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SOBRE ESTA TESIS

Esta tesis constituye el trabajo realizado del afio 2018 al presente
afio en el Departamento de Biologia de la Reproduccion del
Instituto Nacional de Ciencias Médicas y Nutricion Salvador
Zubirdn. Esta disefiada en 4 partes que albergan 6 capitulos. En el
primer capitulo se encuentra la introducciéon a las generalidades
de la vascularizaciéon tumoral y sus mecanismos asociados,
mientras que en el segundo capitulo se desarrolla el
planteamiento del problema y los antecedentes teédricos
referentes a las alternativas terapéuticas contra el mimetismo
vascular y la angiogénesis. Posteriormente, se presentan de
manera puntual las preguntas de investigacion y los objetivos
abordados durante el proyecto de investigacion. Asi, la primera
parte es la introduccién y delimitacion del proyecto de tesis. En
adelante, la segunda, tercera y cuarta parte, se encuentran los
resultados obtenidos durante el desarrollo de esta investigacion,
con el resumen de lo realizado, las estrategias metodologicas
desarrolladas, los resultados obtenidos, discusion y conclusiones.
Dichos resultados se encuentran en proceso de publicacion o han
sido publicados en revistas cientificas internacionales indexadas,
y han sido presentados en el Vitamin D Workshop 2022 (Texas,
EUA), el XXXII Congreso Nacional de Bioquimica (Mérida,
Yucatan. México) y en el Ist Cellular Bases for Patient Response
to Conventional Cancer Therapies Conference (Berlin, Alemania),
asi como en la sesion general de investigacién, a cargo del
Departamento de Biologia de la Reproduccion, en el Instituto

Nacional de Ciencias Médicas y Nutriciéon Salvador Zubiran.



Durante la realizacion del presente trabajo se recibieron apoyos por parte de CONACYT,
através de financiamiento proporcionado a la Dra. Lorenza Diaz (A1-S-10749) y por medio
del programa de Becas Nacionales del Programa de Posgrados del Padréon de Alta
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del proyecto en la Berlin (Cellular Bases for Patient Response to Conventional Cancer
Therapies Conference). Finalmente, recibi apoyo por parte del Patronato del INCMNSZ, a
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“Science is not about being the first to know. It's about
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PARTE 1.

/ INTRODUCCION Y
DELIMITACION DEL
ESTUDIO




CAPITULO 1.

DE LA ANGIOGENESIS AL MIMETISMO
VASCULAR



Tanto el crecimiento tumoral como su diseminacion a distancia dependen del
suministro de oxigeno y nutrientes al interior del tumor, ya sea por vasculogénesis y/o
angiogénesis. La vasculogénesis es la formacion de nuevos vasos a partir de células
endoteliales precursoras. Mientras que la angiogénesis es el proceso de formacién de vasos
sanguineos a partir de vasos preexistentes; puede darse por la ramificacién de los vasos, o
bien, mediante su segmentacion por la formacion de pilares al interior, este proceso se conoce

como intususcepcion [1, 2].

Diversos estudios han correlacionado positivamente la densidad microvascular (DMV)
con la progresion y agresividad tumoral, entre estas asociaciones, se ha visto que a mayor
DMV la incidencia de enfermedad metastdsica es mayor [3-5]. Por ello desde inicios de los
70s, se implementé la identificacion y uso de estrategias terapéuticas anti-angiogénicas para
combatir el cancer [6,7]. Dentro de las principales opciones anti-angiogénicas estan los
inhibidores de los receptores de las cinasas de tirosina (RTKs por sus siglas en inglés) y los
anticuerpos monoclonales contra los ligandos de dichos receptores [7,8]. En clinica, este tipo
de terapias son una opcién tangible para tratar tumores hipervascularizados, especialmente

en aquellos cuya opcién de tratamiento es la quimioterapia.

Desafortunadamente, se han descubierto mecanismos alternos a la angiogénesis que
actlan como vias de escape a la terapia anti-angiogénica. Uno de ellos es la cooptacién, un
proceso en el que el tumor “secuestra” a los vasos provenientes de tejido adyacente al tumor
[9]. Por otra parte también se puede dar la transdiferenciacién a endotelio, donde se generan
células endoteliales derivadas de células troncales de cancer [10]. Ademas de ellos, existe un
mecanismo estrechamente ligado a la transdiferenciacion endotelial: el mimetismo vascular,
mediante este, las células tumorales forman una red de canales sanguineos en ausencia del
endotelio, especialmente en las zonas de hipoxia y necrosis donde el endotelio es incapaz de
proliferar [11, 12]. Es particularmente en este proceso en el cudl se hablard en posteriores

capitulos.

Todos los mecanismos empleados por el tumor para mantener el suministro de
nutrientes y vias de diseminacion son procesos altamente regulados por el microambiente
tumoral, las interacciones entre los diversos componentes celulares (células tumorales y

células no neopldsicas) y las modificaciones en la matriz extracelular (MEC) [12,13]. Las vias de

5



sefializacion implicadas en esta compleja regulaciéon juegan un papel esencial en el
crecimiento tumoral, la invasion vy, posteriormente, en la metdstasis de tumores altamente
agresivos, por lo que su estudio y entendimiento podria ser de gran ayuda para combatir la

progresion tumoral y la resistencia a las terapias.

1.1. LA DELGADA LINEA ENTRE LA ANGIOGENESIS Y EL MIMETISMO
VASCULAR

A finales del siglo pasado, Maniotis y colaboradores describieron por primera vez un
mecanismo de vascularizacion tumoral presente en tumores tumores uveales metastasicos y
de melanoma cutdneo. En muestras de cdancer provenientes de estos tipos de cdancer,
altamente agresivos y metastasicos, observaron la presencia de redes interconectadas por
canales vasculares ricos en MEC. Estas estructuras se caracterizaban por ser positivas a la
tincion con acido periddico y reactivo de Schiff (PAS) y negativos a marcadores de células
endoteliales (EC), como CD31. Ademads, al interior se observaba la presencia de eritrocitos, lo
que sugeria una posible funcién como estructuras transportadoras de sangre, organizadas en
un sistema de microcirculacién tumoral. Paralelamente, se demostré que las células de
melanoma, Mé619, caracterizadas como altamente invasivas, eran capaces de formar
estructuras tubulares tridimensionales que asemejaban a las redes vasculares. A este proceso

se le denomind como mimetismo vascular (MV) [14-171].

Los canales vasculares derivados del MV compartes diversas caracteristicas con la
vasculatura endotelial. Sin embargo, existen rasgos distintivos entre la angiogénesis tumoral y
el mimetismo vascular. Por una parte, los vasos tumorales formados por angiogénesis estan
caracterizados por presentar una capa delimitante de células endoteliales, membrana basal
y una capa de células murales (pericitos) poco uniforme que vuelve a los vasos tumorales
altamente permeables (Diagrama 1, vista transversal izquierda) [13]. En contraste, los canales
vasculares son altamente permeables al igual que los vasos tumorales, pero carecen de la
membrana basal, no hay células endoteliales delimitando la estructura y tampoco hay células
murales. En cambio, se observa a células tumorales que pueden o no tener una morfologia

similar al endotelio, y la presencia de una capa rica en matriz extracelular (MEC) que por su



riqueza en peptidoglicanos es positiva a la tincién de PAS (Diagrama 1, vista transversal

derecha) [12,14].

Angiogénesis tumoral Mimetismo vascular

Altamente permeables

Células murales
(pericitos) \(
Membrana basal \ ‘

Células endoteliales \ .
. Células
anérgicas y tumorales

Capa PAS+

Células tipo

Altamente permeable
endoteliales de cancer

Diagrama 1. Comparacién de las caracteristicas funcionales entre la angiogénesis tumoral y la
angiogénesis vascular.

A pesar de que al momento no existen marcadores de MV infalibles para la
identificacion de los canales derivados de MV se han descrito algunas de sus caracteristicas
estructurales, como la presencia de una matriz enriquecida en laminina y peptidoglicanos, asi
como la expresiéon de algunos marcadores asociados a estas estructuras (Tabla 1). Por
ejemplo, el endotelio expresa la cadherina de endotelio vascular (VE-cadherina), o CD144, que
es la principal molécula asociada a las adhesiones célula-célula entre el endotelio. Sin
embargo, se ha visto que las células de cancer, capaces de hacer MV, expresan de manera
aberrante la VE-cadherina, sugiriendo la posible participacion de esta proteina en la
adquisicion de la capacidad para formar estructuras tubulares por parte de las células

tumorales [18].

Actualmente se han identificado diversos tipos y subtipos de MV, basados en los
patrones de la MEC observados en laminillas de tejido tumoral tefiido con PAS [28]. Los dos
principales tipos son el MV de tipo tubular, y el MV en patrones de matriz [29]. Estos pueden
ser observados tanto en cultivos celulares como en tejidos de tumor tenidos con PAS, sin
hematoxilina. Del primer tipo se puede identificar la formacién de cordones tipo tdbulos
cuando las células de cancer se encuentran sobre una matriz delgada in vitro. Por otra parte,
el primer tipo se observa como matriz PAS+, dispuesta azarosamente en lineas rectas

alargadas, que pueden o no estar interconectadas. En cuanto al segundo tipo, se observa la
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formacion de arcos con ramificaciones, bucles incompletos con y sin ramificaciones, asi como
la formacién de estos bucles a manera de red. Esta matriz es producida por las células
tumorales y en algunos casos, se puede llegar a observar la presencia de células PAS+ con
fenotipo similar a endotelio, acomodadas en cordones o delimitando los canales vasculares. El

MV de matriz en patrones es caracteristico de los tumores que son sumamente invasivos [28].

Mimetismo Angiogénesis Ref
Vascular
Formacién de canales de Desarrollo de vasos sanguineos [8-22]
DEFINICION sangre a partir de células nuevos a partir de capilares y
tumorales y células troncales vasos preexistentes
fumorales
Tipos En patrones de rios de matriz Angiogénesis por ramificacién (1.14]
Tipo ftubular (en cordones) Angiogénesis por intususcepcion
Formados por células [18]
COMPONENTES tumorales (tipo endotelial) y Formados por células
s células froncales fumorales endoteliales y células murales.
Expresion alta, principalmente [20]
VE-CADHERINA Expresién aberrante en membrana.
PAS/CD31 PAS posifivo, CD31 [18]
bajo/negativo PAS negativo/bajo, CD31+
ANTIGENO
ASOCIADO A Expresidbn muy baja a negativa Altamente expresado [18]
Facrtor Vil
ANTI- No es afectado por Efectivamente inhibida por
ANGIOGENICOS endostatina ni otros factores factores anti-angiogénicos [20,21]
anti-angiogénicos
EPHA2, TiE-], Sobreexpresados en las células  Generalmente sin expresién en (22]
LAMC2 tfumorales que hacen MV el endotelio
iti - 23-27]
MARCADORES DE » CD133 positivo en las células [
Expresion de CD133, ALDH1 i
TRONCALIDAD precursoras de endofelio

Tabla 1. Caracteristicas distintivas y marcadores del mimetismo vascular y la angiogénesis

tumoral.

1.2. MIMETISMO VASCULAR EN EL CANCER DE MAMA: PRIMERAS
EVIDENCIAS Y ASOCIACIONES CLINICO-PATOLOGICAS

El MV es particularmente frecuente en tumores altamente agresivos, incluido el cancer
de mama. Tan soélo dos anos después del primer articulo sobre MV en melanoma, un grupo en

Japén identifico la presencia de lagunas de sangre carentes de la tipica capa de endotelio que



rodea los vasos sanguineos, en xenoinjertos hipervascularizados derivados de cultivos
primarios de cdncer de mama inflamatorio. Ademas, estas células eran capaces de hacer
tubulogénesis in vitro, mientras que en los modelos in vivo, la presencia de estas estructuras
se asoci6 con la metdstasis pulmonar, aportando la primera evidencia cientifica de MV en el

cdncer de mama [30, 31].

Con lo anterior, se establecié la estrecha relacién que existe entre la angiogénesis vy el
MV al interior del tumor. Shirakawa vy colaboradores, observaron que la zona
hipervascularizados en la periferia del tumor era rico en vasos revestidos por endotelio, con
expresion positiva de CD31 murino, esto indicaba el origen angiogénico de los vasos. Sin
embargo, en el centro hipdxico del tumor se observaron canales vasculares PAS positivos con
expresion baja de la Integrina humana Ov13, ademas de la ausencia de células endoteliales
(EC), siendo esto evidencia de MV. En conjunto, demostraron que algunos tumores pueden
desarrollar redes vasculares hibridas que combinan angiogénesis y MV para obtener oxigeno

y nutrientes de manera eficiente [32,33].

Otro fenédmeno asociado al MV es la presencia de vasos en mosaico, donde un vaso
puede estar revestido por EC en algunas partes y por células tumorales en otras, formando
estructuras vasculares hibridas que se han asociado con la invasién y diseminacion sistémica
de las células del tumor [34]. Ademas, se ha demostrado que el MV puede inducir la metastasis
después de un tratamiento anti-angiogénico [35]. Al inducir hipoxia ante la reduccion de la
DMV, las vias alternativas de vascularizaciéon como el MV pueden verse favorecidas y por ende
aumentar la incidencia de diseminacién a sitios distantes [36,37]. Asi como existe una
correlacidn positiva entre la DMV y la metastasis en cancer de mama [4], se ha visto que el
MV se asocia con la diseminacion del tumor y peor prondsticos en cuanto a recurrencia,
supervivencia, tamafo tumoral y grado de diferenciacion de las células del tumor [16, 32, 38,
391, vinculando al MV con un fenotipo de cdncer de mama mads maligno y agresivo [32, 98,

391

Entre los varios estudios que asocian al MV con pardmetros clinicopatolégicos vy
prondstico en pacientes con cdncer de mama, un gran ejemplo es el estudio elaborado por
Shirakawa K, et al. [31] donde observaron que de 331 muestras de cdncer de mama extirpadas

quirargicamente, solo 26 (7,9 %) tuvieron evidencia de MV. Este porcentaje de pacientes tuvo
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mayor asociacién con la recurrencia hematégena y menor supervivencia global a los 5 afios
[32]. Sin embargo, en otro estudio de ocho informes clinicos con 1.238 pacientes con cdncer de
mama, la tasa de casos con MV fue mayor, al identificarse en el 24% de los tumores evaluados,
el MV se asocié con un mayor tamano tumoral (>2 cm), metdastasis en ganglios linfaticos, peor
grado de diferenciacién (grados 2 y 3) y menor supervivencia general (SG) que aquellos sin

MV, reafirmando la asociacién del MV con los fenotipos mas agresivos [39].

Resulta interesante que a pesar de que la presencia de MV en los tumores de cancer
de mama que se analizan no rebasa el 14%, la mayoria de las muestras positivas a MV se
asocian significativamente con caracteristicas clinicopatolégicas negativas como metastasis
en los ganglios linfaticos axilares, mayor tamario del tumoral y mayor grado histolégico, asi
como con un peor prondstico global [40, 41]. Recientemente, un estudio de meta andlisis sobre
el papel del MV en la progresién tumoral y su valor prondstico en diferentes tipos de tumor,
demostré que la presencia de MV predice una menor supervivencia en los pacientes con
cancer, corroborando que este tipo de asociaciones estd presente en otros tipos de cancer

ademads del de cdncer de mama [42].

1.3. PRINCIPALES MECANISMOS MOLECULARES ASOCIADOS AL MV

Se han descrito diversas vias de regulacion del MV, dichas vias suelen estar asociadas
a la plasticidad celular, la transiciéon epitelio-mesénquima (EMT) y propiedades troncales en
las células de cdancer. Se sabe que en cdncer de mama, la EMT es importante para la
adquisiciéon y el mantenimiento de troncalidad, asi como con el desarrollo de MV [43]. La
presencia de células con dichas caracteristicas es mas frecuente en tumores de cancer de
mama mas agresivos, se ha propuesto que el origen del MV reside en las subpoblaciones
troncales dentro de dichos tumores [26]. De manera general, los reguladores del MV podrian
agruparse en 3 grupos representados en el Diagrama 2; mientras que las principales

propiedades fenotipicas, relacionadas con los “drivers” del MV en cancer son:

e Presencia de subpoblaciones troncales. Liu y cols. encontraron que la positividad a
CD133 en holoclonas de células de cancer de mama MDA-MB-231, se correlacionaba
con la capacidad de MV vy el potencial de autorrenovaciéon. Particularmente estas
holoclonas también expresaron marcadores endoteliales como VE-cadherina, MMP2 y
MMP9, demostrando que las poblaciones troncales de cdncer de mama CDI33+
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contribuyen con el MV y la adquisicién de un fenotipo similar al endotelio [26]. Entre
los marcadores de troncalidad mejor asociados con la capacidad de hacer MV estdan
el CD133 y la aldehido deshidrogenasa 1 (ALDHI) [25, 371.

Transicion epitelio mesénquima (EMT). Algunos factores derivados del microambiente
tumoral se han asociado con la EMT y la induccién de MV, uno de ellos es el factor de
crecimiento transformante de citocinas beta (TGFB) y el factor de transcripcion TWISTI
[24, 44]. Por ejemplo, en carcinoma hepatocelular, se sabe que TGFB promueve el MV
in vitro e in vivo al inducir la expresion de VE-cadherina, MMP2 y LAMC2 [45]. Aunque
TGFB no ha sido descrita como un regulador clasico del MV en el cAncer de mama, en
xenoinjertos de cancer de mama, la induccién de hipoxia dependiente de TWIST (blanco
de la senalizacion de TGFB) aumentd la positividad a C133, derivando en la resistencia
al tratamiento con sunitinib [24]. Por otra parte, también se ha visto, en
hepatocarcinoma, que la EMT que deriva en mimetismo vascular es regulada por la via
de HIF1a/AKT [45] mientras que en cancer de células no pequefias de pulmén, esta via
incluye rio abajo la activacion del blanco de la rapamicina en mamiferos, mTOR, [46].
Expresion de marcadores endoteliales. Como se discutié anteriormente, la expresion
aberrante de VE-cadherina en los tumores, se ha asociado estrechamente con la
formacion de MV, y la transdiferenciacion a endotelio, donde hay una pérdida de
marcadores mesénquimales/epiteliales y la ganancia de endoteliales, como la
vimentina y la VE-cadherina, [18, 47].

Factores pro-inflamatorios. La presencia de quimiocinas y citosinas derivadas de la
inflamacién, como la interleucina 6 (IL-6) han demostrado que participan en la
formacion de estructuras tipo tubulares in vitro al regular positivamente la expresion
de VE-cadherina y la actividad de la MMP-2, entre otros [46]. Particularmente en el
cancer de mama, la IL-8expresa asi como sus receptores CXCRI/CXCR2, y se ha
demostrado que la internalizacién de IL-8 aumenta durante la formacion del MV [48].
De manera similar, la IL-1B estimula la formacion de MV en las células de cancer de
mama, y cuando las células son incubadas en presencia de esta quimiocinag, las células
hacen tubulogénesis y comienzan a expresar la VE-cadherina, asi como el receptor 1

de VEGF (VEGFR1), la MMP-2, MMP-9 [49].
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Hipoxia. La hipoxia es un estimulador esencial de los procesos de neovascularizacion,
entre las vias de sefializaciéon asociadas a la regulacién de este mecanismo como
inductor del MV se han descrito la participacion de EGFR/PI3K/AKT, asi como de E-
cadherina y vimentina [50, 51]. Asi mismo, se ha visto que el MV en glioma es
dependiente de FGFR/VEGFR pues la inhibicion dual de estos receptores impide la

formacion de redes tipo tubulares in vitro, especialmente en condiciones de hipoxia

[52].

Reguladores
TGF-B
IL-1B/IL-8 moleculares PI3K/Akt
IL-6/STAT
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Diagrama 2. Principales reguladores del mimetismo vascular en cancer de mama.
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CAPITULO 2.

CANCER DE MAMA TRIPLE NEGATIVO Y
SUS ALTERNATIVAS TERAPEUTICAS



2.1.EL CANCER DE MAMA TRIPLE NEGATIVO, UN RETO ACTUAL EN LA
CLINICA.

Respecto a otros afos, en el 2020 el cancer de mama superd al cancer de pulmoén como
el tumor mas diagnosticado con un estimado de 2.3 millones de nuevos casos en un afo, el
11.7% de todos los casos [1]. En algln momento de su vida, se calcula que 1 de cada 8 mujeres
serd diagnosticada con cancer de mama, que ademads es la segunda causa mas comn de
muerte relacionada con el cancer en mujeres a nivel mundial [2]. Se ha observado que las
mujeres pertenecientes a minorias, especialmente afroamericanas e hispanoamericanas,
tienen mas probabilidades de ser diagnosticadas con formas agresivas y avanzadas de cancer
de mama, y menor probabilidad de recibir regimenes de tratamiento recomendados [3]. Por
ello, la necesidad de identificar tratamientos mas eficientes que ayuden a disminuir las

muertes por este tipo de cancer, es una de las prioridades de la salud publica a nivel mundial.

El cancer de mama se clasifica de diferentes maneras, las mds comunes se basan en la
expresion de biomarcadores como los receptores hormonales de progesterona (PR) vy
estrogeno (ER), asi como del receptor del factor de crecimiento epidérmico humano (HER2).
Ademds de biomarcadores para la clasificacion molecular del cancer de mama, éstos
receptores representan los blancos principales de la terapia dirigida de estos tumores [4]. El
subgrupo de cancer mama triple negativo (CMTN) carece de la expresion de estos receptores
y representa del 10 al 20% de los cdnceres de mama, ademads de ser mucho mas frecuente en

mujeres jovenes [5-7].

Las pacientes con CMTN suelen tener un peor pronéstico en cuanto a supervivencia
global en comparacién con las pacientes de los demas subgrupos [8]. Al provenir de células
altamente invasivas, los tumores triple negativo son considerados como agresivos pues se
asocian con un mayor indice de recurrencia, dentro de los primeros 5 afos tras el diagnostico,
asi como a un mayor riesgo de metdstasis a distancia, siendo las metastasis a cerebro y

pulmén las mas frecuentes [9, 10].

De acuerdo con el Consenso Mexicano para el Diagnéstico y Tratamiento del Cancer
mamario del 2021 “las pacientes con tumores triple negativos tienen como Gnica opcién de
tratamiento la quimioterapia, sin que sea posible recomendar en la actualidad un esquema
especifico”. Desafortunadamente la agresividad biolégica de estos tumores, también se asocia
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con el desarrollo de quimio-resistencia de origen intrinseco o en etapas mucho mas tempranas

respecto a los demds subtipos moleculares [11-14].
2.2. TERAPIAS ANTI-ANGIOGENICAS Y MIMETISMO VASCULAR

Como se menciond en el Capitulo 1.2, entre las alternativas terapéuticas para tratar
tumores altamente agresivos y vascularizados, como los son los tumores triples negativos,
estan las terapias anti-angiogénicas, entre estas estrategias se encuentran las moléculas
sintéticas inhibidoras de RTKs, que actGan al interactuar con el sitio de union al ATP previniendo
la dimerizacién y fosforilacion de los receptores y sus sefializaciones intracelulares [15]. Con el
desarrollo de nuevas moléculas especificas dirigidos contra las moléculas mediadoras de la
angiogénesis como el factor de crecimiento endotelial (VEGF) y su receptor (VEGFR), o bien del
factor de crecimiento de fibroblastos (FGF) y su receptor (FGFR), pues se sabe son cruciales en

la angiogénesis, la linfangiogénesis y la remodelacion de los vasos sanguineos [16, 17].

Dos importantes inhibidores de FGFR, en estudios de fase clinica | y II. Por una parte, el
dovitinib es una molécula pequefia multiblanco, actia como un inhibidor selectivo contra
FGFR1/2/3, ademas de VEGFR1/2/3, cKIT y el receptor beta del factor de crecimiento derivado
de plaquetas (PDFGR- B), sus potentes efectos anti-proliferativos han sido reportados en
modelos tanto in vitro como in vivo [18,19]. Por otra parte, el AZD4547, es un inhibidor
especifico cuyos fuertes efectos anti-proliferativos, pro-diferenciantes y anti-angiogénicos en
distintos tipos de tumores que sobreexpresan FGFR han sido estudiados y actualmente se
encuentra en estudios de fase clinica | y [1 [20,22]. Cabe destacar que al inicio de este proyecto,
el efecto de estos inhibidores sobre la angiogénesis o el mimetismo vascular del cancer de

mama triple negativo se desconocian.

Sin embargo, se ha demostrado que en ocasiones inhibidores similares pueden llegar a
aumentar la agresividad y metdastasis en modelos murinos [23]. Un estudio in vivo en ratones
desnudos portadores de tumores xenoinjertados MDA-MB-231 y Hs578T mostré que el
tratamiento con sunitinib, un inhibidor de la tirosina quinasa de VEGF, aumenta los canales de
mimetismo vasculogénico (VM) y que la interrupcién del tratamiento da como resultado un
nuevo crecimiento, invasién y un rebrote de vasos dependientes del endotelio mediante
mimetismo vasculogénico [24]. Por lo tanto, queriamos abordar algunas de las estrategias
alternativas que se ha informado que afectan la VM especificamente en un contexto TNBC y
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aquellas que adn no se han explorado pero que podrian resultar en un beneficio para prevenir
el desarrollo de VM como mecanismo de resistencia o como un curso para progresion de la
metdstasis. A pesar de los efectos contundentes de anti-angiogénicos como el sunitinib y el
bevacizumab, en CMTN, evidencia reciente ha mostrado que si bien disminuyen la densidad
vascular y detienen el crecimiento, la interrupcién del tratamiento conduce a recurrencia,
permitiendo que el tumor vuelva a crecer empleando el mimetismo vascular como estrategia

de vascularizacién y supervivencia tumoral [23-26].

Ante la necesidad de mejorar la eficiencia de las estrategias terapéuticas actuales, en
recientes anos la comunidad cientifica ha invertido grandes esfuerzos en el uso de compuestos
de origen natural con efectos anti-tumorales, ya que tienen grandes ventajas por su bajo costo
y baja toxicidad. Su potencial uso clinico es interesante y necesario, especialmente para
aquellas pacientes, como las del subgrupo triple negativo, que al carecer de estrategias
dirigidas u opciones terapéuticas alternativas a las terapias sistémicas, siguen siendo al dia de

hoy un reto clinico a nivel nacional y mundial.

2.3. ALTERNATIVAS TERAPEUTICAS CONTRA EL MIMETISMO
VASCULAR Y LA ANGIOGENESIS.

Uno de los graves problemas de las terapias sistémicas, como lo son la radioterapia y
la quimioterapia, es que la toxicidad de estos compuestos afecta no sélo a las células del
tumor, sino también a las células no neopldasicas del tejido donde se encuentra localizado el
cancer. Debido a que la mayoria de agentes quimioterapéuticos y anti-angiogénicos se
asocian a la resistencia a terapia, recurrencia tumoral y efectos adversos, la comunidad
cientifica busca opciones a dichos tratamientos con mejor eficiencia, y con baja o nula
toxicidad sistémica, como lo son los compuestos de origen natural, o las moléculas
modificadas para transportar los faGrmacos de manera selectiva a los tumores de cancer de

mama [27].

Al dia de hoy diversos compuestos bioactivos, provenientes de especies vegetales u
hongos de origen acudtico y terrestre son de interés cientifico por sus potenciales efectos
terapéuticos [28]. Evaluar su toxicidad es de gran importancia para descartar efectos
adversos asociados a la interaccién de hierbas y farmacos, por lo que su efecto combinado
debe ser cuidadosamente revisado [29].
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Por ello, los efectos benéficos de varios de estos compuestos de origen natural han sido
previamente evaluados tanto en modelos in vitro como en modelos in vivo, asi como en la
quimioterapia. Dichos compuestos pueden ser empleados en monoterapia o en combinacién
con otros agentes antitumorales de origen natural, moléculas modificadas o con farmacos
sintetizados [30]. Se ha visto que en varios casos, la combinacién de compuestos de origen
natural con agentes quimioterapéuticos clasicos permite disminuir las dosis empleadas de los
compuestos, lo cual conlleva la disminucién/prevencién de la resistencia a la terapiq,
mitigacion de los efectos secundarios y potenciacion o sinergia de los efectos antineopldasicos

de los compuestos combinados [31-34].

Lo anterior resulta sumamente prometedor para redisefar los esquemas de
tratamiento y mejorar la eficiencia de las terapias, especialmente en tumores como los CMTN,
que al carecer de dianas moleculares para su tratamiento ser altamente angiogénicos y
capaces de hacer mimetismo vascular como mecanismo de vascularizacién alternativo y/o de
resistencia. Entre los compuestos con potentes efectos anti-neopldsicos y que ha mostrado
tener efectos anti-angiogénicos e inhibitorios sobre el mimetismo vascular, destaca la

curcumina.

2.31. CURCUMINA, EL BOLETO DORADO CONTRA LA
VASCULARIZACION TUMORAL

La curcumina, el principal curcuminoide derivado de la circuma (Curcuma longa), es
un polifenol que se ha propuesto como complemento dietario para prevenir el cncer y como
agente terapéutico por sus potentes efectos sobre la proliferacion, la inflamacion y el estrés
oxidativo, en cancer [35, 36]. Varios de los efectos de la curcumina son mediados por su papel
sobre la apoptosis y su actividad como inhibidor de la actividad de las cinasas de tirosina, por
lo que sus efectos anti-neopldasicos involucran la regulacion negativa de cascadas de
sefalizacién mediadas por fosforilacion [37]. Dichos efectos van desde la prevencién de la
metdstasis en el CMTN hasta la sensibilizacién a la quimioterapia y radioterapia [38, 39]. Sin
embargo, también se ha visto que la curcumina puede incidir sobre la regulacién de vias
involucradas con la regulacién negativa de a vascularizacién tumoral, tanto por medio de la

angiogénesis, como por mimetismo vascular (llustracién 1), [39, 421, lo anterior sugiere que su
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uso por si solo o en combinaciéon con otros agentes anti-neoplasicos podria prevenir el

desarrollo de mecanismos de resistencia que involucren dichas vias de sefalizacion.

SEFIALE§ VIAS ASOCIADAS
PRO-ANGIOGENICAS AL MV
(Akt/mTOR, COX-2, VEGF, PECAM-1, eNOS) (Jak2/STAT-3, PI3k/Akt, CREB, MMP-2/TIMP-1)

RESPUESTA %%, A PLASTICIDAD
INFLAMATORIA ~  CELULAR

(IL-6, IL-8, IL1o/IL-1B) A OCH; HiCO (Wnt/B-catenina, Notch)

CURCUMINA

llustracién 1. Efectos de la curcumina sobre la vascularizacién tumoral y procesos asociados.
La curcumina es un polifenol derivado de la cdrcuma (Curcuma longa). Se han reportado diferentes
efectos de la curcumina sobre sefiales pro-angiogénicas y vias asociadas con el mimetismo
vascular (MV) asi como con la respuesta inflamatoria y la plasticidad celular, que como se ha
discutido en secciones anteriores son importantes en el desarrollo del MV y la resistencia a las
terapias anti-angiogénicas.

Algunos estudios han sugerido que parte de los efectos quimiopreventivos y anti-
tumorales de la curcumina son mediados por su interaccion directa con el receptor de la
vitamina D, VDR, asi como su activacién y la regulacion de sus funciones genémicas [43,44].
Estudios epidemiolégicos han mostrado que existe una asociacion inversa entre el riesgo de
desarrollar cancer de mama y una concentracion baja de vitamina D; se sabe que mantener
niveles de suficiencia de 25-hidroxivtamina D3 (250HD3) puede disminuir el riesgo de padecer
cancer en mujeres hasta en un 50% (cuando se comparan mujeres con suficiencia vs
deficiencia de 250HD3), esto sugiere que evitar la hipovitaminosis D es una manera segura y
econdmicamente accesible de prevenir esta patologia [44,45]. Por ello, diversos grupos han
propuesto la suplementacién nutricional con fuentes de vitamina D, que aumentan la

expresion del VDR, su bioactividad y sus efectos anti-neoplasicos [43-47].
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2.3.2. CALCITRIOL: OPORTUNIDADES TERAPEUTICAS EN EL CANCER DE
MAMA

El calcitriol es un secoesteroide derivado de la vitamina D3, es su principal metabolito
activo y en condiciones fisiolégicas cumple con la funcion de mantener la homeostasis de calcio
y fosforo para preservar la salud ésea; sus acciones hormonales tienen efecto en rifones,
intestino y huesos [48]. En cambio, en el contexto del cancer, esta forma hormonal de la
vitamina D, calcitriol, ejerce potentes efectos anti-proliferativos y pro-diferenciantes, por lo que
actla como un factor antitumoral multiblanco cuando se encuentra en concentraciones
adecuadas [49]. Sus funciones son mediadas por su unién al VDR, que actia como factor de
transcripcion dependiente de ligando, y regula la expresion de los genes con elementos de

respuesta a la vitamina D (VDRE) en su region promotora [50].

TRANSICION DIFERENCIACION
EPITELIO-MESENQUIMA CELULAR
(PI3K/Akt, Smad2-3/STAT3/p-catenina) (Wnt/p-catenina, SOX-2, OLIG-2, Hedghog, GCHp)
PRODUCCION
DE CITOSINAS PROLIFERACION

—_— CELULAR
" (p21, p27, Ciclinas, Cdk2, Cdk4)

(JAK/STAT, IL-6, IL-8, IL-1, IL-10)

o™

CALCITRIOL

llustracién 2. Efectos anti-neoplasicos del calcitriol y principales reguladores moleculares.

El calcitriol es una hormona secoesteroide derivada de la vitamina D con fuertes efectos pro-
diferenciantes y anti-proliferativos en células de cdancer, donde ademds inhibe la expresion de
oncogenes y activa apoptosis. Sin embargo, también se ha visto que regula mecanismos asociados
al MV como la produccién de citosinas pro-inflamatorias y la EMT.

