions developed in the lungs (Fig. 7J-L; Supplementary Fig. 6J).

Together, these results indicate that, similarly to what is described here for mouse advanced
SCCs, PDGFR signaling promotes tumor cell invasion and metastasis in human advanced SCCs,

which is mediated by the activation of SDF-1 signaling.

DISCUSSION

High risk and metastatic skin SCCs are occasionally treated with radiotherapy or conventional
chemotherapy, but these treatments yield little clinical benefit [6]. Since long-term SCC growth
is sustained by CSCs [7, 40], it is important to determine mechanisms controlling the proliferation
and dissemination of this subset of tumor cells to block the aggressive growth and metastasis
associated with advanced SCCs. Although previous studies have demonstrated that SDF-1
signaling promotes tumor growth and metastasis in other cancer types [22-24], the relevance of
this signaling pathway in skin SCCs as well as the mechanisms regulating the pathway have been
unknown. Here, we demonstrate that PDGFR signaling induces SDF-1 expression and the
autocrine activation of SDF-1/CXCR4 signaling in cancer cells and L-CSCs, which promotes the

invasion capability of these cells and lung metastasis in mouse and human PD/S-SCCs.

SDF-1 is expressed by stromal fibroblasts in mouse WD-SCCs and PD/S-SCCs, and its
expression is significantly induced in CSCs of advanced SCCs. More than 50% of L-CSCs
express CXCRY7, whereas a subset of these cells expresses both CXCR4 and CXCRY7 receptors.
Therefore, SDF-1 signaling may be activated in these CXCR4/CXCR7-expressing CSCs not only
by paracrine mechanisms, through SDF-1 secreted by the stroma fibroblasts, but also by autocrine
mechanisms. We found that inhibition of SDF-1 and CXCR4 in L-CSCs blocks the in vitro
proliferation of these cells upon basal conditions, indicating that autocrine activation of SDF-1
signaling promotes L-CSCs proliferation/survival, as previously reported in glioblastoma CSCs
[23, 41]. CXCR4 knockdown in L-CSCs significantly reduced PD/S-SCC growth in
immunodeficient mice, but not upon a proficient immune system, suggesting that impact of

CXCR4 inhibition on tumor growth may be dependent of tumor microenvironment. In addition,
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abrogation of SDF-1 in L-CSCs had non-effect on in vivo tumor growth. One possible explanation
is that stroma-derived SDF-1 drives tumor growth through CXCR7 and/or the remaining CXCR4
receptors of L-CSCs in SDF-1-interfered tumors. Alternatively, under the strong reduction of
tumor cell-derived SDF-1, other cytokines or growth factors, produced by stromal cells, may act
promoting cancer cell proliferation/survival and the growth of SDF-1 interfered PD/S-SCCs.
Therefore, our results reveal a complex system of tumor growth regulation, implicating not only
autocrine and paracrine SDF-1 signaling in tumor cells, but also other pathways probably

activated by stroma-derived signals (Fig. 8).

It was proposed that constitutive expression of chemokines in metastasis target tissues is essential
for driving metastasis, as CXCR4-expressing cells can home to tissues secreting high levels of
SDF-1, such as lymph nodes, bone marrow, or lung [12]. Here, we demonstrated that SDF-1
knockdown or CXCR4 inhibition significantly reduced the in vitro invasion capability of L-CSCs
and dramatically reduced the development of lung metastasis, independently of the immune state
of mice. Therefore, autocrine SDF-1/CXCRA4 signaling is necessary to facilitate L-CSC migration
and invasion and to promote distant metastasis (Fig. 8). Accordingly, autocrine activation of the
SDF-1 pathway was reported in various aggressive tumor types with enhanced distant metastasis
capability [42, 43]. In addition, ectopic expression of CXCR4 in low metastatic HNSCC cells
enables these cells to metastasize to regional lymph nodes, but not to the distant organs [44],
whereas the ectopic overexpression of SDF-1 in CXCR4" HNSCC and breast cancer cells
enhanced in vitro cell motility and metastasis in lung [45, 46]. The autocrine activation of SDF-
1 signaling described here could be essential for maintaining CXCR4 expression in L-CSCs,
although in this scenario the directional homing of these migrating cells to SDF-1-expressing
tissues may be disrupted. Furthermore, as SDF-1/CXCR4 signaling induces tumor cell survival
(reviewed in [47]), autocrine activation of this signaling may promote migrating cell survival

during dissemination or sustain the proliferation of these cells at the distant tissues.

Previous reports described a functional crosstalk between PDGFR and CXCR4 signaling, as
activation of PDGFR signaling promotes stability and phosphorylation of CXCR4 in
medulloblastoma cells, inducing SDF-1/CXCR4 signaling [48, 49]. We found that PDGFRa
signaling induces SDF-1 expression, which in turn regulates the expression of PDGFRa. It is
important to highlight that normal keratinocytes and E-CSCs express PDGF ligands, but not
PDGFR or SDF-1, which are restricted to stroma cells [36, 50, 51]. In contrast, L-CSCs acquire
the expression of PDGFRa, allowing not only the autocrine activation of this pathway [11], but
also the expression of SDF-1 and the activation of SDF-1/CXCR4 signaling, which promote L-
CSC invasion and metastasis. Furthermore, we observed that L-CSC invasion blockage induced

by imatinib was overridden by the ectopic expression of SDF-1, indicating that SDF-1 mediates
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PDGFRa-induced invasion and metastasis. Although inhibition of PDGFRa reduces Sdfl
expression, no significant alterations in tumor cell proliferation or tumor growth were observed
following pharmacological or genetic inhibition of PDGFRa in PD/S-SCCs [11], in agreement
with that described after SDF-1 knocking-down. Therefore, we suggest that other factors or

pathways support tumor growth, but not metastasis, in the absence of PDGFRo/SDF-1 signaling
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Fig. 8. Impact of PDGFR/SDF-1 signaling crosstalk on PD/S-SCC growth and distant metastasis. Our
results indicate that autocrine PDGFRa signaling (orange arrow) induces the expression of SDF-1 (blue arrow)
and the autocrine activation of CXCR4/CXCRY7 signaling in L-CSCs (red arrows). Fibroblast and stroma-derived
SDF-1 can also activate this signaling pathway by a paracrine way (black arrows). Autocrine SDF-1/CXCR4
signaling promotes L-CSC invasion, promoting distant metastasis development. PD/S-SCCs growth may be
promoted by the activation of SDF-1/CXCR4 pathway through autocrine or paracrine mechanisms, but also by
alternative pathways, which can be activated by stroma-derived factors in response to PDGFR/SDF-1 signaling
inhibition. This model shows mouse SCC findings, but can be also applied in human advanced SCCs.

A similar functional crosstalk between PDGFR and SDF-1 was observed in human advanced
SCCs. Strong induction of PDGFRa/p, as well as SDF-1 and CXCR4, was detected in tumor cells
of patient PD/S-SCCs, and the inhibition of PDGFR signaling downregulated SDF-1 expression
and vice versa. An autocrine activation of SDF-1/CXCR4 signaling promoted the in vitro
proliferation and survival of these cells, although the inhibition of this signaling pathway did not
affect human PD/S-SCC growth, following a similar pattern to that here described in mouse PD/S-
SCCs growing in immunocompetent mice. However, the inhibition of PDGFR and SDF-
1/CXCR4 signaling in human PD/S cells significantly reduced the invasive capacity of these cells

and lung metastases development. Together, our results show that a functional crosstalk between
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PDGFR/SDF-1 is induced in tumor cells at late stages of mouse and human skin SCC progression,
in order to induce autocrine activation of SDF-1/CXCR4 signaling and to promote tumor cell
invasion and metastasis. Therefore, the inhibition of PDGFR or/and SDF-1/CXCR4 pathways by
currently available drugs, such as imatinib or AMD3100, may be a possible therapeutic strategy

for blocking metastasis development in patients with advanced human skin SCCs.
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Figure S1. Induction of SDF-1 and CXCR4 expression in tumor cells of PD/S-SCCs of immunodeficient
and immunocompetent mice. A and B, Representative images of the immunodetection of CXCR4 and CXCR7
in sections of mouse WD-SCCs and PD/S-SCCs that were developed in immunodeficient mice. Scale bar, 40
pum. C and D, mean (+ SE) mRNA levels of the indicated genes, relative to Gapdh, in WD-SCCs and PD/S-
SCCs, which were generated (C) spontaneously in the skin of K14-HPV16™* mice (four tumor samples per
group), and (D) after the engraftment of WD and PD/S cells of the indicated lineages in syngeneic
immunocompetent mice (four samples per tumor type and lineage). E, mean (+ SE) levels of Sdf1 mRNA, relative
to Gapdh, as quantified by qRT-PCR, in tumor cells (06-integrin*/CD45/CD31" cells), immune cells (o6-
integrin-/EpCAM-/CD45*/CD31" cells) and fibroblasts (a6-integrin-/EpCAM/CD45/CD31" cells) isolated from
WD-SCCs and PD/S-SCCs developed in immunocompetent mice (2-3 samples per group) by FACS-sorter. F,
mean percentage (= SE) of a6-integrin*/CXCR4* and a6-integrin*/CXCR7* cells in the indicated tumors (four
tumor samples per group), as quantified by flow cytometry (G). G, representative results of the quantification by
flow cytometry of the percentage of a6-integrin/CXCR4* and a6-integrin*/CXCR7* cells (indicated in each
panel) in WD-SCCs and PD/S-SCCs developed in immunocompetent mice. H, mean percentage (+ SE) of the
indicated cell populations in OT14 WD-SCCs and PD/S-SCCs developed in immunocompetent mice (four tumor
samples per group). *, significant differences between the compared groups (t-test; P <0.05)
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Figure S2. SDF-1 abrogation and inhibition of CXCR4 reduces the proliferation/survival of L-CSCs. A-
C, quantification by flow cytometry of the percentage of indicated cell populations in tumor cells isolated from
PD/S-SCCs (PD/S cells; three independent cell cultures) and maintained in culture, which are enriched in a6-
integrin*/CD34* CSCs. D, cell proliferation upon SDF-1o and/or AMD3100 treatment, as measured by MTT.
Mean (z SE) arbitrary units of fluorescence (a.u.f.) in treated cells relative to cells growing in basal conditions.
E, quantification by ELISA assays of the SDF-1 concentration in the culture medium of PD/S cells transduced
with sh-control or the indicated sh-SDF-1 lentivirus constructions (two samples per group). F, representative
proliferation Kinetics (mean + SE of a.u.f. relative to day 0) of PD/S cells transduced with sh-control and sh-
SDF1.1 construct, as measured by MTT. G, mRNA levels (mean + SE; two samples of cell cultures per lineage)
of the indicated genes in sh-SDF-1 PD/S cells, relative to control (sh-control) cells. *, significant differences
between the compared groups (t-test; P <0.05).