Como se muestra en la llustracion 2, el calcitriol tiene una amplia variedad de blancos
moleculares que inciden en diversos procesos de importancia para la supervivencia tumoral y
su diseminacion a distancia. Los efectos anti-tumorales del calcitriol van desde la inhibiciéon de
la proliferacién celular y la regulacion de la diferenciaciéon celular, hasta la inhibicién de la EMT

y la produccién de citosinas, procesos altamente ligados con el desarrollo del mimetismo

vascular [51, 55].
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Debido a sus efectos multiblanco, diversos grupos de investigaciéon han demostrado el
potencial del calcitriol para actuar de manera sinérgica con farmacos antineoplasicos usados
comUnmente en la clinica [56]. Entre otras cosas, se ha demostrado que el calcitriol o sus
andlogos potencian los efectos terapéuticos de taxanos, andlogos del platino, agentes

alquilantes, inhibidores de RTKs y radiaciones ionizantes [56-62].

De manera interesante, nuestro grupo de investigacién, reporto recientemente que en
células de CMTN asi como en ratones xenoinjertados con dichas células, el tratamiento
combinado de calcitriol con curcumina inhibe de manera significativa el crecimiento tumoral
al impedir la angiogénesis, disminuyendo significativamente la DMV, el diaGmetro de los vasos,
y la captacion de marcadores del endotelio activado [63]. Ambos compuestos interactuaron
sinérgicamente inhibiendo la proliferacion celular de las células de CMTN de manera
significativa, respecto a cada compuesto por separado. A la fecha, los efectos de la
combinacién de calcitriol con agentes anti-angiogénicos como la curcumina o los inhibidores
de FGFR/VEGFR, como AZD4547 o dovitinib, sobre el mimetismo vascular no han sido

evaluados por otro grupo de investigacion.
2.3.3. USO POTENCIAL DEL CALCITRIOL Y LA CURCUMINA EN EL MV

Como se menciona anteriormente, el estudio de compuestos de origen natural con
potenciales efectos inhibitorios del mimetismo vascular o sus procesos asociados ha
despuntado en los ultimos afios ante las limitaciones encontradas al usar terapias anti-
angiogénicas que lejos de brindar un beneficio a las pacientes, pueden llegar a generar la
resistencia mediante el mimetismo vascular, la inestabilidad cromosémica y la plasticidad
celular del tumor [23, 24]. Sobre la curcumina, se ha visto que tiene potentes efectos inhibitorios
del MV y otros procesos asociados en tumores como el hepatocarcinoma, donde su efecto es
mediado por la via de PI3K/Akt, melanoma coroideo, a través de la regulacion negativa de la
via EphA2/PI3K/MMP-2y el carcinoma de células escamosas de laringe, donde la inhibicién del
MV se asocié a la inhibicion de la via de JAK-2/STAT3 y la regulacion negativa de la expresion
de MMP-2 y VEGF [64-66]. A la fecha, su efecto sobre el MV del cancer de mama, en particular
del CMTN no se habia reportado.

Por otro lado, el calcitriol, el metabolito mas activo de la vitamina D, que posee potentes
efectos pro-diferenciadores y anti proliferativos en cdncer de mama [67], ha mostrado que es
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capaz de inhibir la EMT al regular negativamente la via de PI3K/Akt/B-catenina [68]. Ademds,
el calcitriol tiene una potente actividad antiinflamatoria, pues regula negativamente la
activacion de la via JAK/STAT y la produccién de citoquinas inflamatorias, procesos que se
sabe estan involucrados en la carcinogénesis y la VM [69, 70]; sin embargo, no se han

explorado los efectos del calcitriol sobre el MV.

Al momento de la realizacién de este proyecto de investigacién y mientras el articulo
original se encontraba en revision, Khuloud Bajbouj et al. reportaron que el calcitriol regula
diferencialmente las vias relacionadas con MV y la expresién de sus marcadores clasicos en
las células de cancer de mama tratadas con calcitriol, esto se determiné mediante el andlisis
in silico de bases de datos transcriptomicas [71]. El mismo grupo de investigacion también
demostrd que en una concentracién muy alta de calcitriol (10 uM) la expresién de inhibidores
tisulares de MMP (TIMP) aumenta, mientras que la de MMP disminuye, lo cual se vio reflejado
en la inhibicion del MV en las células MDA-MB-231 [71]. No obstante, a la fecha de la realizacion
de esta investigacion, los efectos de la curcumina, los de las concentraciones nanomolares del
calcitriol y los de la combinacién de ambos compuestos en cancer de mama triple negativo, y
los mecanismos involucrados en dicha respuesta permanecen desconocidos, esto dio origen a

nuestra pregunta de investigacion.

Para abordar este asunto, implementamos un modelo que incluye la participacién de
factores derivados del microambiente tumoral involucrados en la inducciéon del MV.
Desarrollamos un modelo de MV inducido por endotelio in vitro en co-cultivos de células de
CMTN co-cultivadas con células endoteliales [ver Capitulo 4.]. Una vez que caracterizamos el
proceso de VM en nuestro modelo experimental, probamos los efectos del calcitriol, la
curcumina y su combinacion en la capacidad de las células tumorales para formar redes de
cordones similares a tibulos. Ademds, para conocer los mecanismos moleculares, exploramos
la capacidad de los compuestos naturales para modificar el patrén de fosforilacion de varias
cinasas que se sabe que estan involucradas en la formacion del MV [ver Capitulo 5.]. Parte de
la novedad de esta investigacion reside en el modelo experimental que utilizamos, las
concentraciones de calcitriol probadas que se pueden alcanzar de forma segura en los

pacientes y el efecto combinatorio de los compuestos sobre la VM.
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CAPITULO 3.

DELIMITACION DEL ESTUDIO



3.1. RELEVANCIA DEL ESTUDIO

Los agentes terapéuticos actualmente empleados en pacientes con CMTN no han
logrado del todo el éxito deseado, por lo que resulta urgente desarrollar terapias mas eficaces
y econdmicamente accesibles. La falta de consistencia respecto a lo esperado se debe, en
parte, a la poca comprension que tenemos aldn de los mecanismos tumorales de defensa
asociados a la angiogénesis. Por ende, es requisito entender mejor la biologia de la enfermedad
para lograr identificar oportunidades terapéuticas que impacten positivamente en la
respuesta clinica. De aqui la importancia de comprender como las interacciones celulares per
se y después de los tratamientos, desde el modelo de estudio a emplear, generan cambios en

los procesos biologicos de supervivencia del tumor.

Por otro lado, el uso de tratamientos multiblanco de baja toxicidad combinados con
terapias convencionales representa una ventana de oportunidad, por lo que en este proyecto
estudiaremos la combinacién de calcitriol con curcumina como propuesta terapéutica
adyuvante para incrementar la eficacia y reducir la toxicidad de la quimioterapia

convencional.
3.2. PREGUNTA DE INVESTIGACION

LEl tratamiento con calcitriol sélo o combinado con curcumina, previene el mimetismo

vascular y sus procesos de plasticidad celular celulares asociados en CMTN?

3.3.HIPOTESIS

Debido a sus potentes efectos anti-tumorales y pro-diferenciantes, el calcitriol combinado

con curcuming, disminuird significativamente el mimetismo vascular en CMTN.
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3.4.

OBJETIVOS

e Determinar el efecto del calcitriol combinado con agentes anti-angiogénicos sobre la

vascularizacion tumoral y el mimetismo vascular.

Para alcanzar dicho objetivo, el proyecto se realizé en 3 etapas con sus respectivos

objetivos particulares:

e Establecimiento del modelo de mimetismo vascular en CMTN

O

O

O

Caracterizar el modelo de MV en co-cultivos de las lineas celulares de CMTN, MBCDF-
Ty HCC-1806, con endotelio, EA.hy926.
|dentificar la participacién de la interaccién cancer-endotelio en el MV del CMTN.

Determinar las principales vias de sefializacién involucradas en el MV del CTMN.

e Efecto del tratamiento combinado de calcitriol con curcumina sobre el MV en CMTN

@)

Determinar el efecto de la combinacion de calcitriol sobre el MV en co-cultivos de
MBCDF-Tum o HCC-1806 con endotelio.

Determinar el efecto del tratamiento con curcumina sobre el MV en co-cultivos de
CMTN y endotelio.

Evaluar el efecto de la combinaciéon de calcitriol y curcumina sobre el MV en el modelo
de co-cultivos.

|dentificar las vias de sefializacién asociadas con la respuesta a los tratamientos solos

y en combinacion.

o Efecto del calcitriol combinado con inhibidores de FGFR/VEGFR sobre los procesos

asociados al MV y el potencial vasculogénico de células de CMTN

O

Evaluar el efecto de la combinacién de calcitriol con dovitinib o AZD4547 sobre los

procesos de plasticidad celular asociados al MV en CMTN (troncalidad y transicién

epitelio mesénquima).

= Evaluar el efecto de los tratamientos, solos o en combinacién, sobre la formacién
de mamoesferas en las lineas celulares de CMTN, MBCDF-Tum y HCC-1806.

= Evaluar el efecto de los tratamientos solos y en combinacién sobre la migracién
celular de las células de CMTN.

Determinar el efecto de la combinacion de calcitriol con los inhibidores de VEGFR/FGFR,

dovitinib o AZD4547, sobre el MV en CMTN.
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3.5. DISENO EXPERIMENTAL

Para alcanzar los objetivos e cada etapa se establecieron diferentes estrategias
experimentales, ilustradas a continuacién. Los materiales y métodos de cada etapa se

describen al inicio de cada capitulo.

Modelo de mimetismo vascular en CMTN

EA.hy926 MBCDF-T o HCC-1806
_—

Analisis morfométrico de redes

<4
n . .
®) ﬂ de cordones (tubulogénesis)
> == e ,
5 a.... Q. '3
Q 1 = -
A
> = :
U>J Co-cultivos con células tumorales -
S pre-tefiidas con Green CellTracker
Angiogenesis O e
CM Antibody Array @@®® €]
.::. Redes de
- o0 ® m . - . interaccion
e roteina-proteina
Lisado total W PhosphoRTK e o © P P

Antibody Array

llustracién 3. Establecimiento de modelo de MV en co-cultivos y caracterizacion.

Se realizaron co-cultivos de dos lineas celulares de cdncer de mama triple negativo, MBCDF-
T/HCC-1806 con células endoteliales, EA.hy926. Las células de cdncer se pre-tifieron con
CellTracker para validar el modelo de MV y comprobar que las células de CMTN hacen las redes
de cordones. Paralelamente, el secretoma inductor del MV se caracterizé mediante el arreglo en
membrana Angiogenesis Antibody Array empleando medio condicionado (CM), mientras que las
sefiales implicadas se evaluaron usando el Phospho RTK Antibody Array usando lisado total del
co-cultivo. Las interacciones resultantes de los blancos obtenidos en este Gltimo sirvieron para
realizar un andlisis de enriquecimiento funcional en STRING vy las redes de interaccion proteina-
proteina.
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Efecto de la combinacién de calcitriol y curcumina sobre el MV

Co-cultivos mixtos

Analisis morfométrico

|5 =%

Calcitriol, Curcumina, Cal+Cur

Redes de interaccion
proteina-protel’n%

0000 ©
L 1 L0
Lisado total ) S e amm ©
ce
¥ PhosohoMAPK e e ©
Antibody Array Prediccion de procesos

biolégicos regulados por red

llustracién 4. Evaluacion del tratamiento combinado de calcitriol y curcumina sobre el MV en
cancer de mama triple negativo.
Se evalud el efecto de los tratamientos sobre el MV de igual manera que se describe en la
llustracion 3, en esta etapa el arreglo de anticuerpos empleado fue el PhosphoMAPK antibody
array a partir del cual se realizaron redes de interaccién proteina-proteina y la prediccién de los
procesos biolégicos regulados por las redes obtenidas en cada grupo de tratamiento.
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CAPITULO 4.

MIMETISMO VASCULAR EN CO-CULTIVOS
DE CANCER DE MAMA TRIPLE NEGATIVO
Y ENDOTELIO

Los resultados de este capitulo se presentaron en XXXIll Congreso Nacional de
Bioquimica del 16 al 21 de octubre de 2022.

GABRIELA MORALES-GUADARRAMA, EDGAR ARMANDO MENDEZ-PEREZ, ROCIO GARCIA-BECERRA,
JANICE GARCIA-QUIROZ, EUCLIDES AVILA, LORENZA DIiAZ. "V ASCULOGENIC MIMICRY OF TRIPLE
NEGATIVE BREAST CANCER IS INHIBITED BY CALCITRIOL AND CURCUMIN THROUGH INHIBITION OF PI3K/AKT
PATHWAY"

MANUSCRITO EN PREPARACION




4.1. RESUMEN

La neovascularizacion es esencial para la diseminacion y el crecimiento tumoral.
Tumores altamente agresivos, como los del cancer de mama triple negativo, son capaces de
desarrollar su propia red de microcirculacion mediante el mimetismo vascular. Sin embargo,
el conocimiento respecto al papel de las interacciones celulares entre los componentes no
tumorales (estroma/endotelio) y el tumor, siguen poco exploradas. Por ello, evaluamos los
efectos del co-cultivo de células endoteliales (EC) (EA.hy926) o estromales (N30) con células
de cancer de mama triple negativo (MBCDF-T, o HCC-1806), o bien de células endoteliales con
células estromales de trofoblasto (HTR-8) para conocer mejor la participacién de cada linaje
celular sobre el mimetismo vascular tumoral o fisiolégico (MV). El MV se evalué por medio de
la formacion de cordones similares a estructuras tubulares y se diferencié de la angiogénesis
al pre-tefir a las células de cancer, o a las células endoteliales (EC) con un marcador
fluorescente y por medio del patrén de expresién/localizaciéon de las proteinas VE-cadherina 'y
HK2. La participacion del endotelio se estudié por medio de ensayos de expresion de proteinas
o RNA, de factores reguladores de la angiogénesis, y la participacién de los receptores
involucrados con la vascularizacion se evaludé por medio de la inmunolocalizacion de FGFRI, su
funcion fue validada mediante la inhibicion farmacolégica especifica del FGFR o PIBK/Akt con

las moléculas pequefias AZD4547 o LY2904002, respectivamente.
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4.2, MATERIALES Y METODOS
CULTIVOS CELULARES

En este estudio, utilizamos dos lineas celulares CMTN humanas: MBCDF-Tum (MBCDF-
T), que se generd a partir de un cultivo celular primario de un carcinoma de mama ductal
invasivo TNBC descrito previamente' y la linea celular comercial HCC1806 (ATCC). Para el
modelo de co-cultivo, utilizamos la linea de células endoteliales humanas EA.hy926 (ATCC

CRL-292). Como control, realizamos co-cultivos con células estromales, N30 y trofoblastos

HTR-8/SVneo (ATCC).

Todas las lineas celulares se mantuvieron en condiciones de cultivo estdndar en medio
de mantenimiento DMEM-F12, suplementado con suero fetal bovino al 5% y penicilina 100
unidades/mL, estreptomicina 100 pg/mL. Para los experimentos con tratamientos, se usé

medio suplementado con suero fetal bovino despojado de carbén.
e Modelo De MV En Co-Cultivos

Para evaluar las aportaciones del estroma o el endotelio a la capacidad vasculogénica
de las células de CMTN, usamos co-cultivos revueltos, donde las células de cancer se
sembraron simultdneamente en presencia de las células endoteliales (proporcion 1:1), sobre
cubreobjetos de vidrio colocados en placas de  pozos. Los co-cultivos se incubaron en

condiciones controladas de cultivo.
o Tubulogénesis en co-cultivos mixtos

Los co-cultivos se fijaron entre las 24 y 72 horas de co-cultivo, para evaluar la formaciéon
de redes de cordones (tubulogénesis) in vitro. En diferentes puntos del tiempo, se llevé a cabo

el seguimiento visual y registro fotografico de los cambios en la citoarquitectura del cultivo.

Paralelamente, con el fin de determinar el origen de las células formadoras de tdbulos,

las células de cancer se pre-tiferon con CellTracker verde por 15 minutos, posteriormente se

" Garcia-Quiroz J, et. al. Synergistic Antitumorigenic Activity of Calcitriol with Curcumin or Resveratrol
is Mediated by Angiogenesis Inhibition in Triple Negative Breast Cancer Xenografts. Cancers, 2019. 6;
11(11):1739.
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despegaron y se sembraron en combinacién con las células endoteliales. La tinciéon inversa,
pre-tifiendo las células endoteliales fue llevada a cabo como control. Posteriormente a la
fijacion de las laminillas, a cada laminilla se le colocd una gota de medio de montaje UltraCruz
(SantaCruz) con 40,60-diamidino-2-phenylindole (DAPI) para contrateir los nicleos de las
células. Se realizé el registro fotografico usando un microscopio de epifluorescencia
convencional. Otros controles incluidos fueron co-incubacion de la linea celular MBCDF-T con

células estromales asi como la co-incubacién de las células EA.hy926 con trofoblastos, HTR-8.
o Co-cultivos medio condicionado

El medio de cultivo de los co-cultivos (medio condicionado, CM) se recolectaron de
diferentes experimentos, y las células en monocultivo (tanto de céncer como de endotelio)
fueron expuestas al mismo por 3 dias. Cada 24 horas se llevo a cabo el seguimiento fotografico
de los cultivos para evaluar los cambios morfolégicos en las células. El restante del medio de

cultivo se empled para caracterizar el perfil angiogénico del secretoma.
PERFIL DE EXPRESION DE MEDIADORES DE ANGIOGENESIS

Con la finalidad de identificar la presencia de activadores o inhibidores de la
angiogénesis en el secretome de los cultivos, empleamos membranas de arreglos de
anticuerpo (Human Angiogenesis Antibody Array Membranes, Abcam, abl34000). Este arreglo
permitié la deteccion y cuantificacion de 20 diferentes factores involucrados en la angiogénesis
en los CM recuperados previamente. Todas las indicaciones se realizaron de acuerdo a lo
recomendado por el fabricante. Las membranas se incubaron toda la noche a 4°C con 1 ml del
CM del monocultivo de Cdancer o Endotelio, asi como con el CM del co-cultivo de
cancer/endotelio. La sefal obtenida por quimioluminiscencia se documentd y analizdé
empleando el foto-documentador ChemiDoc XRS+ System (BioRad). La comparacion
semicuantitativa entre las muestras se llevd a cabo empleando el software de andlisis
Imagelab (BioRad), usando los controles positivos incluidos en cada membrana. Los siguientes
factores angiogénicos se midieron en cada una de las muestras: angiogenina (ANG), factor de
crecimiento epidérmico (EGF), péptido activador de neutréfilos epiteliales (ENA-78), factor de
crecimiento de fibroblastos bdasico (bFGF), oncogén regulado por el crecimiento (GRO),
interferén gamma (IFN-y), factor de crecimiento similar a la insulina-1 (IGF-1), interleucina- 6

(IL-6), interleucina-8 (IL-8), leptina, proteina quimioatrayente de monocitos-1 (MCP-1), factor
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de crecimiento BB derivado de plaquetas (PDGF-BB), factor de crecimiento placentario (PLGF),
regulado tras la activacion de células T normales expresadas y secretadas (RANTES), factor de
crecimiento transformante beta 1 (TGF-B1), inhibidor tisular de metaloproteinasas 1 (TIMP-1),
inhibidor tisular de metaloproteinasas 2 (TIMP-2), trombopoyetina, crecimiento endotelial

vascular factor A (VEGF) y factor de crecimiento endotelial vascular D (VEGF-D).

Para el andlisis, nicamente se tomaron en cuenta los spots en donde hubo sefial de
quimioluminiscencia, los valores densitométricos obtenidos de cada blanco se categorizaron
de acuerdo a sus funciones biolégicas (en el caso del arreglo de angiogénesis). Finalmente la
comparacion visual de las diferencias relativas en los niveles de expresion de cada analito
entre las diferentes muestras se representé en un mapa de calor. La medicién de cada analito
por membrana fue por duplicado y se evaluaron en 2 membranas distintas con diferente CM,

por lo que el andlisis partié de una n de 4 por cada blanco evaluado.
RT-QPCR EN CELULAS ENDOTELIALES EXPUESTAS A CM

Para estudiar el efecto de los mediadores angiogénicos en el secretoma sobre el
comportamiento y la expresion de las células endoteliales, se sembraron células EA.hy926 en
presencia del CM de co-cultivos mixtos durante 24 h. El ARN total se extrajo de las células
utilizando Trizol (Life Technologies). Posteriormente, se transcribieron reversamente dos
microgramos de ARN usando el sistema de transcripcion reversa de Roche (Roche Applied
Science). Los ADNc resultantes se diluyeron 1:10 para el andlisis por gPCR. Las amplificaciones
se realizaron en el LightCycler® 2.0 de Roche (Roche Diagnostics), segin el siguiente protocolo:
activacion de Tag-DNA polimerasa (Roche Applied Science) y desnaturalizaciéon del ADN a 95
°C durante 10 min, seguido de 45 ciclos de amplificaciéon que comprenden 10 s a 95 °C, 30 s a
60 °Cy 1s a72 -C. Como control constitutivo de expresion, se empled la expresion de la
gliceraldehido-3-fosfato deshidrogenasa (GAPDH). Los cultivos se sembraron por triplicado y

todos los experimentos se repitieron al menos tres veces.
INMUNOFLUORESCENCIA

Los co-cultivos mezclados de cancer/endotelio se co-incubaron por 24 horas antes de
ser fijadas y permeabilizadas con la solucién Cytofix/Cytoperm (BD Biosciences, San Diego,

CA) a 4°C por 15 minutos. Posteriormente, las laminillas se lavaron y se incubaron los
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anticuerpos diluidos en Perm/Wash solution (BD Biosciencies). Se emplearon los anticuerpos
conejo anti-HK2 (Cell Signaling Technology, dilucién 1:400), anti-VEGFR-2 (Cell Signaling
Technology, dilucién 1:400), conejo anti-FGFR-1 (Cell Signaling Technology, dilucién 1:200),
ratéon anti-VE-cadherina (Santa Cruz Biotechnology, dilucién 1:200) o mouse anti-Vimentina
(Santa Cruz Biotechnology, dilucién 1:200). Tras incubarse toda la noche a 4°C, en ausencia
de luz, se realizaron lavados y se incubd en presencia de los anticuerpos secundarios por 2
horas, se emplearon: anti-mouse-Cy3 (Life Technologies Inc, dilucién 1:1000) y anti-conejo-
FITC (Jackson Immunoresearch, dilucién 1:500) a temperatura ambiente. posteriormente se
hicieron lavados y se llevd a cabo el montaje con usando el medio UltraCruz (SantaCruz) con
DAPI. El registro fotografico se llevdo a cabo usando un microscopio de epifluorescencia

convencional.
INHIBICION FARMACOLOGICA DE FGFR/PI3K

El efecto funcional de la senalizacién dependiente de FGFR o PI3K/Akt sobre el MV se
evalué mediante la inhibicion farmacolégica de FGFR o PI3K. Para ello se traté a los co-cultivos
con N-(5-(3,5-dimetoxifenetil)-1H-pirazol-3-il)-4-((3S,5R)-3,5-dimetilpiperazin-1-il)
benzamida, AZD4547 (AstraZeneca), (Santa Cruz Biotechnology Inc), un inhibidor especifico
de FGFRI, FGFR2 y FGFRS3, o bien con un inhibidor especifico de PI3K, LY294002 (Calbiochem,
SigmaAldrich), que inhibe la sefializacion PI3K/Akt. Su efecto sobre el MV se evalué por medio
de tubulogénesis en co-cultivo, tras 3 dias de co-incubacién se contabilizé la cantidad de
segmentos por grupo de tratamiento; los segmentos se definieron como los cordones de células
en la red formada por las células de CMTN. Las concentraciones usadas para dicho efecto
fueron de 3uM (LY294002) y 5uM (AZD4547). Los experimentos se repitieron por triplicado y
se tomo el registro fotografico de cada uno, al final se analizaron de 8 a 10 imdagenes por

tratamiento y fueron contabilizados por 3 observadores distintos.
PERFIL DE FOSFORILACION DE RTK

Para evaluar la respuesta de la inhibicién especifica de FGFR en las cascadas de
sefializacion, se empled un arreglo de anticuerpos de las fosforilaciones de distintas cinasas de
tirosina, (Human Phospho-RTK Antibody Array, Abcam, ab193662). Se emplearon 500ug de
lisados celulares de co-cultivos, provenientes de dos experimentos diferentes. Las

incubaciones se realizaron como indica el fabricante. Este arreglo identifica 71 fosforilaciones
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de las siguientes cinasas de tirosinas: ALBI, ACK], ALK, Ax|, Blk, BMX, Btk, Csk, Dtk, EGFR, EphAl,
EphA2, EphAS3, EphA4, EphAS5, EphAb, EphA7, EphA8, EphBI, EphB2, EphB3, EphB4, EphB6, ErbB2,
ErbB3, ErbB4, FAK, FER, FGFRI, FGFR2, FGFR2 (a isoform), Fgr, FRK, Fyn, Hck, HGFR, IGF-I R,
Insulin R (CD220), Itk, JAKI, JAK2, JAKS3, LCK, LTK, Lyn, MATK, M-CSFR, MUSK, NGFR
(TNFRSF16), PDGFR-a, PDGFR-B, PYK2, RET, RORI, ROR2, ROS, RYK, SCF R (CD117/c-kit), SRMS,
SYK, Tec, Tie-1, Tie-2, TNKI, TRKB, TXK, Tyk2, TYRO10 (DDR2/TKT), VEGFR2, VEGFR3, ZAP70.

Para el andlisis, todo fue igual que para el arreglo de angiogénesis. La comparacién
visual de los niveles de expresion/fosforilacion de cada analito se representd en un mapa de
calor. Ya que el lisado total analizado se obtuvo del co-cultivo mezclado, se realizé una

busqueda en la plataforma Human Protein Atlas (https://www.proteinatlas.org/), para

categorizar el perfil de expresion asociado a cada estirpe celular, al para predecir qué célula

(endotelial o con origen mamario) estaria expresando cada uno de estos blancos.

Finalmente, para entender mas la implicacion de dichos perfiles, con o sin la inhibiciéon
de FGFR, se elaboraron redes de interaccion proteina-proteina, mediante un andlisis de

enriquecimiento funcional en STRING (https://string-db.org/), que predice las interacciones

fisicas y funcionales de un input de proteinas determinadas y arroja los procesos biolégicos en

los que los nodos de cada red participan en las células.
ANALISIS ESTADISTICO

Las representaciones graficas mostradas y los andlisis estadisticos se realizaron en el
software GraphPad Prisma 7, para determinar si la expresiéon en endotelio, o si los efectos de
los tratamientos tenian diferencias significativas respecto a los controles se realiz6 ANOVA de
una via y t-student en casos especificos. Se consideraron diferencias significativas cuando la

p<0.00I. Las graficas de barra muestran promedios + error estandar.

4.3. RESULTADOS

De manera cldsica, se sabe que las sefiales enviadas por el tumor al microambiente
contribuyen a la formacién de nuevos vasos sanguineos. Sin embargo, de manera paralela, el
endotelio puede regular el comportamiento del estroma y las propias células del tumor
mediante la produccién pardcrina de factores pro-angiogénicos [1, 2]. Para determinar si estas

comunicaciones contribuyen en el mimetismo vascular del CTMN, empleamos co-cultivos de
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endotelio o estroma con cancer (CMTN) y el MV se evaludé por medio de la formacién de

cordones (tubulogénesis) en los co-cultivos.
El endotelio induce el mimetismo vascular tumoral y fisiolégico in vitro.

Inicialmente, las células MBCDF-T se co-cultivaron con células EA.hy926 en medio de
mantenimiento. Tras 24 horas de co-incubacion se identifico la presencia de dos planos focales
caracterizados por la formacién de redes de cordones formadas por células fusiformes
alargadas y, al fondo del cultivo, una poblacion de células con ndcleos grandes y de alta
adhesiéon a la superficie de cultivo parece fungir como soporte de las células formadoras de

redes (Figura 1).

o G

Figura. 1. Formacién de redes de cordones en co-
cultivos de células de CMTN con endotelio en 4x y
acercamiento en 10x.

Este resultado nos permitié identificar la tubulogénesis en co-cultivos de
cancer/endotelio. Sin embargo, para corroborar que se trataba de mimetismo vascular, y no
de tubulogénesis endotelial, realizamos co-cultivos donde las células de cancer fueron
previamente tefiidas con un marcador permeable (GreenCellTrackerT™) para distinguir al

componente celular encargado de formar las redes. Como control tefimos a las células de

CMTN, MBCDEF-T en monocultivo (Figura 1a).

De manera interesante, cuando pre-tefiimos y co-cultivamos dos diferentes lineas
células de CMTN, MBCD-F o HCC-1806, con endoteliales, identificamos que son
exclusivamente las células tumorales quienes se encuentran involucradas en la formacion de
las redes de cordones, como se observa en la Figura 1b. Este resultado demostré que nuestro
modelo efectivamente refleja la capacidad tubulogénica de las células de cancer, la cual es el

pardmetro estandar in vitro de las células capaces de hacer MV.

No obstante para descartar que una parte del modelo incluyera tubulogénesis

endotelial, el principal modelo de angiogénesis in Vvitro, realizamos co-cultivos
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cancer/endotelio, pre-tinendo ahora a las EC, EA.hy926. En el panel de la Figura Ic, se muestra
como no sbélo no participan en la estructura de las redes, sino que se encuentran debajo de las

células de cancer, a manera de andamio para la formacion de las redes.

Una de las caracteristicas que observamos en las células formadoras de red fue su
particular morfologia fusiforme, nos preguntamos si algo en el secretoma de estos co-cultivos
tenia un efecto sobre la morfologia y el comportamiento de las células de cancer, asi que

cultivamos a las células en presencia del medio condicionado (CM) del co-cultivo y

.
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Figura 1 El co-cultivo con células endoteliales induce mimetismo vascular in vitro en CMTN. (a) Las
células de cancer MBCDF-T o HCC-1806, o de endotelio, fueron pre-tefiidas con Green CellTrackerT™
antes de co-incubarse para identificar a las células formadoras de redes de cordones. Los nlcleos fueron
contrastados con DAPI, para observar las células restantes del co-cultivo. (b) Control de monocultivo de
CMTN, se observa la ausencia de redes de cordones en MBCDF-T. Aumentos en 10x.

observamos que la presencia de estas células fusiformes aumenté radicalmente, incluso
llegando a encontrarse ciertas células acomodadas a manera de “canal” en el co-cultivo con
CM sin que se identifiquen estructuras tridimensionales o planos focales distintivos (Figura
33a). Son precisamente las células con estas caracteristicas morfoldgicas las que parecieran
enriquecerse y encontrarse en los co-cultivos mixtos con endotelio, formando las redes de

cordones (Figura 33b). Para respaldar que el efecto es dependiente de endotelio, co-

cultivamos en las mismas condiciones a las células de CMTN con células de estroma, en co-

CancerIEndotheIium

CanceﬂStroma

X 3

Monoculture { CM co-culture

Figura 3. Co-cultivo con células endoteliales induce mimetismo vascular in vitro en CMTN. (a) Las
células de cancer MBCDF-T en monocultivo y en presencia del medio condicionado (CM) del co-cultivo.
Se observa un claro aumento de células fusiformes, sefialadas por una flecha amarilla. (b) Co-cultivos
mixtos de cdncer y endotelio, las flechas sefialan las células fusiformes distinguibles encargadas de
formar las redes de cordones. Fotografias en campo claro, aumentos en 10x y 20x.
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cultivos mixtos o de CM (Figura 33c, d). Sin embargo, ni el secretoma ni las interacciones
célula-célula indujeron la formacion de redes en los co-cultivos, corroborando el papel del
endotelio en el MV. Lo anterior sugiere, que la participacién pardcina de sefiales que favorecen
el cambio en la morfologia y el comportamiento de las células de cancer, las cuales parecieran
estar haciendo algln tipo de transicion fenotipica. A su vez, sugiere que son necesarias tanto
las sefales pardcrinas como yuxtacrinas para el MV de las células de CMTN, pues sin la
comunicacién célula-célula entre cancer/endotelio, la formacién de las redes no se da de

manera eficiente.

Con lo anterior y para finalizar la validacién de la induccion de MV por el endotelio, en
co-cultivos, probamos si el endotelio también era capaz de inducir el MV en células no
tumorales. En condiciones fisiolégicas, durante la vascularizacién de la placenta existe un
mimetismo vascular fisiologico, en el cual las células gigantes trofoblasticas forman canales
sanguineos en la placenta y adquieren caracteristicas similares al endotelio [3]. Por ello, co-
incubamos células EA.hy926 con células trofoblasticas, HTR-8, y encontramos que a los 6 dias
de co-cultivo, se observa la formacidon de redes tubulares en el co-cultivo
endotelio/trofoblastos, confirmando que el endotelio no sélo estimula el MV tumoral, sino

también el fisiologico (Figura 4).

! Figura 4. El endotelio induce el MV
*{ fisiologico en co-cultivos con HTR-8. Imagen
representativa de co-cultivos de 6 dias de
trofoblastos (HTR-8) con células endoteliales,
EA.HYQ26. Se observan los dos planos focales
| caracteristicos del modelo de MV de co-
{ cultivos donde una subpoblacién celular se

encuentra organizada en redes de cordones.

s Aumento 10x.

El endotelio induce un microambiente pro-angiogénico en co-cultivos con CMTN.