Resultados. Articulo 3

Bernat-Peguera et al._Supplementary Fig. 3

A OT14PD/S cells B OTT7 PDIS cells OT14PD/S cells
15 5 Cxcr4 Cxcr? ’
g O g5 5] & &S & & &
Z o012 &g g & o o & of o
£ E s g
° 009 2 Ly ; - =
g °% g ® : il N |
3 o0s % 3 15 i - E = 1 =
Yy —‘ [ ° 40 S * % * * * * *
= = = %*
£ 003 5 S01 4
T s 5 * G
o - m c ‘ 2 msh-CXCR4.3 *
sh-control 1 2 3 sh-control 1 2 3 4 u-001 ©sh-CXCR7-1
sh-CXCR4 sh-CXCR7 :
c D OT14PD/S-SCC E
OT7PD/S cells ab-integrin* cells OT14PD/S-SCCs
7 +— sh-control 120 7 msh-control 120 1 g sh-control
6 sh-CXCRT7.1 100 - msh-CXCR4.3 100 - msh-CXCR4.3
£ 5 51 —e—sh-CXCR4.3 so | ®sh-CXCR71 & @ sh-CXCR7.1
SE 2 = 3 i
g3 g 5 5
'Y 3 5 2
&= 2
32} '/J//: ) ©
O~ 1 [ 20
0 ! v ! g e L
0 1 2 4 5 CXCR4* cells CXCRT7* cells wB-int*/CD34*/CXCR4* ab-int*/C D34'/CXCR7'
Time (days)
E 1 Immunocompetent mice
OT14 PD/S-SCCs: ab-integrin* cells OT14PD/S cells
18 -
sh-control sh-CXCR4.3 sh-CXCR7.1 B ®sh-control
wf Jar @ | 1o 10 £ 157 msh-CXCR4.3
o 0,073 128 o, P ? 1
= 10* 4 10 512
Fé 10’ 4 w03 f 09 l
Q 2 2 2 * T
= 0" Lo I s 06 - -
o a4 &=
o' 4 10 2 034
: I
o+ : !
Cxcr4  Sdft  Cxer7
J OT14PD/S-SCCs
< s Vegfr2
z
& =
e k-]
o K]
o T
Qo o7 2
1786 2
! IID3 5 :D"' 3 E
o T 1
BHSEARS control CXCR4.3 CXCR7.1
sh-RNA
G

0OT14 PD/S-SCCs—- phospho H3(Ser10)

it i

Figure S3. Abrogation of CXCR4 in L-CSCs reduces the growth of PD/S-SCC developed in
immunodeficient mice. A, Cxcr4 and Cxcr7 mRNA levels (mean + SE), relative to Gapdh in PD/S cells
transduced with sh-control or different CXCR4 and CXCR7 sh-RNA lentivirus constructions. B, mean mRNA
levels (+ SE; three samples of cell cultures per lineage) of the indicated genes in sh-CXCRR4.3 (transduced with
sh-RNA number 3) and sh-CXCR?7.1 (transduced with sh-RNA number 1) PD/S cells, relative to control (sh-
control) cells. C, representative proliferation kinetics (mean + SE of a.u.f. relative to day 0) of sh-control, sh-
CXCR4.3 and sh-CXCR7.1 PD/S cells, as measured by MTT. D and E, mean percentage (+ SE) of the indicated
cell populations in sh-control, sh-CXCR4.3 and sh-CXCR7.1 PD/S-SCCs (6-10 tumor samples per group), as
measured by flow cytometry. F, representative results of the quantification by flow cytometry of the percentage
of CXCR4- and CXCR7-expressing a6-integrin*/CD34* CSCs in the indicated PD/S-SCCs. G, mean percentage
of proliferating cells (x SE; 3-4 tumor samples per group), as determined in (H). H, representative images of the
immunodetection of phosphorylated H3 (Serl10) in the indicated PD/S-SCCs developed in immunodeficient
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mice. Scale bar, 20 um. I, mean (£ SE) mRNA levels of the indicated genes in tumor cells isolated from sh-
CXCR4 PD/S-SCCs relative to cells isolated from sh-control tumors generated in immunocompetent (3-4
samples per group). J, mean (+ SE) of Vegfr2 mRNA levels, relative to Gapdh in the indicated PD/S-SCCs (six
tumor samples per group). *, significant differences between the compared groups (t-test; P < 0.05).
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growth. A, growth Kinetics (mean = Sk of tumor size, mm?®) ot control (sh-control) and SDF-1 knocked-down
(sh-SDF-1.1) PD/S-SCCs (eleven tumors per group). B, mean (£ SE) Sdf1 mRNA levels in tumor cells isolated
from sh-SDF-1.1 PD/S-SCCs, relative to sh-control tumor cells (four tumor cell populations per group). C and
D, representative results of the quantification by flow cytometry of the indicated cell populations in sh-control
and sh-SDF-1.1 PD/S-SCCs. E, mean frequency of metastatic foci per lung section (x SE, categorized by size,
mm?) in mice carrying SDF-1 expressing (sh-control) and SDF-1 knocked-down (sh-SDF-1.1) tumors (six mice
per group). F, mean (x SE) mRNA levels of the indicated genes in tumor cells isolated from sh-SDF-1.1 PD/S-
SCCs, relative to sh-control tumor cells (four tumor cell samples per group). *, significant differences between
the compared groups (t-test; P <0.05).
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Figure S5. SDF-1 abrogation induces a down-regulation of PDGFRa expression. A, mean (+ SE)
Pdgfra mRNA levels in sh-SDF-1.1 PD/S cells relative to sh-control cells, as measured by qRT-PCR. B,
PDGFRo expression in control and SDF-1-interfered PD/S cells. GAPDH was used as a protein-loading
control. C, quantification by ELISA assays of SDF-1 concentration (mean + SE) in the culture medium of
two independent populations of control or SDF-1 overexpressing PD/S cells. *, significant differences
between the compared groups (t-test; P < 0.05)
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Figure S6. Inhibition of CXCR4 blocks distant metastasis in human advanced SCCs. A, Representative
images of the immunodetection of CXCR4 in patient samples of WD/MD-SCCs and PD/S-SCCs. Scale bar, 60
um. B, tumor cells isolated from a patient WD-SCC (hSCC24 cells) grow in vitro as adherent cells, exhibiting a
typical epithelial morphology, whereas tumor cells isolated from a PD/S-SCC (hSCC11 cells) grow in
suspension, forming spheres. C, quantification by flow cytometry of the percentage of tumor cells expressing
a6-integrin and EpCAM epithelial markers in the indicated cell cultures. D, mean (£ SE) levels of mRNA of
CDH1, Vimentin and EMT-inducer transcription factors, relative to GAPDH in the indicated cell cultures. E,
representative images of the PDGFRa and PDGFR expression in tumor cells from human WD-SCCs and PD/S-
SCCs. GAPDH was used as a protein-loading control. F, mean (x SE) levels of CXCR4 mRNA in hSCC11 PD/S
cells transduced with different CXCR4 sh-RNA lentivirus constructions relative to sh-control cells, as measured
by gqRT-PCR (one sample per group). G, representative results of the quantification by flow cytometry of a6-
integrin*/CXCR4* cells in control (sh-control) and in the indicated CXCR4 knocked-down (sh-CXCR4) hSCC11
cells. H, mean percentage (= SE) of a6-integrin*/CXCR4* cells in control (sh-control) and CXCR4 knocked-
down (sh-CXCR4.6) PD/S-SCCs (seven tumor samples per group), as quantified by flow cytometry. I, growth
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kinetics (mean * SE of tumor size, mm?®) of tumors generated after hNSCC11 cell engrafting in immunodeficient
mice, which were treated with vehicle solution (control) and AMD3100 (seven tumors per group). P value (t-
test) of the compared groups is indicated. J, mean of metastatic foci (+ SE) per lung section (categorized by size,
mm?) developed in control and AMD3100-treated mice (six mice per group). *, significant differences between
the compared groups (t-test; P <0.05).

% of indicated tumor region in overall MRNA/GAPDH
sample*
Classification % PD-SCC/

Sample IGrade % MD-SCC % spindle SCC SDF1 | CXCR4
T1 PD-SCC/G3 0% 95% / 5% 163.5 | 59.9
T2 PD-SCC/G3 0% 40% / 60% 62.7 | 184.2
T5 PD-SCC/ G3 55% 45% / 0% 24.1 84.1
T6 MD-SCC/ G2 100% 0% / 0% 16.7 24.9
T9 MD-SCC/ G2 60% 0% / 0% 16.4 9.8
T10 PD-SCC/G3 55% 40% / 0% 0.97 4.6
T16 PD-SCC /G4 0% 0% / 100% 6.6 102.3
T23 MD-SCC/ G2 90% 0% / 0% 8.2 13.3
T24 WD-SCC /G1 0% 0% / 0% 7.6 4.5
T26 PD-SCC/G3 0% 100% / 0% 51.8 93.4
T30 PD-SCC/G3 60% 40% / 0% n.d. 30.3
T34 MD-SCC/ G2 30% 0% / 0% 22.9 n.d.
T39 MD-SCC/ G2 100% 0% / 0% 6.2 9.2
T40 MD/PS-SCC G2 30% 0% / 0% 12.9 6.3
T41 WD/MD-SCC / G2 50% 10% / 0% 0.5 5.3
T42 PD-SCC /G4 0% 0% / 100% n.d. 44.7
T44 PD-SCC/G3 0% 100% / 0% 62.7 16.5
T45 MD-SCC/ G2 85% 15% /0% 24.1 319
T46 MD-SCC/ G2 100% 0% / 0% 16.7 23.9
T47 MD-SCC/ G2 100% 0% / 0% 22.8 28.5
T48 PD-SCC/G3 55% 40%/ 0% 19.8 16.9
T49 PD-SCC /G4 0% 0% / 100% 33.8 42.0
T51 MD-SCC/ G2 70% 0% / 0% 4.6 21.4
T52 | MD/PD-SCC G2/G3 70% 30% / 0% n.d. 17.6
T53 MD-SCC/ G2 75% 5% / 0% 6.6 8.1
T54 MD-SCC/ G2 90% 10% / 0% 6.2 7.0
T55 MD-SCC/ G2 95% 5% / 0% 47.6 10.5
T56 PD-SCC/ G3 (M) 0% 100% / 0% 28.0 24.2

Supplementary Table 1. Features of patient skin SCC samples. (*) Human skin SCCs frequently show intra-
tumoral heterogeneity. The histopathological grade of different regions and the percentage represented by each
region in the overall sample of each tumor were determined by a pathologist. (M) Metastasis, n.d., no data.
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Antibody Dilution | Source | Catalog number
Primary antibodies
anti-CD34-eFluor 660 1/100 eBioscience 50-0341-82
a6-integrin(CD49f)-PE 1/50 BD Bioscience 555736
a6-integrin(CD49f)-FITC 1/20 BD Bioscience 555735
anti-CXCR4-APC 1/50 Milteny Biotec 130-102-913
anti-CXCR4-VIO 615 1/100 Milteny Biotec 130-107-610
anti-CXCR7-PE 1/75 BioLegend 331104
anti-EpCAM-FITC 1/350 Milteny Biotec 130-098-113
anti-CD45-PE 1/200 BD Bioscience 50-0451-U100
anti-CD31 (IF) 1/200 BD Bioscience 550274
anti-CD31 (FACS) 1/100 BD Bioscience 550274
anti-phosphorylated H3 1/200 Cell Signaling 9706S
(Ser10)
anti-CXCR4 1/100 Sigma C8352
anti-CXCR7 1/100 Acris AP17961PU-N
anti-SDF-1 1/100 R&D Systems MAB350
anti-PDGFRa 1/500 R&D Systems AF-307-SP
anti-PDGFRf 1/1000 Santa Cruz sc-374573
Biotec
anti-GAPDH-HRP 1/6000 Cell Signaling 3683S
Secondary antibodies
Dynabeads anti-rat 1/50 Invitrogen 11035
anti-rabbit-Alexa 488 1/400 ThermoFisher A27034
anti-rat-Alexa 488 1/400 ThermoFisher A11006
anti-rabbit-Alexa 568 1/600 ThermoFisher A10042
anti-mouse EnVision-HRP | Ready-to-use DAKO K4063
anti-rabbit-HRP 1/1000 DAKO P0448

Supplementary Table 2. Antibodies used in flow cytometry, immunohistochemistry, immunoflorescence and
western blot analysis
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Gene | Forward (5’ - 3") | Reverse (5" - 3)

MOUSE
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTC
Ppia GTTCATGCCTTCTTTCACCTTCCC CAAATGCTGGACCAAACACAA

ACG

Pdgfra CAGTCCACCCGTGTGCT GAAAATTCAACAGCAGCTGGT
Sdfl GGCGTCTGACTCACACCTCT AGTGTGCATTGACCCGAAAT
Cxcrd CCATGGAACCGATCAGTGTG TTTTCATCCCGGAAGCAGG
Cxer? CTGTCAGCTGGAGAATGTGC TGCGGTTGATGAAGCTGTAG
Snail CTTGTGTCTGCACGACCTGT AGTGGGAGCAGGAGAATGG
Twist AGCTACGCCTTCTCCGTCT TCCTTCTCTGGAAACAATGACA
Vimentin AGAGAGAGGAAGCCGAAAGC TCCACTTTCCGTTCAAGGTC
Vegfr2 ACGGGAGACGTCCTTCATAA GTGCCGACGAGGATAATGAC

HUMAN
GAPDH CAAGATCATCAGCAATGCCT AGGGATGATGTTCTGGAGAG
HPRT TGACACTGGCAAAACAATG GGTCCTTTTCACCAGCAAG
GUSB CTCATTTGGAATTTTGCCGATT CCGAGTGAAGATCCCCTTTTTA
PDGFRA GTCTGGAGCGTTTGGGAAGGT GATCTGGCCGTGGGTTTTAGC
PDGFRB GGACATACCCCCGCAAAGAA CTAACTCGGCACTGGGGATGT
SDF1 TGTGCCCTTCAGATTGTAGCC TCGAGTGGGTCTAGCGGAAA
CXCR4 GCAAGGCAGTCCATGTCATC TTGGCCTCTGACTGTTGGTG
CXCR7 ACATGCCCAACAAAAGCGTC ACCACGGAGTTGGCAATCAT
CDH1 CAGAATTGCTCACATTTCC GGATTTGATCTGAACCAGGT
VIMENTIN GGCTCAGATTCAGGAACAGC GCTTCAACGGCAAAGTTCTC
TWIST GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG
ZEB1 TTTGGCTGGATCACTTTCAAG GCCAATAAGCAAACGATTCTG
ZEB2 TGTAGATGGTCCAGAAGAAATG CCATTGTTAATTGCGGTCT

Supplementary Table 3. Primers used in gqRT-PCR
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SUPPLEMENTARY MATERIALS AND METHODS
Isolation of SCC cells

Excised mouse tumors and fresh human skin SCC samples were minced and incubated with
collagenase 1 (60 U/ml; Sigma) and dispase (0.7 U/ml; Gibco) overnight at 37 °C. Cell
suspensions were filtered and depleted of red blood cells using ACK lysis buffer (Lonza). For
endothelial cell depletion, mouse cell suspensions were incubated with anti-CD31 antibody for
30 min at 4 °C, and then with Dynabeads® anti-rat for 30 min at 4 °C. Isolated tumor cells were

then plated and cultured as described in Methods.

Flow cytometry analysis and sorting

For flow cytometry analysis and sorting, isolated human and mouse tumor cells in blocking buffer
(5% FBS in PBS) were incubated with anti-CD34-eFluor 660, PE-labeled a6-integrin (CD49f)
antibody or FITC-labeled a6-integrin (CD49f) antibody, anti-CXCR4-APC or anti-CXCR4-VIO
615, anti-CXCR7-PE and anti-EpCAM-FITC antibody for 30 min at 4 °C (Supplementary Table
2). In addition, isolated tumor cells were incubated for 30 min at 4 °C with anti-CD45-PE
antibody, to exclude immune cells in flow cytometry assays or to isolate CD45" immune cells by
FACS-sorter. Cells were then washed with 0.5% BSA, 2 mM EDTA in PBS, and resuspended in
analysis buffer (2% FBS, 2 mM EDTA in PBS). Live cells excluded DAPI (Sigma) staining.

FACS-sorting and analysis were carried out with BD Bioscience Aria and Fusion Il equipment.

Cell proliferation assays and treatments

To analyze cell proliferation, PD/S cells were plated (2 x 10° mouse cells and 4 x 10% human cells
per well) in six replicates on 96-well plates in basic medium, with a previous withdrawal of
puromycin for 48 h in the case of transduced cells. To evaluate the effect of AMD3100, 4 x 10°
mouse and human cells were seeded as described above. Then, fresh basic medium without or
with AMD3100 (1 pg/mL and 5 pg/mL; Chemscene LLC) or with murine or human SDF-1a (150
ng/mL; PeproTech) was added. To evaluate the effect of imatinib on human hSCC11 cells, 4 x
10° cells were seeded per well in six replicates on 96-well plates in basic medium. Then, fresh
basic medium without or with imatinib (LC Laboratories) and without or with PDGF-AA (30
ng/ml), PDGF-BB (30 ng/ml) or PDGF-CC (100 ng/ml) was added. In these assays, fresh medium
with factors and/or inhibitors was added every 3 days. Each assay was carried out 2-3 times. Cell
proliferation/survival were measured by calculating the mean (x SE) absorbance at 560 nm after
6 days of treatment by using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay.
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Lentiviral and retroviral cell transductions

To knock down mouse CXCR4, CXCR7, SDF-1 and PDGFRa. and human CXCR4 and SDF-1
expression, different sShRNA lentivirus vectors (from Dharmacon for mouse and Sigma for
human) were tested. To perform the in vitro and in vivo experiments the most interfering ShRNA
was used. For SDF1 overexpression, PD/S cells were transduced with pBabe SDF-1a. retroviral
vector (Addgene) or empty pBabe vector. To carry out cell transduction, lentivirus and retrovirus
particles were produced in 293T cells using standard protocols. PD/S cells growing as spheres,
were disaggregated by Accutase Solution (Sigma) for 10 min and 1 x 10° cells were incubated

with 293T medium containing lentivirus particles, following standard infection protocols.

Histology, immunohistochemistry and immunoblotting assays

Tumors and lungs were fixed in 4% formaldehyde overnight at 4 °C, paraffin-embedded and
sectioned at 4 um. For histopathological analysis and to quantify metastasis foci, tumor and lung
sections were stained with hematoxylin and eosin, as previously described (1). For CXCR4, SDF-
1 and phosphorylated H3 immunodetection, tumor paraffin-embedded sections were used and
antigens were previously retrieved in 10 mM sodium citrate (pH 6.0). For CD31 and CXCR7
immunofluorescent staining, tumor cryosections were used. Tumor sections (3-4 samples for
tumor group) were blocked with 5% horse serum or 5% BSA in PBS for 1 h at room temperature.
The primary antibodies used were anti-phosphorylated H3 (Ser10), anti-CD31, anti-CXCR4, anti-
CXCRY7 or anti-SDF-1 antibodies (Supplementary Table 2). Tumor sections were then incubated
with anti-rabbit or anti-rat Alexa-488 or Alexa-568 secondary antibodies for 1h at room
temperature (Supplementary Table 2). Nuclei were stained with 4’6’-diamidino-2-phenylindole
(DAPI). For SDF-1 immunodetection sections were incubated with secondary anti-mouse
EnVision antibody followed by the DAB developing system (Dako). Samples were
counterstained with hematoxylin and visualized under light microscopy. Nikon Eclipse 80i, Leica

DM6000B, Leica TCS SP5 confocal, and Zeiss Apotome microscopes were used.

For western blot analysis, whole-cell extracts from tumor and culture cells were prepared in lysis
buffer, containing 50 mM Tris pH 8, 5 mM EDTA, 350 mM NaCl, 0.5% NP-40, 10% glycerol, 1
mM phenylmethanesulfonylfluoride (PMSF), 2 mM NaF, 0.1 mM Na3VvO4, 1 mM DTT,
PhosSTOP (Roche), Complete (Roche), 0.1% SDS (Invitrogen) and 1% Triton X-100 (Thermo
Scientific), as previously described (2). After transfer, proteins were incubated overnight with the
antibodies anti-PDGFRa; anti-PDGFRP and anti-GAPDH-HRP (Supplementary Table 2).
Antibody binding was detected with a secondary antibody coupled to horseradish peroxidase

using enhanced chemiluminescence detection reagents (Amersham).
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Reverse transcription and quantitative PCR

RNA samples were previously treated with DNAse (Sigma). Reverse-transcription reactions were
carried out with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Real-
time PCR reactions were performed (three replicates for each sample) on an Applied
QuantStudio5, using SYBR Green Mix (Applied Biosystems) and primers described in
Supplementary Table 3. Gapdh/GAPDH, Ppia, HPRT and GUSB were used to normalize the gene
expression for all human and mouse samples. mRNA levels were shown as relative to
Gapdh/GAPDH mRNA, or alternatively as fold change. In this case, mean of mRNA levels

relative to two or three housekeepings was calculated.

Statistical analysis

Statistical analysis was performed using Prism 5.0 Software (GraphPad software, San Diego,
CA). Normal distribution of data and similarity of variances between compared groups were
checked using the Shapiro-Wilk Normality test and F-Fisher test, respectively. Student’s t-test
(two-tailed) was used to determine the significance of differences between groups, as detailed in
legend figures. Data are presented as the means = SE. Scatter plot and Pearson coefficient were
to correlate the relative gene expression of CXCL12 and PDFGRA/B in patient samples. No
statistical methods were used to predetermine sample size in in vivo experiments, which was

estimated based on our previous experience and similar experiments reported in literature.
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Articulo 1: Las células madre del cancer (CSCs) actiian a través de distintas vias de

sefializacion para promover la progresion maligna hacia estadios avanzados.

Los estudios que dieron lugar a este articulo fueron realizados en colaboracion con otros
miembros del laboratorio. A continuacion, describiré resumidamente los resultados del trabajo,
para poner en contexto los estudios donde yo tuve una participacion mas relevante, que seran

discutidos en detalle en esta seccion.

La mayoria de los SCC de piel (cSCC) son tratados con éxito mediante escision quirdrgica. Sin
embargo, en el 5-8% de los casos se producen recurrencias, las cuales han sido asociadas con
tumores mas agresivos y con mayor capacidad metastasica. Los cSCC avanzados y de alto riesgo,
junto con los cSCC metastésicos y los de dificil o incompleta reseccion, son tratados con
radioterapia y quimioterapia. Desafortunadamente, estas terapias convencionales presentan una
gran toxicidad y tienen limitados beneficios clinicos (Franco et al., 2012). La baja supervivencia
de estos pacientes con ¢SCCs recurrentes y/o metastasicos, hace necesario encontrar nuevas
terapias para su tratamiento. Sin embargo, la escasa informacion sobre los mecanismos y vias de
sefializaciéon de promueven el crecimiento y metastasis de los ¢cSCCs, impide el desarrollo de

terapias dirigidas para tratar estos pacientes.

Los estudios previos realizados en nuestro laboratorio demostraron que durante la progresion del
cSCC de raton se produce una transicion de tumores con caracteristicas de diferenciacion epitelial
a tumores con un fenotipo mesenquimal, los cuales presentan un crecimiento mas agresivo y una
incrementada capacidad metastdsica. Los PD/S-SCCs con caracteristicas mesenquimales
presentan una expansion de la poblacion CSC y una fuerte induccion del programa de EMT,
comparados con los WD-SCCs. Ademas, de forma paralela se produce un cambio de los
mecanismos que regulan la actividad de las CSCs. Asi, las CSCs (E-CSCs) de los WD-SCCs
presentan una activacion de las vias de WNT/B-catenina y de EGFR. En estos tumores, la via de
sefializacion de EGFR esta activada de forma autocrina y controla la proliferacion y la
supervivencia de las E-CSCs. Contrariamente, esta via esta atenuada en la CSCs de los PD/S-
SCCs (L-CSCs), las cuales inducen de forma autocrina las vias de FGFR1 y PDGFRa. para
promover el crecimiento tumoral y la generacion de metastasis de los PD/S-SCCs,

respectivamente.