Como se mostré en la Figura 3, la exposicion al CM de co-cultivo indujo cambios

morfolégicos en las células de CMIN, sin embargo la comunicacién entre estos dos
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componentes celulares puede ser bidireccional. Por ello quisimos explorar el efecto del mismo
CM sobre la morfologia/comportamiento del endotelio, sembramos las células EA.hy926 en
presencia del CM de co-cultivo, como se muestra en la Figura 5a cuando las células se
exponen al CM, cambian su morfologia y comportamiento, puesto que se logran identificar dos
planos focales con células morfoloégicamente distintas. En el acercamiento mostrado en el
panel de Figura b, observamos células formadoras de cordones, que si bien no alcanzan la
tridimensionalidad, si se presentan cambios en su polaridad. Ademas, al fondo del cultivo, se
distinguen una subpoblacién de células grande similares a las que se observan enriquecidas
en el co-cultivo mixto cuando estdn con las células de cancer. Este resultado nos indica que el
secretoma producido en conjunto por las células de cancer y endotelio tiene potentes efectos

pro-angiogénicos en el endotelio, y de pro-MV en las células tumorales.

Para identificar si el co-cultivo efectivamente afecta la composicién del secretoma,
evaluamos la presencia de moléculas mediadoras de la angiogénesis en los monocultivos de
cancer y endotelio, asi como en el co-cultivo, por medio de arreglos de anticuerpos sobre
membrana. Como se muestra en el mapa de calor (Figura c) el monocultivo de cancer no
presentd, al menos en niveles detectables para esta técnica, ninguna de las moléculas
evaluadas en el arreglo de anticuerpos. Sin embargo el CM de endotelio presentd un balance:
tanto una gran variedad de moléculas pro-angiogénicas: IL-8, MCP-1, GRO, PIGF, como una
gran abundancia de inhibidores de la angiogénesis, TIMP-1, TIMP-2. En contraste, cuando se
encuentran ambas lineas en co-cultivo, las moléculas pro-angiogénicas aumentan
drasticamente, principalmente IL-6 e IL-8 y PIGF, mientras que las anti-angiogénicas
disminuyen, sugiriendo un desequilibrio entre ambos reguladores y promoviendo un ambiente

pro-angiogénico.

Lo anterior se reforzé cuando cultivamos las células endoteliales en presencia del CM y
evaluamos la expresion a nivel de RNA de diversas proteinas involucradas en la respuesta
angiogénica: VEGFR2, FGFRI, HK2, VEGF-A y TSP-1 (Figura d). Interesantemente, observamos
que el CM induce un aumento significativo de las moléculas pro-angiogénicas, especialmente
de VEGF-A, mientras que disminuye significativamente el anti-angiogénico TSP-1. En conjunto
estos resultados sugieren que el endotelio participa de manera importante en el

establecimiento de un microambiente tumoral pro-angiogénico capaz de regular la
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tubulogénesis en el endotelio por si solo, y en las células de CMTN cuando se encuentran en

co-cultivo.
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Figura 5. Las células endoteliales inducen un secretoma pro-angiogénico capaz de regular la
tubulogénesis endoteliales y tumoral. (a) Las células de endotelio EA.hy926 en monocultivo y en presencia
del medio condicionado (CM) del co-cultivo. Se observa la formacién de cordones en el co-cultivo con CM.
(b) Las células endoteliales formadoras de cordones desaparecen en el co-cultivo mixto con céncer,
favoreciendo la presencia de células endoteliales similares a mesénquima (ML-EC like). (c) Perfil de
moléculas mediadoras de la angiogénesis en medio condicionado de monocultivos de cancer y endotelio
y de co-cultivo. (d) Expresion relativa de mediadores de la angiogénesis en células endoteliales expuestas
a MC, las barras muestran el promedio + error estdndar. Con * se representan las diferencias estadisticas
respecto al control de 3 experimentos diferentes con sus respectivos triplicados, p<0.01

El MV de las células de CMTN es independiente de VE-cadherina

Uno de los marcadores clasicos, propuestos, para identificar las células capaces de
hacer el MV es la cadherina de endotelio vascular, VE-cadherina. Por otra parte, uno de los
principales cambios metabdlicos en las células durante la angiogénesis es un swich metabélico

pro-glucolitico, donde la hexocinasa 2, HK-2 juega un papel esencial. La inmunolocalizacion de
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estos dos marcadores se evalué en los co-cultivos de cancer y endotelio y en sus monocultivos.
Por separado, las células endoteliales presentan una baja expresion de HK2, y una fuerte
expresion de la VE-cadherina, principalmente localizada en la membrana celular (Figura 6a).
Mientras, las células MBCDF-T, expresan abundantemente HK2 con un patrén de localizacién
nlcleo/citoplasma bien definido, mientras que también expresan, de forma aberrante, a VE-
cadherina (Figura 6b). En co-cultivo, se observé un aumento de VE-cadherina aumenta en el
citoplasma, de las células endoteliales, mientras HK-2 incrementd en nicleo y la regiéon
perinuclear; en contraste, las células de cdncer mantienen su expresion de HK-2 pero

practicamente pierden la expresién de VE-cadherina (Figura 6c).
Papel funcional de FGFR/PI3K/Akt en el MV en co-cultivos de CMT

Otro de los receptores de gran importancia en la respuesta angiogénica es el receptor
de los factores de crecimiento de fibroblasto (FGFR). Evaluamos por inmunofluorescencia el
estado de expresion/localizacion del FGFR1y FGFR2, en los co-cultivos de MBCDF-T y EA.hy926.
Como se observa en la (Figura 7a), FGFRI se encuentra principalmente expresado por las
células de cancer, formadoras de redes de cordones, por su parte las células endoteliales
presentan una alta expresion de Vimentina. Sin embargo, en el acercamiento del lado derecho
se muestra cémo, al observar de cerca, es notable que algunas células endoteliales presentan
expresion del FGFRI, con un patrén de localizacion granulado en el interior del citoplasma,
siendo mayor en aquellas células mas cercanas a las células de cancer (Figura 7 derecha). Un
patrén similar fue observado en la expresion/localizacién de FGFR2, el cual se observa en
mayor proporcién en las células de la red, donde vimentina estd practicamente ausente,
mientras que en las células endoteliales podemos observar que cuando estan cercanas a la

red, algunas presentan expresion del receptor con localizacién nuclear/perinuclear (Figura 7b).

El peculiar perfil de expresion de los receptores de FGFR en las células capaces de hacer
MV nos llevé a preguntarnos si las sefiales mediadas por éste son de importancia en el MV, ya
que el papel funcional de estos receptores a la fecha permanece sin explorarse en el MV del
CMTN. Entre las varias vias de sefializacion que son reguladas por la activaciéon del FGFR, la
via de PI3K/Akt es una de las que mayor participaciéon ha tenido en el MV y procesos asociados

al MV (como la EMT), en tumores como pulmén y glioblastoma [4].
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Figura 7. Inmunolocalizacién de FGFRI en co-cultivos de cancer/endotelio. IF contra FGFR1 y
Vimentina (a) en co-cultivos cancer/endotelio. Aumento 10x (izqg.) y 40x (der), nicleos contratefidos
con con DAPI. IF contra FGFR2 y Vimentina (b) en co-cultivo de cdncer/endotelio. Aumentos 10x (izq.) y
AOx (derecha, sin DAPI).

Por ello, decidimos evaluar la implicacion de la activacion de este eje sobre la
capacidad de MV de los co-cultivos de CMTN, mediante la inhibicién farmacolégica de FGFR y
PIBK/Akt, empleando inhibidores especificos de FGFR y PI3K, AZD4547 y LY294002
respectivamente. Como se muestra en la Figura 8a, la inhibicion farmacolégica tanto de FGFR
como de PI3K inhibe drasticamente el MV en los co-cultivos, las redes formadas al cabo de 3
dias de exposicion son practicamente nulas. Sin embargo, dicho efecto es alin mas drastico
con el tratamiento de con AZD4547 en ambas lineas celulares (Figura 8b), no obstante, no hay

diferencia entre inhibidores, reforzando la participacion del eje FGFR/PI3K/Akt en el MV.
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Figura 8. La inhibicién farmacolégica de FGFR o PI3K inhibe el MV en co-cultivos de CMTN y endotelio.
(a) Imagenes representativas de los co-cultivos en presencia de los inhibidores de FGFR (AZD4547) o de
PI3K (LY294002), tras 3 dias. Imagenes obtenidas en campo claro, aumento 10x. (b) Numero de

segmentos por campo visual. Experimento realizado por triplicado. Las barras muestran el promedio +
error estdndar. Diferencias significativas con * (p <0.001).
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La senalizacion FGFR/PI3K/Akt involucra la participacion de cinasas de tirosina no
receptoras que participan en la diferenciaciéon, comunicacion celular y la produccién de

citosinas.

Cabe destacar que la linea celular MBCDF-T tiene mayor potencial para hacer MV, al
formar mayor cantidad de estructuras, en comparacion con la linea HCC-1806, a pesar de ser
del mismo fenotipo tumoral. Con lo anterior, decidimos evaluar, a partir de lisados celulares
totales de MBCDF-T en co-cultivos (48h) con o sin AZD4547, el efecto de la inhibicién de FGFR

sobre la senalizacién celular mediada por fosforilaciones.

Como se muestra en la Figura 9a, de manera basal las principales cinasas fosforiladas
son Ackl, Blk, Fyn, Lck, Lyn, Syk, las cuales disminuyen drasticamente en presencia del AZD4547
a excepcion de Lyn la cual aumenté drasticamente. De manera interesante, hubo un aumento
de la fosforilacién de varias de las cinasas detectadas por el arreglo, dentro de las que tuvieron
un mayor aumento, respecto al vehiculo se encontré a Csk, Heck, EphB2, EphB4 y los receptores
VEGFR2 y VEGFR3. El perfil obtenido proviene de la mezcla de células endoteliales y tumorales,
para intentar entender mejor los fendémenos que se llevan a cabo en cada componente celular,
se llevd a cabo un andlisis a partir de datos proteémicos de tejido mamario en el Human
Protein Atlas, para predecir qué tipo celular podriamos esperar que exprese cada una de las
cinasas identificadas (Figura 9b). Encontramos que Ackl, Blk, Syk, Lyn, Lck y ZAP70, cuya
fosforilacion disminuyd una vez que se inhibié farmacolégicamente a FGFR, es mas probable
que se expresen en las células de mama, asi como Csk, EphB4, FAK cuya fosforilacion aumenté
en presencia del inhibidor AZD4547. Esto sugiere la posible participacion de dichas proteinas
en los en los procesos que posibilitan que las células de cancer de mama lleven a cabo el MV.
Para identificar dichos procesos, se realizé la prediccion de las redes de interaccion proteina-
proteina en STRING, y de los procesos asociados a dichas redes. Como se muestra en las redes
de Figura 9d, Figura 9e, los procesos bioldgicos en las células de mama incluyen diferenciacion
celular, regulacion de las comunicaciones celulares, regulacion de la actividad de cinasas y la
produccion de citosinas. Por otra parte, en endotelio esperariamos encontrar reguladas a las
proteinas Hck, EphB2 y KDR estarian involucradas en la diferenciaciéon celular, la regulacién
positiva de la proliferacién y la regulacion de adhesiones celulares como se puede observar en

los paneles b y c de la Figura 9.
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4.4, DISCUSION

La vascularizacién tumoral es esencial para su supervivencia y diseminaciéon a
distancia, ahora conocemos de diversos procesos por los cuales el tumor logra mantener el
suministro de oxigeno y nutrientes al interior del tumor, tal como en el mimetismo vascular. En
este estudio desarrollamos un modelo de co-cultivos que permite recrear el mimetismo
vascular tumoral, asi como la participacion de cada uno de los componentes celulares. Si bien
este tipo de aproximaciones experimentales han sido evaluadas ampliamente por otros en co-
cultivos con trofoblastos, que son las encargadas del mimetismo endotelial fisiolégico [5-71, o
con cultivos primarios/tumoresferas para evaluar la angiogénesis, hasta ahora ninguno se
habia enfocado en el mimetismo vascular del cancer [8]. Resulta importante tener esto en
cuenta pues varias de las condiciones del microambiente, como la EMC, los componentes del
secretoma, las interacciones célula-célula, son esenciales para la angiogénesis, y asi mismo

para el MV y sus procesos asociados.

Previamente se ha reportado que en co-cultivos en pozos tipo transwell, la angiogénesis
es dependiente de la secrecion de factores pro-angiogénicos, la concentraciéon de la matriz y
la duracién de los co-cultivos [8]. En contraste, nosotros observamos que precisamente
ademds de estos tres puntos esenciales, la comunicacién yuxtdcrina entre cancer y endotelio,
es de suma importancia para la formacién de las redes de cordones por parte de las células
de cancer y no las de endotelio in vitro. Esto es consistente ademas con el fenémeno observado
en la Figura, en donde vimos que cuando las células endoteliales son co-cultivadas en medio
condicionado pero sin interaccién espacial con el cancer, un fenotipo angiogénico comienza a
diferenciarse dentro de éstas células. Sin embargo, al entrar en contacto y comunicaciéon
directa con las células de CMTN, dicho fenotipo se inhibe dando paso a la tubulogénesis
controlada por las células tumorales. Esto sugiere que de alguna manera, el endotelio en co-
cultivo podria estarse autorregulando e inhibiendo sus caracteristicas fenotipicas
angiogénicas, pero manteniendo las caracteristicas pro-angiogénicas del microambiente para
estimular la plasticidad celular que observamos en los co-cultivos al incrementarse la
poblacion de células tumorales fusiformes, formadoras de redes. Es posible que las
interacciones célula-célula entre el endotelio y el cancer, mantengan la produccion de matriz

asi como de factores pro-angiogénicos.
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Observamos también que en endotelio, hay un aumento de la expresion relativa de
VEGF y VEGFR2, que ademads también se encuentra altamente expresado en las células de
cancer formadoras de redes, mds que en las endoteliales. Ambas moléculas se han asociado
con la participacion de las células troncales de cancer en la induccién del secretoma pro-
angiogénico, donde al encontrarse en una matriz ideal, producen moléculas pro-angiogénicas
y estimulan la expresion del VEGFR2 en las células troncales. Sin embargo, cuando esta matriz
cambia en su composicidn (p.e. aumentando la concentracién de coldgeno tipo |) se da un

efecto inhibitorio sobre la proliferacion y la formacién de redes de MV [8].

Cuando caracterizamos el perfil de moléculas reguladoras de la angiogénesis,
identificamos la presencia en abundancia de MCP-1, IL-8 e IL-6, estas tres moléculas han sido
estudiadas previamente por su participacién en el MV [8-10] y el “establecimiento del nicho
vascular tumoral” [8]. Entre estas asociaciones, se ha reportado que la IL-6 del endotelio
aumenta tras el tratamiento con cisplatino, no asi el IL-6 de las células de cancer de mama
MDA-MB-231y que ademads, al exponer a las células al CM del endotelio rico en IL-6, hay un
aumento significativo en el MV de las células de CMTN en comparacién con el CM de las células
endoteliales no tratadas (con bajos niveles de IL-6) [?]. En este mismo modelo celular, se ha
visto también la importancia de IL-8/CXCR2 sobre el MV, al identificarla como uno de las vias
relevantes en el MV del CMT [10]. Esto nuevamente refuerza la importancia de las
comunicaciones celulares a la hora de estudiar las respuestas a las terapias, pues
constantemente nos enfocamos exclusivamente en uno de los componentes celulares, el
cancer, dejando de lado la importancia de las células con las que interactta en el nicho

tumoral.

A la fecha no existen biomarcadores estandar para el MV, pues es altamente
dependiente del tiempo en el que se observe, el modelo, el tipo de cancer, entre otros factores.
Si bien encontramos que las células de cancer de mama MBCDF-T, expresan basalmente VE-
cadherina. Varios grupos han reportado que la expresion extra-vascular de la VE-cadherina
en algunos tipos de cancer, se asocia con el MV, la presencia de células troncales tumorales, y
la transdiferenciacion celular, por lo que dicho patron de expresién se ha sugerido como
marcador del MV [11]. Sin embargo, nos llamé la atencién ver que en los co-cultivos, durante

la formacién de las redes de cordones, dicha expresion disminuye casi desapareciendo.
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En contraste con lo anterior, observamos una gran expresion de los receptores FGFR1 y
FGFR2 en las células tumorales formadoras de MV, y en menor proporcion en las células
endoteliales cercanas a las redes. Los FGFRs, son cinasas de tirosina transmembranales que
contienen dos o tres dominios similares a inmunoglobulinas extracelulares y una secuencia de
unién a heparina extracelular; su especificidad por varios ligandos se ve alterada por procesos
que crean multiples isoformas, las cuales pueden expresarse en las células epiteliales
(isoformas lllb) o bien en células mesénquimales (isoformas llic) donde median las
interacciones tisulares en el desarrollo normal y la cicatrizacién de heridas [12]. Su sefalizacién
es una via importante en la tumorigénesis y la angiogénesis tumoral, ya que puede activar rio

abajo a vias como la de PI3K/Akt, ERK1/2, STAT, entre otras [13-15].

Ademads de la formacién de redes, el MV va acompanado de otros procesos, como la
transicion epitelio-mesénquima. En cancer de mama, se ha visto que la activaciéon IL-8
mediante la via de PI3K/Akt es esencial para la proliferacién tumoral y supervivencia [16]. Mas
aun, se ha visto que la IL-6, induce la angiogénesis mediada por el FGF-2 por medio de la via
de PI3K [17] y que MCP-1 tiene una funcién de regulacion de Akt en las células del endotelio
vascular [18]. En conjunto, esto resulta sumamente interesante pues cifie la evidencia hacia la

relevancia funcional de estas vias y sus grandes controladores: FGFR y PI3K/Akt.

Por ello realizamos la inhibicion farmacolégica de ambos componentes de la
sefalizaciéon para identificar si efectivamente son de relevancia para el MV. Como mostramos
en la Figura 8, en dos lineas celulares de CMTN, la inhibicién de FGFR con AZD4547 y de PI3K
con LY294002, inhibié por completo o casi en su totalidad, en el caso de LY294002, la
formacion de redes de cordones. Estos resultados confirman la dependencia del modelo de co-
cultivo en CMTN, de la sefializacion mediada por FGFR/PI3K/Akt. Posiblemente una porcién de
la sefializacion regulada por FGFR recae en otras cinasas, como podria ser STAT3 que también
se ha visto implicada en el mimetismo vascular [19]. Sin embargo, la inhibicién de PI3K tuvo un
efecto casi comparable con el de la inhibicion de FGFR, sugiriendo que la mayoria de la

sefalizacion recae en este punto de la cascada.

Finalmente, para dilucidar qué cascadas de senalizacién y procesos son relevantes
para la capacidad vasculogénica del cancer en el modelo de co-cultivo de CMTN, evaluamos

el perfil de fosforilacion global de diferentes proteinas, en células tratadas con AZD4547 por 48
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horas. Interesantemente, la mayoria de las cinasas que basalmente se encontraron
fosforiladas, pertenecen a subfamilias de cinasas de tirosina no receptoras, de la familia Src.
Una de estas cinasas fue ACKI, que es estd altamente ligada con el comportamiento tumoral,
la progresion, proliferacién, apoptosis, invasion y metdstasis [20]. ACK], fosforila directamente
a Akt en respuesta a FGF y la fosforilacion de ambas cinasas esta negativamente
correlacionada con la supervivencia en pacientes de cdncer de mama [21]. Esto es consistente
con lo observado en nuestro estudio, pues la inhibicion de FGFR, disminuye drasticamente la
expresion e ACKI1 en el co-cultivo, lo que sugeriria a su vez una disminucion en la activacion de

Akt, contribuyendo a un efecto mayor sobre el MV.

Por otra parte otras de las cinasas que se regularon positiva o negativamente tras la
inhibicion de FGFR fueron FAK, Syk y Csk, estas en particular se ha visto que son expresadas
por células progenitoras eritroides, acompanadas de la expresiéon de FGFR, tras la
diferenciacion estas cinasas son reguladas a la baja [21], sugiriendo su participacién en la
diferenciacién celular, como se muestra en las redes de interaccion proteina-proteina, donde
este proceso fue uno de los principales mecanismos biolégicos asociados a la red. Asi mismo,
se ha reportado que Syk, asi como BTK y HCK, también participan en la regulacion de la
expresion de genes importantes para la invasiéon y la angiogénesis, mediada por la via de
sefalizacion PI3K/Akt y mTOR [22,23]. Esto es consistente con la hipdtesis evaluada en el
presente estudio, en el que proponemos que el FGFR/PI3K/Akt tiene un importante peso en la
regulacién funcional del mimetismo vascular al incidir sobre proteinas como MMP-2, VEGF y

B-catenina de suma importancia en la angiogénesis tumoral y el MV [22-24].

4.5. CONCLUSIONES

e Unicamente el co-cultivo con células endoteliales indujeron la formacién de cordones
en los co-cultivos con las células de cancer de mama triple negativo (MBCDF-T, HCC-1806)
y en co-cultivo con trofoblastos, HTR-8.

e El MV en co-cultivos requiere tanto de seiales pardcrinas como yuxtacrinas entre
cdncer y endotelio.

e El endotelio, en co-cultivo, induce el MV al generar un microambiente pro-angiogénico

mediante la produccién de citosinas y factores de crecimiento pro-angiogénicos.
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e La inhibicién especifica de FGFR o PI3K/AKT resulté en el impedimento de la formacién

de redes en los co-cultivos, sugiriendo que esta via es de suma importancia en la

capacidad pro-angiogénica del endotelio y de MV en las células de cancer de mama triple

negativo.
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PARTE 3.

EFECTOS DEL CALCITRIOL'Y
CURCUMINA EN EL
MIMETISMO VASCULAR DEL
CMTN




CAPITULO 5.

EFECTOS DEL CALCITRIOL
COMBINADO CON CURCUMINA SOBRE EL
MIMETISMO VASCULAR EN CELULAS DE
CANCER DE MAMA TRIPLE NEGATIVO

Este capitulo estd basado en el articulo:

GABRIELA MORALES-GUADARRAMA, EDGAR A. MENDEZ-PEREZ, JANICE GARCIA-QUIROZ, EUCLIDES
AVILA, ROCIO GARCIA-BECERRA, ALEJANDRO ZENTELLA-DEHESA, FERNANDO LARREA AND LORENZA
DiAzZ. ENDOTHELIUM-DEPENDENT INDUCTION OF VASCULOGENIC MIMICRY IN HUMAN TRIPLE-NEGATIVE
BREAST CANCER CELLS IS INHIBITED BY CALCITRIOL AND CURCUMIN.

INTERNATIONAL JOURNAL OF BIOMEDICAL SCIENCES. 2022, 23(14):7659




5.1. RESUMEN

Algunos tumores con fenotipos agresivos tienen la capacidad de formar canales de
sangre interconectados en redes de microcirculacion mediante un proceso conocido como
mimetismo vascular (MV). El MV suele asociarse con la metdstasis, fenotipos mesénquimales
y resistencia a las terapias. Ademads, puede ser desencadenado por tratamientos anti-
angiogénicos y/o factores derivados del microambiente tumoral, incluidos los producidos por
el endotelio. La curcumina es un producto derivado de la cGrcuma capaz de inhibir el MV in
vitro en algunos tipos de cancer, mientras que el calcitriol, el metabolito activo de la vitamina
D, posee potentes efectos antineoplasicos. Sin embargo, los efectos de estos productos
naturales sobre el MV en el cdncer de mama se desconocen. Por lo anterior, estudiamos el
efecto de ambos compuestos por separado y en combinacion, sobre la capacidad de MV de
las células de cancer de mama triple negativo (CMTN) en co-cultivo con endotelio. El MV
inducido por endotelio en dos lineas celulares de CMTN fue inhibido de manera significativa
por el calcitriol y la curcumina. El tratamiento con calcitriol indujo cambios morfolégicos en las
células de CMTN, que pasaron de una forma fusiforme a una forma redondeada. Por su parte,
la curcumina disminuyd la tridimensionalidad de la arquitectura del co-cultivo.
Interesantemente, los tratamientos disminuyeron de manera global el patron de fosforilacion
de diversas proteinas, especialmente de las de la via de PI3K/Akt. En conjunto, el calcitriol y la
curcumina abatieron el MV inducido por el endotelio en las células de CMTN por la inhibicién
de la sefalizacion mediada por Akt y la inhibicién del fenotipo mesenquimal. Nuestros
resultados refuerzan el uso potencial de estos compuestos de origen natural como adyuvantes
para prevenir el MV, especialmente en pacientes con tumores altamente agresivos y con
escasas estrategias terapéuticas como el CMTN, o bien para aquellos que reciben terapias

anti-angiogénicas.
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5.2. MATERIALES Y METODOS
CULTIVOS CELULARES, TRATAMIENTOS.

Se emplearon las mismas lineas celulares, en las mismas condiciones de
mantenimiento y co-cultivo que en los Materiales y Métodos del capitulo anterior. Para los
tratamientos se emplearon calcitriol y/o curcumina, los cuales se compraron de la marca
Sigma (Sigma (Sigma-Aldrich, St Louis, MO, USA). Como vehiculo, etanol al 0.1% fue usado
ambos compuestos. Los tratamientos se administraron al momento de la siembra de los co-
cultivos de células de CMTN con células endoteliales, en concentraciones crecientes. Para
calcitriol se emplearon InM y 10nM y 100nM, mientras que de curcumina se emplearon 10uM,
20uM y 30uM. En combinacién, se evalué el efecto de las dos concentraciones mas bajas de
calcitriol con las dos concentraciones mas altas de curcumina. La evaluacién cuantitativa del
efecto de los tratamientos sobre el mimetismo vascular en las células de CMTN, se realiz
como en el capitulo anterior, empleando imagenes de campo claro para identificar cambios

morfolégicos en las células. Los experimentos se repitieron por lo menos tres veces.
PERFIL DE FOSFORILACION DE PROTEINAS CINASAS

Con el fin de identificar las vias involucradas en el efecto de la curcumina y el calcitriol
sobre la capacidad de las células CMTN para formar MV, comparamos los cambios en la
activacion de las cinasas de las vias MAPK y PI3K/Akt mediante el uso de arreglos de
anticuerpos sobre membrana, Human PhosphoMAPK, (ab211061, Abcam), a partir de lisados
totales de co-cultivos en presencia o ausencia de los tratamientos. Los sitios de fosforilacion
de las cinasas analizadas fueron: Akt (pS473), CREB (pS133), ERKI (pT202/Y204), ERK2
(pT185/Y187), GSK3a (pS21), GSK3B (pS?), HSP27 (pS82), JNK (pT183), MEK (pS217/221), MKK3
(pS189), MKK6 (pS207), MSK2 (pS360), mTOR (pS2448), p38 (pT180/Y182), p53 (pS15), P70S6K
(pT421/S424), RSK1 (pS380) y RSK2 (pS386).

Después de tratar los co-cultivos con el vehiculo, calcitriol, curcumina o su combinacién,
se prepararon lisados celulares utilizando el buffer de lisis proporcionado complementado con
un coctel inhibidor de fosfatasas y proteasas, y se almacenaron a -80 °C hasta la realizacién
del ensayo. La proteina total en los lisados celulares se cuantifico utilizando el kit de ensayo de

proteinas BCA (Thermo Fisher Scientific, Rockford, IL, EE. UU.) y se emplearon 500 pg por cada
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membrana. Las membranas se bloquearon e incubaron durante toda la noche a 4 °C.
Posteriormente, se realizaron lavados e incubacién de los anticuerpos HRP-Anti-Rabbit 1gG y
el coctel de anticuerpos de deteccion. Las sefales de quimioluminiscencia se adquirieron y
analizaron utilizando el fotodocumentador ChemiDoc XRS+ (BioRad). Las comparaciones
semi-cuantitativas entre tratamientos se realizaron después de la normalizaciéon con los
controles positivos incluidos en cada membrana. Los puntos sin sefial se descartaron. Para la
comparacion visual de las diferencias relativas entre los tratamientos, categorizamos los
resultados positivos por vias candénicas en un mapa de calor y se representaron en un mapa
de calor, elaborada en el software GraphPad Prisma 7. Se realizaron dos experimentos
diferentes en membranas separadas. Cada membrana contenia un duplicado para cada

blanco.
e Andlisis de prediccion de redes de interaccion proteina-proteina (STRING)

Para construir una red de asociacién funcional para las proteinas involucradas en los
efectos de los tratamientos, las proteinas cuya fosforilaciéon tuvo un fold-change mayor a 0,5
se sometieron a un andlisis de prediccion de interacciones proteina-proteina mediante el uso
de la Herramienta de bUsqueda para la recuperacion de genes/proteinas que interactian
(STRING, https://string-db.org/), considerando no mads de 5 interactores predichos para cada

condicién y procesos biolégicos asociados.
ANALISIS ESTADISTICO

Se us6 ANOVA de una via, seguida del método Holm-Sidak para la prueba de
comparaciones multiples usando un paquete de software especializado (SigmaStat, Jandel
Scientific). Los datos se expresan como la media + error estandar de la media (SEM). Los

resultados se consideraron significativos a p<0,05.

5.3. RESULTADOS

El calcitriol, la curcumina y su combinacién inhibieron la formaciéon de VM dependiente

del endotelio en las células de cancer de mama.

Para conocer el efecto de la curcumina y el calcitriol per se y en combinacién, sobre el
MV en cdncer de mama triple negativo, evaluamos el efecto de estos tratamientos en

concentraciones crecientes en co-cultivos de células MBCDF-T o HCC-1806 co-cultivadas con
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células endoteliales EA.hy926 expuestas a los compuestos. Como se muestra en la Figura 10,
el calcitriol afecta drasticamente la capacidad de las células para formar una red organizada
de cordones entrelazados, sin embargo es en los co-cultivos de MBCDF-T donde la inhibicién
es definitiva y claramente observable. De manera interesante, observamos que este efecto se
encontré asociado a la pérdida de la morfologia fusiforme, caracteristica de las células de
cancer formadoras de red (Suplementaria 1), dicho efecto se observa tanto en monocultivos
como en co-cultivos, lo cual sugiere fuertemente que la diferenciacién celular y la inhibicién de

EMT podrian ser las posibles causas del efecto anti-MV del calcitriol en los co-cultivos.

Cal [1 nM] Cal [10 nM] Cal [100 nM]

Figura 10. Efecto del calcitriol en concentraciones nanomolares crecientes sobre el MV en co-cultivos
de CMTN y endotelio a las 72 horas. Co-cultivos de la linea MBCDF-T expuestos a calcitriol en
concentraciones crecientes. Desde [10nM] la capacidad de formar redes de cordones se ve abatida. En
los co-cultivos de HCC-1806, se observa un efecto similar, pero mucho menor sobre la citoarquitectura
del co-cultivo.

Por otra parte, la curcumina también afecté de manera drastica la formacion de las
estructuras en red, en los co-cultivos. El efecto fue dependiente de la concentracién en ambas
lineas celulares, como se puede observar en la Figura 11. Nuevamente, es en la linea MBCDF-T

donde el efecto fue mas notorio. Esto sugiere que a pesar de ser células caracterizadas dentro
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del mismo subtipo molecular de cancer de mama, diferencias genotipicas podrian interferir en

la respuesta a los tratamientos aqui evaluados.

Vehicle Cur [10 pM] Cur [20 uM] Cur [30 uM]

e

MBCDF-T

HCC1806

Figura 11. Efecto de la curcumina en concentraciones nanomolares crecientes sobre el MV en co-
cultivos de CMTN y endotelio a las 72 horas. Co-cultivos de la linea MBCDF-T expuestos a curcumina
en concentraciones crecientes. Se observa como desde [IOpM] la capacidad de formar redes de
cordones se ve completamente abatida. A la derecha, co-cultivos de la linea células HCC-1806, se
observa un efecto fuerte sobre la citoarquitectura del co-cultivo, siendo menos dréstico que el observado

en MBCDF-T.