A partir de estos resultados, decidimos evaluar la expresion de estos receptores y sus ligandos en
una bateria de cSCCs de pacientes, que recapitulaban los diferentes estadios de progresion
tumoral. Fue en estos estudios donde mi contribucion fue mas relevante. Estos analisis mostraron
que los tumores méas avanzados y, especialmente aquellos que eran recurrentes, presentan una

expansion de las células tumorales que expresan CD44, un marcador de CSC en ¢cSCCs (Biddle
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et al., 2011; Geng et al., 2013), y una robusta induccion del programa de EMT, validando los

resultados obtenidos en los modelos de progresion de cSCCs de ratdn.

Es importante destacar que, a pesar de que el marcador CD44 permite identificar células
tumorales con caracteristicas CSCs en varios tipos de tumores, incluyendo el cSCC (Yan et al.,
2015), era importante demostrar que se producia un aumento de la frecuencia de las CSCs en los
tumores mas agresivos mediante ensayos funcionales, como serian los ensayos de dilucion limite
(ver articulo 2). En este sentido, se ha estimado que la frecuencia de CSCs en otros tumores
s6lidos humanos es inferior al 1% de las células tumorales (Ishizawa et al., 2010), siendo més alta
en los tumores pobremente diferenciados (o de mayor grado) que en los bien diferenciados o de
menor grado (Pece et al., 2010; Roudi et al., 2014; Lathia et al., 2015). Aunque la frecuencia
puede parecer muy baja, las consecuencias derivadas de su actividad son dramaéticas,
principalmente por su alta capacidad de diseminar y generar metastasis (Zeuner et al., 2014) y por
su capacidad de resistir a las terapias convencionales (Creighton et al., 2009; Sprenger et al.,
2013), lo que promueve finalmente la progresion de la enfermedad. Por lo tanto, el estudio de los
mecanismos que regulan la proliferacion y la metéstasis de las células tumorales, y
particularmente de las CSCs, es esencial para disefiar terapias mas efectivas para el tratamiento

del cancer.

Nuestros resultados demostraron que, mientras que los WD/MD-SCCs de pacientes presentaban
una fuerte la expresion de B-catenina, asi como de EGFR y de algunos de sus ligandos, la
expresion de estas proteinas disminuia en las muestras de pacientes de cSCCs avanzados y
recurrentes, de forma similar a lo observado en los PD/S-SCCs de raton. Estos tumores avanzados
presentaban ademas una induccion de la expresion de PDGFRA/B, PDGF-CC, FGFR1y FGF2,
comparado con los WD/PD-SCCs. Estos resultados demuestran que los cambios en las vias de
regulacion de las CSCs previamente descritos durante la progresion de los tumores murinos,
también se producen en los cSCCs avanzados de pacientes que muestran caracteristicas
mesenguimales. Estas observaciones estarian de acuerdo con estudios previos que mostraron que
las vias de sefializacion de WNT/B-catenina, TGF-f y VEGF regulan la funcion de las CSCs de
los SCCs de piel murinos en etapas tempranas de la progresion, promoviendo el crecimiento
tumoral (Beck et al., 2011; Schober & Fuchs, 2011), asi como la implicacién de la via de EGFR
induciendo la proliferacion de las células tumorales de los cSCCs de raton (Zhang et al., 2014).
Sin embargo, poco se conocia sobre las vias de sefializacion que controlan la proliferacion y
supervivencia de las células tumorales de los cSCC humanos.

En este sentido, estudios basados en la deteccibn de EGFR mediante ensayos de
inmunohistoquimica, entre otros, han observado que mas del 50% de los cSCC avanzados y/o

metastasicos presentan una sobrexpresion de EGFR (Maubec et al., 2005; Cafiueto et al., 2017).
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Sin embargo, en estos trabajos no estan representados todos los estadios de la progresion del
cSCC. Aqui, demostramos que la expresion de genes implicados en esta via, como EGFR y alguno
de sus ligandos esta inducida en los WD/PD-SCCs y disminuye en los cSCC mas avanzados
(PD/S-SCCs). En este sentido, nuestros hallazgos indican que la via de EGFR podria desempefiar

un papel importante promoviendo el crecimiento tumoral en un grupo de cSCCs de pacientes.

Por otra parte, se ha descrito que la activacion autocrina de la via FGFR1-FGF2 controla la
proliferacion de las células tumorales de HNSCC (Becker & Wang, 1997; Marshall et al., 2011),
y la expresion de FGFR1 en PDXs de HNSCC se ha asociado a sensibilidad a NVP-BGJ398, un
inhibidor de FGFR (Goke et al., 2015). Sin embargo, la expresion de FGFR1, junto con la de
FGFR2 y 3, parece tener un papel relevante en HNSCC de estadios tempranos de la progresion.
(Vairaktaris et al., 2006; Freier et al., 2007). Contrariamente, en tumores de prostata avanzados
se ha observado una aumento de la expresién de FGFR1 y una pérdida de FGFR2 respecto a los
tumores de estadios tempranos (Acevedo et al., 2009), de acuerdo con nuestros resultados en
cSCC de raton. Ademas, en un modelo de ratdn de cancer de prdstata, la induccidn ectopica de
FGFR1 conduce al desarrollo de tumores fusocelulares y sarcomatoides a través de la induccién
del programa EMT, y la via de FGFR1 regula la proliferacién de las células tumorales y promueve

el crecimiento tumoral (Acevedo et al., 2007).

Asi, la induccidn de la expresion de FGFR1b, FGFR1c y FGF2 observada en los PD/S-SCCs
podria conducir a la activacion de esta via y promover el crecimiento de los cSCCs avanzados de
los pacientes. Los CAFs expresan FGFRs y FGFs (Katoh, 2016) y se ha descrito que son sensibles
a inhibidores de esta via de sefializacion (Procopio et al., 2015). El aumento de expresion de
FGFRs en los tumores de los pacientes podria derivarse de cambios de expresion de estos
receptores en los CAFs. Sin embargo, la expresion de estos receptores no cambia
significativamente en los fibroblastos del estroma de ¢cSCCs murinos durante la progresion
tumoral (resultados no mostrados). Por lo tanto, nuestros resultados sugieren en este punto que la
induccion de FGFR1 y FGF2 en los cSCC avanzados podria deberse a un aumento de expresion

de estas proteinas en las células tumorales.

Ademés, es importante destacar que los queratinocitos de la piel y las células tumorales de los
WD-SCCs expresan PDGFs, pero no PDGFRs. La expresion de estos receptores esta restringida
a las células estromales (Ponten, et al., 1994; Akiyama, et al., 1996). Sin embargo, observamos
que la expresion de PDGFR se inducia de forma significativa en las L-CSCs, coincidiendo con la
adquisicion de caracteristicas mesenquimales, y esta via de sefializacion fue responsable de
promover la invasién de estas células y el desarrollo de metastasis. En este sentido, estudios
previos demostraron que las células de cancer de mamay colorrectal con EMT inducido activaban

la via de PDGFR, la cual jugaba un papel clave en la invasion de las células tumorales y la
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metastasis (Tam et al., 2013; Steller et al., 2015; Jansson et al., 2018). Estas observaciones, junto
con la induccion de la expresion de PDGFR y PDGFC en los PD/S-SCCs de pacientes, sugieren
que esta via de sefializacion podria estar también implicada en el desarrollo de metéstasis en los

PD/S-SCCs de pacientes, hipotesis que fue testada en el tercer articulo presentado en esta tesis.

Todas estas observaciones sugieren que las células tumorales pueden presentar una cierta
plasticidad a lo largo de la progresion, desactivando y activando dindmicamente diferentes vias
de sefializacion en funcion de los requerimientos autocrinos y/o dependencia del TME en cada
contexto tumoral, y adaptando asi, la maquinaria que controla el crecimiento tumoral y la
metastasis en cada estadio de la progresion. Ademas, estos estudios identifican una serie de
marcadores moleculares del grado de progresion del cSCCs, que podrian utilizarse como dianas
terapéuticas para bloguear de forma selectiva las vias de sefializacion que regulan el crecimiento
agresivo y la generacion de metastasis en cada estadio de la progresion de los ¢SCCs. Sin
embargo, en este punto, era necesario realizar mas ensayos para evaluar la relevancia de estas
vias de sefializacidon en el control del crecimiento tumoral y la metéastasis en los diferentes estadios

del cSCC de pacientes.

Articulo 2: La terapia dirigida contra EGFR bloquea el crecimiento de los carcinomas

cutaneos de tipo epitelial y la activacion de la via de FGFR induce resistencia a esta terapia.

Unos de los puntos clave para evaluar la relevancia de determinadas vias de sefializacion o
factores en el crecimiento tumoral, asi como su potencial como dianas terapéuticas, es disponer
de modelos experimentales in vivo que recapitulen las caracteristicas de los tumores de los
pacientes. La mayor parte de los estudios en SCCs de piel se han basado en modelos de ratones
transgénicos o modificados genéticamente (Lapouge et al., 2011; White et al., 2011), modelos de
raton de cSCCs inducidos mediante el tratamiento con DMBA/TPA (Huang & Balmain, 2014),
0 en modelos de progresion generados mediante el implante ortotopico seriado de cSCCs de ratdn
(da Silva-Diz et al., 2016). Ademas, algunos estudios se han realizado mediante el implante de
lineas celulares de cSCC de pacientes, como A431 0 SCC13, en ratones immunodeficientes (Geng
et al., 2013; Siegle et al., 2014). En este sentido, los modelos pre-clinicos (PDXs) y los cultivos
primarios generados en este trabajo a partir de muestras de paciente de ¢cSCC en diferentes
estadios de la progresién, suponen herramientas excepcionales para estudiar posibles dianas
terapéuticas. Nuestros estudios demuestran que estos cSCC-PDXs y cultivos primarios
recapitulan las caracteristicas histopatoldgicas y moleculares de sus respectivos cSCCs
parentales. Los G2/G3-SCCs conservan caracteristicas de diferenciacion epitelial, como la

expresion de E-Caderina y EpCAM, mientras que los cSCCs méas avanzados e indiferenciados
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(G4-SCCs) pierden la expresion de estos marcadores e inducen la de marcadores mesenquimales,
como la Vimentina y factores inductores del programa de EMT. Ademas, mediante ensayos
funcionales demostramos que las células aisladas de los G4-SCCs estan enriquecidas en células
iniciadoras de tumores, respecto a los G2/G3-SCCs epiteliales, coincidiendo con su fenotipo més
indiferenciado, su crecimiento agresivo y su elevada capacidad metastasica. Estos resultados
estarian de acuerdo con nuestras observaciones previas que indicaban que los cSCCs humanos
mas avanzados presentaban un enriquecimiento de células CD44" con caracteristicas CSCs (da
Silva-Diz et al., 2016). Por lo tanto, la adquisicion de caracteristicas mesenquimales, la induccion
del programa EMT y el aumento del stemness serian procesos que estan estrechamente ligados y
asociados a los cSCC avanzados de pacientes, tal y como se ha reportado en otros tipos de cancer
(Wellner et al., 2009) y en cSCC avanzados de raton (Mani et al., 2008; Lapouge et al., 2012; da
Silva-Diz et al., 2016).