Las concentraciones intermedias evaluadas de cada compuesto se establecieron como
las concentraciones a evaluar por separado y en combinacién para determinar
cuantitativamente el efecto de los tratamientos sobre el mimetismo vascular. Como se
muestra en la figura Figura 12, calcitriol inhibidé casi por completo la formacion de redes de
cordones en los co-cultivos de ambas lineas celulares. Por otra parte, curcumina también
afecto la formacion de dichas estructuras y modificé su tridimensionalidad; sin embargo, su
efecto fue menos evidente en comparacién con el del calcitriol. El tratamiento con curcumina
resulté en la ruptura parcial de la estructura 3D sugiriendo que este compuesto afecta la
organizacién/adhesion celular en las mallas formadas por las células de cancer. El mismo
efecto fue observado en ambas lineas celulares, donde los compuestos redujeron

significativamente el nimero de segmentos (cordones observados por campo visual) respecto
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al vehiculo (Figura 12c). De igual manera, en ambas lineas celulares de CMTN en co-cultivo con
células endoteliales, la combinacion de calcitriol y curcumina disminuyd adn mas la formaciéon
de MV; sin embargo, la reduccion en el nimero de segmentos y mallas no alcanzé significaciéon

estadistica en comparacién con el calcitriol por si solo.
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Figura 12. El calcitriol y la curcumina inhibieron la capacidad de MV de las células de CMTN co-cultivadas
con endotelio. Se observd el MV inducido por EA.hy926 en co-cultivos de células MBCDF-T (A) o HCC1806
(B) incubadas con vehiculo (etanol) o en presencia de calcitriol, curcumina o su combinacién (Cur+Cal). La
presencia de calcitriol (10 nM) cambié la morfologia celular fusiforme a células redondeadas de cancer de
mama, evitando por casi por completo la formacién de redes de cordones, mientras que la curcumina (20
pUM) afectd la estructura tridimensional de las redes de cordones, puesto que se observan ambos
componentes celulares en el mismo plano focal. La combinacién de Cur+Cal inhibié adn mas el MV en
ambas células celulares de CMTN. El nGmero de segmentos por campo visual fue contado por dos
observadores diferentes en zonas enriquecidas en dichas estructuras, en al menos 5 fotografias diferentes,
considerando 3 experimentos diferentes para MBCDF-T y 2 experimentos diferentes para HCCI1806. Los
graficos representan el nimero medio de mallas/segmentos por campo visual*p < 0,05 vs VH. **p < 0,05

vs los tratamientos por separado.
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El calcitriol y la curcumina inhiben la fosforilacién de cinasas de las vias de
senalizacion MAPK, PI3K/Akt/mTOR, PI3K/Akt/CREB y PI3K/Akt/Gsk en co-cultivos de
CMTN con endotelio

Para estudiar el perfil de fosforilacion de las cinasas involucradas en las vias de
sefializacion relevantes para el mimetismo vascular, elegimos los co-cultivos MBCDF-
T/EA.hy926, puesto que en estas células el efecto fue mucho mas notorio. Se llevé a cabo un
agrupamiento jerdarquico semi-supervisado de las proteinas fosforiladas diferencialmente
detectadas con un arreglo de anticuerpos en membrana (ab211061, Abcam). Luego, los
resultados se representaron en un mapa de calor agrupado en tres vias de sefalizaciéon
principales: PI3K/Akt, mTOR y MAPK (Figura 13). Encontramos que Akt, junto con la proteina
de unién al elemento de respuesta cAMP (CREB) y la glucégeno sintasa cinasa-3a (Gsk3)
(Figura 13, marcada en negro), fueron las cinasas mayormente fosforiladas en los co-cultivos
control. Por otro lado, las cinasas de los complejos mTOR y algunas de las MAPK, como MKKS,
MKK6, MSK2, RSK1 y RSK2 (marcadas en rojo, Figura 13), fueron fuertemente inhibidas por
calcitriol, mientras que el estado de fosforilacion de Gsk3a, Gsk3f, p53, p38, JNK y Hsp27

(marcadas en azul, Figura 13) disminuydé mayormente en presencia de la curcumina. Estos

p-AKtST .— Figura 13. En co-cultivos MBCDF-T/EA.hy926, el calcitriol y
p-Crebs's 0.6  |a curcumina inhibieron la fosforilacién de varias proteinas
p-Gsk3p° de las vias de seAalizacién MAPK, PI3K/Akt/mTOR,

p-Gsk30.S?! PI3K/Akt/CREB y PI3K/Akt/Gsk. El perfil de fosforilacién de
p-p53s'5 las cinasas involucradas en las vias de sefalizacién
p-mTORS2448 relevantes para el MV fue inhibido de manera diferencial por
p-P70S6KT21/5424 0.4 calcitriol (10 nM), curcumina (20 uM) y su combinacién
p-MEKsS?71/221 I-I (Cur+Cal). Se llevé a cabo un agrupamiento jerdrquico
p-ERK1/2T185M87 | el semisupervisado de las fosforilaciones diferencialmente
p-MKK3s189 detectados con una matriz de anticuerpos multiplex. Los
p-MKK6527 resultados se muestran en el mapa de calor organizado en
p-MSK2s36° ‘ 0.2 tres vias de senalizacion principales: PI3K/Akt, mTOR y
p-p38Tisevis2 MAPK. Las cinasas mayormente fosforiladas en co-cultivos
p-RSK153%0 control (vehiculo) estdn marcadas en negro. Las cinasas
p-RSK253¢ inhibidas en su mayoria por el calcitriol estdn marcadas en
p-JNKT8 rojo, mientras que las fosforilaciones reguladas a la baja por
p-Hsp275% la curcumina, principalmente, estdn marcadas en azul. N=4.
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resultados sugieren que cada compuesto afecta distintos niveles de las vias de sefializacion,
confirmando uno de los porqués de su interaccion sinérgica en procesos como la proliferaciéon
[1]. De manera interesante, la combinacién de ambos tratamientos inhibié de manera global
el estado de fosforilacién (principalmente asociado a un estado de activacién) de dichas

proteinas/vias de sefializacién (Figura 13) lo que se asocié a una mayor inhibicién funcional del

MV.

Es notable que el efecto a nivel del patron global de sefializacion obtenido con
concentraciones bajas de calcitriol y curcumina es similar a lo que se esperaria de una
molécula sintética multiblanco (inhibidores de RTKs). Ademas, por medio del andlisis STRING
identificamos que estas proteinas interactian formando complejos entre ellas y que estdan
involucradas en varias funciones biolégicas, como se muestra en la Figura 14. Entre los
procesos predichos regulados por calcitriol y curcumina, se identificaron las vias relacionadas
con VM que involucran Wnt, VEGF, MAPK, PI3K/AKT y mTOR (Figura 15, circulo purpura).
Curiosamente, solo el calcitriol se relacioné con la via inflamatoria que involucra la produccién
y respuesta de citocinas (Figura 15, circulo azul marino), mientras que la curcumina se
relacioné con la sefalizacién de TGFB, receptor del factor de crecimiento de fibroblastos
(FGFR), microRNA (miRNA) y p53 (Figura 15, circulo azul claro). Ademas, la combinacion de
calcitriol y curcumina afecté las redes relacionadas con la muerte celular, como la apoptosis,
la anoikis y la autofagia, mientras que la curcumina sola se asocid con la senescencia y la EMT.
Finalmente, los principales impulsores involucrados en el MV son las moléculas de plasticidad
y adhesiéon, mismas que de acuerdo con la prediccién en STRING son afectadas por ambos

compuestos (Figura 14).
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Figura 14. Redes de interacciéon y procesos bioldégicos regulados por calcitriol, curcumina o su
combinacién implicados en el efecto anti-VM de los compuestos. Andlisis STRING de cinasas
desreguladas en co-cultivos tratados con calcitriol (A) o curcumina (B). Las redes (A,B) muestran las
interacciones proteicas fisicas y funcionales. Los nombres de proteinas en cursiva representan los
principales interactores predichos de la red.

Modified by Cal+Cur

Apoptosis
Autophagy
Anoikis

s Cell differentiation

Histone modifications
Metabolism
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miRNA regulation Stem cell differentiation
EMT
Stress-induced senescence
Proteolysis regulation

Cellular communication
Chemotaxis

Stress-induced phosphorylation
Cell cycle arrest

Modified by Calcitriol Modified by Curcumin

Figura 12. Prediccién de los procesos biolégicos regulados diferencialmente en cada grupo de
tratamiento. Un total de 227 procesos fueron co-regulados por calcitriol (CAL) y curcumina (CUR); 24
procesos fueron compartidos por los grupos CAL y CAL+CUR (C+C), y 124 fueron compartidos en los
grupos CUR y C+C. Dentro de cada circulo, se representan las principales vias involucradas. En el exterior,
cerca de cada circulo, se muestran los procesos biolégicos en los que se predijo podrian participar estos
complejos proteicos
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5.4. DISCUSION

El crecimiento y la diseminacién del tumor dependen significativamente de la formacion
de una red vascular funcional. En este proceso intervienen muchos mecanismos, pero entre
ellos destaca el MV el cual se da zonas hipoxicas de tumores altamente agresivos. Este proceso
puede generar resistencia a los fGrmacos destinados a bloquear la vascularizacion tumoral, lo
que explica su fracaso en la clinica. En este estudio, encontramos que los compuestos naturales
calcitriol y curcumina inhiben la formacion de MV, inducida por el endotelio, en lineas celulares
de CMTN. Dicho efecto fue significativamente potenciado por el uso concomitante de ambos
compuestos. El modo de accién del calcitriol parece implicar la inhibicion de la EMT, a juzgar
por el cambio en la forma de las células cancerosas de morfologia fusiforme a una forma
redondead; esto explicaria la capacidad de esta hormona para bloquear drasticamente el MV.
De hecho, el MV depende en gran medida del fenotipo de las células mesénquimales y de las
caracteristicas troncales de las células, dadas por la plasticidad celular intrinseca de las células
del tumor. En este sentido, se sabe que el calcitriol bloquea la EMT a través de la inactivacion
de la senalizacion de PI3K/Akt/B-catenina y que de esta manera, induce la diferenciaciéon
celular [2]. Ademas, el calcitriol es una potente hormona antiinflamatoria que inhibe la
expresion de citocinas inflamatorias, como la interleucina-6 (IL6) [3]. Recientemente, se ha
descrito que la IL6 de origen endotelial actiia como un factor paracrino sobre las células de
cadncer de mama MDA-MB-231, induciendo la formacién de MV [4], lo que justifica mas
estudios sobre los efectos del calcitriol sobre las citocinas inflamatorias en co-cultivos de CMTN
y células endoteliales. En conjunto, esto puede ayudar a explicar los fuertes efectos anti-MV
del calcitriol. La curcumina, por otro lado, no inhibié la EMT en este estudio, a juzgar por la falta
de modificacién de la forma fusiforme de las células. Como resultado, las células cancerosas
tratadas con curcumina formaron parcialmente estructuras tubulares similares a cordones.
Sin embargo, en general, estas estructuras carecian de la configuracién 3D caracteristica de

los co-cultivos control, sin embargo la reducciéon de la cantidad de segmentos, fue significativa.

En resultados previos, reportamos que la curcumina induce muerte celular en las
células endoteliales, al tiempo que inhibia la proliferacién y migraciéon de células MBCDF-T y
EA.hy926 [1], es posible que estos efectos estuvieran involucrados en el mecanismo anti-MV

de la curcumina y que de esta manera afecte tanto a las células de cdncer como a las células
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endoteliales. Ademas, se sabe que la curcumina ejerce actividad anti-tirosina cinasa [4], lo
cual es importante para el proceso de VM, ya que algunos de sus impulsores, como VEGF,
median su efecto a través de los receptores de tirosina quinasa. Otra posibilidad para explicar
el efecto disruptivo de la curcumina en la estructura 3D de VM es la regulacion a la baja de las
moléculas de adhesién intercelular necesarias para mantener unida la estructura 3D. En este
sentido, se ha descrito que la curcumina bloquea la expresién de la superficie celular de las
moléculas de adhesion en las células endoteliales, reduce la unién de las células cancerosas a
las proteinas de la matriz extracelular y disminuye significativamente la propensién a la
adhesion de las células de cancer de mama [5,6,7]. Estos efectos de la curcumina, junto con
los efectos pro-diferenciadores, antiinflamatorios y anti-EMT del calcitriol, podrian explicar la
capacidad de ambos compuestos para inhibir significativamente el MV en los co-cultivos de
CMTN. Aunado a esto, entre los procesos predichos por STRING, que son regulados por la
curcumina en combinacién con calcitriol la adhesién, la diferenciaciéon celular y varias vias de
sefalizacién involucradas en MV destacaron. En este sentido, la combinacién de calcitriol y
curcumina afectd globalmente el estado de fosforilacion de diversas cinasas involucradas en
la sefalizacién asociada al MV. En particular, los componentes de sefializaciéon de la via
PI3K/Akt parecen ser los mas importantes para la formacion del MV en nuestro modelo de co-
cultivo, incluidos Akt, CREB y Gsk3a. Esto dltimo se relaciona estrechamente con la
participacion de factores derivados del microambiente tumoral capaces de activar la
sefalizacion de PI3/Akt, como FGF y VEGF [8,9,10,11,12,13]. La activacion de Akt, dependiente
de factores de crecimiento como estos u otros, da como resultado la inactivacion de Gsk3, este
mecanismo se ha visto altamente asociado al desarrollo y la progresion del cancer. De hecho,
se sabe que la actividad de Gsk3 se inhibe a través de la fosforilacién de Gsk3a en la serina 21
y Gsk3p en la serina 9. Estos residuos de serina especificos en Gsk3 son blancos conocidos de
Akt y otras cinasas capaces de fosforilarlos [14]. La pérdida de actividad de Gsk3 conduce al
bloqueo de sus efectos antineoplasicos, ya que Gsk3 actia como un supresor de tumor al
regular  negativamente  moléculas  pro-oncogénicas como  B-catenina  [14].
Sorprendentemente, en este estudio la fosforilacion de Gsk3a en la serina 21 y Gsk3f en la
serina 9 se encontrd regulada a la baja por la curcumina y el calcitriol. Dicho esto, la
disminucion del estado fosforilado de Gsk3 es consistente con la disminucién del estado activo

de Akt en respuesta al calcitriol y la curcumina, lo que explica parcialmente la actividad anti-
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MV de ambos compuestos. En particular, a través de estudios de docking, se ha descrito que
la curcumina encaja en el sitio de unién a ATP de Gsk33, modulando su actividad [15]. Ademas,
también se ha informado que la curcumina puede de-fosforilar a Akt y Gsk3 en el modelo de
leucemia linfoblastica aguda [16] y que regula negativamente la expresion de Akt en las células
de CMTN, lo que resulta en la supresiéon de la proliferacién y la migracién celular [17]. De
manera similar, y como se encontré en este estudio, se ha demostrado previamente que el
calcitriol reduce la fosforilacion de Akt en el cdncer de mama y en las células epiteliales renales

[2,18].

Cabe destacar que, ademds de estar involucradas en el desarrollo de MV, las vias de
sefalizaciéon MAPK, PI3K/Akt/mTOR y PI3K/Akt/Gsk también estan implicadas en diferentes
funciones celulares relevantes para la progresién del cancer, como la proliferacién celular,
adhesién, migracion, metabolismo y supervivencia [9]. Por lo tanto, el hecho de que el calcitriol
y la curcumina regulen a la baja estas vias, respalda atn mas el potencial antineoplasico de

estos compuestos naturales solos y combinados.

Un hallazgo interesante en este estudio fue la disminucién de la fosforilacion de p53 en
la serina 15 por curcumina y su combinacién con calcitriol. Esto podria estar relacionado con
que se sabe que curcumina inhibe a las proteinas cinasas ATM y ATR, relacionadas con PI3K,
y responsables de la modificacién covalente en p53 [19]. La fosforilacion de p53 en la serina 15
es necesaria para la activaciéon de los promotores sensibles a p53 [20]. Por lo tanto, parece
que la curcumina interfiere con la actividad transcripcional de p53 bloqueando la respuesta al

dafo del ADN en las células tumorales.

En general, los datos sugieren que la seializacion pardcrina de las células endoteliales
induce a las células tumorales TNBC a formar MV mediante la activacion de Akt, CREB y Gsk3a,
entre otros factores importantes relacionados con la plasticidad y la angiogénesis. El calcitriol
impidié significativamente la formacion del MV en co-cultivos de CMTN, mientras que la
curcumina inhibié la organizacién tridimensional de las estructuras derivadas del MV, al
menos parcialmente, mediante la regulacion negativa de la fosforilacion de varios
componentes de la via PI3K/Akt y p53. La combinacién de calcitriol y curcumina inhibié
globalmente el perfil de fosforilacion de las proteinas, lo cual se asocié a un mayor efecto sobre

la inhibicion del MV. Interesantemente, el patron de fosforilacién obtenido en el tratamiento
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combinado de calcitriol y curcumina es similar a lo que podria esperarse cuando se usa un
inhibidor multiblanco dirigido a cinasas. En general, el calcitriol y la curcumina son una buena
opcién para su uso como adyuvantes de la terapia anti-angiogénica, pues pueden ayudar a
evitar la generacion del MV. Ademas, dado que la combinacién de estos compuestos naturales
ha mostrado efectos anti-angiogénicos in vivo per se [1], el hecho de que también tenga una
potente actividad anti-MV respalda adn mas su plausibilidad terapéutica en un contexto
clinico adyuvante. En conclusion, nuestro estudio proporciona un conocimiento novedoso,
mostrando, por primera vez, que la curcumina y el calcitriol solos y combinados inhiben la
formacién de VM en las células de CMTN, a través de la regulacion negativa de la sefalizaciéon

de PI3K/Akt.

5.5. CONCLUSIONES

El calcitriol y la curcumina suprimieron la formaciéon de VM de células TNBC inducidas
por el endotelio, al menos en parte, al bloquear la via PI3K/Akt y, posteriormente, afectar varios
procesos de supervivencia celular. Nuestros resultados sugieren el uso clinico potencial de

calcitriol y curcumina para inhibir VM en tumores TNBC.
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5.6. FIGURAS SUPLEMENTARIAS

Vehicle | - Calcirol

Suplementaria 1. El calcitriol afecta el fenotipo similar a mesénquima de las células de CMTN tanto en
monocultivo como en co-cultivo.(A) Co-cultivo de células MBCDF-T y endotelio, las células formadoras
de red presentan una morfologia fusiforme similar a las células de cancer que hacen EMT. (B) Las células
fusiformes pierden su morfologia y se vuelven mds redondeadas, en presencia del calcitriol [10 nM], y
la capacidad de MV se pierde. (C) Morfologia tipica de las células MBCDF-T. (D) Las células de cancer
en monocultivo también se redondean en presencia del calcitriol.
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CAPITULO 6.
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ABROGATE VASCULOGENIC MIMICRY BY DOWN REGULATING STEMNESS AND MESENCHYMAL
TRANSITION OF TRIPLE-NEGATIVE BREAST CANCER CELLS."
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6.1. RESUMEN

En los capitulos anteriores identificamos que el eje FGFR/PI3K/Akt es potencialmente
una de las principales vias de sefalizacion que regulan la capacidad de las células de CMTN
de hacer el MV, y que esta via y sus blancos rio abajo son regulados a la baja por el calcitriol.
Ademads, al evaluar el efecto de calcitriol sobre las redes de interaccion proteina-proteinay los
procesos biolégicos asociados que se predijeron en el andlisis de STRING, identificamos que la
plasticidad celular (troncalidad y transicién epitelio-mesénquima) son parte importante del
porqué calcitriol tiene un efecto tan fuerte sobre el MV. Por ello, en estos avances prospectivos
evaluamos el efecto de los inhibidores de FGFR/VEGFR, AZD4547, dovitinib y calcitriol, sobre la
troncalidad, la EMT y el MV, por separado o en combinacion. A la fecha el posible efecto de las
moléculas pequenas empleadas aqui, sobre el MV se desconocen, siendo este es el primer

informe sobre la participacién de FGFR en el MV, y los efectos del AZD4547 en dicho proceso.
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6.2. DISENO EXPERIMENTAL

La troncalidad se evalué por medio de ensayos de formacion de mamosferas, en
superficies de baja adherencia, empleando las mismas dos lineas celulares de CMTN. El efecto
de los tratamientos sobre la troncalidad se cuantifico mediante el conteo de aquellas
mamosferas con las 3 capas de un esferoide maduro y viable distinguibles. Por otra parte, el
efecto de los tratamientos sobre la EMT se evalué por medio de ensayos de migracién por
cierre de herida. Finalmente, el efecto de los tratamientos sobre el MV se evalué como

anteriormente se ha descrito.

MBCDF-T o HCC-1806
Formacién de mamoesferas

=
P4l l

TRONCALIDAD

Cuantificacion de
numero y tamafio
de las esferas

Cuantificacion del %
de cierre de herida

- ) —
- Ensayo de X
S  migracion =
w celular

Analisis morfométrico de las

Células CMTN redes de cordones
con CellTracker

MIMETISMO
VASCULAR

Co-cultivos mixtos

Evaluacién del efecto del calcitriol solo y combinado con inhibidores de VEGFR, dovitinib, y FGFR,
AZDA4547, sobre la plasticidad celular y el MV. El efecto sobre la troncalidad se evalué mientras
que la EMT se evalud por ensayos de migracion celular por cierre de herida mediante ensayos de
formacién de mamoesferas. Los efectos sobre el mimetismo vascular se evaluaron por ensayos
de tubulogénesis en co-cultivo y la cuantificaciéon de las estructuras formadas. Cada experimento

se repitid por triplicado bioldégico y duplicado técnico.
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6.3. RESULTADOS

El tratamiento con calcitriol mejora la inhibicién de la EMT al incrementar el efecto

inhibitorio de dovitinib y AZD4547 por separado.

Las células MBCDF-T fueron tratadas con concentraciones bajas de Calcitriol [1OnM],
dovitinib [30nM] y AZD4547 [3uM]. Como se observa en la Figura 16aq, las células MBCDF-T
fueron muy sensibles al efecto de los compuestos sobre la migracién celular, parametro
asociado con la EMT. Como se observa en la Figura 16b, los tratamientos por separado
disminuyeron significativamente el cierre de herida, respecto al vehiculo. Sin embargo, la

combinacién con calcitriol mejord efecto de los compuestos por separado.

Por otra parte, en las células HCC-1806 se emplearon las mismas concentraciones que
en MBCDF-T de los tratamientos (Figura 16c). En esta linea celular los tratamientos por
separado inhibieron significativamente la migracion celular; sin embargo, el efecto logrado
entre tratamientos fue muy similar. No obstante, la combinacién de calcitriol con dovitinib o

AZD4547 mejord la inhibiciéon de cierre de la herida en HCC-1806 (Figura 16d).

De manera general, las células MBCDF-T a lo largo del estudio mostraron mayor
sensibilidad, en respuesta a este proceso en particular es importante notar que después de las
combinaciones, fue el dovitinib (inhibidor multiblanco de VEGFR/FGFR/PDGFR, c-kit, etc) el que
mas afecto la migracién celular, seguido del AZD4547 (inhibidor de FGFRI-3) y de calcitriol.
Esto sugiere la participacion de otras vias de sefializacion ademas de las mediadas por FGFR,
puesto que cuando estos receptores son especificamente bloqueados con el AZD4547, la
migracién no se ve abatida tan drasticamente. Precisamente es la combinacion de dovitinib
con calcitriol la que mejor efecto tiene, sugiriendo que los efectos pro-diferenciantes del
calcitriol y la inhibicion de distintas cascadas de sefializacién mediadas por RTKs podrian ser

los mecanismos involucrados en inhibir la migracion celular en este modelo celular.
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Figura 16. Efecto del calcitriol y los inhibidores de VEGFR/FGFR, dovitinib y AZD4547, solos o en
combinacién, sobre la migracién celular de las células de CMTN, MBCDF-T y HCC-1806. (a) Imdagenes
representativas del cierre de herida a las 48 horas en la linea MBCDF-T expuesta a calcitriol [10nM],
dovitinib [30nM] y AZD4547 [3uM]. Aumento 4x. (b) Media del porcentaje de migracién + SEM por
tratamiento. Las diferencias significativas respecto al vehiculo, (*p<0.001 vs VH) o a cada tratamiento
en combinacién/separado (**p<0.001 Cal vs C+D, vs C+A, Dov vs C+D, AZD vs C+A) se calcularon por
ANOVA de una via en GraphPad. (c) Imdgenes representativas de la migracién celular de las células
HCC-1806 en presencia de los tratamientos (48 horas). (d) Representacion grafica del efecto de los
tratamientos sobre la migraciéon celular, si bien los tratamientos por separado inhibieron
significativamente la migracién celular, el efecto logrado entre tratamientos fue muy similar. La

combinacién de calcitriol con dovitinib o AZD4547 mejord la inhibicién de cierre de la herida en HCC-

1806, n=8.
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La inhibicién de FGFR afecta drasticamente el mimetismo vascular

En presencia del calcitriol, observamos como las esferas formadas son practicamente
inviables puesto que la mayoria de las células estdn muertas. Por su parte el dovitinib tuvo un
efecto drastico en la formacion de mamosferas, sin embargo dicho efecto fue potenciado en
presencia del calcitriol, donde observamos como inclusive muchas de las células ya no fueron
capaces de auto-agregarse y se encuentran flotando en el pozo. Finalmente, el AZD4547 tuvo
un efecto importante en la formacién de mamosferas, practicamente inhibiendo por completo
esta capacidad, interesantemente se observa como en superficies de baja adherencia y en
presencia del inhibidor de FGFR las células intentan agruparse en cordones pero mueren a los
5 dias. En contraste, en combinacién con calcitriol, las esferas formadas estan practicamente
muertas o disgregadas a los 5 dias. Todos los tratamientos inhibieron significativamente el
nimero de esferas por pozo, respecto al vehiculo (Figura 17¢, *p<0.001 vs VH) y entre
tratamientos (**p<0.001 Cal vs C+D, vs C+A, Dov vs C+D, AZD vs C+A).

(a) (c)

ol

>

(b

Dovitinib Calcitriol+Dovitinib

VH CAL DOV C+D AZD C+A

Figura 17. Efecto de los tratamientos solos o en combinacién sobre la troncalidad, evaluada por la
formacién de esferas en superficies de baja adherencia, en las células MBCDF-T. (a) Imégenes
representativas, en contraste de fases (10x), de esferas a los 3 y 5 dias de incubacién. (b) Todos los
tratamientos inhibieron significativamente el nimero de esferas por pozo, respecto al vehiculo,
(*p<0.001 vs VH) y entre tratamientos (**p<0.001 Cal vs C+D, vs C+A, Dov vs C+D, AZD vs C+A).
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El calcitriol mejora supera la resistencia al MV del dovitinib y mantiene el efecto anti-

MV del AZD4547.

Hasta el momento el efecto de los inhibidores dovitinib y AZD4547 sobre el mimetismo
vascular se desconoce. Sin embargo, se sabe que algunos inhibidores de la angiogénesis
similares, son capaces de inducir el MV en CMTN, por ello es interesante ver que en las células
MBCDF-T tratadas con dovitinib la formacion de redes no se ve afectada a nivel de la
citoarquitectura (Figura 18.a) sino tampoco a nivel de la cantidad de segmentos cuantificados
por campo visual (Figura 18.b). Sin embargo, esta “resistencia” es abatida cuando las células
son expuestas al calcitriol combinado con dovitinib, donde si se observa una disminucion
significativa de la presencia de cordones en red (Figura 18.b). Por el contrario, AZD4547 tuvo
en efecto incluso mayor que el de calcitriol solo, abatiendo casi por completo la formacion de
redes de cordones en los co-cultivos (Figura 18.), mientras que en su combinacién con calcitriol,
las estructuras estan practicamente ausentes. Este resultado sugiere aunado a lo que
observamos previamente sobre la formacién de mamosferas, podria sugerir la gran
dependencia de la troncalidad y la plasticidad celular en general, en estas células, para poder
mantener la capacidad de hacer MV en los co-cultivos. Son necesarios mas experimentos y la
validacion del efecto sobre la via que suponemos es la principal involucrada en la capacidad
de hacer MV de las células MBCDF-T, FGFR/PI3K/AKT. Hasta el momento, los resultados
sugieren que la combinacion de calcitriol con estos agentes podria ser beneficiosa para las
pacientes de CMTN que son candidatas a recibir terapias anti-angiogénicas, para prevenir la
generacion de resistencia y mejorar la respuesta terapéutica a estos tratamientos. Ademas, el
uso combinado de estas moléculas podria ser de ayuda también para aquellos pacientes que
de manera clasica reciben anti-angiogénicos, para disminuir las dosis efectivas y mejorar el
prondstico de dichos pacientes. Lo ideal para escalar dichos resultados seria realizar los
estudios in vivo de la combinacién de estas terapias y evaluar el efecto que tienen sobre la

vascularizacién tumoral en CMTN.
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Figura 18. Efecto de los tratamientos con calcitriol, dovitinib y AZD4547, solos o en combinacién,
sobre el mimetismo vascular en co-cultivos de las células de cancer de mama triple negativo, MBCDF-
T con células endoteliales. (a) Imagenes representativas de las redes de cordones formadas por las
células de cancer MBCDF-T co-cultivadas con endotelio en presencia de los tratamientos solos o en
combinacién. (b) En la gréfica de barras se muestra el promedio de segmentos por campo visual (+
SEM), observamos como AZD solo y combinado (C+A), seguido de calcitriol y calcitriol combinado con
dovitinib (C+D) fueron los grupos con mayor efecto. Dovitinib fue el Unico de los compuestos que no
inhibié ni afectd el mimetismo vascular en co-cultivos. (*p<0.001 vs VH; ** p<0.001 Cal vs C+D, vs C+A).
n=6

6.4. CONCLUSIONES PRELIMINARES

El calcitriol mejora la respuesta a los efectos anti-migratorios, anti-tumorales, la
inhibicion de la troncalidad celular y la inhibicién del propio MV en las células de cancer de

mama triple negativo, en combinacion con inhibidores sintéticos de la angiogénesis, dirigidos

contra VEGFR/FGFR.
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# 34 CREB EXPRESSION AND IMMUNOLOCALIZATION WERE DIFFERENTIALLY REGULATED BY CALCITRIOL AND CURCUMIN WHILE
INHIBITING VASCULOGENIC MIMICRY IN BREAST CANCER CELLS COCULTURED WITH ENDOTHELIAL CELLS. Lorenza Diaz’, Gabriela
Morales-Guadar !, Edgar Armando Méndez-Pérez!, Janice Garci iroz!, Rocio Garcia-Becerra®, Euclides Avila', !Instituto
Nacional de Ciencias Médicas y Nutricién Salvador Zubiran, %Instituto de Investigaciones Biomédicas, Universidad Nacional Auténoma
de México

Vasculogenic mimicry (VM) is the process undertaken by cancer cells to form channel-like structures under hypoxic conditions
and is generally associated with metastasis, treatment resistance, and bad prognosis. Recently, we showed that endothelial-
dependent VM formation in triple-negative breast cancer cells (TNBC) was strongly inhibited by calcitriol, curcumin, and to a greater
extent by their mixture. Calcitriol changed cell morphology from spindle to cobblestone shape, while curcumin diminished the VM 3D
structure. These two parameters suggest the loss of epithelial-to-mesenchymal phenotype, a VM hallmark. Importantly, the
treatments dephosphorylated several active kinases/proteins, especially those involved in the PI3K/Akt pathway. Among them, the
cyclic AMP-response element-binding protein (CREB) was found to be highly activated in untreated co-cultures, while it was
significantly deactivated by the compound’s combination. Since the overexpression of CREB has been linked to the generation of
tumor stem cells, which are thought to be responsible for VM-formation, in this study we aimed at investigating the regulation of CREB
protein expression by calcitriol, curcumin and their combination in a model of endothelial-induced VM in TNBC cells. VM was evaluated
by morphometric parameters including the formation of cord-like tubular structures by cancer cells. CREB expression and cell
localization were studied by immunocytochemistry. As a control, we used the PI3K inhibitor LY294002. Curcumin, calcitriol, and
LY294002 significantly reduced the number of segments and meshes compared to controls. Bright-field images merged with
fluorescently labeled CREB showed that calcitriol, at clinically achievable concentrations, significantly reduced CREB protein
expression, while curcumin changed its localization from the cell nuclei to the cytoplasm. The compounds’ combination produced a
similar inhibitory effect as LY294002 upon VM structures, while downregulated CREB expression to a greater extent. Our results
suggest that the anti-VM activity of calcitriol and curcumin co-treatment involves the downregulation of CREB protein expression and
its migration from the cell nuclei to the cytoplasm. Thus, the compounds’ combination could represent a new therapeutic strategy to
inhibit VM in TNBC tumors. This work was supported by CONACYT México, grant A1-S-10749 to L. Diaz.
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Vasculogenic mimicry of triple negative breast cancer is inhibited by
calcitriol and curcumin through inhibition of PI3BK/AKT pathway

Gabriela Morales-Guadarrama’, Edgar A. Méndez-Pérez', Janice Garcia-Quiroz', Euclides Avila',
Rocio Garcia-Becerra?, Fernando Larrea’, Lorenza Diaz'
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de México, México
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Nacional Auténoma de México, Ciudad de México 04510, México; Av. Universidad 3000, Coyoacan, 04510,
Ciudad de México, México,

Abstract:

Neo-vascularization is essential for tumor growth and dissemination. The formation of channel-
like structures by cancer cells, namely vasculogenic mimicry (VM), is generally associated with
epithelial-to-mesenchymal transition, metastasis and resistance to therapy in highly aggressive
tumors, such as the triple-negative breast cancer (TNBC). The role of tumor-endothelial
interactions on the microcirculatory network formation and the effect of natural products for VM
therapeutic purposes remain poorly investigated. To address these issues, we developed an in
vitro VM model by co-culturing endothelial cells (EAhy.926) with TNBC cells (MBCDF-T or
HCC-1806), and studied the effects of curcumin, a natural phytochemical, and calcitriol, the
active vitamin D metabolite, on VM formation. We considered these compounds given
previous studies showing that their combination abrogated TNBC tumor growth and
angiogenesis in vivo. Results: Co-culture of EAhy.926, but not of stromal cells, with MBCDF-T,
HCC-1806 and trophoblastic cells, triggered tubular-like structures formation, suggesting
participation of endothelium in both physiological and pathological VM. Tube-like formation
was accompanied by increased VEGFR2 and FGFR1 expression, as well as up regulation of
pro-angiogenic molecules in the co-cultures. Interestingly, the VM capacity of TNBC cells was
readily inhibited by calcitriol, and to a lesser extent by curcumin; however, their combination
further inhibited VM. Mechanistically, treatments inhibited the phosphorylation of several
proteins, including those involved in the FGFR/PI3K/Akt pathway. Specific pharmacological
inhibition of FGFR or PI3K suggested that this is the main cascade involved in VM of TNBC
cells. Our results support the possibility to use these natural compounds as adjuvants for VM
inactivation in patients with highly malignant tumors inherently capable of forming VM, or in
patients with ongoing anti-angiogenic therapy, warranting further in vivo studies.
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Calcitriol combined with VEGFR/FGFR inhibitors
abrogate vasculogenic mimicry by downregulating
stemness and mesenchymal transition of triple-negative
breast cancer cells

Euclides Avila', Lorenza Diaz?, Janice Garcia-Quirozl, Edgar Armando Méndez-Pérez, Silvia Gabriela
Morales-Guadarramat

1 Instituts Macional de Ciencias Médicas y Mutrician Sabmdor Zubiran, Mesdoo City, MEXICO. # Universicdad Macional
Autonocma de Mexco, Mexico City, MEXICO

In highly aggressive tumors, such as the triple-negative breast cancer (TNBC), neoplastic cells may develop an
alternative microcirculatory system by forming channel-like structures through a process known as
vasculogenic mimicry VM) WM can be driven by antiangiogenic treatments and tumor microsemiranment-
derived factors. Recently we reported that calcitriol, the most active metabolite of Vitamin D, inhibited YM of
THEBC cells by dephosphorylating several kinases involved in the Plzk Akt signaling pathway. Further, caloitriol
has potent antitumor effects on THNEC and can enhance anti-neoplastic activity of antiangiogenic compounds
such as the VEGFR and FGFR inhibitors dovitinib and AZDas47, on tumor growth and angiogenesis. However,
the role of these receptor tyrosing kinase inhibtors (RTEIS) upon VM on TMBC, alone or in combination with
calcitriol remains unknown. Therefore, in this study we aimed to investigate the effect of dovitinib and AZDas547.
alone or combined with calcitriol. on the VM capacity of TNBC cells. Since stemness and mesenchymal
transition are the main plasticity-associated VM hallmarks, we evaluated the treatments’ effect on spheroid
formation and migration of MBCDF-T and HCC-1806 THNBC cell lines. Furthermore, WM capacity was assessed
by tubulogenesis assays on co-cultured THNBC cells with endothelial cells. Among all compounds tested,
AZDaraT was the most efficient one to inhibit VM, as well as spheroid formation and cell migration in both
THEBC cell lines, suggesting a main role of FGFR on the VM capacity of TNBEC. This is the first report on the
participation of FGFR on VM as well as the effects of AZD4547 regarding this. Remarkably, calcitriol enhanced
the anti-VM effects of the RTKls. Altogether, our results suggest that calcitriol as adjuvant, could be a
promising option for TMEC patients undergoing anti-angiogenic therapy by preventing VM as a resistance
mechanism. This work was supported by CONMACYT Mexico, grant A1-5-107agto LD
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Abstract: In solid tumors, vasculogenic mimicry (VM) is the formation of vascular structures by
cancer cells, allowing to generate a channel-network able to transport blood and tumor cells. While
angiogenesis is undertaken by endothelial cells, VM is assumed by cancer cells. Besides the par-
ticipation of VM in tumor neovascularization, the clinical relevance of this process resides in its
ability to favor metastasis and to drive resistance to antiangiogenic therapy. VM occurs in many
tumor types, including breast cancer, where it has been associated with a more malignant phenotype,
such as triple-negative and HER2-positive tumors. The latter may be explained by known drivers
of VM, like hypoxia, TGFB, TWIST1, EPHA?2, VEGEF, matrix metalloproteinases, and other tumor
microenvironment-derived factors, which altogether induce the transformation of tumor cells to a
mesenchymal phenotype with a high expression rate of stemness markers. This review analyzes the
current literature in the field, including the participation of some microRNAs and long noncoding
RNAs in VM-regulation and tumorigenesis of breast cancer. Considering the clinical relevance of VM
and its association with the tumor phenotype and clinicopathological parameters, further studies are
granted to target VM in the clinic.

Keywords: vasculogenic mimicry; breast cancer; tumor neovascularization; HER?2; triple-negative

1. Introduction
What Is Vascular Mimicry?

Tumor growth and dissemination depend on vascularization, a process that is achieved
through vasculogenesis and/or angiogenesis. Vasculogenesis is de novo blood vessel for-
mation by newly differentiated endothelial cells (ECs), while angiogenesis is the formation
of blood vessels from pre-existing ones, either by sprouting or intussusception [1]. Intussus-
ception refers to the formation of pillars inside the blood vessel, resulting in its division into
segments [2]. In the context of cancer, both vasculogenesis and angiogenesis are regulated
by microenvironment-derived factors, tumor heterogeneity, cell-cell interactions (including
malignant and non-transformed cells), as well as modifications on extracellular matrix
(ECM) components [3]. In addition, there are alternative non-angiogenic mechanisms
used by tumor cells to obtain nutrients and oxygen and to disseminate to distant sites, for
instance vessel co-option, which consists in the hijacking of pre-existing blood vessels from
non-tumoral surrounding tissue [4]. While all these processes and their related pathways
play an essential role in the growth, proliferation, migration, invasion, and metastasis of
highly aggressive tumors, they are not the only mechanisms by which tumors generate
vasculature and escape routes [5,6]. In 1999, Maniotis and collaborators described for the
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first time an endothelial-independent vascularization mechanism in highly aggressive
and metastatic uveal and cutaneous melanoma tumors. They observed the presence of
patterned networks of interconnected loops and cord formation, composed of cancer cells
and ECM that stained with the periodic acid-Schiff (PAS) reagent, but that in relation to
EC markers such as CD31 or factor VIlI-related antigen, showed weak, focal, and discon-
tinuous staining. Erythrocytes could be found inside these structures, suggesting that
they actually conducted blood and represented an intratumor microcirculatory system.
Moreover, it was shown that highly invasive M619 human melanoma cells were able to
form three-dimensional channel-like structures resembling vascular networks. This process
was termed “vasculogenic mimicry” (VM) [7-10].

Vascular channels in VM share several characteristics with endothelial-dependent
vasculature; however, distinctive features differentiate them (Table 1). For instance, ECs
express vascular endothelial (VE)-Cadherin, also known as CD144, the major molecule
related to cell—cell adhesion in endothelial adherent junctions. However, in cancer cells
capable of forming VM, VE-Cadherin is aberrantly expressed and seems to be involved
in a different function, namely, the acquisition of tubule-like structures [11]. Even if at
present time there is no infallible biomarker for VM channels identification, some specific
characteristics and the expression of particular markers associated with these cellular
arrangements have been described (Table 1).

Table 1. Distinctive features/markers between vasculogenic mimicry and angiogenesis.

Vasculogenic Mimicry Angiogenesis References
Formation of vascular channels from  Development of new blood vessels and [1,12]
cancer stem cells (tumor cells). capillaries from pre-existing ones. !

Patterned networks of interconnected Formation by sprouting or [1,7]
loops and cords formation intussusception !
Formed by tumor cells and cancer Formed by endothelial cells 7]
stem cells
Aberrant expression of VE-Cadherin VE-Cadherin localization in cell [13]
membranes
PAS+, CD31~/1°W staining PAS~/1oW, CD31+ staining [7]
Factor VIlI-related antigen negative Factor VIlI-related antigen highly 7]
or low positive
Unaffecteq by .endogtatm and other Inhibited by antiangiogenic factors [14,15]
antiangiogenic factors
EPHA2, TIE1, LAMC2, EPHAZ2, TIE1, LAMC2 generally [16]
overexpression negative.
Express stemness markers, e.g., CD133 positivity mostly in endothelial [17-20]
CD133, ALDH1 precursor cells
More abundant in poorly Present in embryogenesis, wound
differentiated tumors, such as HER2+ yog 4 [16,21]

and TNBC healing and tumor growth

There are two types of VM described up to now. The tubular type and the patterned
matrix type [22] (Figure 1). In vitro, the first type refers to networks of cellular cords
above a thin matrix, encircling cell-free spaces (Figure 1a). In vivo, this type would appear
as matrix “rivers” that may arrange as parallel PAS+ ECM deposits (Figure 1b). This
matrix is produced by cancer cells. In some cases, PAS+ tumor endothelial-like cells can
be found forming cords or lining blood channels. In the second type, PAS+ ECM patterns
enclose packs of tumor cells wedged into the matrix arrays (Figure 1c,d). This last one
is characteristic of highly invasive tumors [22]. It may be possible that the patterned
type gives rise to the tubular type, after the enclosed cells die. In Figure 2, we provide
photographs depicting VM-structures formed in vitro and in vivo by the triple-negative
breast cancer (TNBC) cell line MBCDE-Tum, reported as highly tumorigenic [23] (Figure 2).
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Figure 1. Graphical representation of the types of vasculogenic mimicry structures formed in vitro and in vivo by cancer
cells. (a) In vitro tubular type. Is formed by networks of cellular cords encircling cell-free spaces above a matrix rich in
collagen such as Matrigel. Tumor cells aligned in cords or tubular-like interconnected structures are depicted. (b) In vivo
tubular type (parallel PAS+ patterned). Deposits of PAS+ proteoglycan/laminin-enriched matrix derived from cancer cells
resembling “matrix rivers” may contain PAS+ tumor cells able to form channels and may be flanked by endothelial-like
tumor cells. (c) In vitro patterned matrix type. Flattened tumor cells lodged into the matrix form packages of cells that
deposit matrix enriched in collagen, laminin, and proteoglycans. Tumor endothelial-like cells may be found surrounding
the packs. (d) In vivo patterned matrix type (network or back-to-back loops PAS+ patterned). Several layers of extracellular
matrix rich in laminin, fibronectin, and collagens IV and VI form loops surrounding packs of tumor cells.
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CellTracker

In vitro

Figure 2. Photographs of vascular mimicry structures formed by the TNBC cell line MBCDF-Tum in vitro and in vivo. (a)

MBCDF-Tum cells were labeled using Cell tracker-green (Abcam) and photographed by epifluorescence microscopy at 24 h

of seeding (10 magnification, Olympus BX51). (b) MBCDF-Tum cells xenografted in nude mice generated VM-forming

tumors. VM structures (yellow arrow heads) were identified by PAS-staining (magenta color, left side of the picture) in

a tumor section. In the right part of the picture, a similar section of the same tumor was stained for Integrin-$3 (ITGB3)

as an endothelial marker, identifying tumor endothelial-vasculature (brown staining, red arrow heads) in a hot spot of

ITGB3-negative VM channels (black arrow heads) (40 magnification).

2. First Highlights of VM in Breast Cancer

VM has been identified in numerous types of highly aggressive tumors including
breast cancer. Only two years later from the first report of VM in melanoma, a group in
Japan identified the presence of blood pooling without a lining of ECs on hyper vascularized
xenografts of inflammatory breast cancer. Remarkably, these cells were able to form
tube-like structures and loops in vitro, and were associated with lung metastasis in vivo,
representing the first evidence of VM in breast cancer [24]. These results helped to establish
the relationship between angiogenesis and VM. Shirakawa et al. observed that the hyper
vascularized zone in the tumor periphery contained vessels lined by ECs positive to
murine CD31, consistent with angiogenesis, while the central highly hypoxic area of the
tumor exhibited channels that were PAS positive, presented weak expression of human
integrin «y 33 and lacked ECs, consistent with VM. Altogether, this suggested that in some
instances, tumors can develop hybrid vascular networks combining angiogenesis and VM
to efficiently obtain oxygen and nutrients [25,26]. In addition, structural heterogeneity
(mosaic vessels) has also been described in solid tumors, including breast cancer, where
a vessel may be lined by ECs in some parts and by tumor cells in others, forming hybrid
vascular structures associated with intravasation and systemic dissemination of cancer
cells [27]. Since it has been demonstrated that VM can enhance metastasis after an anti-
angiogenic treatment [28], research in the VM field will surely improve cancer therapeutics.

3. Clinical Relevance of VM in Breast Cancer and Association with
Clinicopathological Parameters

There is no doubt that a major drawback of anti-angiogenic treatment is the formation
of VM. Indeed, by inducing hypoxia, VM may be favored, which in turn enhances distant
metastasis [28,29]. Notably, the angiogenesis inhibitor endostatin readily inhibits proangio-
genic factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor
2 (FGF2), matrix metalloproteinases (MMPs), and hypoxia-inducible factor 1-« (HIF1A),
blocking endothelial tube formation. However, endostatin does not affect VM-forming



Cells 2021, 10, 1758

50f17

cells, which after being exposed to this collagen-derived factor remain fully active and ca-
pable to configure vascular channels [14]. Other antiangiogenic factors have shown similar
results [15], suggesting a differential response of EC-dependent angiogenesis and cancer-
dependent VM channels formation. In addition, as with the well-established relationship
between microvascular density and metastasis in invasive breast cancer [30], VM also has
been associated with malignant cells dissemination and bad prognosis, including higher
recurrence, lower survival, larger tumor size, and poorer differentiation grade [16,25,31,32],
linking this feature to a more malignant breast cancer phenotype [25,31,32]. The VM-
positivity rate and its impact on clinicopathological parameters and prognosis in breast
cancer patients have been largely studied in the last two decades. For instance, the study
from Shirakawa K et al. [25] showed that from 331 surgically resected breast cancer speci-
mens, only 26 (7.9%) evidenced the presence of VM. A high proportion of these VM-positive
tumors exhibited pseudo-comedo formations, which are channels containing blood cells
instead of necrotic tumor cells. Notably, in these 26 cases, patients were more likely to have
hematogenous recurrence and lower percentage of 5-year survival [25]. However, in an-
other study involving eight clinical reports with 1238 breast cancer patients, the VM-cases
rate was higher, specifically 24%, and this was associated with larger tumor size (>2 cm),
lymph node metastasis, poorer differentiation grade (grades 2 and 3), and shorter overall
survival than those without VM, corroborating that this feature is associated with more
aggressive breast cancer tumors and poorer prognosis [32].

Interestingly, in invasive ductal carcinoma samples, VM was detected in 13.3% of the
analyzed tumors. Still, in this VM-positive group, 75% were significantly associated with
bad clinicopathological characteristics, including axillary lymph node metastasis (95.6%),
tumor size larger than 3 cm (56.25%), higher histological grade (stage 3, 75%), and overall
poor prognosis [33]. Similarly, another study showed that breast cancer patients with
VM-positive tumors were related to positive nodal status and advanced clinical stage,
being the majority of VM-cases in progressive stage 2 and 3, thus, again, associating VM to
a poorer outcome [34]. Of note, a meta-analysis on the role of VM in cancer progression and
its prognostic value was undertaken considering different types of tumors, corroborating
that the presence of VM predicts poorer survival outcomes in cancer patients [35].

4. Relationship between VM and Tumor Phenotype

Human breast cancer tumors are classified mainly considering clinic and histopatho-
logic features, as well as molecular markers. Regarding this, the vast majority of these
tumors belong to a group that expresses estrogen receptor alpha (ERc) and progesterone
receptor (PR). Tumors overexpressing epidermal growth factor receptor 2 (HER2) gener-
ally lack ER and PR, while those that do not express neither of these three proteins are
collectively called TNBC tumors. HER2 and TNBC are commonly considered as the most
aggressive phenotypes of breast cancer.

The association between VM and breast tumor phenotype has been investigated.
In vitro studies have shown that TNBC aggressive cells are particularly prone to form
tubular structures, in contrast to more differentiated breast cancer cells. For example,
the TNBC MDA-MB-231 and HCC1937 cells readily formed tubular-like structures in
Matrigel [36,37]. In comparison, the ERx-positive cell line MCF-7 has been reported to be
incapable of forming VM in this matrix [36]; however, in the presence of some VM drivers
such as interleukin 13, MCEF-7 cells formed microvessel-like intersections and cords [38].
Further studies are needed to corroborate the effects of VM-drivers upon tubular-like
structure formation in ER-positive breast cancer cells.

The link between VM and a more malignant breast cancer phenotype is coherent with
the previously discussed association between VM and poor prognosis, as well as with
the stemness features and increased plasticity characterizing cells with high VM-forming
potential [18,39]. Indeed, some stemness markers have been negatively related to the
hormone receptor status, while their expression has been found significantly increased in
TNBC [18,39]. There are important features of the genotypic and phenotypic differences
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in breast cancer that confer a greater capacity to develop VM, like in TNBC compared to
hormone receptor-positive or HER2-positive tumors. For instance, BRCA1 mutations have
been shown to predispose for the basal-like/TNBC tumor subtype [40].

On the other hand, there is also solid evidence showing a positive association between
VM and the overexpression of HER2. In a study using the MCEF-7 cells, forced exogenous
HER?2 overexpression allowed these cells to form vessel-like structures in Matrigel, a charac-
teristic previously absent in the parental cell line. Interestingly, this process was associated
with increased VE-Cadherin protein expression, which abundance and interaction with the
epithelial cell kinase 2 (EPHA?2) are known to be linked to VM induction [34,41]. Strongly
supporting these observations, studies undertaken in aggressive melanoma cells have
shown that knockdown or downregulation of VE-cadherin, EPHA?2, or laminin subunit
gamma 2 (LAMC2) results in abolishing of their ability to form VM [42—44]. Notably, in
invasive breast carcinoma specimens, HER2 overexpression highly correlated with VM,
further corroborating the in vitro results in MCF-7 cells [33,34]. However, other studies
have not found a statistically significant association between HER2 overexpression and
VM [32]. The reason for this discrepancy is not known, but may be related to an incomplete
transformation to a full vasculogenic phenotype in HER2-positive cells, probably due to
a lesser level of aggressiveness or the development of alternative survival pathways not
related to HER2. Supporting this hypothesis, it is known that HER2-positive tumor cells
previously treated with trastuzumab express antigens normally associated with endothelial
and stemness phenotypes, together with VM markers, indicating that the treatment may
induce VM. However, and interestingly, these cells were not able to form VM structures
unless they had fully developed resistance to trastuzumab. Indeed, trastuzumab-resistant
cells readily formed tubular structures on Matrigel, which suggested that while HER2-
positive cells remain sensitive to treatment, an incomplete vasculogenic phenotype prevails,
while fully resistant cells have already experienced a complete transformation and therefore
can form VM channels [45].

5. Drivers of Vascular Mimicry in Breast Cancer

Many drivers of VM have been described, but in general, these are factors associated
with the epithelial-to-mesenchymal transition (EMT) and stemness acquisition processes.
In breast cancer, EMT has shown to be important for stem cell-like characteristics acqui-
sition and maintenance, resulting in VM development [46]. Particularly in patients with
TNBC tumors, cancer stem cells are considered the source of VM [19]. Among the stemness
markers, CD133 and aldehyde dehydrogenase 1 (ALDHI1) are closely related to VM forma-
tion [18,39]. In this regard, Liu and collaborators found that CD133-positivity displayed
in holoclones of the TNBC cell line MDA-MB-231 correlated with VM-forming capacity
and self-renew potential. Notably, these holoclones also expressed ECs markers such as
VE-Cadherin, MMP2 and MMP9, demonstrating that CD133-positive cancer stem cells
contribute to VM in TNBC by inducing transdifferentiation [19].

On the other hand, some tumor microenvironment-derived factors associated with
EMT promotion are known to induce VM as well, like the cytokine transforming growth
factor beta (TGFB) and the transcription factor TWIST1 [17,47]. In hepatocellular carcinoma,
it is known that TGFB promotes VM in vitro and in vivo by inducing VE-Cadherin, MMP2,
and LAMC?2 [47]. Even though this cytokine has not yet been described as a VM-driver
in breast cancer, in mice carrying TNBC xenografts the hypoxia-dependent induction of
TWIST1 (a known target of TGFB) increased CD133 positivity, causing resistance to suni-
tinib treatment due to VM development [17]. In addition, and as previously discussed,
aberrant extra-vascular expression of VE-Cadherin has been tightly associated with VM
formation in cancer cells, a process thought to be related to the acquisition of an undifferen-
tiated embryonic-like phenotype and possibly to a mesenchymal-to-endothelial transition
that renders cancer cells able to form vessel-like structures. Speculatively, this would imply
the loss of some mesenchymal markers and the gain of endothelial ones, such as vimentin
and VE-Cadherin, respectively.
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As mentioned earlier in this review, hypoxia, either as a result of an antiangiogenic
treatment or induced naturally in tumor core niches, is involved in VM-formation, and
therefore should be considered as an important driver by itself. Indeed, a hypoxic en-
vironment causes that tumor cells and those from the microenvironment increase their
production of factors involved in VM, such as VE-Cadherin, VEGF, MMPs, TWIST1, and
HIF1A [17,48-50]. Indeed, HIF1A starts multiple signaling cascades resulting in VM
induction, as shown in the MDA-MB-231 and MCE-7 breast cancer cell lines [51].

Five years after the first report of VM in breast tumors by Shirakawa [24], Basu G.D.
and colleagues reported the involvement of Cyclo-oxygenase (COX)-2 as a driver of VM
in breast cancer [9]. They found that the invasive MDA-MB-231 and MDA-MB-435 cells
overexpressing COX-2 were able to form VM-channels on Matrigel, while non-invasive
MCF-7 and ZR-75-1 expressing null or low COX-2 were unable to do so. Moreover, by
using the COX-2 inhibitor celecoxib, the authors concluded that the COX-2-dependent
induction of VM implicated pathways related to angiogenesis, proliferation, apoptosis, and
cell cycle. In a similar manner as the in vitro results, vascular channels were frequently
observed in high grade invasive breast ductal carcinoma overexpressing COX-2, but not
in low-grade breast tumors, whereas tumor-bearing mice treated with celecoxib corrob-
orated in vitro results [9]. A decade later, Majumder M. and collaborators linked COX-2
expression in breast cancer cells to the induction of stemness, which is a hallmark of VM.
Prostaglandin and the EP4 agonist PGE1OH, acting through the prostaglandin E-2 receptor
EP4, upregulated NOTCH/WNT expression via PI3K/AKT signaling pathway, which
increased migration, invasion, proliferation, EMT, and spheroid formation. Regarding
this, increased ALDH activity was found in COX-2 overexpressing tumorospheres, while
COX-2 colocalized with the stemness markers ALDH1, CD44, Catenin, NANOG, OCT3/4,
and SOX-2 [52,53]. Altogether, the implication of COX-2/prostaglandin signalization in
VM formation by highly aggressive breast cancer cells opens new avenues for the use of
COX-2/EP4 as a therapeutic target in breast cancer.

Another known player in VM development is sphingosine-1 phosphate receptor
1 (S1PR1), a bioactive signaling lipid regulating vascular development, function, and
maturation. However, its participation in this process is more as an “anti-driver”, since
its suppression impairs angiogenesis but contributes to VM generation as well as the
promotion of invasion and metastasis [54]. Indeed, a recent study demonstrated that
S1PR1 deficiency or knockdown contributed to the generation or increase of VM. This was
attributed to the SIPR1-dependent promotion of VE-Cadherin phosphorylation, leading
to its separation from f-catenin. Interestingly, the survival analysis suggested that in
non-TNBC, S1PR1 significantly correlated with poor patient survival, warranting further
studies [54].

A very interesting study published in 2015 by Wagenblast E. and colleagues, clearly
identified the contribution of two anticoagulant secreted proteins in driving VM in breast
cancer cells in vitro and in vivo. These proteins were Serpine2 and Slpi, which were
overexpressed in clones from a heterogeneous population of breast cancer cells that could
efficiently enter the vasculature and form lung metastasis [55]. The authors were able
to prove that the enforced expression of Serpine2 and Slpi in non-intravasating clones
efficiently induced in vitro formation of tubular structures in cells previously incapable
of forming VM. They concluded that the expression of Serpine2 and Slpi was “sufficient
and necessary” to program breast cancer cells for VM, as if this combination worked as a
vasculogenic inductive cocktail. Moreover, due to their anticoagulant properties, Serpine2
and Slpi seemed to promote both the passage of erythrocytes into the tumor as well as that
of cancer cells into the bloodstream [55]. In accordance with the tumor phenotypes mostly
associated with VM, Serpine2 and Slpi were significantly more expressed in HER2+, TNBC
(basal) and claudin-low tumors of relapsing patients [55].

TNBC has been described as the breast cancer subtype with the highest rate of tumor
infiltrating lymphocytes [56]. Although in the clinic the presence of these cells has been
associated with a more favorable prognosis due to their ability to synergize chemother-
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apy [56], they also secrete a variety of chemokines and cytokines to the tumor microen-
vironment that may contribute to the oncogenic process. Regarding this, interleukin
(IL)-6, signaling through the signal transducer and activator of transcription 3 (STAT3),
has shown to promote tube formation by tumor cells in vivo and in vitro by upregulat-
ing VE-Cadherin expression and MMP2 activity [57]. Particularly in breast cancer, other
inflammatory cytokines have also proven to be drivers of VM, for instance IL-1 and
IL-8. On this subject, it is known that TNBC MDA-MB-231 cells express IL-8 as well as
its receptors CXCR1/CXCR2, and notably, it has been shown that IL-8 uptake increases
during VM formation and that IL-8/CXCR2 signaling is necessary for tube formation, a
process that correlates with increased IL-8 levels [58]. In a similar manner but using a
different signalization pathway, IL-13 has shown to stimulate VM formation by MCF-7
and MDA-MB-231 cells [38]. Indeed, when these cells were incubated in the presence of
IL-1p3, they readily formed tube-like structures in Matrigel and expressed VM biomarkers,
including VE-Cadherin, VEGF receptor-1, MMP-9, and MMP-2. Of note, this effect was
preserved under both normoxic and hypoxic conditions and involved the p38/MAPK and
PI3K/ Akt signaling pathways [38].

Additionally contributing to VM induction is the BRCA-human chorionic gonadotropin
(hCG) axis. The BRCA1 protein is involved in DNA repair mechanisms, and it has been
demonstrated that BRCA1-deficient mouse mammary tumors are enriched in CD44+/
CD24~/0°W) and CD133+ cells. These highly tumorigenic cells show expression of stem
cell-associated genes such as OCT4, NOTCH1, ALDH1, FFGR1, SOX1 [59]. On the other
hand, an inverse correlation between BRCA1 and hCG has been found. Indeed, BRCA1
directly represses the expression of 3-hCG by binding to its promoter [60]. This hormone
is known to exert a potent proangiogenic effect on hCG/luteinizing hormone receptor
(hCG/LH-R)-expressing uterine ECs. Moreover, it has been reported that hCG-secreting
tumors promote neovascularization and capillary sprouting on in vitro models [61]. Inter-
estingly, mutated BRCA1 in breast cancer cells is associated with 3-hCG overexpression,
which results in pluripotency and EMT. Besides, this correlated with enhanced migration,
invasion, and greater tumorigenic capacity along with expression of EMT and stem cell
markers [60]. Notably, all the cellular processes aberrantly activated in BRCA1l-mutated
cancers are closely related to the VM capacity of tumors, and it has been documented
that hCG is crucial for the transdifferentiation of cancer cells into endothelial-like cells
by inducing expression of ECs markers such as CD31 and VEGF among others [62]. Re-
markably, in breast cancer with mutated BRCA1, 3-hCG can signal through transforming
growth factor beta receptor II (TGFBRII) regardless of the hCG/LH-R status, resulting in
increased cell proliferation [60]. The activation of the TGFB signaling pathway also induces
the expression of Snail, Slug, TWIST, and ZEB-1, which in turn increase the expression of
mesenchymal markers leading to EMT, a well-known driver of VM. Nevertheless, the role
of hCG in VM induction may vary depending on the tumor phenotype. For instance, in
hCG/LH-R-positive luminal-A breast cancer cell lines, hCG inhibited cell proliferation and
tumor growth [63], whereas, in HER2 positive breast cancer cells, hCG enhanced growth
and metastasis in vivo [64]. Therefore, the subtype of breast cancer should be taken into
consideration for a clinical approach targeting hCG.

Another important axis involved in VM is the leucine rich repeats and immunoglob-
ulin like domains 1 (LRIG1)-HER2 axis. LRIGI is a tumor suppressor that negatively
regulates tyrosine kinase receptors (TKRs) signaling by inducing their degradation via
ubiquitination and/or hindering the TKRs heterodimeric conformation. This results in the
inhibition of PI3K/AKT and ERK1/2 signaling pathways [65]. Among the TKRs regulated
by LR1G1 is HER2, which, as previously discussed in this review, has important relevance
on the processes associated with the VM capacity of HER2-enriched breast cancer cells.
In addition, in other breast tumor subtypes, including the TNBC, LRIG1 expression is
known to be decreased, a clinical feature associated with decreased relapse-free survival,
higher-grade tumors, and EMT activation [66,67]. Conversely, restoration of LRIG1 expres-
sion provokes a mesenchymal-to-epithelial transition, as well as loss of tumorigenic and
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invasiveness potentials of highly invasive basal breast cancer cells [68]. Interestingly, a
proposed molecular mechanism involved in the down-regulation of LRIG1 in breast cancer
is mediated by HER? itself. Indeed, a study from 2008 showed that HER2-induced mam-
mary tumors in transgenic mice had significantly suppressed LRIG1 protein levels, and
the activation of HER2 induced a further dramatic loss of endogenous LRIG1 expression
and enhancement of proliferation via Akt/Erk, showing that HER2 oncogenic signaling
actively contributes to suppression of LRIG [66]. In contrast, LRIG1 gene expression was
found enriched in ERx-positive breast cancer, and consistently, LRIG1 has proven to be
a transcriptional target of ERx. Moreover, LRIG1 restricts estrogen-driven tumor cell
growth, suggesting that it can suppress ERx-positive tumors [67]. This might explain why
ER«x-positive breast cancer has a lower incidence of VM compared to HER2 and TNBC.

6. VM Regulation by Noncoding RNAs in Breast Cancer

Noncoding RNAs (ncRNAs), such as microRNAs (miRNAs) and long noncoding
RNAs (IncRNAs), are involved in VM regulation and tumorigenesis of breast cancer.
Herein, we review some ncRNAs known to be involved in this process.

The miRNA-299-5p is downregulated in cell lines and tumor and serum samples from
breast cancer patients [69,70], and the restoration of its expression inhibited cell migration,
invasion, and metastasis [70]. Interestingly, this miRNA is also critical for the development
of vascular-like structures by regulating de novo expression of osteopontin, which plays
a critical role in the VM process of spheroid-forming cells in breast cancer [71]. Another
ncRNA involved in breast cancer progression is the tumor-suppressive miRNA-193b [72]. It
has been demonstrated that this molecule regulates VM by targeting the dimethylarginine
dimethylaminohydrolase 1 (DDAH1) enzyme involved in the metabolism of asymmetric
dimethylarginine and monomethyl arginine that are inhibitors of nitric oxide synthesis.
Ectopic expression of miR-193b reduced DDAHI1 expression and completely inhibited tube
formation in MDA-MB-231 cells [73].

P73 antisense RNA 1T (TP73-AS1) is a IncRNA that promotes breast cancer cell
invasion and migration [74,75]. In TNBC, TP73-AS1 also participates in VM formation
since it decreases miR-490-3p levels implicated in the negative regulation of the TWIST1
gene, which participates in EMT promotion and VM formation [76].

The miR-204 is a tumor suppressor down-regulated in breast cancer and associated
with poor prognostic [77]. An overall survival analysis of 3951 breast cancer patients
indicated that low miRNA-204 and high FAK/SRC levels were associated with low overall
survival of patients. Interestingly, ectopic restoration of miR-204 in MDA-MB-231 cells
produced a potent inhibition of VM by reducing the number of branch points and patterned
3D channels. This was associated with the downregulation of several transducers involved
in the activation of PI3K/AKT, RAF1, MAPK, VEGE and FAK/SRC signaling [78].

HOX transcript antisense RNA (HOTAIR) is a IncRNA that sponges tumor-suppressive
miRNAs. Interestingly, knockdown of HOTAIR resulted in an increment of miR-204 levels,
as well as the reduction of migration and hypoxia-induced VM formation by targeting the
FAK signaling in TNBC cells [79].

The miR-126-3p expression was significantly downregulated in TNBC cells, where its
overexpression inhibited cell proliferation, migration, invasion, colony formation capacity
and VM by targeting the regulator of G protein signaling 3 (RGS3), which promotes these
processes [80].

As discussed earlier in this review, IL-6 signaling is implicated in chemoresistance
and metastasis of various tumors, including breast cancer [81-83]. Interestingly, cisplatin
treatment upregulated IL-6 levels in ECs, and the resulting conditioned medium induced
VM formation in MDA-MB-231 breast cancer cells that might eventually promote drug
resistance and metastasis. The mechanism that contributes to VM implicates miR-125a
and let-7e downregulation in response to cisplatin treatment, affecting the IL-6 pathway
due to IL-6 targeting by these miRNAs, as well as the IL-6 receptor and the STAT3 genes
in ECs [84]. Another known miRNA involved in hampering IL-6-stimulated VM in vitro
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and in vivo is miR-29b, which represses the expression of STAT3 and MMP2 by directly
binding to the UTRs of their mRNAs [57].

The signaling of AXL receptor tyrosine kinase promotes cancer stem cell-like pheno-
types, drug resistance, metastasis, and EMT. Overexpression of this receptor promotes the
regulation of VM formation in breast cancer cells [73] through miRNA-34a that targets the
3’-untranslated region (UTR) [85,86]. In this sense, it was demonstrated that miRNA-34a
overexpression downregulated AXL receptor expression resulting in the inhibition of VM
formation, migration, and invasion in MDA-MB 231 cells [28].

The miR-93 levels are enriched in TNBC tissue, which has been associated with the
occurrence of EMT and VM formation. Accordingly, knockdown of this miRNA resulted in
an increase of E-Cadherin and Occludin gene expression and reduction of Vimentin and
N-Cadherin levels, as well as the decrease in microtubule forming ability by MDA-MB-231
cells [87,88]. Likewise, forced expression of miR-93 in MT-1 human breast carcinoma
cells resulted in tumors containing more blood vessels than those formed by non-miR-93
expressing cells. Accordingly, the expression of miR-93 promoted tumor cell metastasis to
lung tissue. It was concluded that the potential target mediating miR-93's effects was the
large tumor suppressor, homolog 2 (LATS2). Indeed, increased expression of LATS2 was
associated with tumor cells death and decreased cell survival and invasion [89].

The ncRNAs represent an attractive approach in cancer since they may be considered
biomarkers associated with tumors’ biological and clinical characteristics with an important
diagnostic and prognostic value. Their implication in VM formation may provide the
theoretical basis for anti-vascular therapy in human TNBC as therapeutic targets to inhibit
tumor neovascularization.

7. Targeting Microenvironment to Overcome VM in Breast Cancer

As discussed earlier in this review, many factors deriving from the tumor microen-
vironment are involved in VM induction. Likewise, resident cells such as lymphocytes,
macrophages, fibroblasts, and tumor cells themselves may produce VM-promoting factors
including the inflammatory cytokines IL-6, IL-8, TGFB, and IL-1[3. Therefore, the signaling
pathways associated with these cytokines offer potential oncological targets to design
therapeutic strategies aimed to control the aggressiveness of breast cancer tumor cells. In
this regard, since aberrant TGFB signaling is of primordial importance for VM induction,
this pathway offers a good opportunity for a VM-targeted therapy. Indeed, TGFB from
the tumor microenvironment significantly stimulates tumor growth, migration, invasion,
and angiogenesis, which results in an overall poor prognosis. Conversely, blockade of this
signalization pathway has been associated with significant inhibition of human basal-like
breast cancer metastasis [90], while TGFB-targeted clinical/preclinical studies in breast
cancer have shown delayed tumor growth [91]. Furthermore, TGFB inhibition has been
shown to enhance chemotherapy action against TNBC [92]. All considered TGFB-targeting
warrants further studies for VM inhibition.