Por otra parte, algunos trabajos basados en ensayos de inmunohistoquimica reportaron que la
expresion de EGFR estaba inducida en més del 50% los cSCCs humanos (Maubec et al., 2005;
Cafiueto et al., 2017). En base a estos estudios, se llevaron a cabo ensayos clinicos con inhibidores
de EGFR para tratar pacientes con cSCC de dificil reseccion, recurrentes y/o metastasicos,
obteniendo resultados poco prometedores (Maubec et al., 2011; Gold et al., 2018)
(ClinicalTrials.gov Identifiers: NCT00240682, NCT01198028, NCT00054691, NCT00126555,
NCT01059305). Sin embargo, en estos estudios no se analizaron mutaciones en EGFR o otros
genes, por lo que no fue posible correlacionar la falta de respuesta a los inhibidores con

determinadas alteraciones moleculares o la actividad de la via de EGFR.

En este estudio, hemos realizado un exhaustivo analisis molecular y funcional de la via de EGFR
en cSCC-PDXs. Nuestros resultados demuestran que la activacion autocrina de esta via promueve
la proliferacion y supervivencia de las células tumorales de los G2/G3-SCCs que conservan
caracteristicas de diferenciacion epidermal (G2/G3-SCCs). Es maés, la inhibicion de la via de
EGFR no solo provoca una dramatica reduccion del crecimiento de los G2/G3-SCCs, sino que
reduce significativamente el tamafio de tumores ya establecidos. Por lo tanto, el tratamiento anti-
EGFR podria ser una excelente terapia para pacientes con cSCCs que presenten un perfil
determinado, como seria la expresion de marcadores epiteliales. Ademas, este tipo de terapia se
podria usar como primera linea de tratamiento en pacientes con tumores con caracteristicas
epiteliales que no sean candidatos para cirugia, con el objetivo de reducir considerablemente su
tamarfio, facilitar asi su reseccion y reducir el riesgo de dejar margenes afectados que podrian

originar una posterior recurrencia.

Sin embargo, serd necesario hacer estudios mas exhaustivos (ensayos clinicos) donde, de forma

complementaria al grado histopatolégico y otros parametros, como por ejemplo, el tamafio
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tumoral, grado de invasion en la dermis, invasion perineural y grado de diferenciacion, se analice
la expresion de una bateria de marcadores de diferenciacion epidérmica, como por ejemplo K14,
E-Cadherina y EpCAM, marcadores mesenquimales, como ZEB1/2 y Vimentina, asi como la
expresion de EGFR y la presencia de mutaciones en este receptor o en RAS. Estos estudios
permitirian establecer una correlacion entre la respuesta al farmaco y las caracteristicas epiteliales

del tumor.

Como se ha descrito en la introduccién, algunos tumores como los NSCLCs portadores de
amplificaciones y mutaciones activadoras de EGFR, carcinomas colorrectales sin mutaciones en
RAS y los HNSCCs recurrentes y metastasicos son tratados con inhibidores de EGFR con mejores
beneficios clinicos que la radioterapia y quimioterapia (Vermorken et al., 2008; Mok et al., 2009;
Bokemeyer et al., 2011; Ghilardi et al., 2011; Van Cutsem et al., 2011; Licitra et al., 2011; Rosell
etal., 2012; Wu et al., 2015; Yang et al., 2016; Tian et al., 2018; Patil et al., 2018). Sin embargo,
en un porcentaje importante de los casos se desarrolla resistencia, limitando la efectividad de las
terapias dirigidas contra EGFR. Actualmente, muchos estudios se centran en investigar los
mecanismos de resistencia a estos farmacos, aunque la heterogeneidad genética y celular intra-
tumoral y la capacidad plastica de las células tumorales, frecuentemente potenciada por la presién
selectiva de la terapia (da Silva-Diz et al., 2018), puede jugar un papel crucial en la resistencia a

los farmacos, aumentando la complejidad de estos estudios.

En este sentido, nuestros estudios demuestran que, a pesar de la respuesta inicial dptima al
tratamiento, alrededor del 30% de los cSCCs epiteliales (SCC10 vs SCC16 y SCC24 que
desarrollan resistencia con una baja incidencia) desarrollan resistencia tras un tratamiento
prolongado con gefitinib. Tras la interrupcion del tratamiento, el 100% de los tumores que
mostraron un bloqueo de su crecimiento, vuelven a crecer. Esto indica que hay una poblacion de
células tumorales que han resistido al tratamiento, y que sin la presion del inhibidor son capaces
de regenerar de nuevo el tumor. Sin embargo, no todos los tumores recrecidos mostraron ser
resistentes al farmaco tras sucesivos ciclos de tratamientos. La incidencia de resistencia resulto
ser ademas diferente en los tres cSCC-PDXs testados. Esta diferencia entre los tres modelos de
cSCC-PDX podria deberse a una frecuencia variable de células resistentes preexistentes en los
tumores, que se seleccionan bajo la presion del tratamiento, o incluso a la adquisicion de
mutaciones en genes especificos y la activacion de vias de sefializacion que pueden evadir la
inhibicion de EGFR.

En este sentido, la resistencia a terapias se ha clasificado como primaria (intrinseca) o secundaria
(adquirida). En la resistencia primaria, los pacientes no responden desde el principio al
tratamiento, mientras que en la resistencia secundaria los pacientes inicialmente responden al

tratamiento, pero acaban desarrollando recidivas y progresan en la enfermedad. La resistencia
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primaria a la terapia anti-EGFR ocurre en el 4-20% de los pacientes con NSCLC mutantes para
EGFR (Maemondo et al., 2010; Mitsudomi et al., 2010; Zhou et al., 2011; Rosell et al., 2012;
Sequist et al., 2013; Wu et al., 2014) y se ha asociado a la presencia de células tumorales con la
mutacion EGFR T790M, (Su et al., 2012; Costa et al., 2014; Yu et al., 2014), o a inserciones en
el exdn 20 de EGFR, que representa un 4-10% del total de mutaciones en EGFR (Arcila et al.,
2013; Oxnard et al., 2013; Yang et al., 2015). Por otra parte, en el carcinoma colorrectal y en
HNSCC los principales mecanismos de resistencia primaria descritos son mutaciones en RAS
(Amado et al., 2008; Karapetis et al., 2008; Douillard et al., 2013) y BRAF (Di Nicolantonio et
al., 2008), y en menor frecuencia, amplificaciones en HER2 y MET (Bertotti et al., 2011,
Yonesaka et al., 2011; Misale et al., 2014; Byeon et al., 2019).

Se han detectado mutaciones en HRAS y NRAS en un 20.5% y un 5.1% de los cSCCs de pacientes,
respectivamente, mientras que BRAF esta mutado en un 17.9% de los casos. Por otra parte, las
mutaciones en el gen de EGFR son practicamente inexistentes en los cSCCs primarios (Pickering
et al., 2014), y se han detectado en un porcentaje muy bajo en muestras de metéstasis en ndédulo
linfatico (1 de 29 casos) (Li et al., 2015). De acuerdo con la baja prevalencia de estas mutaciones,
no se detectaron mutaciones en EGFR, RAS y BRAF en los cSCC-PDXs generados en este
estudio. Ademas, tampoco se detectd la presencia de estas mutaciones en los PDXs resistentes a
gefitinib (GefR). Estas observaciones descartan que la resistencia esté mediada por la seleccién
de subclones de células portadoras de estas mutaciones, que estuvieran presentes en los tumores
antes del tratamiento en un porcentaje tan bajo que no hubieran sido detectadas. A pesar de que
se identificaron diferentes mutaciones que aparecian o se enriquecian en cada uno de los cSCC-
PDXs GefR respecto a sus correspondientes tumores control, no se encontraron mutaciones en

genes comunes en los tumores GefR de los tres modelos analizados.

Diferentes estudios han descrito que la resistencia a inhibidores de EGFR en NSCLC, HNSCC y
carcinoma colorrectal puede deberse a la adquisicion de mutaciones secundarias en EGFR, asi
como en los genes de RAS y PIK3CA, entre otros (Bertotti et al., 2015; Rotow & Bivona, 2017,
Byeon et al., 2019). Nosotros observamos que la mutacion PIK3CA E542K, la cual se ha asociado
a resistencia a la terapia anti-EGFR en NSCLC (Wau et al., 2016), aparecia en algunos cSCC16
GefR, mientras que estaba ausente en los cSCC16 controles y en la muestra del paciente. Sin
embargo, el hecho de que algunas réplicas de estos tumores resistentes no mostraran esta
mutacion, indica que la activacion de esta via o la mutacion PIK3CA E542K no seria el principal
mecanismo de resistencia en estos tumores. Por lo tanto, nos centramos en investigar si la
resistencia al gefitinib en nuestros cSCC-PDXs podria ser debida a la plasticidad celular y la

capacidad de inducir mecanismos adaptativos en respuesta a la exposicion prolongada al farmaco.
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La aparicidn de recurrencias en el 100% de los cSCC tratados con gefitinib después de la retirada
del tratamiento, podria deberse en parte al efecto reversible de este inhibidor (Barker et al., 2001).
Asi, en ausencia del farmaco, un grupo de células tumorales podrian recuperar la sefializacion a
través de EGFR y promover de nuevo el crecimiento tumoral. Sin embargo, después del segundo
ciclo de gefitinib se esperaria que el 100% de los cSCC recurrentes mostraran sensibilidad al
tratamiento, lo cual no fue observado en ninguno de los tres ¢SCC-PDX analizados.
Alternativamente, se ha propuesto el “modelo de evolucién de célula persistente o tolerante” que
postula que una pequefia subpoblacién de células puede adoptar un estado inactivo y tolerante al
farmaco, inducido por la exposicién inicial a la terapia. Esta quiescencia permite la supervivencia
de estas células y su posterior propagacion. Las células persistentes podrian presentar una mayor
capacidad para adquirir mecanismos de resistencia (mas o menos reversibles después de la
retirada del tratamiento) debido al aumento de su plasticidad (Sharma et al., 2010; Lin & Shaw,
2016; Jolly et al., 2018)

Esta hipotesis explicaria porque después de un segundo ciclo de gefitinib se generan tumores
resistentes a la terapia. Ademas, es posible que la incidencia de resistencia dependiera de la
frecuencia de estas células tolerantes y/o plasticas en cada modelo cSCC-PDX. Asi, las células
tolerantes/plasticas podrian ser mas frecuentes en los SCC10-PDXs que en los SCC16-PDXs o
SCC24-PDXs. Esto explicaria porgue los primeros desarrollan tumores GefR con una frecuencia

mayor tras una segunda exposicién al farmaco que los SCC16 y SCC24.

Con el objetivo de determinar qué vias 0 mecanismos podrian ser responsables de promover el
crecimiento de los cSCC-PDX GefR, se estudiaron los genes diferencialmente expresados en los
tumores GefR comparado con sus respectivos controles en cada modelo cSCC-PDX, y se
analizaron genes o vias que estuvieran comdnmente alteradas en los tres modelos. A pesar de que
los tumores resistentes mostraron maltiples genes diferencialmente expresados, solo se identifico
un gen que estaba upregulado o downregulado en los tres modelos. Dado que no se han descrito
inhibidores especificos para ninguno de estas proteinas, nos centramos en estudiar vias y procesos

biolégicos que estuvieran cominmente alterados en los tumores GefR.

En este sentido, se ha descrito que en cancer de pulmon, la transformacion histologica desde
adenocarcinomas a carcinoma de célula pequefia (SCLC) se produce en un 3-10% de los pacientes
gue generan resistencia a la terapia anti-EGFR (Sequist et al., 2011; Yu et al., 2013; Yao. et al.,
2018). Este proceso esta estrechamente ligado a la adquisicion de caracteristicas indiferenciadas
y a una induccion del programa EMT (lto et al., 2017). Por lo tanto, podria ser que la resistencia
adquirida en nuestros cSCC-PDXs estuviera medida por la pérdida del fenotipo epitelial y la
adquisicion de caracteristicas mesenquimales. De acuerdo con esta hip6tesis, hemos observado

que las vias que regulan la proliferacion/supervivencia de las células tumorales de cSCC de ratdn
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y humanas, cambian cuando las células pasan de un fenotipo epitelial a un fenotipo mesenquimal
con el programa de EMT inducido. Asi, mientras que las células tumorales epiteliales regulan su
proliferacion a traves de la via de EGFR, las células mesenquimales inactivan esta via e inducen
la via de FGFR para promover su proliferacion y el crecimiento de los PD/S-SCCs (da Silva-Diz
et al., 2016). Esta transformacion, podria provocar una desensibilizacién de los SCC-PDX
tratados con gefitinib, generando resistencia al farmaco. Sin embargo, nuestros resultados
muestran que la expresion de genes relacionados con stemness y EMT estan regulados
negativamente, mientras que la expresion de los genes relacionados con la diferenciacion
epidérmica estan comunmente inducidos en los tumores GefR de los tres modelos de SCC-PDXs.
Por lo tanto, la adquisicion de caracteristicas mesenquimales quedaba descartada como

mecanismo de resistencia adquirida.

Por ultimo, se han descrito que la activacion de vias de sefializacion alternativas a EGFR podria
facilitar la adquisicion de resistencia a inhibidores del receptor en diferentes tipos tumorales
(Martz et al., 2015). En este sentido, el analisis de expresion génica revelo que la expresion de
genes de la via de FGFR estaba inducida en las células de los SCC-PDX GefR respecto a los
tumores control. Mientras que los SCC10-PDX GefR presentaban una induccion significativa de
la expresion de FGFR2, los SCC16-PDX GefR inducian la expresién del ligando FGF2. Un
analisis mas amplio de la expresion de las isoformas de FGFR mediante qRT-PCR reveld que la
expresion de FGFR2B, FGFR2C y FGFR1B se inducia significativamente en células aisladas de
SCC10-PDX GefR, mientras que se inducia la expresion de FGFR2B y FGFR3 en las células de
SCC16-PDX GefR respecto a las células de los tumores de control. Por el contrario, no se

observaron diferencias significativas en la expresién de estos genes en el modelo SCC24-PDX.

Dado que las células tumorales presentan una elevada plasticidad (da Silva-Diz et al., 2018) y que
estas vias mediadas por receptores tirosina quinasa comparten muchos de los efectores
downstream, no es extrafio que la activacion de una via de sefializacion alternativa pueda
compensar procesos biologicos clave, como son la supervivencia y la proliferacion, cuando la via
que regula preferentemente estos procesos esta blogueada durante un largo periodo de tiempo. De
hecho, de forma similar a lo descrito en cSCCs de rat6n (da Silva-Diz et al., 2016), la activacién
de la via de FGFR, mediante un tratamiento agudo con FGF2 y FGF7, rescata el blogueo de la
proliferacion de las células de G2/G3-SCCs humanos provocado por la inhibicion de la via de
EGFR. Es mas, nuestros resultados demuestran que la estimulacién con FGF2 y la inhibicién de
la via de EGFR con gefitinib durante un largo periodo de tiempo, provoca la adquisicion de
resistencia al farmaco, la cual esta asociada a un incremento generalizado de la expresion de los
receptores de FGF en las células de los tres G2/G3 humanos analizados. Por lo tanto, la

adquisicion de resistencia al gefitinib en SCC10 y SCC16 podria estar mediada por la induccién
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de la via de FGFR. Es importante destacar que en las células SCC24 GefR generadas in vitro se
produce una induccion de FGFR2B, FGFR2C y FGFR3, mientras que en los SCC24-PDX GefR
generados in vivo no se observan estas diferencias. Curiosamente, los niveles de expresion de
algunos de los FGFRs son mucho mas elevados en los cultivos y los PDXs generados a partir de
la muestra del paciente SCC24 que en las células tumorales de los SCC16-PDXsy SCC10-PDXs.
Esto indica que los niveles basales de los FGFRs en SCC24 podrian ser suficientes para activar
alternativamente esta via bajo la inhibicion de EGFR, sin necesidad de inducir la expresion de los
receptores. Ademas, uno de los genes mas fuertemente inducido en las células de los SCC24-
PDX GefR es ITGB3 (gen que codifica para la integrina-p3).

En este sentido, se ha descrito que la cooperacion entre la integrina-p3 y los FGFRs puede
promover la proliferacion de células de leucemia mieloide aguda (Shah et al., 2016). Ademas, se
ha demostrado que la integrina B3 interrumpe fisicamente la interaccion entre FGFR1 y E-
cadherina, potenciando la sefializacion a través de FGF2 y promoviendo el crecimiento de células
tumorales de mama en el nicho metastasico (Brown et al., 2016). Finalmente, la integrina-p3
también se ha relacionado con resistencia a inhibidores de EGFR en células tumorales de mama
(Seguinetal., 2014). Por lo tanto, estas observaciones siguieren que, como en los modelos SCC10
y SCC16, la activacion de la via de FGFR podia estar mediando la resistencia al gefitinib en
SCC24.

Nuestros resultados demuestran que la interferencia de FGFR2B en las iGefR y en células aisladas
de SCC10-PDX GefR, bloquea la proliferacion de estas células y el crecimiento de los tumores
GefR. Es importante destacar que a diferencia de las SCC10 y SCC24 iGefR, la interferencia de
FGFR2B tuvo un efecto mas leve sobre la proliferacion de las células SCC16 iGefR. Estos
resultados sugieren que la resistencia a gefitinib estd mediada por otros receptores, como FGFR3,
de acuerdo con lo descrito en lineas celulares de cSCC (A431) resistentes a cetuximab (Oliveras-
Ferraros et al., 2012). En este sentido, nuestros resultados demostraron que el tratamiento
farmacol6gico un inhibidor de FGFR (NVP-BGJ398) reduce de forma significativa el crecimiento
de los SCC10-PDX y SCC16-PDX GefR, demostrando asi que la via de FGFR promueve la

proliferacion y la supervivencia de las células tumorales cuando la via de EGFR esta bloqueada.

De acuerdo con nuestros resultados, la activacion de via de FGFR se ha relacionado con la
generacion de resistencia a las terapias anti-EGFR en varios tipos tumorales (Hallinan et al.,
2016). Un estudio reciente ha descrito que el 3% de los pacientes con tumores colorrectales
resistentes a cetuximab presentaban una amplificacion de FGFR1. Ademas, estos investigadores
demostraron que el tratamiento combinado con cetuximab y NVP-provocaba una fuerte
inhibicién del crecimiento de PDXs generados a partir del tumor primario resistente a cetuximab

(Bertotti et al., 2015). La amplificacién de FGFR1 también se ha identificado en pacientes con
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NSCLC EGFR T790M con resistencia adquirida a un inhibidor de EGFR de tercera generacion
(Kim et al., 2015), asi como la activacion del loop autocrino FGFR1-FGF2 en células de cancer
de pulmon resistentes a gefitinib y afatinib, la cual puede ser revertida mediante el tratamiento
con inhibidores de FGFR o interfiriendo la expresion del receptor (Hamamoto et al., 2013; Ware
etal., 2013; Azumaet al., 2014). Ademas, en NSCLC, la activacion de la via de FGFR2 y FGFR3
también pueden contribuir a la generacion de la resistencia, promoviendo la activacion de ERK
(Ware et al., 2010). En HNSCC, se ha descrito que la activacion de la proteina de fusion FGFR3-
TACC3 promueve la proliferacion de células de HNSCC resistentes a inhibidores de EGFR y
ERBB3 a través de la activaciéon de ERK (Daly et al., 2017)

En conjunto, nuestros resultados demuestran que las células tumorales de los ¢cSCCs con
caracteristicas epiteliales (G2/G3-SCCs) presentan una fuerte induccion de la via de EGFR, la
cual promueve su proliferacion y supervivencia. Por lo tanto, estos resultados sugieren que la
terapia anti-EGFR podria ser una buena aproximacion terapéutica para aquellos pacientes con
cSCC que conservan rasgos de diferenciacion epitelial, y que el andlisis de marcadores de
diferenciacién y la expresion de EGFR en los ¢SCC podria ser clave para seleccionar a los
pacientes que podrian tener una mejor respuesta a este tratamiento. Sin embargo, un porcentaje
importante de pacientes podria desarrollar resistencia a los inhibidores de EGFR. Segln nuestro
estudio, esta resistencia estaria dirigida inicialmente por una poblacion de células
tolerante/resistente al tratamiento con gefitinib que, tras un largo periodo bajo la presién del
tratamiento, podria activar la via de FGFR para dirigir el crecimiento tumoral y evadir la terapia.
Por lo tanto, la terapia combinada con inhibidores de EGFR y de FGFR podria ser una posible

estrategia para evadir la resistencia de los G2/G3-SCCs a la terapia contra EGFR.

Sin embargo, no podemos descartar que existan otros mecanismos, que junto con la activacion de
la via de FGFR sean responsables de la resistencia. Ademas, nuestros resultados indican que la
frecuencia o incidencia de resistencia podria depender de la presencia de células tolerantes o
plasticas con capacidad de inducir vias de sefializacion alternativas bajo la presion de la terapia.
Por lo tanto, seria interesante aislar y caracterizar esta poblacion de células plasticas para
identificar marcadores de resistencia, asi como para determinar otros procesos que podrian
participar en la evasién del blogqueo de EGFR. Una buena aproximacion para llevar a cabo este
objetivo seria realizar una secuenciacion de RNA de célula Gnica a partir de células aisladas de
SCC-PDXs sensibles y resistentes al tratamiento con gefitinib, asi como de los tumores residuales
gue quedan después del tratamiento. De esta manera, se podrian identificar los perfiles
transcripciones especificos de subpoblaciones de células plésticas y/o resistentes a la terapia anti-
EGFR, gue podrian estar ya presentes en el tumor antes de la terapia y seleccionarse durante el

tratamiento.
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Avrticulo 3: La activacion autocrina de la via de SDF-1, inducida por PDGFR en las células

tumorales promueve la metéstasis en el carcinoma avanzado de piel

Nuestros estudios previos demostraron que la induccion autocrina de la via de PDGFRa en las
CSCs (L-CSCs) de los PD/S-SCCs de raton promueve la invasion de estas células y el desarrollo
de metéstasis. El objetivo principal de este trabajo era determinar a través de qué mecanismos la
via de PDGFR promueve la metastasis en los cSCC avanzados de raton, asi como validar si estos

procesos estan igualmente regulados en los PD/S-SCCs de pacientes.

Diferentes estudios han demostrado que la via de sefializacion SDF1/CXCR4 esté estrechamente
relacionada con la induccién del programa EMT vy el desarrollo de metéstasis en muchos tipos de
cancer, como sarcoma, cancer de mama, pancreas, colon e higado. (Li etal., 2014; Hu et al., 2014;
Kong et al., 2016;). Sin embargo, se desconocia la relevancia de esta via de sefializacion en los

procesos de invasion y metastasis de los cSCCs.