The participation of platelets in tumorigenesis and metastasis is a well described
process; however, only recently the inhibitory effect of platelets on VM formation by breast
cancer has been revealed [93]. Indeed, the ability of HS-578T and MDA-MB-231 TNBC
cells to form VM structures on Matrigel was significantly inhibited by their coculture with
platelets, while already existing VM structures were readily disassembled by these clotting
agents as well. This anti-VM capacity was attributed to the release of soluble factors from
the platelets, opening new avenues for further studies aimed to identify these factors in
order to target VM-formation.

On the other hand, and as described before, phenotype-related signaling pathways
could be useful for targeting microenvironmental changes involved in VM development.
This is related especially with modifications on the ECM and plasticity involved in EMT,
transdifferentiation, and stemness. A clear example is the use of inhibitors against heat
shock protein of 90 kDa (Hsp90). This is a subfamily of molecular chaperones that regulate
folding, unfolding, activation, degradation, and intra- or extracellular localization of
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more than 200 proteins named “client proteins” such as hormone receptors and several
kinases [94]. As a chaperone, Hsp90 can rescue functionality on mutated client proteins
that would be degraded or inactivated in its absence. In evolution, this increases genetic
diversity [95]; however, in cancer, this can lead to the up-regulation of signaling client
proteins involved in carcinogenesis, invasion, or metastasis. Therefore, Hsp90 functional
inhibition has shown promising effects by degradation of client proteins and shutdown
of the processes involved in tumor progression [96]. Particularly in BRCA1-deficient
mice, spheroid-forming cells resistant to DNA-damaging drugs could be efficiently re-
sensitized by the Hsp90 inhibitor 17-DMAG [59]. Furthermore, this same strategy but
with Geldanamycin, an antitumor antibiotic that inhibits Hsp90 function by binding to
its ADP/ATP-binding pocket, successfully suppressed breast cancer stem cell population
in mammospheres, along with proliferation and migration [97]. One of the possible
mechanisms involved in such effects is the regulation of MMP-2 and MMP-9 by cytosolic
isoforms Hsp90a and Hsp90 since it has been demonstrated that the interaction between
Hsp90 and MMP-2/9 is necessary for its secretion and activation [98]. Taken together,
Hsp90 inhibition might represent a highlight in the regulation of the microenvironment
factors that trigger VM in breast cancer.

Another strategy to take into account is the targeting of 3-hCG, due to its immune
suppressor functions and its vasculogenic effects on BRCA1 defective tumors; however, as
mentioned above, this is highly dependent on the molecular characteristics of patients [60],
warranting further studies.

8. Conclusions

In cancer, VM is an alternative survival strategy adopted by cancer cells under hypoxic
stress that allows them to adapt, grow, and disseminate and that is significantly related to
poor prognosis and adverse clinicopathological parameters. Besides hypoxic stress, other
drivers may also initiate this process, including antiangiogenic therapies and molecules
derived from the microenvironment. In breast cancer, VM has been generally associated
with HER2-positive and triple-negative breast tumors, as well as with stemness and EMT
markers. A scheme summarizing the molecular regulators of VM as well as its relationship
with stemness and prognosis is provided in Figure 3.

It is of paramount importance to understand VM biology in order to efficiently target
its drivers and to avoid its consequences.

IL-1B, IL-8
IL-6 / STAT axis VE-cadherin aberrant
COX-2/EP4 Drivers expression
HIF-1a/ VE-cadeherin TGFB/ TWIST pathway

COX-2/AKT/NOTCH/WNT

Inflammation
Hypoxia//

Vascular

BRCA1™/hCGp
pathway
HER2/EPHA2
pathway

Mimicry

microRNAs
(miR299-5p, miR193b,
miR204, miR93)
INcRNAs
(TP73-AS1)

Serpine2, Slpi
MMP2-9

Figure 3. Molecular regulators of vascular mimicry. Vascular mimicry in cancer is activated by
several drivers associated with phenotypic features of tumors and microenvironmental factors and
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signals. Tumor phenotype relates to stemness and EMT capacity of cancer cells. Molecular drivers
include TGFB/TWIST regulation of the stem cellular subpopulation and the aberrant expression of
VE-cadherin, while the COX-2 axis regulates stemness and VM capacity by PI3K/AKT activation
and induction of NOTCH/WNT expression. In the context of breast cancer, the main mechanisms
associated with stemness are mediated by hCGf in BRCA1 mutated patients and by EPHA?2 in
HER2+ tumors. Heterogeneity in breast cancer tumors is associated with the activation of VM and
metastasis through the expression of anti-coagulant factors Serpine2 and Slpi. Along with this, highly
invasive breast tumors overexpress metalloproteinases as MMP2 and MMP9, which participate in VM
by remodeling the extracellular matrix. Regarding epigenetic regulation of VM, ncRNAs, including
several microRNAs as well as IncRNA participate in this process. Well-known microenvironment
factors and drivers inducing VM include IL-1$, IL-8, and IL-6. Finally, HIF1A activation in response
to hypoxic conditions is highly involved with VE-cadherin expression through TWIST1.
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ECM Extracellular matrix
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HOTAIR  HOX transcript antisense RNA
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LATS2 Large tumor suppressor, homology 2
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LHCGR Luteinizing hormone/chorionic gonadotropin receptor
IncRNAs  Long noncoding RNAs

LRIG1 Leucine rich repeats and immunoglobulin like domains 1
miRNAs  MicroRNAs

ncRNAs  Noncoding RNAs

PAS Periodic acid-Schiff

RGS3 G protein signaling 3

RR Relative risk

S1PR1 Sphingosine-1 phosphate receptor 1

STAT3 Signal transducer and activator of transcription 3
TNBC Triple-negative breast cancer

TKR Tyrosine kinase receptor

TP73-AS1 P73 antisense RNA 1T

UTR Untranslated region

VM Vasculogenic mimicry
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Abstract: In highly aggressive tumors, cancer cells may form channel-like structures through a
process known as vasculogenic mimicry (VM). VM is generally associated with metastasis,
mesenchymal phenotype, and treatment resistance. VM can be driven by antiangiogenic treatments
and/or tumor microenvironment-derived factors, including those from the endothelium. Curcumin,
a turmeric product, inhibits VM in some tumors, while calcitriol, the most active vitamin D
metabolite, exerts potent antineoplastic effects. However, the effect of these natural products on VM
in breast cancer remains unknown. Herein, we studied the effect of both compounds on triple-
negative breast cancer (TNBC) VM-capacity in a co-culture model. The process of endothelial cell-
induced VM in two human TNBC cell lines was robustly inhibited by calcitriol and partially by
curcumin. Calcitriol promoted TNBC cells’ morphological change from spindle-like to cobblestone-
shape, while curcumin diminished VM 3D-structure. Notably, the treatments dephosphorylated
several active kinases, especially those involved in the PI3K/Akt pathway. In summary, calcitriol
and curcumin disrupted endothelium-induced VM in TNBC cells partially by PI3K/Akt inactivation
and mesenchymal phenotype inhibition. Our results support the possible use of these natural
compounds as adjuvants for VM inactivation in patients with malignant tumors inherently capable
of forming VM, or those with antiangiogenic therapy, warranting further in vivo studies.

Keywords: co-culture; tubulogenesis; vascular mimicry; breast cancer; epithelial-to-mesenchymal
transition

1. Introduction

Triple-negative breast cancer (TNBC), the most aggressive tumor phenotype of the
mammary gland, is commonly resistant to conventional therapy, has very limited
approved targeted treatments, and is commonly associated with poor prognosis and a
high recurrence risk. Among the signaling pathways known to be involved in the
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malignant features of TNBC tumors, the phosphatidylinositol-3-kinase/Protein kinase B
(PI3K/Akt) signaling pathway plays a fundamental oncogenic role in promoting
proliferation and survival of cancer cells [1,2]. Notably, the activation of this and other
canonical pathways, such as p38/Mitogen-activated protein kinase (MAPK), is critical for
vasculogenic mimicry (VM) formation in breast cancer [3-5]. VM is the process cancer
cells undertake to form tube-like or micro-vessel-like structures in solid tumors, and is
clinically relevant given its association with metastasis and resistance to antiangiogenic
treatments. The VM vessel network compensates for the lack of endothelial-derived
vessels in avascular tumors, allowing access to blood and providing an escape route to
invade distant sites. Besides hypoxia, tumor microenvironment-derived factors may act
as drivers of VM, including vascular endothelial growth factor (VEGF) and cytokines,
such as transforming growth factor beta (TGFB) [5-7]. Notably, some of these factors are
related to the promotion of epithelial-to-mesenchymal transition (EMT), a process that in
breast cancer has been linked with the generation of cancer cells with a stem cell-like
phenotype, which are believed to be the source of VM [8]. Due to the intrinsic plasticity of
VM-forming cells, they may transdifferentiate into endothelial-like cells, displaying
stemness features, high renewal ability, metastatic capacity, and chemoresistance [8,9]. All
these properties may contribute to the poor prognosis and compromised therapeutic
response of patients with breast tumors undergoing VM [5]. Therefore, implementing VM
targeting strategies is of utmost importance, especially for TNBC tumors, in which a
significantly higher VM rate has been reported, compared to non-TNBC [10]. Importantly,
antiangiogenic treatments can induce VM by generating hypoxia, which is why their
combination with anti-VM compounds can help reduce treatment-resistance.

Regarding VM targeting, the natural compound curcumin, derived from Curcuma
longa, is known to suppress VM-drivers and VM-formation in different types of cancer
cells; however, to date, its effects on VM in breast cancer has remained unexplored [11,12].
The anti-VM potential of curcumin in hepatocellular carcinoma, a tumor characterized by
hyper-vascularization and enriched vascular networks, was shown to involve the
inhibition of the PI3K/Akt signaling pathway. Likewise, in choroidal melanoma, the
curcumin anti-VM effect involved the down-regulation of the EphA2/PI3K/matrix
metalloproteinase (MMP) pathway [11,12]. In addition, curcumin has also been shown to
inhibit VM in squamous cell carcinoma of the larynx through the inhibition of the Janus
kinase-2 (JAK-2)/signal transducer activator of transcription protein (STAT) signaling
pathway, and the downregulation of MMP-2 and VEGF expression [13].

On the other hand, calcitriol, the most active vitamin D metabolite, exerts pro-
differentiating and antiproliferative effects in breast cancer [14], and has shown an anti-
EMT effect in epithelial cells through inhibiting the PI3K/Akt/B-catenin pathway [15].
Also, calcitriol exerts potent anti-inflammatory activity, partially through downregulating
JAK-STAT pathway activation and inflammatory cytokine production, processes known
to be involved in carcinogenesis and VM [16,17]; however, calcitriol’s effects upon VM has
not been explored. Regarding this, while this article was under peer review, Khuloud
Bajbouj et al. reported that calcitriol differentially downregulated VM-related pathways
and the expression of key VM markers in calcitriol-treated breast cancer cells by an in
silico analysis of transcriptomic databases [18]. The same research group also showed that
a very high concentration of calcitriol (10 uM) stimulated the expression of tissue
inhibitors of MMPs (TIMPs) and decreased that of MMPs, lowering the formation of VM
in MDA-MB-231 cells [18]. The effects of curcumin, those of nanomolar calcitriol
concentrations, and those exerted by the combination of these compounds on VM
development in breast cancer, as well as the mechanisms potentially involved, do,
however, remain unknown, which were the originating concepts of our research question.
To address this matter, we implemented a model that included the participation of tumor
microenvironment-derived factors involved in VM-induction. Knowing that endothelial
cells can induce tumor cells to undergo VM [19], we used an in vitro co-culture model of
endothelial-induced VM in TNBC cells co-cultured with endothelial cells. Once we
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characterized the VM-process in our experimental model, we tested the effects of
calcitriol, curcumin, and their combination on the ability of tumor cells to form tube-like
structures. Furthermore, for mechanistic insights, we explored the ability of the natural
compounds to dephosphorylate several kinases known to be involved in VM formation.
Part of the novelty of this research resides in the experimental model that we used, the
calcitriol concentrations tested that can be safely achieved in patients, and the compounds
combinatorial effect upon VM.

2. Results

2.1. Calcitriol, Curcumin and Their Combination Inhibited Endothelial-Dependent VM
Formation by Breast Cancer Cells

Paracrine pro-vasculogenic factors from endothelial origin are known to act on tumor
cells, altering their behavior [19,20]. As a result of this communication, endothelial cells
can enable tumor cells to undergo trans-differentiation, forming cords with a tube-like
structure, namely, VM [19,21]. In this study, we used an in vitro co-culture model of
endothelial-induced VM in TNBC cells to study the anti-VM effect of calcitriol and
curcumin (Figure 1A). As a control, we first validated VM by staining TNBC cells with a
green fluorescent Cell Tracker to distinguish which cell type was located in the cord-like
tubular formations of the co-cultures. Co-culturing TNBC MBCDEF-T cells with EA.hy926
endothelial cells resulted in the development of defined tridimensional interconnecting
cord-like tubular networks. These structures were formed by green-stained cancer cells,
localized in an elevated focal plane above the endothelial monolayer that seemed to
provide the extracellular matrix to support them (Figure 1B, upper panels). Depending on
the confluence, the cord-like tubular structures started forming within 24 h of co-
culturing, developing meshes containing unstained-endothelial cells underneath, evident
only by their blue colored nuclei (Figure 1B). Note that nuclei from endothelial cells in co-
cultures appear less bright than those from cancer cells, probably due to the different focal
planes and the fact that endothelial cells have the tendency of spreading out. The cells that
formed VM in the higher focal plane had a spindle-shaped fibroblast-like phenotype,
suggestive of trans-differentiation into a mesenchymal-like lineage (Figure 1B, upper
panels). Of note, monocultures of both TNBC cell lines tested in this study could not form
VM by themselves, as seen in Figure 1B for MBCDE-T (Figure 1B, lower panels),
supporting the pro-VM activity of the endothelial secretome and extracellular matrix.

Interestingly, both TNBC cell lines co-cultured with endothelial EA.hy926 cells and
incubated in the presence of calcitriol failed to form VM, and changed their shape from
spindle-like to cobblestone form (Figures 2 and S1). This morphological change of TNBC
cells was also observed in monocultures (Figure S1), strongly suggesting cell
differentiation and EMT inhibition as possible causes of calcitriol-dependent VM
deterrence in co-cultures. Curcumin treatment also affected TNBC-VM formation in the
co-cultures; however, its effect was less evident compared with that of calcitriol. Actually,
curcumin treatment resulted in the partial breakdown of the VM-3D structure, suggesting
that this compound affects cell organization/adhesion in the meshes formed by cancer
cells (Figure 2). Regarding morphometric parameters, both curcumin and calcitriol
significantly reduced the number of segments and meshes compared to controls, as seen
in the graphics of Figure 2. In fact, the compounds were able to inhibit VM in a
concentration-dependent manner (Figures S2 and S3). Remarkably, in both TNBC cell
lines co-cultured with endothelial cells, the combination of calcitriol and curcumin further
abrogated VM formation (Figures 2 and S4).
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Figure 1. Characterization of the co-culture model of TNBC cells with endothelial cells. (A)
Mlustration of the vasculogenic mimicry process in vitro. TNBC cells stained with a green tracker
were seeded with endothelial cells (1:1) and allowed to interact for 2 days. The formation of cord-
like networks was evaluated with epifluorescence microscopy. (B) MBCDE-T cells stained with a
green cell fluorescent tracker were incubated in the presence (upper panels, co-cultures) or the
absence (lower panels, monocultures) of unstained endothelial cells (EA.hy926). Afterwards, cells
were fixed with ethanol. A mounting medium containing DAPI was used to label cell nuclei in blue
(left panels). TNBC cells- vasculogenic mimicry was identified only in co-cultures by the formation
of meshes (M) and segments (S) stained in green (upper panels). Merged pictures are shown in
right panels. Magnification is 10x.
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Figure 2. Calcitriol and curcumin inhibited endothelium-induced TNBC-VM capacity in co-
cultures. EA hy926-induced VM was observed in co-cultures of HCC1806 (A) and MBCDEF-T (B)
cells incubated with vehicle (VH, ethanol). The presence of calcitriol (CAL, 10 nM) changed cell
morphology from spindle-shape to cobblestone-like and abrogated VM formation, while curcumin
(CUR, 20 pM) affected the 3D VM structure. The combination of calcitriol with curcumin (C+C)
further inhibited VM in both TNBC cells. The number of meshes and segments per visual field were
counted by three different observers in hot spots in at least 10 different photographs, considering 3
different experiments for each cell line. The graphics depict the average number of meshes and
segments per visual field. * p <0.001 vs. VH. ** p <0.01 vs. C+C. Magnification is 10x.
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2.2. In TNBC Cells Co-Cultured with Endothelial Cells, Calcitriol and Curcumin Inhibited the
Phosphorylation of Several Kinases of the MAPK, PI3K/Akt/mTOR, PI3K/Akt/CREB and
PI3K/Akt/Gsk Signaling Pathways

To study the phosphorylation profile of kinases involved in signaling pathways
relevant to VM, we chose MBCDF-T/EA.hy926 co-cultures. A semi-supervised
hierarchical clustering of the targets differentially phosphorylated detected with an
antibody array (human MAPK Phosphorylation Antibody Array, ab211061, Abcam) was
carried out. Results were then represented on a heat map clustered in groups
encompassing three main signaling pathways: PI3K/Akt, mammalian target of rapamycin
(mTOR), and MAPK (Figure 3). We found that Akt, together with the cAMP response
element-binding protein (CREB) and glycogen synthase kinase-3 (Gsk3)a (labeled in
black, Figure 3), were the kinases more strongly phosphorylated in control co-cultures.
Remarkably, calcitriol or curcumin downregulated the phosphorylation of these proteins
as well as p53, P70S6K, and p38, while their combination further inhibited the overall
kinases activation status (Figures 3 and S2). On the other hand, the kinases of mTOR
complexes and some of the MAPK, such as MKK3, MKK6, MSK2, RSK1 and RSK2 (labeled
in red, Figure 3), were strongly inhibited by calcitriol, while the phosphorylation status of
Gsk3a, Gsk3p, p53, p38, INK and Hsp27 (labeled blue, Figure 3) was more intensely
downregulated by curcumin. The graphical representation of symbolic kinases
inactivated by the compounds with statistical significance is provided in Figure S5. These
results suggested that each treatment differentially targeted distinctive parts of the
signaling pathways. When combined, a global effect upon dephosphorylation was
enhanced, leading to a more potent VM functional inhibition. Furthermore, the STRING
analysis indicated that these proteins interacted forming complexes between them, and
were involved in several biological functions, as shown in Figure 4A,B. Among predicted
processes regulated by calcitriol and curcumin, the VM-related pathways involving Wnt,
VEGF, MAPK, PI3K/AKT and mTOR were identified (purple circle, Figure 4C).
Interestingly, only calcitriol was related to the inflammatory pathway involving cytokine
production and response (navy blue circle, Figure 4C), while curcumin was related to
signaling of TGFB, fibroblast growth factor receptor (FGFR), microRNA (miRNA) and p53
(light blue circle, Figure 4C). Moreover, the combination of calcitriol and curcumin
affected networks related to cell death, such as apoptosis, anoikis and autophagy, while
curcumin alone was associated with senescence and EMT. Finally, major drivers involved
in VM are plasticity and adhesion molecules, which were predicted to be affected by both
compounds (Figure 4C).
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Figure 3. In MBCDF-T/EA hy926 co-cultures, calcitriol and curcumin inhibited the phosphorylation
of several protein targets of the MAPK, PI3K/Akt/mTOR, PI3K/Akt/CREB and PI3K/Akt/Gsk
signaling pathways. The phosphorylation profile of kinases involved in signaling pathways relevant
to VM was differentially inhibited by calcitriol (CAL, 10 nM), curcumin (CUR, 20 uM) and their
combination (C+C). A semi-supervised hierarchical clustering of the targets differentially
phosphorylated detected with a multiplex antibody array was carried out and results are shown in
the heat map clustered in three main signaling pathways: PI3K/Akt, mTOR and MAPK. The more
strongly phosphorylated kinases in vehicle-treated co-cultures (VH) are labeled in black. Kinases
mostly inhibited by calcitriol are labeled in red, while phosphorylated protein targets more strongly

downregulated by curcumin are labeled in blue. N = 4.
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Figure 4. Interaction networks and biological processes regulated by calcitriol, curcumin or their
combination involved in the anti-VM effect of the compounds. STRING analysis of deregulated
kinases in calcitriol (A) or curcumin (B) treated co-cultures. Images in (A,B) show the physical and
functional protein interactions. Protein names in italics represent the top predicted interactors of the
network. (C) Prediction of the biological processes differentially regulated in each treatment group.
A total of 227 processes were co-regulated by calcitriol (CAL) and curcumin (CUR); 24 processes
were shared by the CAL and CAL+CUR (C+C), and 124 were shared in the CUR and C+C groups.
Inside each circle, the main pathways involved are depicted. Outside, near each circle, the biological
processes in which protein complexes were predicted to participate are shown.

3. Discussion

Tumor growth and dissemination significantly depend on forming a functional
vascular network. Many mechanisms are involved in this process, but VM stands out
among them in the case of highly malignant hypoxic tumors. VM comprises de novo
generation of vessels lined with tumor cells, bypassing the lack of functional endothelial
vessels. This process can lead to resistance to drugs intended to block tumor
vascularization, explaining their failure in the clinic. In this study, we found that the
natural compounds calcitriol and curcumin inhibited endothelial-induced VM-formation
in TNBC cell lines in vitro, which was significantly potentiated by the concomitant use of
both compounds. Calcitriol’s mode of action seemed to involve EMT inhibition, as judged
by the change in the cancer cells” shape from spindle-like to cobblestone, which would
explain the ability of this hormone to robustly block VM from the start. Indeed, VM is
highly dependent on the mesenchymal cell phenotype and the stemness characteristics of
the cells, which confer cell plasticity. In this regard, calcitriol is known to block EMT via
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the inactivation of PI3K/Akt/p3-catenin signaling, and to induce cell differentiation [15]. In
addition, calcitriol is a potent anti-inflammatory hormone that inhibits inflammatory
cytokine expression, such as interleukin-6 (IL6) [16]. Recently, it has been described that
IL6 from endothelial origin acts as a paracrine factor upon MDA-MB-231 breast cancer
cells, inducing VM formation [19], warranting further studies on calcitriol effects upon
inflammatory cytokines in co-cultures of TNBC and endothelial cells. Altogether, this may
help to explain the strong anti-VM effects of calcitriol. Curcumin, on the other hand, did
not inhibit EMT in this study, as judged by the lack of modification of the cells’ fusiform
shape. As a result, cord like tubular structures were partially formed by curcumin-treated
cancer cells. However, in general, these structures lacked the 3D configuration observed
in control cultures, and significantly fewer segments and meshes were formed in
comparison to vehicle-treated co-cultures of HCC1806. Considering a previous study
showing that curcumin induced cell death in endothelial cells, while inhibiting both
MBCDE-T and EA.hy926 cell proliferation and migration [22], it is possible that these
effects were involved in the anti-VM mechanism of curcumin observed herein, affecting
both cell components of the co-culture. In addition, curcumin is known to exert anti-
tyrosine kinase activity [23], which is important to the VM process, since some of its
drivers, such as VEGF, mediate their effect through tyrosine kinase receptors. Another
possibility to explain curcumin’s disruptive effect on the VM 3D structure is the
downregulation of intercellular-adhesion molecules required for holding the 3D structure
together. In this regard, it has been described that curcumin blocks the cell surface
expression of adhesion molecules in endothelial cells, reduces cancer cell binding to
extracellular matrix proteins, and significantly decreases the adhesion propensity of
breast cancer cells [24-26]. These curcumin effects, together with calcitriol pro-
differentiating, anti-inflammatory and anti-EMT effects, might explain the ability of both
compounds to significantly inhibit VM in our co-cultured TNBC cells. Supporting this,
among the predicted processes regulated by curcumin in combination with calcitriol in
our STRING analysis were adhesion, cell differentiation and several signaling pathways
involved in VM. In this regard, calcitriol and curcumin in combination globally affected
the phosphorylation status of a panel of kinases relevant to the VM process. In particular,
signaling components of the PI3K/Akt pathway seemed to be the most important for VM
formation in our co-culture system, including Akt, CREB and Gsk3a. The latter was in
line with known drivers of the VM process that activate PI3K/Akt signaling, including
some tumor microenvironment-derived factors such as cytokines, FGF and VEGF [27-32].
These and other growth factor-dependent activation of the PI3K/Akt pathway results in
Gsk3 inactivation, a process associated with cancer progression. Indeed, Gsk3 activity is
known to be inhibited through phosphorylation of Gsk3a at serine 21 and Gsk3 at serine
9. These specific serine residues in Gsk3 are known targets of Akt and other kinases able
to phosphorylate them [33]. Loss of Gsk3 activity leads to the blockade of its antineoplastic
effects, since Gsk3 acts as a tumor suppressor by negatively regulating molecules involved
in cancer development [33]. Remarkably, the phosphorylation of Gsk3a at serine 21 and
Gsk3[3 at serine 9 was found downregulated by curcumin and calcitriol in this study. Since
Gsk3 is phosphorylated by Akt, the calcitriol and curcumin-dependent downregulation
of Akt phosphorylation found herein was likely the cause of Gsk3 dephosphorylation,
partially explaining the anti-VM activity of both compounds. Notably, through docking,
it has been described that curcumin fits into the binding pocket of Gsk3[3, modulating its
activity [34]. Furthermore, curcumin has also been reported to dephosphorylate Akt and
Gsk3 in acute lymphoblastic leukemia [35] and to dramatically downregulate the
expression of Akt in TNBC cells, resulting in the suppression of cellular proliferation and
migration [36]. Similarly, and as found in this study, calcitriol has previously been shown
to reduce Akt phosphorylation in breast cancer and renal epithelial cells [15,37].
Noteworthy is the fact that, besides being involved in VM development, the MAPK,
PIBK/Akt/mTOR and PI3K/Akt/Gsk signaling pathways are also implicated in different
cellular functions relevant to cancer progression, such as cell proliferation, adhesion,
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migration, metabolism, and survival [4,28]. Therefore, the fact that calcitriol and curcumin
significantly downregulated these pathways further supports the antineoplastic potential
of these natural compounds alone and combined.

An interesting finding in this study was the dephosphorylation of p53 at serine 15 by
curcumin and its combination with calcitriol. Such dephosphorylation is expected be-
cause PI3K-related protein kinases ATM and ATR, responsible for the covalent
modification on p53, are inhibited by curcumin [38]. Phosphorylation of p53 at serine 15
is required for the activation of p53-responsive promoters [39]. Thus, it seems that
curcumin interferes with the p53 transcriptional activity blocking the DNA damage
response in cancer cells.

Overall, the data suggest that endothelial cells” paracrine signaling induced TNBC
tumor cells to form VM by activating Akt, CREB and Gsk3a among other important
factors related to plasticity and angiogenesis. Calcitriol significantly prevented VM
formation in TNBC co-cultures, while curcumin deterred VM 3D structures, at least
partially, through downregulating the phosphorylation of several PI3K/Akt pathway
components and p53. The combination of calcitriol and curcumin further inhibited the
global protein phosphorylation status, explaining the improved effect on VM inhibition.
Interestingly, the phosphorylation pattern evoked by the combination of calcitriol and
curcumin, is similar to what could be expected when using a multi-kinase inhibitor drug.
All considered, calcitriol and curcumin are a good option to use as antiangiogenic therapy
adjuvants to help avoid VM generation. Moreover, since these natural compounds’
combination has shown in vivo antiangiogenic effects per se [22], the fact that it also exerts
anti-VM activity further supports its therapeutic plausibility in a clinical adjuvant context,
warranting more studies. In conclusion, our study provides novel knowledge, showing,
for the first time, that curcumin and calcitriol alone and combined inhibit VM formation
in TNBC cells, through the downregulation of PI3K/Akt signaling.

4. Materials and Methods
4.1. Cell Cultures and Treatments

In this study we used two human TNBC cell lines: the MBCDF-Tum (MBCDE-T),
which was generated from a primary cell culture of a TNBC invasive ductal breast
carcinoma [22], and the commercial cell line HCC1806 (ATCC, Manassas, VA, USA). For
the co-culture model, we used the human endothelial cell line EA.hy926 (ATCC CRL-292).
Both cell lines were maintained under standard culture conditions in control medium
(DMEM-F12 medium, 100 units/mL penicillin, 100 ug/mL streptomycin, 5% fetal bovine
serum), while experimental procedures were carried out in the same medium, but
supplemented with charcoal-stripped fetal bovine serum. Co-cultures were implemented
by simultaneously seeding endothelial cells with breast cancer cells (1:1 ratio, 150,000 cells
per cell line) on square glass coverslips placed into 6-well plates.

4.2. Reagents

The curcumin and calcitriol used for our in vitro studies were from Sigma (Sigma—
Aldrich, St Louis, MO, USA). Ethanol (0.1%) was used as a vehicle for both compounds.
For characterization of cell co-cultures, TNBC cells were labeled by incubation of live cells
with 5-chloromethylfluorescein diacetate, CellTracker Green CMFDA Dye (Invitrogen,
Eugene, OR, USA). Cell culture media, antibiotics, and fetal bovine serum were from
Gibco/Invitrogen (Invitrogen, CA, USA).

4.3. Evaluation of Calcitriol and Curcumin Effects on VM Networks in TNBC Cells

To validate our VM model, TNBC cells were stained with a fluorescent green Cell
Tracker™ (ab138891, Abcam, Cambridge, MA, USA) and seeded in monoculture or co-
cultured with endothelial cells (1:1). After 2 days, cells were washed and fixed in 80%
ethanol for 10 min. After air drying, a drop of UltraCruz™ mounting medium containing
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4',6-diamidino-2-phenylindole (DAPI, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
was added to coverslips, which were then placed onto slides and further photographed
with a conventional fluorescence microscope equipped with an Olympus DP72 camera
(Olympus Optical Co., Ltd., Tokyo, Japan), a 100 W high-pressure mercury burner and
suitable filters.

To quantitatively evaluate the effect of curcumin and calcitriol on the vasculogenic
capacity of TNBC cells, the treatments were introduced at the time of co-cultures seeding.
Ethanol (0.1%) was used as the vehicle, and different calcitriol and curcumin
concentrations were tested, either alone or combined. Co-cultures were visually inspected
daily, and after VM formation in vehicle-treated co-cultures, bright field images were
acquired in VM-hot spots by conventional microscopy. We chose bright-field images to
assess cell morphology, since it yields the possibility to evaluate more descriptive features,
such as cell shape and texture in live cells, considering the two cell types of the co-cultures.
Experiments were repeated at least three times. Three different observers counted
segments and meshes per visual field in hot spots of several 4X images. Segments were
cords/branches formed by cells, delimited by two junctions, while meshes referred to
closed areas surrounded by segments (Figure 1).

4.4. MAPK Activation/Phosphorylation Array and Analysis of Protein—Protein Interaction
Networks

In order to unveil pathways involved in the inhibitory effect of curcumin and
calcitriol on the ability of TNBC cells to form VM, we compared the changes in kinase
activation of the MAPK and PI3K/Akt pathways by using the human MAPK
Phosphorylation Antibody Array (ab211061, Abcam), which allowed us to simultaneously
evaluate several phosphorylated proteins in our co-cultures cell lysates. All steps were
carried out as recommended by the manufacturer. The phosphorylation sites on each
protein tested were: Akt (pS473), CREB (pS133), ERK1 (pT202/Y204), ERK2 (pT185/Y187),
GSK3a (pS21), GSK3p (pS9), HSP27 (pS82), INK (pT183), MEK (pS217/221), MKK3
(pS189), MKK6 (pS207), MSK2 (pS360), mTOR (pS2448), p38 (pT180/Y182), p53 (pS15),
P70S6K (pT421/5424), RSK1 (pS380) and RSK2 (pS386). After treating the co-cultures with
the vehicle, calcitriol, curcumin, or their combination, cell lysates were prepared using the
provided lysis buffer supplemented with a phosphatase and protease inhibitor cocktail,
and stored at —80°C until assay performance. Total protein in cell lysates was quantified
using the BCA Protein Assay kit (Thermo Fisher Scientific, Rockford, IL, USA) and 500 ug
were applied to previously blocked membranes and incubated overnight at 4 °C. The
membranes were washed and subsequently incubated with HRP-Anti-Rabbit IgG and
detection antibody cocktail. Chemiluminescent signals were acquired and analyzed using
the ChemiDoc XRS+ System (BioRad). Semi-quantitative comparisons between treatments
were performed after normalization against positive controls, which are included in each
membrane. Spots with no signal were disregarded. For visual comparison of relative
differences among treatments, we categorized the positive results by canonical pathways
in a heat map and also used graphic representation for specific phosphorylated kinases
using the GraphPad Prisma 7 software. Two different experiments were run in separate
membranes. We tested every target in each membrane twice. To construct a functional
association network for the proteins involved in the effects of the treatments, targets with
fold changes greater than 0.5 were subjected to a prediction analysis for protein-protein
interactions by using the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING, https://string-db.org/, last accessed on 25 April 2022), considering no more than
5 predicted interactors for each condition and associated biological processes.

4.5. Statistical Analysis

One-way ANOVA followed by the Holm-Sidak method was used for multiple
comparisons using a specialized software package (SigmaStat, Jandel Scientific). Data
were expressed as the mean + standard error of the mean (SEM). The differences between
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calcitriol and calcitriol + curcumin in Figure 2 were analyzed by Student’s t-test. The
results were considered significant at p <0.05.

5. Conclusions

Calcitriol and curcumin suppressed endothelial-induced TNBC cell VM formation,
at least in part, by blocking the PI3K/Akt pathway, and subsequently affecting several
cellular survival processes. Our results suggest the potential clinical use of calcitriol and
curcumin to inhibit VM in TNBC tumors.
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ABSTRACT

Fibroblast growth factor receptor (FGFR) overamplification/activation in cancer leads to increased cell prolif-
eration. AZD4547, a FGFR selective inhibitor, hinders breast cancer cells growth. Although luminal B breast
tumors may respond to chemotherapy and endocrine therapy, this subtype is associated with poor prognosis,
inadequate response and/or acquired drug resistance. Calcitriol, the vitamin D most active metabolite, exerts
anti-neoplastic effects and enhances chemotherapeutic drugs activity. In this study, we sought to decrease the
concentration of AZD4547 needed to inhibit the luminal-B breast cancer cell line BT-474 proliferation by its
combination with calcitriol. Anti-proliferative inhibitory concentrations, combination index and dose-reduction
index were analyzed from Sulforhodamine B assays. Western blot and qPCR were used to study FGFR molecular
targets. The compound’s ability to inhibit BT-474 cells tumorigenic capacity was assessed by tumorspheres
formation. Results: BT-474 cells were dose-dependently growth-inhibited by calcitriol and AZD4547 (ICso = 2.9
nM and 3.08 pM, respectively). Calcitriol at 1 nM synergistically improved AZD4547 antiproliferative effects,
allowing a 2-fold AZD4547 dose-reduction. Mechanistically, AZD4547 downregulated p-FGFR1, p-Akt and
tumorsphere formation. Calcitriol also decreased tumorspheres, while induced cell differentiation. Both com-
pounds inhibited MYC and CCND1 expression, as well as ALDH, a stemness marker that positively correlated with
FGFR1 and negatively with VDR expression in breast cancer transcriptomic data. In conclusion, the drugs
impaired self-aggregation capacity, reduced stemness features, induced cell-differentiation and when combined,
synergistically inhibited cell proliferation. Overall, our results suggest that calcitriol, at low pharmacological
doses, may be a suitable candidate to synergize AZD4547 effects in luminal B breast tumors, allowing to reduce
dose and adverse effects.

1. Introduction

receptor 2 (HER2) and Ki-67 proliferation index [2]. Histopathological
subgroups can also be presented as surrogate intrinsic molecular sub-

Breast cancer is a heterogeneous molecular entity representing the
most frequent malignancy among women worldwide [1]. Breast cancer
tumors are commonly divided into distinct subtypes based on immu-
nohistochemical status of the molecular markers estrogen receptor o
(ERw), progesterone receptor (PR), human epidermal growth factor

types, including luminal A, luminal B, HER2-enriched or triple negative
breast cancer [3]. Luminal B breast cancer represents 10-20 % of all
cases, is identified by the ER+ /PR°"/HER2 + /Ki-67"#" phenotype [2]
and is commonly associated with poor response and de novo resistance to
chemo-endocrine therapy [4-7]. Due to ERa expression, luminal B

Abbreviations: CI, Combination index; DRI, Dose-reduction index; EGFR, Epidermal growth factor receptor; ER, Estrogen receptor; FBS, Fetal bovine serum; FGF,
Fibroblast growth factor; FGFR, Fibroblast growth factor receptor; HER2, Human epidermal growth factor receptor 2; IC, Inhibitory concentrations; MBCDF-T,
MBCDF-Tum; PR, Progesterone receptor; RTK, Receptor tyrosine kinase; RXR, Retinoid X receptor; VDR, Vitamin D receptor.

* Corresponding author.

E-mail addresses: gabriela.mguadarrama@gmail.com (G. Morales-Guadarrama), edgar.mendez.p3@gmail.com (E.A. Méndez-Pérez), janice.garciag@incmnsz.mx
(J. Garcia-Quiroz), euclides.avilac@incmnsz.mx (E. Avila), fernando.larreag@incmnsz.mx (F. Larrea), lorenza.diazn@incmnsz.mx (L. Diaz).

1 These authors equally contributed to this work

https://doi.org/10.1016/j.jsbmb.2022.106132

Received 1 December 2021; Received in revised form 2 April 2022; Accepted 22 May 2022

Available online 31 May 2022
0960-0760/© 2022 Elsevier Ltd. All rights reserved.


mailto:gabriela.mguadarrama@gmail.com
mailto:edgar.mendez.p3@gmail.com
mailto:janice.garciaq@incmnsz.mx
mailto:euclides.avilac@incmnsz.mx
mailto:fernando.larreag@incmnsz.mx
mailto:lorenza.diazn@incmnsz.mx
www.sciencedirect.com/science/journal/09600760
https://www.elsevier.com/locate/jsbmb
https://doi.org/10.1016/j.jsbmb.2022.106132
https://doi.org/10.1016/j.jsbmb.2022.106132
https://doi.org/10.1016/j.jsbmb.2022.106132
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsbmb.2022.106132&domain=pdf

G. Morales-Guadarrama et al.

cancer cells growth is expected to be estradiol-dependent; however, the
activity of several ER-independent cell cycle proteins and the over-
expression of receptors tyrosine kinase (RTKs) and/or their downstream
targets, make these cells partially independent of estrogens [8]. In this
regard, the amplification of FGFR1, the gene encoding for the fibroblast
growth factor receptor 1 (FGFR1), has been described in 16-27 % of
luminal B breast tumors, and has been identified as an underlying
mechanism of endocrine resistance, ligand independent signaling and
poor prognosis [9]. In fact, breast cancer cells overexpressing FGFR1
have shown resistance to 4-hydroxytamoxifen and anchorage indepen-
dent proliferation, linking FGFR1 to the failure of antiestrogenic treat-
ments and distant metastasis formation [9]. Liganded-FGFR
downstream signaling includes activation of PI3K/AkT, MAPK/ERK, and
crosstalk with the Wnt signaling pathway [10,11], favoring metastasis
and treatment-resistance through epithelial to mesenchymal transition
(EMT) and stemness induction [11]. Therefore, strategies directed to
block FGFRs represent a promising therapeutic approach [12]. In
particular, a previous report showed that the RTK inhibitor (RTKI)
AZD4547 impaired stem cell-like characteristics in primary mammary
epithelial cells in premalignant tissue, and downregulated FGFR’s
signaling pathways [13]. AZD4547, a potent and selective inhibitor of
FGFRs, has shown to inhibit cancer cells proliferation and tumor growth
in preclinical models, and is currently in clinical trials for breast cancer
[13-15]. Despite the good tolerability of AZD4547 shown in these trials,
patients tend to present adverse events, including dysgeusia, stomatitis,
diarrhea, hyperphosphatemia, dry mouth, nausea, neutropenia, and
thrombocytopenia [16,17]. To prevent treatment-associated toxicity
and the development of resistance mechanisms, AZD4547 may be
combined with other antineoplastic agents to block alternative tumor
survival pathways, with the aim of reducing the therapeutic dose. In
several experimental models, calcitriol, the most active vitamin D
metabolite, has shown anti-proliferative and pro-differentiating effects
on cancer cells [18-25], as well as the ability to sensitize tumor cells to
various chemotherapeutic agents [26-29]. In this regard, we have pre-
viously reported the synergistic effect of calcitriol in combination with
the RTKIs dovitinib and gefitinib in breast cancer models [27,28].
Hence, in this study, we explored whether an improved antiproliferative
effect could be achieved in a luminal B cell line by combining AZD4547
with calcitriol in vitro. In addition, given the potential of AZD4547 and
calcitriol to prevent stemness [21,30-33], we explored the possibility
that their combination would greatly affect BT-474 tumorigenic poten-
tial by impairing BT-474 stem population.

2. Materials and methods
2.1. Reagents and cell cultures

N-(5-(3,5-dimethoxyphenethyl)— 1H-pyrazol-3-yl)— 4-((3S,5R)—
3,5-dimethylpiperazin-1-yl) benzamide, AZD4547 (AstraZeneca) was
acquired from Santa Cruz (Santa Cruz Biotechnology Inc., Dallas, TX,
USA). Calcitriol, sulforhodamine B (SRB) and trichloroacetic acid (TCA)
were from Sigma (Sigma-Aldrich, USA). The vehicle for AZD4547 was
water, while calcitriol was diluted in ethanol as we previously reported
[28].

The human luminal B breast cancer cell line used in this study (BT-
474, ATCC, Manassas, VA) was maintained in DMEM-F12 medium
supplemented with 100 units/mL penicillin plus 100 pg/mL strepto-
mycin and 5% heat-inactivated fetal bovine serum (FBS). All experi-
mental procedures were carried out with supplemented medium using
charcoal-stripped-FBS.

2.2. Cells phenotype characterization by immunofluorescence analysis
The expression of the vitamin D receptor (VDR), its heteropartner

retinoid X receptor (RXR), ERa, PR, HER2 and FGFR 1-2 was analyzed in
BT-474 cells as described before [25]. Briefly, cells (1 x 10° cells per
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well) were seeded onto sterile 12-well slides and incubated for 24 h.
Cells were fixed in ethanol at 4 °C and permeabilized in Fix-
ation/Permeabilization solution at 4 °C (Cytofix/Cytoperm BD Bio-
sciences, San Diego, CA). Washing steps and antibodies dilutions were
performed with Perm/Wash solution (BD Biosciences). Slides were
co-incubated overnight at 4 °C with antibodies against VDR (mouse
monoclonal antibody against human VDR, 1:1000, Santa Cruz
sc-13133X), RXR (rabbit polyclonal antibody against human RXRa/B/y,
1:1000, Santa Cruz sc-774X), ERa (mouse monoclonal antibody against
human ERa, 1:100, Santa Cruz sc-8002), PR (rabbit monoclonal anti-
body against human PR, 1:500, Bio SB 5886), HER-2 (rabbit monoclonal
antibody against human HER-2 neu, 1:500, Bio SB 2040) and FGFR1
(mouse monoclonal antibody against FGFR1, 1:200, Santa Cruz
sc-393911). Negative controls were incubated in the absence of primary
antibodies. After washing, a coincubation for 1 h at room temperature
with secondary antibodies was performed using goat anti-mouse-Cy3
(1:1000, Life Technologies Inc.) and goat anti-rabbit-FITC (1:500,
Jackson ImmunoResearch Laboratories, West Grove, PA). UltraCruz
mounting medium (Santa Cruz) containing 4’,6-dia-
midino-2-phenylindole (DAPI) was used as final step. Cells were pho-
tographed with a conventional epifluorescence microscope.

2.3. Effect of AZD4547 and calcitriol upon ALDH positivity in BT-474
cells

To study the basal expression and regulation of aldehyde dehydro-
genase (ALDH), a marker of stemness, BT-474 cells were seeded onto
sterile 12-well slides and incubated for 24 h in the presence of AZD4547
[5 pM], calcitriol [10 nM] or their combination. Afterward, cells were
fixed and set with rabbit anti-ALDH (Abcam, Cambridge, MA, USA).
After washing, goat anti-rabbit IgG Alexa Fluor 488 (green fluorophore,
1:10,000, Invitrogen, Thermo Fisher Scientific, Rockford, IL) was incu-
bated for 1 h at room temperature. Mounting was carried out as
described in Section 2.2. The intensity of ALDH-Alexa 488 signal was
measured by using ImageJ (Fiji) software in at least six hot spots per
group. In the acquired digital fluorescent images, the densitometric
analysis considered green channel intensity per hot spot area. Results
depict mean values. ANOVA was used for comparison.

2.4. Proliferation studies

Cells were seeded in 96-well plates (500-1000 cells/well). After in-
cubation overnight, cells were treated with AZD4547 (0.05-8.0 pM),
calcitriol (0.01-100 nM) and their respective vehicles (water and
ethanol 0.1 %, respectively). Cell proliferation was assessed by SRB
colorimetric assay as previously described [34]. Briefly, after 6 days of
exposure to the compounds, cells were fixed with TCA and dyed with
SRB (0.057%). Absorbance was read at 492 nm in a microplate reader
(Synergy HT Multi-Mode Microplate Reader, BioTek, VT, USA). Con-
centration values that inhibited cell proliferation at 20% (IC30) and 50%
(ICs0) were calculated considering the minimum and maximum effect,
using the dose-response fitting function, with the scientific plotting
software Origin 9.0 (OriginLab Corporation, Northampton, MA, USA).

2.5. Combination index and dose reduction index determination

To identify the type of combinatory pharmacological effect of the
compounds, we calculated the combination index value, which is based
on the median effect principle of the mass-action law described by Chou
and Talalay, and the dose-reduction index (DRI), a measure of how
many folds the dose of each drug in a combination may be reduced [35].
To interpret the results, we took into consideration that combination
index values < 1, = 1 or > 1 depict synergistic, additive, or antagonistic
effects, respectively, while synergism is subdivided into nearly additive
(0.90-1.10), slight synergism (0.85-0.90), moderate synergism
(0.7-0.85), synergism (0.3-0.7), strong synergism (0.1-0.3), and very
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strong synergism (<0.1) [36]. On the other hand, DRI values <1 or > 1
indicate not favorable dose-reduction or favorable dose-reduction,
respectively [35,36].

2.6. Immunoblotting

To get mechanistic insights into the compound’s activity, 1 x 10°
cells were seeded in the presence of AZD4547 [5 pM] and calcitriol [10
nM], alone or combined. Cells were lysed in Lysis buffer in the presence
of phosphatase and protease inhibitor cocktails (Abcam) after 24 h of
incubation. Total protein content in cell lysates was assessed by the
bicinchoninic acid method [37]. For SDS-PAGE, 30 ug of the cell lysate
were charged onto polyacrylamide gels prepared with TGX Stain-Free™
FastCast™ Acrylamide Kit, (10 %, BioRad, 1610183) and ran for 40 min
at high voltage. Electroblotting to PVDF membranes was carried out at
4 °C for 60 min (100 V). For stain-free protocol, after electrophoresis
gels were activated 1 min by UV light on the ChemiDoc XRS System
(BioRad), and protein transfer assessed the same by rapid exposure of
membranes to UV light. Later, membranes were incubated for 1 h at
room temperature in blocking buffer (Abcam, AB126587), and after that
incubated in the presence of one of the following antibodies: mouse
anti-phosphorylated-FGFR Y653/654 (p-FGFR, 1:1000, Cell Signaling
Technology, 55H2), rabbit anti-phospho-Akt (p-Akt) S473 (1:1000, Cell
Signaling, 9271) and mouse anti- glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, 1:1000, Santa Cruz, CA, 0411, sc-47724) at 4 °C
overnight. Washing steps and antibody dilutions were performed with
1x Tris Buffered Saline-Tween (20 mM Tris, 150 mM NacCl, 0.1 % Tween
20). After washing, goat anti- mouse secondary antibody (1:5000, Santa
Cruz) or goat anti-rabbit (1:5000, Santa Cruz) were incubated for 1 h at
room temperature. Then, membranes were processed with the ECL +
Plus Western blotting detection system (GE Healthcare, UK). Total
protein normalization or GAPDH optical density were used as controls.

2.7. RT-gPCR

Total RNA was extracted from cells using Trizol® (Life Technologies,
Carlbad, USA). After estimating the concentration of RNA at 260/280
nm, 2 pg of RNA were reverse-transcribed using a commercial kit (Roche
Diagnostics, Basel, Switzerland) and resulting cDNAs were used for
gPCR amplifications using the Roche master mix in combination with
hydrolysis probes (Roche, Universal Probe Library) in the LightCycler®
480 II system (Roche), according to standard protocols. Gene expression
was normalized using the housekeeping gene GAPDH or RPL32 (L32) as
internal controls. Forward and reverse primers sequences were as fol-
lows: GAPDH (NM_002046.3): agccacatcgctcagacac - gcccaa-
tacgaccaaatcc; epidermal growth factor receptor (EGFR, NM_005228.3):
gccttgactgaggacagcea - tttgggaacggactggttta, FGFR1 (NM_001174063.1):
agactccggectctatgett - aggaggggagagceatctga, FGFR2 (NM_000141.4):
tgcatggttgacagttctge - aggcgattaagaagaccccta, HER2 (NM_004448.2):
gggaaacctggaactcaccta — ccctgeacctectggata; Cyclin D1 (CCNDI
NM_053056.2): gaagatcgtcgccacctg - gaccteeteetegeacttet); Myce (MYC,
NM_002467.3): caccagcagcgactctga — gatccagactctgaccttttge; CYP24A1
(NM_000782.3): catcatggccatcaaaacaa — gcagctcgactggagtgac); L32
(NM_000994.3) gaagttcctggtccacaacg — gagcgatctcggeacagta.

2.8. Self-aggregation capacity and formation of cellular spherical
aggregates

To evaluate the effect of treatments on tumorigenic ability of breast
cancer cells, BT-474, tumorsphere formation was assessed, as a measure
of self-renewal and aggregation capacity. Briefly, 1 x 10° cells were
seeded in low-attachment culture flasks and incubated with AZD4547
[5 pM] or calcitriol [10 nM] alone or in combination for 7-10 days. We
chose higher compounds concentrations than their calculated inhibitory
concentrations considering that tridimensional models may reduce the
ability of treatments to reach all cells. Flask were incubated at 37 °C in
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absence of COy, in a sterile environment. After 6 days, cellular aggre-
gates and spheres were counted in each treatment. The results were
expressed as tumorsphere efficiency (number of tumorspheres formed/
1 x 10° cells plated).

2.9. Statistical analysis

Statistical differences were established by one-way ANOVA using a
specialized software package (SigmaStat 3.5, Jandel Scientific, CA,
USA). Differences were considered statistically significant at P‘<0.05.

3. Results
3.1. Characterization of receptors status on BT-474 cell line

To address whether BT-474 cells could respond to calcitriol, we first
assessed VDR/RXR expression by immunofluorescence. As depicted in
Fig. 1A, both receptors are expressed in this cell line, suggesting sensi-
bility to calcitriol. RXR was localized into the nucleus, while VDR was
preferentially found in the cell membrane and alongside fibers in the
cytoplasm. We also evaluated ERa and PR protein expression in BT-474
cells. As shown in Fig. 1A, both receptors are mainly localized at the
nuclear compartment, particularly in the nucleolus, suggesting respon-
siveness to steroid hormone signaling (Fig. 1A). On the other hand, the
RTKs FGFR1, FGFR2, HER2, and EGFR, were evaluated either by
immunocytochemistry and/or by qPCR. As depicted in Fig. 1B, HER2
receptor is highly enriched in BT-474 cells at the cytoplasmic
compartment and in cell membranes, while FGFR1 was immunolo-
calized both in the cytoplasm and in the nuclear compartment (Fig. 1B),
a localization associated with oncogenic functions of this protein in
breast cancer cells, and with poor prognosis [38,39]. FGFR2 was not
detected by immunocytochemistry (data not shown), while very low
mRNA expression was detected by qPCR (Fig. 1C). By using this mo-
lecular technique, we also found that BT-474 cells highly express EGFR
and HER2 (Fig. 1D).

3.2. AZD4547 and calcitriol inhibited cellular proliferation in a
concentration-dependent manner

To study the sensitivity of BT-474 cells to the antiproliferative effects
of AZD4547 and calcitriol, we used SRB assays. Our results showed a
concentration-dependent inhibition of BT-474 cells proliferation by both
compounds (Fig. 2). Based on the concentration-response curves, ICag
and ICs( were calculated. As depicted in Table 1, inhibitory concentra-
tions of AZD4547 were found in the micromolar range. On the other
hand, calcitriol displayed a potent anti-proliferative effect on BT-474
cells (Fig. 2B), showing inhibitory concentrations in the nanomolar
range (Table 1).

3.3. Anti-proliferative effects of AZD4547 on BT-474 cells are increased
by calcitriol

Combination schemes of AZD4547 ICy and ICsy with calcitriol at
1nM and 10 nM were performed to analyze the pharmacological
interaction of both compounds. As depicted in Fig. 3, calcitriol, at
nanomolar concentrations, significantly increased the antiproliferative
effects of AZD4547. Next, we evaluated the nature of this pharmaco-
logical interaction by calculating the combination index and DRI values.
Interestingly, calcitriol synergized AZD4547 antiproliferative effects
only at its lowest concentration (1 nM), while the highest concentration
tested (10 nM) resulted antagonistic (Table 2). Of note, similar results
were obtained by cell counting (data not shown).

As depicted in Table 2, AZD4547, at both concentrations tested in
combination with 1 nM calcitriol, not only produced a synergic anti-
proliferative effect, but also resulted in a favorable DRI, which is rele-
vant considering that 1 nM calcitriol is a safe achievable concentration
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Fig. 1. Characterization of BT-474 cells. (A) Immunolocalization of vitamin D receptor (VDR, red, upper panel), retinoid X receptor o,/y (RXR, green, upper panel),
progesterone receptor (PR, green, lower panel) and estrogen receptor alpha (ERa, red, lower panel) was studied by immunocytochemistry in BT-474 cells using
specific antibodies. Secondary antibodies were goat anti-rabbit-FITC and goat anti-mouse-Cy3. DAPI shows nuclei in blue. Merged channels green, red and blue are
included. Magnification 40X. PR and ERa photographs are amplified from 40x pictures. (B) Immunolocalization for human epidermal growth factor receptor 2
(HER2, red, upper panel) and Fibroblast growth factor receptor 1 (FGFR1, red, lower panel) in BT-474 cells. Magnification 40X. (C) Relative mRNA expression of
different RTKs in BT-474 cells. RT-qPCR was performed using specific primers for FGFR1, FGFR2, and epidermal growth factor receptor 1 and 2 (EGFR, HER2).

in cancer treated patients [40,41]. However, and consistently with the
type of pharmacological effect, the use of a higher calcitriol concen-
tration in combination with AZD4547 resulted in antagonism and lower
DRI values, as compared with calcitriol 1 nM. This may be due to
convergence of effects at some point of the signaling path involved in
each compound’s activity, probably acting upon the same molecular
targets. Therefore, next we analyzed possible mechanisms involved in
the compound’s anticancer effects to further understand their
interaction.

3.4. AZD4547 and calcitriol impair Akt/ Myc/Cyclin D1 signaling in BT-
474 cells

As has been previously described, the inhibition of FGFR and/or the
treatment with calcitriol impair mammary tumor growth by blocking

PI3K/Akt signaling and/or by inducing a G1 growth arrest of breast
cancer cells partly through cyclin D1 (CCND1) and myc downregulation,
as well as p21 induction [42-47]. Therefore, we analyzed p-Akt S473
protein abundance as well as MYC and CCNDI1 gene expression in
BT-474 cells treated for 24 h with the compounds by Western blot or
gqPCR. We found that AZD4547 alone and combined significantly
reduced p-Akt compared with vehicle-treated cells (Fig. 4A and B). On
the other hand, both compounds downregulated MYC and CCND1 gene
expression (Fig. 4C and D), although MYC inhibition by calcitriol per se
did not reach statistical significance. As a control, we evaluated
AZD4547 and calcitriol bioactivity by analyzing FGFR phosphorylation
and CYP24A1 gene expression, which is a main transcriptional target of
calcitriol. AZD4547 significantly reduced p-FGFR abundance, while
calcitriol induced more than 400-folds CYP24A1 gene expression (Sup-
plementary Figure 1).
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Fig. 2. Antiproliferative effects of AZD4547 and calcitriol in BT-474 cells. Cells were incubated for 6 days with AZD4547 (AZD, A) or calcitriol (Cal, B) at different
concentrations. The results are depicted as the mean + S.D. of at least three independent experiments by sextuplicate, and were normalized vs. control values, which

were set to 100 %.

Table 1

ICy and ICsq values of AZD4547 and calcitriol in the luminal B BT474 cells.
Inhibitory concentrations at 20 % (ICy0) and 50 % (ICso) were calculated based
on the dose-response curves of AZD4547 and calcitriol. Results are depicted as
the mean of N > 3 experiments.

AZDA4547 (uM) Calcitriol (nM)

ICyo ICso ICy ICso
1.73 3.08 0.511 2.9
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Fig. 3. Calcitriol increased AZD4547 antiproliferative activity in the luminal B
breast cancer cell line BT-474. BT-474 cells were incubated in the presence of
AZD4547 (AZD), calcitriol (Cal) or the combination of AZD4547 inhibitory
concentration (IC) values at 20% or 50% with Cal 1 nM or 10 nM. Each bar
represents the mean + SEM of at least three independent experiments by trip-
licate, after normalization vs. control values, which were set to 100 %. Different
letters indicate statistical significance (P < 0.05).

3.5. AZD4547 and calcitriol reduced self-aggregation capacity of BT-474
cells and decreased ALDH+ subpopulation

To further study possible mechanisms involved in the effects of
AZDA4547 and calcitriol on BT-474 cells, and considering that in

Table 2
Combination index values and dose-reduction index for AZD4547/calcitriol
treatment in BT-474 cells.

Combination Combination Effect DRI (folds)
schemes index -
AZD (IC) / Cal (nM) AZD  Cal
ICy /1 0.686 Synergism 2.10 4.78
1Cy / 10 2.072 Antagonism 2.28 0.61
ICso/ 1 0.748 Moderate 1.53 10.56
synergism
1C50 / 10 1.514 Antagonism 1.56 1.14

The combination index values and dose-reduction index (DRI) were calculated
after incubating BT-474 cells in the presence of the inhibitory concentrations
(IC) 20 or 50 of AZD4547 (AZD), and calcitriol (Cal) 1 nM and 10 nM.

mammary cells the pharmacological inhibition of FGFR impairs stem-
ness [13], while calcitriol reduces cancer stem cell population and in-
duces pro-differentiation in breast cancer [48,49], we studied
tumorsphere formation and cell-differentiation capacity by these com-
pounds. In the tumorsphere formation assay, we found that BT-474 cells
have the intrinsic capacity to form spherical cell aggregates from
free-floating cells (Fig. 5A). Vehicle-treated cells appeared mostly
aggregated, with no cells attached (monolayer panel shows the cells at
the level of the flask surface). Remarkably, in calcitriol treatments, we
found a considerable enrichment of adherent cells alongside with the
reduction in their capacity to form cellular aggregates. Indeed, a sub-
population of adherent cells formed patches of well-differentiated cells
(Fig. 5A), in a similar manner as cells grown on flasks normally used for
maintaining the cell line, suggesting the possible participation of
adhesion molecules in this process and the acquisition of a more
differentiated phenotype. Whilst in AZD4547 treated cells,
self-aggregation capacity in tridimensional structures was almost fully
repressed, leading to cell death after 6 days of incubation (Fig. 5A, B). In
contrast, combination of both compounds (C+A) resulted in the reduc-
tion of cell aggregates together with lack of compaction, enhanced for-
mation of adhered cellular patches and induction of a differentiated
phenotype (Fig. 5A, B).

To explore if self-aggregation inhibition was due to the reduction of
cells with stemness properties, we evaluated ALDH-positive populations
on the cell culture. ALDH was used as marker of stem population, as it is
expressed in tumor initiating cells [13]. As assessed by
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Fig. 4. Disruption of FGFR signaling pathway by calcitriol and AZD4547 involves Akt/Myc and CCNDI. (A) Cell lysates of BT-474 cells treated for 24 h in the
presence of vehicle (VH), calcitriol (Cal, 10 nM), AZD4547 (AZD, 5 uM) or their combination (C+A) were used to study p-Akt by Western blot. GAPDH expression
was used as a loading control. A representative cropped image of three different experiments is shown. (B) Graphical representation of the relative abundance of Akt
phosphorylated at serine 473. Bars depict mean + SEM, * P < 0.05) vs. VH. (C, D) The gene expression of downstream transcriptional targets of FGFR activation,
MYC (C) and CCND1 (D), was studied by RT-qPCR in three different experiments by triplicate and is shown as the mean + SEM of normalized values using L32 as

housekeeping gene. * P < 0.05 vs. VH.

immunofluorescence, ALDH protein expression was reduced by calci-
triol and AZD4547 compared to control cells; however, the RTKI more
potently inhibited this marker (Fig. 5C, D). These results suggest that
both compounds impair tumorsphere formation at least in part through
the reduction of stemness in BT-474 cells.

To explore the relationship and possible clinical relevance between
the stemness marker ALDH and AZD4547 or calcitriol molecular targets
(FGFR1 and VDR, respectively) in breast cancer tumorigenesis, we used
the Breast Cancer Gene-Expression Miner database (http://bcgenex.ico.
unicancer.fr/BC-GEM/GEM-requete.php). By means of this mining
module, we performed gene expression correlation analyses for ALDH
and FGFR1 and for ALDH and VDR, using RNA-sequencing databases of
patients with breast cancer. As depicted in Fig. S5E, the Pearson corre-
lation graphic representation shows that increased ALDH expression
positively correlated with FGFR1 expression in all patients (r = 0.24,
P < 0.0001, n = 4421). On the contrary, we found a significant negative
correlation between ALDH and VDR expression in normal-like tumors
(r=-0.32, P < 0.0001, n = 602, Fig. 5 F).

3.6. FGFR1 and its downstream targets association in HER-2 enriched
breast cancer tumors

Finally, to further understand the relationship between FGFR1
signaling and its downstream targets AKT, CCNDI1, and p-catenin
(CTNNBI1) gene expression, we explored their correlation using the
Breast Cancer Gene-Expression Miner database. Of note, CTNNBI is
involved in anti-tumoral effects of both AZD4547 and calcitriol [13,50].
Since BT-474 cells overexpress FGFR1 and HER2 receptors, we used the
HER-2 enriched breast cancer database from 693 patients. We found
significative positive correlations between FGFR1 gene expression and
AKT, CCND1 and CTNNBI (Supplementary Figure 2A, 2B, 2C). Simi-
larly, we found positive correlations between AKT expression and
CTNNBI and ALDH (Supplementary Figure 2D, 2E).

All considered, we propose that AZD4547 and calcitriol disrupt

signaling of FGFR/Akt/c-myc axis at different levels in BT-474 cell line,
resulting in cell proliferation inhibition, promotion of cell differentia-
tion and impairment of self-aggregation capacity (Fig. 6).

4. Discussion

Luminal B breast cancer tumors usually display poor response and de
novo resistance to chemo-endocrine therapy, representing a clinical
challenge [8]. Nonetheless, in this tumor subtype, the overexpression of
RTKs, such as FGFR, and the overactivation of their downstream mo-
lecular targets, makes them potential anti-neoplastic targets [12]. Small
molecules with inhibitory activity on FGFR are a good option to treat
luminal B breast cancer patients, considering the promising results re-
ported [13-15, 51]. However, some adverse effects might develop;
therefore, dose reduction by using combinatorial regimens is a good
option to achieve a beneficial therapeutic outcome while preventing
treatment-associated toxicity and resistance development. Regarding
this, in this study we evaluated the pharmacological interaction between
AZD4547 and calcitriol in BT-474 cells, with the aim to increase their
antitumoral effects while allowing for dose-reduction. Our results
showing a strong AZD4547 antiproliferative effect on BT-474 cells
suggested the sensitivity of this cell line to FGFR blockade. The latter
was further confirmed by FGFR phosphorylation and downstream tar-
gets regulation. The basal FGFR1 expression and activity in BT-474 cells
found herein are consistent with previous reports, including one
showing that in comparison with other breast cancer cells, FGFR1 gene
is significantly highly expressed in BT-474 cells [13,52]. On the other
hand, BT-474 cells were also highly sensitive to calcitriol antineoplastic
effects, displaying an ICsy value of 2.9 nM. As a reference, clinical
studies have reported calcitriol peak blood levels of 3-16 nM in cancer
patients treated with the secosteroid, resulting in little toxicity [40,41].
The high sensitivity of BT-474 cells to calcitriol may result from the
strong VDR expression and its cytoplasmic localization, as calcitriol
genomic effects have been associated with the interaction between VDR
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Fig. 5. Calcitriol and AZD4547 decreased BT-474 cell tumorsphere formation capacity, impaired cell-aggregation, induced cell differentiation and decreased
ALDH+ cell subpopulation. (A) Cells were seeded in low-attachment culture flasks, and incubated with AZD4547 [AZD, 5 pM] or calcitriol [Cal, 10 nM] alone or
combined (C+A). After 6 days with shaking, spheres were counted in each treatment. The graphical result of spheres count is shown in (B), depicting mean values
+ SEM of at least 8 visual fields. * P < 0.05 vs vehicle-treated cells. (C) Immunocytochemistry was used to evaluate the presence of ALDH+ subpopulations. Cells
were treated for 24 h with AZD4547 [5 pM], calcitriol [10 nM] or their combination; fixed and incubated with rabbit anti-ALDH. For detection, goat anti-rabbit IgG
Alexa Fluor 488 (green fluorophore) was used. DAPI was used to stain nuclei. Magnification 40 X. (D) Intensity of ALDH-Alexa 488 signal in each group is shown as
mean optical density values £ SEM * P < 0.05 vs vehicle-treated cells. (E) Pearson pairwise correlation plot depicting the positive correlation between ALDH and
FGFR1, and the negative correlation between ALDH and VDR expression (F), in breast cancer patient’s transcriptomic data.

and microtubules in the cytoplasm [53,54]. Interestingly, when both
compounds were combined, calcitriol at 1 and 10 nM equipotently and
significantly enhanced AZD4547 antiproliferative activity, showing a
pharmacologically synergic effect when using the secosteroid at its
lowest concentration, as deduced by the combination index values. This
low concentration of calcitriol also resulted in favorable DRI values for

both compounds, with the possibility to reduce AZD4547 dose in 2-folds,
and up to 10-folds for calcitriol. The latter is consistent with other re-
ports describing the ability of calcitriol to synergize the anti-tumor ef-
fects of chemotherapeutic agents and RTKIs [27,29]. Overall, these
results strongly suggest the possibility of combining both drugs in the
clinic, reducing the RTKI dose while maintaining robust anticancer
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Fig. 6. AZD4547 and calcitriol disrupt signaling of FGFR/Akt/Myc axis at
different levels in BT-474 cell line. Activation of FGFR through phosphorylation
involves the modulation of expression and activation of downstream targets as
Akt, ALDH, Myc and cyclin D1. Protein or mRNA expression of targets assessed
in this study are shown in blue. Treatment with AZD4547 significantly reduced
p-Akt, resulting in MYC, CCND1 and ALDH downregulation, cell proliferation
inhibition, as well as self-aggregation capacity impairment. f-catenin could be
an important mediator of these effects, since CTNNBI1 expression positively
correlated with FGFR1 and AKT gene expression. On the other hand, it is known
that calcitriol inhibits downstream targets of f-catenin including MYC and
CCND1, while induces p21 expression repressing cyclin D1 and arresting cells in
G1 phase.

activity, avoiding adverse effects or resistance development. Of note, the
use of a higher calcitriol concentration with AZD4547, although
significantly different from each compound alone, did not result in an
increased benefit compared to that obtained with 1 nM calcitriol, and
resulted in an antagonistic interaction, which we believe was probably
due to an increment in the population of differentiated cells, due to the
well-known pro-differentiating effect of calcitriol in cancer cells [26,48,
49]. Indeed, differentiation-induction by calcitriol has been associated
with the expression of adhesion molecules [55-57], which might explain
the enrichment in the adherent cell population observed in
low-attachment flasks of BT-474 cells treated with calcitriol. Supporting
this, Palmer et al. previously described that calcitriol transformed cell
shape to become more adhesive, by inducing E-cadherin and inhibiting
B-catenin signaling in colon cancer cells [55]. Moreover, the increase of
aVp3 integrin expression has been associated with calcitriol-mediated
cellular differentiation of stem cells [58,59]. Even though adhesion
molecules were not assessed in this work, further experiments would
help to clarify the role of calcitriol in the regulation of differ-
entiation/adhesion markers. On the other hand, it has been described
that calcitriol inhibits cancer stem-like cells, decrease their capacity to
form spheres and reduce the frequency of tumor-initiating cells [21,60].
Similarly, it is known that AZD4547 has the potential to prevent stem-
ness of certain subpopulations of cancer cells [30-33]. All these char-
acteristics are essential for carcinogenesis and tumor progression.
Therefore, we hypothesized that the combination of both compounds
would greatly affect BT-474 tumorigenic potential by impairing their
self-aggregation capacity and reducing their stem population. In this
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regard, we found that calcitriol and AZD4547 significantly compro-
mised the ability of the cells to form tumorspheres. However, their
combination did not further improve this capacity. This could be due to
the robust effect of AZD4547 on this feature, impeding an enhanced
response. It is also possible that the compounds interacted on the same
pathway involved in the regulation of self-aggregation. This possibility
seems to be supported by our results showing calcitriol and
AZD4547-dependent disruption of FGFR/Akt/Myc axis signaling at
different levels, including the downregulation of downstream targets
such as Akt, cyclin D1, Myc and ALDH.