Nuestros estudios demuestran que la expresion de Sdfl esta inducida en los PD/S-SCCs murinos
en comparaciéon con sus precursores WD-SCCs. Mientras que el SDF-1 es expresado
principalmente por las células del estroma tumoral, y concretamente por los fibroblastos en los
WD-SCCs, en los PD/S-SCCs es expresado de forma abundante por las células tumorales y por
los fibroblastos. En este sentido, se ha descrito que la expresion de SDF-1 en la piel normal
humana esta restringida a la dermis y que se induce tanto en el componente tumoral como en el
estromal en los SCCs (Quan et al., 2015).

Ademaés, observamos que la expresion de los receptores de SDF-1, Cxcr4 y Cxcr7 estaba inducida
en los PD/S-SCCs respecto a sus precursores WD-SCCs. Sin embargo, el analisis de la poblacion
de células tumorales demostré que mientras que una poblacion abundante de células tumorales
expresaban CXCR7 en WD- y PD/S-SCCs, la expresion de CXCR4 estaba restringida a una
subpoblacion de células tumorales en los WD-SCCs (a6-integrin’/CXCR4"), y ésta se
incrementaba en los tumores mas avanzados. Cambios similares de expresion de SDF-1y CXCR4
se observaron en WD-SCC y PD/S-SCCs generados de forma esponténea en ratones K14-HPV16,
0 generados tras el implante de células WD y PD/S en ratones singénicos inmunocompetentes.
En este sentido, se ha descrito que la expresion de CXCR?7 se induce en muchos tipos de tumores
y que este receptor se expresa en células tumorales, pero también en células del sistema inmune
y a las células endoteliales (Miao et al., 2007; J. Wang et al., 2008; Sun et al., 2010). Por lo tanto,
el aumento de expresién de Cxcr7 observado en los tumores PD/S-SCCs podria deberse al mayor
nimero de vasos sanguineos respecto a los WD-SCCs, como se ha reportado anteriormente (da
Silva-Diz et al., 2016), o a otros componentes del estroma tumoral. Ademas, estos resultados

sugieren que la poblacion a6-integrina’/CXCR4" se incrementa durante la progresion tumoral, y
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que la via de SDF-1/CXCR4 podria tener un papel relevante en la regulacion de la proliferacion

e invasion de las células tumorales de los cSCC avanzados.

El andlisis de los niveles de expresion de SDF-1, CXCR4 y CXCR7 en la poblacién CSC, mostro
que las L-CSCs presentan una fuerte expresion de Sdfl, mientras que la expresion de esta
citoquina es practicamente indetectable en las E-CSCs. Ademaés, el porcentaje de CSCs que
expresan los receptores CXCR4 y/o CXCR7 no resulta alterado entre los WD-SCCs y los PD/S-
SCCs. Sin embargo, nuestro grupo de investigacién, entre otros, demostré que durante la
progresion del cSCC se induce una fuerte expansion de la poblacion CSCs (Schober & Fuchs,
2011; Lapouge et al., 2012; da Silva-Diz et al., 2016), indicando que el nimero total de CSCs
CXCR4" estaba incrementado en los cSCC mas agresivos y avanzados. Ademas esta poblacion
podria activar de forma autocrina la via de sefializacion SDF-1/CXCR4, tal y como se ha
reportado en glioblastoma (Gatti et al., 2013), en cancer de esdfago (Wang et al., 2017) y en
cancer de mama (Kong et al., 2016), la cual podria jugar un papel importante sustentando el

crecimiento tumoral y/o regulando la invasion y el desarrollo de metéastasis.

En este sentido, la inhibicién de la via mediante el tratamiento con AMD3100, asi como la
interferencia de SDF-1 0 CXCR4, resultd en una reduccion significativa de la proliferacion de las
L-CSCs. En cambio, la interferencia de CXCR?7 no afect6 de forma clara a la proliferacion de las
L-CSCs. Ademas, hemos observado que la interferencia de SDF-1 conduce a una reduccion de la
expresion de Cxcr4 y viceversa, mientras que la interferencia de CXCR7 provoca una reduccion
de la expresion de Cxcr4. Estas observaciones evidencian que el eje SDF-1/CXCR4/CXCRY7 esta
estrechamente regulado por los niveles de expresién de sus componentes mediante mecanismos
todavia desconocidos. En este sentido, en otros tipos de cancer se ha descrito que SDF-1y CXCR4
pueden regularse mutuamente (Gatti et al., 2013; Miyanishi et al., 2010) y que CXCR7 podria
estar secuestrando y degradando el SDF-1 secretado, sin afectar a su transcripcion, afectando
negativamente a la expresion de CXCR4. En este sentido, algunos estudios han descrito que
CXCR4 y CXCR7 pueden formar heterodimeros cuando sus niveles de expresién son similares.
Esta heterodimerizacion produce cambios conformacionales en CXCR4 que desestabilizan su
unién con las proteinas G, provocando el reciclaje de ambos receptores y la internalizacion del
ligando (Levoye et al., 2009; Wiirth et al., 2014). Como muestran los resultados, los niveles de
CXCRY7 en las L-CSCs son mucho maés elevados que los de CXCR4, por lo que la tendencia de
estos receptores seria la formacion de homodimeros. Sin embargo, la interferencia de CXCR7
podria equilibrar el balance de expresién de ambos receptores facilitando asi la formacion de
heterodimeros y provocar una regulacién negativa del loop autocrino SDF-1/CXCR4. Esta
hipétesis es compatible con el hecho que la interferencia de CXCR7 provoca una reduccion de la

proliferacion respecto a las células control en las L-CSCs OT7 y no en las L-CSCs OT14. Asi,
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las L-CSCs OT7 tienen un nivel de expresion més bajo de Cxcr4 y un porcentaje menor de
CXCR4*-CSC que las células OT14, de forma que la abrogacién de CXCR?7 podria llevar a una
reduccidn casi completa de la expresion de Cxcr4 en las células OT7, lo que a su vez provocaria
una disminucion significativa de la expresion de Sdfl. Por lo tanto, estos datos sugieren que la
expresion de CXCR4 esta finamente regulada por los niveles de SDF-1 y CXCR7'y, a su vez, que
CXCR4 regula la expresion del ligando.

Ademas, el tratamiento con un inhibidor de CXCR4, asi como la interferencia de SDF-1,
disminuyd significativamente la capacidad invasiva de las L-CSCs. Del mismo modo, la
activacion de la via de SDF-1/CXCR4 se ha demostrado que regula la capacidad de invasion de
las CSCs en otro tipos de canceres como el cancer esofagico y nasofaringeo (Yuan et al., 2017;
Wang et al., 2017).

Todos estos resultados demuestran que la activacion autocrina de la sefializacion mediada por
SDF-1 promueve la proliferacion/supervivencia y la invasion de las L-CSCs in vitro, que en

consecuencia podria favorecer el crecimiento tumoral y la metéstasis de los PD/S-SCCs.

La interferencia de CXCR4 en las L-CSCs disminuyé significativamente el crecimiento de los
PD/S-SCCs, cuando estas eran implantadas en ratones inmunodeficientes. Sin embargo, ni la
abrogacion de CXCR4 en las L-CSCs, ni el tratamiento con AMD3100 afect6 al crecimiento de
los PD/S-SCCs en un contexto inmunocompetente, sugiriendo que el impacto de la inhibicion de
CXCRA4 en el crecimiento tumoral puede depender del infiltrado inmune o del microambiente
tumoral. Estos resultados sugieren que la inhibicion de CXCR4 en combinacion con
inmunoterapia podria ofrecer grandes beneficios en el blogueo del crecimiento agresivo de los
PD/S-SCCs. En este sentido, un grupo de investigacién demostré en modelos ortotdpicos de
carcinoma hepatico (HCC) que el tratamiento con sorafenib, el Unico farmaco aprobado para el
tratamiento de los HCC avanzados, provocaba un aumento de la hipoxia. Este ambiente hipoxico
inducia un estado de inmunosupresion caracterizado por un aumento de la expresion del ligando
1 de muerte programada (PD-L1) en las células tumorales y la acumulacion de células T
reguladoras y macréfagos de tipo M2, asi como una induccién de SDF1 derivado de las células
del estroma. En este contexto, la terapia con sorafenib combinada con anticuerpos anti-PD1y la
inhibicién de CXCR4 consigui6 reducir el crecimiento tumoral, la metastasis pulmonar y mejorar

la supervivencia de los ratones (Chen et al., 2015).

Aunque la interferencia de SDF-1 afectaba significativamente a la proliferacion de las L-CSCs,
el crecimiento tumoral no se vio afectado cuando estas células eran implantadas en ratones
inmunodeficientes. Esta discrepancia entre la reduccion de la proliferacion in vitro y la no

afectacion del crecimiento tumoral in vivo podria tener varias explicaciones. Nuestros resultados
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demuestran que los fibroblastos del estroma tumoral secretan SDF-1 de forma abundante. Asi, la
proliferacion de las L-CSCs con SDF-1 interferido, y por tanto el crecimiento de los PD/S-SCCs
podria estar soportado por el SDF-1 derivado del estroma que actuaria de forma paracrina sobre
las L-CSCs. Alternativamente, otras citoquinas y/u otras factores de crecimiento secretados por
las células tumorales o estromales podrian activar otras vias de sefializacion promoviendo el
crecimiento de los PD/S-SCCs cuando la via de SDF-1/CXCR4 esta inhibida.

En consonancia con los efectos de la inhibicion de SDF-1/CXCR4 en la invasion de las L-CScs
in vitro, la interferencia de la expresion de SDF-1 y de CXCR4, o el tratamiento con AMD3100
provocaron un blogueo significativo del desarrollo de metastasis en el pulmon,
independientemente del estado inmunitario de los ratones. Estos resultados demuestran que la
activacion autocrina de la sefializacion SDF-1/CXCR4 induce la invasion de las L-CSCs y
promueve la metastasis de los PD/S-SCCs en érganos distales. Asi, algunos investigadores han
demostrado que la activacion autocrina de la via de SDF-1 juega un papel clave en el desarrollo
de metéstasis distales en algunos tipos de cancer agresivos. En SCC oral, el sistema paracrino
SDF-1/CXCR4 potencia la metastasis a los ganglios linfaticos, mientras que la metastasis a
organos distantes requiere de la induccion autocrina de la via SDF-1/CXCR4 (Uchida et al.,
2007).

SDF-1 es producido por las células estromales de érganos dénde cominmente se producen las
metastasis, incluidos los pulmones, ganglios linfaticos, médula 6sea e higado, asi como en células
tumorales circulantes (Miller et al., 2001; Phillips et al., 2003). En este sentido, se ha demostrado
que las células tumorales que expresan CXCRA4 se dirigen y anclan en 6rganos donde el ligando
se produce abundantemente, siguiendo un gradiente quimiotactico (Kucia et al., 2004; Gros et al.,
2012; O’Boyle et al., 2013). Sin embargo, nuestros resultados indican que la actividad autocrina
seria necesaria para promover el desarrollo de metastasis a 6rganos distantes. La activacion
autocrina de esta via podria promover la supervivencia de las células tumorales durante el proceso
de diseminacion en el torrente sanguineo, y/o su proliferacion en los tejidos pre-metastasicos,
procesos que favorecerian la colonizacion de las L-CSCs y la generacion de lesiones metastasicas

en los drganos distales.

Dado que la activacion de la via de PDGFRa promueve la invasion de las L-CSCs y la metéastasis
de los PD/S-SCCs, nuestros resultados sugerian que esta via y la de SDF-1/CXCR4 podrian estar
cooperando para regular estos procesos en los cSCCs avanzados. En este sentido, nosotros hemos
demostrado que la sefializacion de PDGFRa induce la expresion de SDF-1 vy, a su vez SDF-1
regula la expresion de PDGFRa. Ademas, la sobre-expresion de SDF-1 consigui6 restaurar la
capacidad de invasion de las L-CSCs inhibida por el tratamiento con imatinib, lo cual demuestra
que la invasion de las L-CSCs inducida por PDGFRa esta mediada por la via de sefializacion de
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SDF-1/CXCR4, promoviendo ambas vias el desarrollo de metéastasis en los PD/S-SCCs. En este
sentido, la activacion de PDGFR en células tumorales de meduloblastoma condujo a la
estabilizacion y fosforilacion de CXCR4, lo cual inducia la activacion de laviade SDF-1/CXCR4
y la migracién de estas células (Sciaccaluga et al., 2013; Yuan et al., 2013). Por otra parte, la
sobrexpresion de PDGF-DD en un modelo de cancer de mama condujo a un aumento del
crecimiento tumoral y la metastasis linfatica a través de la activacion de PDGFRp y un aumento
de la expresion de CXCR4. El bloqueo de la sefializacion de CXCR4 consiguio revertir la
metastasis inducida por la sobre-expresion de PDGF-DD (Liu et al., 2011), demostrando que

ambas vias de sefializacion estan funcionalmente cooperando regulado el desarrollo de metastasis.

Es importante destacar que la interferencia de SDF-1 conduce a una reduccion significativa de la
proliferacion de las L-CSCs, ademés de reducir la expresion de PDGFRa. Sin embargo, en el
articulo 1 presentado en esta tesis se demostrd que el bloqueo farmacoldgico o la interferencia de
PDGFRa no tiene ningun efecto sobre la proliferacion de las L-CSCs ni el crecimiento tumoral
de los PD/S-SCCs (da Silva-Diz et al., 2016). Estos resultados sugieren que la via de SDF-
1/CXCR4 podria controlar la proliferacion de forma independiente a PDGFRa mientras que su
papel regulando la invasion y la metéstasis podria depender de la activacion de PDGFRa. Asi,
PDGFRa podria tener un papel importante regulando la via de SDF-1/CXCR4 durante la invasion

y diseminacion de aquellas células que co-expresan PDGFRa y CXCRA4.

De forma similar a lo descrito en raton, los PD/S-SCCs de pacientes (G3/G4-SCCs) presentaban
una fuerte induccion de la expresién de PDGFRA/B, asi como de SDF-1 y CXCR4, comparado
con los WD/MD-SCCs. Ademas, observamos una fuerte correlacion entre la expresion de SDF1
y PDGFRA y PDGFRB, sugiriendo que el crosstalk funcional entre las vias de sefializacion de
SDF-1 y PDGFR también podria ocurrir en las células tumorales de los cSCC mas avanzados y
agresivos de pacientes. Nuestros resultados demuestran que la expresién de SDF-1 en los
WD/MD-SCCs esta limitada al estroma tumoral mientras que en los PD/S-SCCs se expresa tanto
en las células estromales como en las células tumorales. La caracterizacion de la expresion de
estos receptores y factores en células tumorales derivadas de WD/MD- y PD/S-SCCs desmotro
que las células PD/S presentan una fuerte induccion de la expresion de SDF1, PDGFRA,
PDGFRB y CXCR4 comparado con las células WD/MD. En contraposicién a lo observado en
raton, las células PD/S pierden la expresion de CXCR7, sugiriendo que los niveles de expresién
de CXCRY observados en los PD/S-SCCs podrian estar asociados a células inmunes y/o células
endoteliales (Burns et al., 2006). Ademas, la activacion autocrina de SDF-1/CXCR4 inducia la
proliferacion in vitro de las células PD/S, pero la inhibicién de esta via no afect6 al crecimiento
de los PD/S-SCCs. A pesar de que la inhibicion de la via de PDGFR provoca una fuerte reduccién

de la expresion de SDF-1, y viceversa, la via de PDGFR no parece estar implicada en la regulacion
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de la proliferacion in vitro ni del crecimiento de los PD/S-SCCs de pacientes. Asi mismo, el
tratamiento con AMD3100 y la interferencia de CXCR4 no afect6 el crecimiento de los PD/S-
SCCs. Podriamos pensar que una posible falta de reaccion cruzada entre el SDF-1 murino
secretado por los fibroblastos del estroma y CXCR4 de las células tumorales humanas podria
evitar la activacion de esta via. Sin embargo, las proteinas SDF-1 y CXCR4 humanas y de raton
presentan un porcentaje de homologia del 92 y el 98%, respectivamente (Shirozu et al., 1995;
Ddoring et al., 2014), con lo cual el SDF-1 secretado por el estroma murino podria estimular de
forma paracrina las células tumorales CXCR4" de los PD/S-SCCs deficientes en SDF-1, para
promover el crecimiento tumoral. Por lo tanto, de forma similar a lo propuesto en los PD/S-SCCs
de raton, el crecimiento tumoral podria estar regulado por otras citoquinas y/o factores de
crecimiento que activan vias de sefializacion alterativas cuando la via de SDF-1/CXCR4 esta

bloqueada.

Finalmente, los resultados han demostrado que de forma similar a lo descrito en ratén, la
inhibicion de las vias de PDGFR y SDF-1 reduce de forma significativa la capacidad de invasion
de las células aisladas de los PD/S-SCCs, y bloquea el desarrollo de metéstasis a pulmdn. En este
punto, es importante destacar que existe una pequefia diferencia entre la regulacion de la invasion
y la metéastasis en las células de PD/S-SCCs de rat6n y de pacientes. Mientras que estos procesos
estan controlados por el receptor PDGFRa. en raton, ya que las L-CSCs expresan niveles muy
bajos de PDGFR} (da Silva-Diz et al., 2016), las células PD/S humanas expresan altos niveles de
PDGFRo y PDGFR. Por lo tanto, no podemos descartar que uno de los dos receptores, o la
cooperacion de ambos pudiera estar regulando la invasion y la metéstasis en los PD/S-SCCs

humanos.

En conjunto todos estos resultados indican que la inhibicion de las via de PDGFR y SDF-
1/CXCR4 con farmacos disponibles en clinica, como el imatinib y el AMD3100, podrian bloquear
la metastasis asociada a cSCCs més avanzados y agresivos, mejorando asi la calidad de vida y la

supervivencia de los pacientes.
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Basandonos en los resultados de esta tesis doctoral podemos concluir:

1. El andlisis de muestras de cSCCs de pacientes demuestra que los tumores avanzados y
recurrentes presentan una induccion del programa de EMT y un aumento de la poblacion de
células tumorales con caracteristicas CSC. Ademas, estos tumores presentan un aumento de la
expresion de FGFR1, FGF2, PDGFRA, PDGFRB y PDGFC y reprimen la expresion de
receptores de la familia de EGFR vy sus ligandos, comparado con los WD/MD-SCCs. Estos
resultados validan los resultados previamente descritos en WD-SCCs y PD/S-SCCs de piel de

raton.

2. Los patient-derived xenografts (PDXs) generados a partir de cSCCs de pacientes recapitulan
las caracteristicas histopatoldgicas y moleculares de sus respectivos cSCCs primarios. Asi, los
PDXs generados de MD/PD-SCCs (G2/G3) conservan caracteristicas de diferenciacion
epitelial, como la expresion de E-Caderina y EpCAM, y presentan una elevada expresion de
los receptores de la familia de EGFR y de sus ligandos. Los PDXs generados a partir de PD/S-
SCCs (G4) pierden la expresion de marcadores epiteliales, inducen la expresion de marcadores
mesenguimales y el programa EMT vy estan enriquecidos en CSCs. Ademas, estos tumores
avanzados inducen la expresion de FGFR1, PDGFRA y PDGFRB.

3. La activacién autocrina de la via de EGFR induce la proliferacion de las células tumorales y
el crecimiento de los cSCC-PDXs epiteliales. Aunque esta via puede ser estimulada en las
células tumorales de los cSCC-PDXs mesenquimales, su inhibicion no afecta la proliferacidn

de estas células

4. La inhibicion de la via de EGFR mediante gefitinib inhibe el crecimiento de los cSCC-PDXs
de tipo epitelial que no presentan mutaciones en los genes de EGFR y RAS, causando incluso
la regresion de estos tumores. Nuestros resultados sugieren que la terapia anti-EGFR podria

ser una estrategia apropiada para el tratamiento de pacientes con este tipo de tumores.

5. La interrupcion del tratamiento con gefitinib provoca la recidiva del 100% de los tumores
epiteliales que inicialmente mostraban una buena respuesta al inhibidor. La administracion
continuada de gefitinib demuestra que el 70% de los cSCC10 recrecidos desarrollan resistencia
al gefitinib, mientras que la incidencia de tumores resistentes es del 20% en los cSCC16 y
cSCC24. Una subpoblacion de células tumorales que resiste/tolera un primer ciclo de
tratamiento, y cuya frecuencia puede ser diferente en cada cSCCs, puede acabar generando

tumores resistentes a la terapia.

- 252 -



Conclusiones

6. Las células resistentes a gefitinib no presentan mutaciones en EGFR u otros genes previamente
relacionados con resistencia a terapias anti-EGFR en otros tipos tumorales. Aunque se han
identificado mutaciones especificas en cada uno de los cSCC-PDXs resistentes, no se han

encontrado alteraciones génicas comunes en los tres tumores analizados.

7. Las células tumorales de los cSCC10 y cSCC16 resistentes a gefitinib inducen la expresion de
diferentes isoformas de FGFR o de FGF2. De forma similar, la expresion de los FGFRs se
induce en las células tumorales SCC10, SCC16 y SCC24 que adquieren resistencia a gefitinib,
tras un tratamiento prolongado con el inhibidor in vitro. La inhibicion farmacoldgica o
genética de FGFR bloquea el crecimiento de los cSCC-PDXs resistentes al inhibidor de EGFR.
Estos resultados indican que la activacién de la via de FGFR promueve la proliferacion de las
células tumorales bajo la inhibicion de la via de EGFR, conduciendo a la adquisicion de
resistencia, y sugieren que la terapia combinada con inhibidores de EGFR y FGFR puede ser

efectiva para el tratamiento de cSCCs resistentes a terapias dirigidas contra EGFR.

8. La activacién autocrina de la via de SDF-1/CXCR4 estimula in vitro la proliferacion y la
invasion de la CSCs (L-CSCs) de PD/S-SCCs de raton. Sin embargo, la inhibicién de esta via
no inhibe el crecimiento de los PD/S-SCCs, pero bloguea significativamente el desarrollo de
metastasis en pulmon. Por lo tanto, la activacidn autocrina de la via de SDF-1/CXCR4 en las

L-CSCs promueve la metastasis de los PD/S-SCCs.

9. Laactivacion de la viade PDGFRa. induce la expresion de SDF-1 y la activacion autocrina de
la via de CXCR4. Nuestros resultados demuestran que ambas vias cooperan funcionalmente
para inducir la invasién de las L-CSCs y promover el desarrollo de metéstasis en los PD/S-
SCCs de raton.

10.La sefializacion mediada por PDGFR promueve la invasion de células tumorales y la
metastasis en cSCC avanzados de pacientes, que de forma similar a lo descrito en ratdn estan
mediados por la activacion autocrina de la via SDF-1/CXCR4 en las células tumorales. Asi, la
inhibicién de via PDGFR y/o SDF-1/CXCR4 mediante imatinib o AMD3100 podria ser una
buena estrategia para bloquear el desarrollo de metéstasis en pacientes con cSCCs avanzados

y recurrentes.
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