ALDH has been proposed as a marker of tumor-initiating cells pop-
ulation, associated with spheroid formation capacity in vitro, and
metastasis in vivo [13,31]. Hence, we evaluated the effect of treatments
on ALDH expression. Interestingly, we observed that both calcitriol and
AZD4547 reduced ALDH positivity in BT-474 cells, being the RTKI more
potent than the secosteroid. Interestingly, we found a positive correla-
tion between ALDH and FGFR1, and a negative correlation between
ALDH and VDR expression in breast cancer patient’s transcriptomic
data. The latter suggests that FGFR1 overexpression relates to increased
stemness features and worst prognostic, while VDR to a better one,
supporting the benefit of a FGFR-VDR targeted therapy in breast cancer.
As a selective inhibitor of FGFR1-3, AZD4547 effects are given by the
regulation of FGFR signaling. In our model, we showed that FGFR1 was
overexpressed, suggesting that BT-474 stem population is mainly
dependent on FGFR1 activity. In this regard, FGFR1 overexpression is
known to enhance Akt/Erk/ER signaling, which has been associated
with stemness induction in ER+ breast cancer cells [33]. For this reason,
we propose that FGFR1 signaling is highly involved in the stemness
features of BT-474 cells and their tumorigenic potential. Moreover, the
correlation results generated with the Breast Cancer Gene-Expression
Miner database support an intrinsic relationship between FGFRI gene
expression and that of AKT, CCND1 and CTNNBI in HER2-enriched
breast tumors that share similar molecular characteristics with BT-474
cells. As judged by the BT-474 phenotypic characterization performed
in this study, this cell line may be considered as luminal B-like
HER2 + surrogate intrinsic subtype [13]. Considering the correlations
between CTNNBI expression with FGFR1 and AKT, we hypothesize that
B-catenin could be participating in AZD4547-calcitriol antiproliferative
effects, which deserves further studies. On the other hand, calcitriol
inhibits downstream targets of p-catenin such as MYC and CCND1, while
induces p21 expression to repress cyclin D1 and arrest cells in G1 phase.
Therefore, the use of AZD4547 and calcitriol in combination in patients
bearing tumors that co-express FGFR and VDR could result beneficial to
inhibit tumor growth and dissemination.

Taken together, our results suggest that AZD4547 combined with
calcitriol inhibit BT-474 stemness capacity through the inhibition of
FGFR1 activation and pro-differentiating activity. As far as we know,
this is the first study addressing the antineoplastic effects of AZD4547 in
combination with calcitriol. Our results can contribute to the proposal of
a better therapeutic strategy for luminal B-like HER2 + breast cancer, to
achieve a synergic antineoplastic response while avoiding adverse ef-
fects and treatment resistance.

5. Conclusions

Calcitriol, at a clinically achievable low concentration (1 nM), syn-
ergized AZD4547 antiproliferative effects in BT-474 cells, allowing for a
favorable dose reduction. Mechanistically, calcitriol induced cell dif-
ferentiation, AZD4547 inhibited FGFR1 phosphorylation, and both
compounds promoted the inhibition of stemness and tumorsphere for-
mation capacity of the luminal B breast cancer cells BT-474. Further-
more, the results suggest that these effects were partially mediated by
disruption of the FGFR/Akt/Myc axis.
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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy is a standard therapeutic option for triple-negative breast cancer (TNBC); however, its effectiveness
Breast cancer is often compromised by drug-related toxicity and resistance development. Herein, we aimed to evaluate whether
Dovitinib

Calcitriol
Combination index
Dose-reduction index
Synergism

an improved antineoplastic effect could be achieved in vitro and in vivo in TNBC by combining dovitinib, a multi-
kinase inhibitor, with calcitriol, a natural anticancer hormone. In vitro, cell proliferation and cell-cycle distribution
were studied by sulforhodamine B-assays and flow cytometry. In vivo, dovitinib/calcitriol effects on tumor growth,
angiogenesis, and endothelium activation were evaluated in xenografted mice by caliper measures, Itgh3/
VEGFR2-immunohistochemistry and °°™Tc-Ethylenediamine-N,N-diacetic acid/hydrazinonicotinamyl-Glu[cyclo

(Arg-Gly-Asp-D-Phe-Lys)]2 (°*™Tc-RGDo)-tumor uptake. The drug combination elicited a synergistically improved
antiproliferative effect in TNBC-derived cells, which allowed a 7-fold and a 3.3-fold dovitinib dose-reduction in
MBCDF-Tum and HCC-1806 cells, respectively. Mechanistically, the co-treatment induced a cell cycle profile
suggestive of cell death and DNA damage (accumulation of cells in SubGl, S, and G2/M phases), increased the
number of multinucleated cells and inhibited tumor growth to a greater extent than each compound alone. Tumor
uptake of *°™Tc-RGD, was reduced by dovitinib, suggesting angiogenesis inhibition, which was corroborated by
decreased endothelial cell growth, tumor-vessel density and VEGFR2 expression. In summary, calcitriol synergized
dovitinib anticancer effects in vitro and in vivo, allowing for a significant dose-reduction of dovitinib while
maintaining its antiproliferative potency. Our results suggest the beneficial convergence of independent antitumor

mechanisms of dovitinib and calcitriol to inhibit TNBC-tumor growth.

Abbreviations: TNBC, Triple-negative breast cancer; HER-2, human epidermal growth factor receptor 2; RTK, receptor tyrosine kinase; RTKI, receptor tyrosine
kinase inhibitor; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial
growth factor receptor; PDGFR, platelet derived growth factor receptor; VDR, vitamin D receptor; MBCDF-T, MBCDF-Tum; DRI, dose-reduction index; SPECT/CT,
single—photon emission computed tomography and radiographic computed tomography; IC, Inhibitory concentrations; **™Tc-RGD,, **™Tc-Ethylenediamine-N,N-

diacetic acid/hydrazinonicotinamyl-Glu[cyclo(Arg-Gly-Asp-D-Phe-Lys)1,.
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J. Garcia-Quiroz et al.

1. Introduction

Breast cancer is the most commonly diagnosed neoplasm and the
leading cause of cancer death among women worldwide [1]. According
to the tumor molecular expression profile, this neoplasm has been
classified mainly into four different subtypes: Luminal A, luminal B,
human epidermal growth factor receptor 2 (HER-2)-enriched and
triple-negative breast cancer (TNBC) [2]. Identifying breast cancer
subtypes led to personalized treatment, including endocrine and
anti-HER-2 therapy; however, the therapeutic possibilities for the
TNBC-subtype are limited due to the lack of specific targets. In this re-
gard, options targeting different receptor tyrosine kinases (RTKs) are
currently underway, like those directed to members of the fibroblast
growth factor receptors (FGFRs) [3]. Indeed, abnormal FGFR signaling
has been reported in TNBC-tumors [4], including overamplifications
that may result in FGF addiction [4-7]. Blocking the FGFR pathway in
vivo has the additional benefit of reducing tumor angiogenesis due to its
involvement in endothelial activation [8]. Regarding this, dovitinib, a
potent orally bioavailable RTK inhibitor (RTKI), blocks not only FGFR
1-3 but also the vascular endothelial growth factor receptor (VEGFR)
subtypes 1-3 and the platelet-derived growth factor receptor (PDGFR),
whose signaling pathways are involved in carcinogenesis, neo-
vascularization, invasion, and metastasis [7]. Of note, dovitinib has
been shown to inhibit FGFR, VEGFR, and PDGFR in preclinical breast
cancer models [9,10].

Although dovitinib has been generally associated with low-grade
side effects such as diarrhea, nausea, vomiting, and/or headache [11],
its long-term use may result in more severe adverse events and/or ac-
quired resistance [12-14]. Concerning this, a good strategy to avoid
treatment-associated toxicity and resistance is to combine dovitinib with
other antineoplastic agents to block additional tumor survival pathways,
allowing to reduce the dose and/or frequency of administration. In this
regard, a recent RNA-sequencing data analysis undertaken to identify
potential targeting therapeutic candidates for TNBC revealed that one of
the highly expressed genes in these tumors was the vitamin D receptor
(VDR), encoding the target of calcitriol [15]. Calcitriol, the vitamin D
most active metabolite, exerts potent antineoplastic activity by modu-
lating diverse signaling networks involved in inhibition of cell prolif-
eration, anti-inflammatory effects, acquisition of a more differentiated
phenotype and induction of apoptosis [16]. Moreover, calcitriol has
been shown to increase the sensitivity of tumor cells to various
chemotherapeutic agents [17-21], with the added benefit of being a
natural compound derived from dietary sources or by sun exposure.
Notably, low vitamin D serum levels have been shown to correlate with
an increased risk of certain neoplasms, including breast cancer [22].
Therefore, herein we explored whether an improved in vitro and in vivo
antineoplastic effect could be achieved in TNBC by combining dovitinib
with calcitriol. We also used a vascular endothelial cell line as a control
for endothelial activation.

2. Materials and methods
2.1. Cell culture

In this study, we used the human TNBC cell lines MBCDF-Tum
(MBCDF-T) [23] and HCC-1806 (ATCC CRL-2335, Manassas VA). The
human endothelial cell line EA.hy926 (ATCC CRL-292, Manassas VA)
was also used. Regarding MBCDF-Tum, these cells were derived from the
parental cell line MBCDF (kindly donated by Maria de Jesus Ibar-
ra-Sanchez and José Esparza Lopez, Instituto Nacional de Ciencias
Médicas y Nutricion Salvador Zubiran), which was generated by
growing explants obtained from a radical mastectomy of a patient
diagnosed with ductal infiltrating carcinoma stage IV with bone
metastasis [24]. MBCDF was implanted in a mouse, and the cell line
derived from the resulting tumor was named MBCDF-Tum [23]. After
characterization, this cell line showed lack of expression of estrogen
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receptor, progesterone receptor, cytokeratin 7 and epidermal growth
factor receptor 2. However, they were positive for vimentin, which
expression by cancer cells has been largely recognized as a marker of
epithelial-to-mesenchymal transition. Therefore, MBCDF-Tum may be
considered as a TNBC subtype with a mesenchymal-like phenotype [23].
In addition, this and the other cell lines used herein have been shown to
express VDR, making them calcitriol targets [23,25]. The cells were
maintained under standard cell culture conditions. All experimental
procedures were performed in DMEM-F12 medium supplemented with
100 units/mL penicillin plus 100 pg/mL streptomycin and 5%
charcoal-stripped-heat-inactivated fetal bovine serum.

2.2. Proliferation studies

Cells were seeded in 96-well plates (500-1000 cells/well) and the
day after treated with dovitinib (0.005-5.0 pM, Santa Cruz Biotech-
nology, Santa Cruz, CA), calcitriol (0.01-100 nM, Sigma-Aldrich, St
Louis, MO) or their respective vehicles (water or ethanol 0.1 %,
respectively). Cell proliferation was evaluated by the sulforhodamine B
colorimetric assay, as previously described [26]. After 3 and 6 days from
initial exposure to treatment, incubations of HCC-1806 and MBCDF-T,
respectively, were stopped, and absorbance was read at 492 nm in a
microplate reader (Synergy HT Multi-Mode Microplate Reader, BioTek,
VT, USA). The concentration values that inhibited cell proliferation at
20 % (IC20) and 50 % (ICsp) were calculated considering the minimum
and maximum effect, using the dose-response fitting function, with the
scientific plotting software Origin 9.0 (OriginLab Corporation, North-
ampton, MA, USA).

Photographs of MBCDF-T were taken after 4 days of treatments to
assess the formation of multinucleated cells.

2.3. Combination index and dose reduction index determination

To identify the nature of the compounds combination effect, the
combination index and dose-reduction index (DRI) were calculated as
previously reported [27-29]. Results were evaluated considering that
combination index values < 1, =1 or >1 depict synergistic, additive, or
antagonistic effects, respectively, while synergism is subdivided into
nearly additive (0.90-1.10), slight synergism (0.85-0.90), moderate
synergism (0.7-0.85), synergism (0.3-0.7), strong synergism (0.1-0.3),
and very strong synergism (<0.1) [29]. On the other hand, DRI values <
1 or >1 indicate not favorable dose-reduction or favorable
dose-reduction, respectively [29].

2.4. Cell cycle analysis

Flow cytometry analyses were performed using a FACS Aria II flow
cytometer (Becton Dickinson, San Jose, CA, USA). Briefly, MBCDF-T
cells were treated with dovitinib (ICs¢) and/or calcitriol (10 nM) for
72 h. After that, the cells were harvested, washed in PBS pH 7.2, fixed in
70 % ethanol, and kept at -20 ° C until analysis. DNA staining with 7-
amino-actinomycin D (BioLegend, San Diego, CA) was done as reported
previously [23]. The results were analyzed using FlowJo Software (LLC,
Ashland, OR, USA).

2.5. Induction of tumors in athymic nude mice and therapeutic protocol

This study was approved by the Internal Committee for the Care and
Use of Laboratory Animals (CICUAL: BRE-1820-16/19—1) of the
Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiran,
and the handling of mice was performed according to the national and
international rules, including the Official Mexican Rule (NOM-062-ZOO-
1999). Six-week-old female athymic nude mice (BALB/c homozygous,
Crl:NU(NCr)-Foxnlnu, Charles River Laboratories, Wilmington, MA)
were maintained under controlled temperature, humidity and 12 h
light/dark cycles with sterile food (standard PMI 5053) and water ad
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libitum. Mice were randomly divided into four experimental groups (N =
4 each): 1) Control (C, 100 pL sterile saline 0.9 % NaCl i.p. once a week),
2) Calcitriol (Cal, 0.25 pg/ 100 pL i.p. once a week, Geldex, GELpharma,
México), 3) Dovitinib (Dov, 20 mg/kg twice a week ip, CAS
852433—84-2, Santa Cruz), and 4) Dovitinib plus calcitriol (Dov + Cal).
The treatments were initiated the next day after the subcutaneous in-
jection of MBCDF-T cells (1.0 x 10° / 0.1 mL sterile 0.9 % NaCl) into the
back of mice and were maintained for 3 weeks. To determine any toxic
effect of the drug, mice were weighed three times per week. Tumor
volume was calculated by caliper measures and the standard formula
(Iength x width?)/2, where length and width are the largest and smallest
dimension, respectively. At the end of the experiments, mice were
sacrificed by cervical dislocation under anesthesia (sodium pentobar-
bital 80 mg/kg ip.), and tumors were fixed in paraformaldehyde for
immunohistochemical staining.

2.6. SPECT/CT imaging

To acquire tumor images of activated endothelium, one mouse from
each group was placed in a prone position in an induction chamber and
anesthetized (2% isoflurane in 100 % oxygen). Under anesthesia, an
intravenous injection of 99mTc-RGDz (7.4 MBq/ 0.05 mL, ININ, México),
a marker of endothelial activation, was administered. After 3—4 h, the
radiopharmaceutical tumor uptake was evaluated using a micro single-
photon emission computed tomography and radiographic computed
tomography (SPECT/CT) scanner (Albira, ONCOVISION; Gem Imaging
S.A., Valencia, Spain). Acquisition parameters were the same as reported
previously [23].

2.7. Itgb3 immunohistochemistry and tumor vessel density evaluation

To visualize blood vessels, formaldehyde-fixed and paraffin-
embedded tumor sections placed on glass coverslips were dewaxed
and rehydrated using standard protocols. Antigen retrieval was accom-
plished by autoclaving in retriever citrate solution (BioSB, Santa Bar-
bara, CA, USA). Tumor slides were blocked with immunodetector
peroxidase blocker (BioSB) and incubated for 1 h with the primary
antibody rabbit anti-Integrin 3 (Itgb3 1:100, Cell Signaling Technology,
Beverly, MA 13166, USA), a marker of activated endothelium. After
washing, slides were sequentially incubated with Immuno-Detector
Biotin-Link and Immuno-Detector horseradish peroxidase (HRP) label
(BioSB) 10 min each. Staining was completed with diaminobenzidine
(DAB) and slides were counterstained with hematoxylin. Images were
taken with a conventional microscope. Microvessel count was under-
taken by three different observers using 20X photographs considering
Itgb3-positive vessels in at least three hot spots areas (high-density
fields) of each tumor, as described previously [30].

2.8. Semi-quantitative determination of tumor VEGFR2 expression by
immunohistochemistry

The immunohistochemistry protocol for VEGFR2 was the same as
described in 2.7, but using a rabbit anti-VEGFR2 antibody (1:500, Cell
signaling Technology). A semi-quantitative analysis of VEGFR2-DAB
staining was carried out in acquired images according to the protocol
described by Crow and Yue [31]. This method is based on the decon-
volution of immunohistochemistry images considering hematoxylin and
DAB staining by using the ImageJ Fiji software. The intensity of DAB
staining was normalized against the total number of nucleus present in
each picture; therefore, considering both cancer and endothelial cells.

2.9. Statistical analysis
Statistical differences were established by one-way ANOVA followed

by appropriate post-hoc tests for multiple comparisons using a special-
ized software package (SigmaStat 3.5, Jandel Scientific, CA, USA). In the
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case of multinucleated cells, the analysis of the statistical difference
between groups was performed by Kruskal-Wallis ANOVA on Ranks
followed by Dunn’s method. Differences were considered statistically
significant at P <0.05.

3. Results

3.1. Dovitinib and calcitriol differentially regulated TNBC and endothelial
cell proliferation

The effects of dovitinib and calcitriol on MBCDF-T, HCC-1806, and
EA.hy926 cell proliferation are shown in Fig. 1. As depicted, dovitinib
significantly inhibited breast cancer and endothelial cell proliferation in
a concentration-dependent manner (Fig. 1A, C and E). On the other
hand, as expected and as previously reported [23], calcitriol only
inhibited tumor cells proliferation (Fig. 1B and D), and did not affect
endothelial cells growth (Fig. 1F).

Based on the dose-response curves, ICy and ICsg values were calcu-
lated (Table 1). Considering dovitinib ICso values, this drug inhibited
more potently TNBC cells growth compared to EA.hy926 (Table 1).

Inhibitory concentrations at 20 % (ICg0) and 50 % (ICsp) were
calculated based on the dose-response curves of dovitinib and calcitriol.
Results are depicted as the mean of N > 3 experiments. The ICs of cal-
citriol in EA.hy926 cells were not determined due to the lack of anti-
proliferative effect of this compound in these cells (ND = Not
determined).

3.2. The combination of dovitinib and calcitriol synergistically inhibited
the growth of TNBC-cells

Next, we sought to determine the nature of the pharmacological
interaction between dovitinib and calcitriol in TNBC cells. For this, the
following combination schemes were evaluated in MBCDF-T: dovitinib/
calcitriol IC20/IC20, ICZO/ICSO, IC50/IC20 and IC50/IC50. For HCC-1 806,
we decided to evaluate concentrations equal or below the ICyg of both
compounds in combination: ICs/ICs, IC5/IC10, IC20/IC5 and IC20/IC1p.

With all the combinations evaluated in MBCDF-T, a significantly
stronger cell growth inhibitory effect was achieved as compared to each
drug alone (Fig. 2A). Notably, the calculated combination index values
(< 1) implicated a synergic effect (Table 2). Regarding HCC-1806, only
the IC2/ICs and IC50/IC1¢ combination schemes resulted in a significant
cell growth inhibitory effect, compared to each drug alone (Fig. 2B),
which resulted in being synergic (Table 2). Then, we studied the com-
bined effect of both drugs in EA.hy926 cells. Since calcitriol did not
change endothelial growth, we tested dovitinib ICog and ICs values with
calcitriol 0.1 and 10 nM. As seen in Fig. 2C, calcitriol did not change
dovitinib potency to inhibit endothelial cells proliferation.

The combination (Comb.) index values and dose-reduction index
(DRI) were calculated after co-incubating TNBC cells in the presence of
the indicated inhibitory concentrations (IC) of dovitinib (Dov) and cal-
citriol (Cal). Combination index <1, = 1, and >1 indicate synergistic,
additive, or antagonistic effects, respectively. In the synergy scale, values
<0.1, 0.1-0.3, 0.3-0.7, 0.7—0.85, 0.85—0.90, and 0.90-1.10 indicate
very strong synergism, strong synergism, synergism, moderate synergism,
slight synergism, and nearly additive, respectively. DRI values <1 and >1
indicate not favorable dose-reduction and favorable dose-reduction,
respectively, for each drug in combination. DRI values higher than 1
represent the folds of dose-reduction allowed in combination for a given
degree of effect compared with the dose of each drug alone. DRI values in
bold font indicate the highest DRI value for Dov and Cal.

3.3. The combination of dovitinib with calcitriol allows for a significant
dovitinib dose-reduction

Considering the synergism elicited by the combination of dovitinib
with calcitriol in tumor cells, we calculated the DRI values to determine
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Fig. 1. Dose-response curves of dovitinib and calcitriol in MBCDF-T, HCC-1806 and EA.hy926 cells. MBCDF-T (A, B), HCC-1806 (C, D) and endothelial (E, F) cells
were incubated with dovitinib (A, C and E) or calcitriol (B, D and F). The results are depicted as the mean + S.D. of at least three independent experiments by
sextuplicate and were normalized vs. control values, which were set to 100 %. * P < 0.05 vs. control.

how many folds the concentration of each compound could be reduced
while maintaining the same efficacy as the drug alone (Table 2).
Remarkably, in all combination schemes tested, both dovitinib and
calcitriol concentrations showed favorable DRI values (DRI > 1), in

accordance with the intensity of synergism (Table 2). As depicted in this
table, the most favorable combination schemes in MBCDF-T were ICso/
ICsp and ICs¢/ICy for dovitinib/calcitriol, since dovitinib may be
reduced up to 7 folds while calcitriol up to 28 folds, respectively. In the
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Table 1
IC50 and ICs values of dovitinib and calcitriol in endothelial and TNBC-cells.

Dovitinib (nM) Calcitriol (nM)

Cell line _— _—
IC0 ICso IC2 ICso
MBCDF-T 18 56 0.296 0.619
HCC-1806 11 60 0.141 0.974
EA.hy926 153 378 ND ND

case of HCC-1806, dovitinib/calcitriol IC50/ICs and ICy/IC;o showed
favorable results. Taken together, these data show that the combination
of dovitinib and calcitriol is synergic, with favorable dose-reduction
values.

3.4. The combination of dovitinib and calcitriol promoted breast cancer
cell death

To gain insight into the mechanisms associated with the synergic
antiproliferative effect of calcitriol and dovitinib, we studied the cell
cycle distribution of MBCDEF-T cells when exposed to both compounds
alone and combined. As depicted in the data of Fig. 3, and in comparison
to the control, dovitinib per se significantly increased the percentage of
cells in SubG1-phase, which is associated with cell death. Accordingly,
dovitinib reduced the percentage of cells in the GO/Gl-phase, as
compared to the control. Remarkably, the combination of dovitinib with
calcitriol further increased the accumulation of cells in the SubG1 phase
and reduced that of GO/G1 (P < 0.05). The treatments also augmented
accumulation of cells in the S-phase. Of note, dovitinib slightly
augmented the percentage of cells in G2/M phases of the cell cycle when
compared to control cells, reaching statistical significance when com-
bined with calcitriol (Fig. 3). This phenomenon is suggestive of mitotic
catastrophe, a process preceding cell death [32] in which the uneven
distribution of chromosomes between daughter nuclei, and the deficient
separation of the nucleus during cytokinesis derive in multi-
nucleation/micronucleation [33]. Therefore, we evaluated the propor-
tion of these cells in our treated cell-cultures. We found that the
treatment with dovitinib, either alone or in combination with calcitriol,
significantly increased the proportion of multinucleated cells when
compared to control cells P < 0.001 (Fig. 4).

3.5. In vivo co-administration of dovitinib and calcitriol significantly
decreased tumor volume in a greater extent than each compound alone

Based on the effective antiproliferative action of calcitriol + doviti-
nib combination observed in vitro, we decided to evaluate the antitumor
effect of this scheme in a murine model in vivo. As expected, and as
previously shown for calcitriol [23], this compound and dovitinib per se
slowed MBCDF-T tumor growth compared to the control group. How-
ever, the co-administration of these compounds significantly reduced
tumor volume to a greater extent than each compound alone (Fig. 5A).
Of note, there were no apparent side effects induced by the treatments,
as judged by the absence of diarrhea and weight loss, suggesting no
treatment-associated toxicity at the doses tested.

3.6. The in vivo antiangiogenic activity of dovitinib was not affected by
calcitriol

In a representative mouse from each group, SPECT/CT images were
acquired at the end of the experiment, showing decreased *™Tc-RGD,
tumor uptake in treated mice, with a greater reduction in dovitinib and
Dov + Cal groups (Fig. 5B). Then, to quantitatively assess the effect of
the treatments in tumor angiogenesis, vessel count was performed in
Itgb3-immunostained slides. We knew from previous studies [23,34]
that calcitriol does not modify tumor angiogenesis in breast tumor xe-
nografts and that its administration may increase vascular endothelial
growth factor (VEGF) and FGF levels [34-36]. Therefore, we expected
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Fig. 2. Calcitriol increases dovitinib antiproliferative activity in TNBC cells.
MBCDF-T cells (A), HCC-1806 (B) and EA.hy926 cells (C) were incubated in the
presence of dovitinib (Dov), calcitriol (Cal) or their combination at their
respective inhibitory concentration (IC) values at 5%, 10 %, 20 % or 50 %. For
HCC-1806, the ICs value of dovitinib was 2.4 nM, while the ICs and IC;o of
calcitriol were 0.047 nM and 0.412 nM, respectively. For EA.hy926 cells, Dov
ICyp and ICso were combined with Cal 0.1 nM and 10 nM. Each bar represents
the mean + S.D. of at least three independent experiments by triplicate
normalized vs. control values, which were set to 100 %. Different letters indi-
cate statistical significance (P < 0.05).
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Table 2

Combination index values and dose-reduction index
treatment of TNBC cells.

for dovitinib/calcitriol

Cell line Comb. Comb. Effect DRI (folds)
Schemes index
Dov/Cal Dov Cal
1C20/1Cx0 0.491 Synergism 4.58 3.66
1C50/1Cs0 0.564 Synergism 5.92 2.53
MBCDF-T  ICso/ICz0 0.197 Strong. 6.18  28.62
synergism
t
ICs0/ICso 0.203 Strong 7.04  16.50
synergism
HCC- 1C20/1Cs 0.543 Synergism 2.26 9.89
1806 1C20/1C10 0.875 Synergism 3.32 1.74

that using calcitriol with an antiangiogenic factor such as dovitinib
would improve their overall anticancer properties. However, it was
necessary to ascertain that dovitinib antiangiogenic activity prevailed in
the presence of calcitriol. As seen in Fig. 6, tumors in dovitinib-treated
mice significantly had a fewer number of vessels as compared to con-
trols and to calcitriol. This effect was preserved in the tumors of mice
co-treated with Dov + Cal.

3.7. Dovitinib reduced tumor VEGFR2 expression in vivo

To further assess the effect of the treatments in tumor angiogenesis,
we quantified by immunohistochemistry the tumor expression of
VEGFR2, a primary responder to VEGF signal and a target of dovitinib.
We found that, in agreement to vessel count results in Itgb3-stained
slides, tumors in dovitinib-treated mice significantly showed less
VEGFR2 protein expression than the control and calcitriol groups
(Fig. 7).

Of note, we found lipid droplets-like structures in the tumors of
dovitinib-treated mice (Fig. 7, Dov and Dov + Cal). This observation
might relate to previous reports with similar findings using other RTKI
[371 and deserve further studying.

4. Discussion

Due to the heterogeneous nature of TNBC, the poor prognosis, and
the lack of targeted therapy, these tumors remain a clinical challenge

Percentage of cells in each cell cycle-phase
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nowadays. However, the high expression of diverse RTKs in most TNBC
tumors makes these markers plausible oncological targets [38]. Drugs
with multikinase inhibitory activity are a good option to treat TNBC
patients since the concomitant targeting of different RTKs translates into
increased efficacy and reduced resistance. Nevertheless, some adverse
side effects may develop. Here, we evaluated the in vivo and in vitro
pharmacological interaction of dovitinib and calcitriol with the objec-
tive to potentiate their anticancer effect while allowing for
dose-reduction in TNBC. The analysis of our results using the combi-
nation index theorem of Chou-Talalay [28] showed that in TNBC-cells,
the combination of calcitriol with dovitinib was highly synergic,
reaching combination index values as low as 0.2 in the IC5¢/ICgo scheme
in MBCDF-T cells. Remarkably, in all the combination schemes, the
dose-reduction for each drug was favorable (DRI > 1) and was greater
when the synergism was stronger. In this sense, the greatest
dose-reduction was observed with the combination of dovitinib/calci-
triol ICs50/ICo0 and ICs(/ICsg, where each compound concentration can
be reduced by more than 7 and 28 folds, respectively in MBCDF-T cells.
DRI was also favorable in HCC-1806 cells, although to a lesser extent.
Overall, these results suggest the possibility to reduce the compounds’
dose and therefore toxicity and resistance in therapeutic applications. To
gain mechanistic insight into the drug synergism, we evaluated the ef-
fect of the combined treatment on cell cycle distribution and found that
it strongly induced accumulation of MBCDF-T-cells in the Sub-G1 phase,
suggesting cell death. Interestingly, we also found a significant accu-
mulation of cells in the S-phase of the cell cycle in cells treated with all
compounds alone and combined. Accumulation of cells in the S-phase
may suggest DNA damage or inhibition of the DNA-replication ma-
chinery. Indeed, some RTKIs may directly interact with the DNA,
inhibiting cancer cell proliferation [39]. Particularly in the case of
dovitinib, its antiproliferative activity results not only from inhibiting
multiple kinases, but also, in part, from its ability to block the ATP
binding site of topoisomerases [40], which are DNA-interacting enzymes
essential for proliferating cells [41]. Of note, calcitriol or its analogs
have been shown to enhance the efficacy of topoisomerase-inhibitors in
cancer cells, as well as to induce breast cancer cell apoptosis [42,43].
Moreover, the flow cytometric analysis of our data also indicated that
the Dov + Cal combination significantly increased the percentage of
G2/M-cells, which may suggest mitotic catastrophe, a process associated
with cell death as a result of aberrant/failed mitosis, and which main

Fig. 3. Modification of cell cycle distribution
by dovitinib, calcitriol, and their combination

in TNBC MBCDF-T cells. The effects of dovitinib
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T indicate statistical significance (P < 0.05).
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Fig. 4. Induction of multinucleated/micronucleated cells in TNBC MBCDF-T cells. The effects of dovitinib (Dov, ICsg), calcitriol (Cal, 10 nM), and their combination
(Dov + Cal) on the induction of multinucleated cells in culture were evaluated in MBCDF-T cells. Box plots indicate 25, 50 and 75 percentiles. * P < 0.001 vs. control

(C) and vs. calcitriol.

morphological marker is the production of giant, multinucleated aneu-
ploid cells. Although we found these cells in all of our studied groups,
their presence was significantly enhanced by the presence of dovitinib.
Mitotic catastrophe has been previously demonstrated in diverse cancer
cell lines, where dovitinib promoted a delay in mitotic exit, causing G2
arrest by activating the DNA damage checkpoint [44]. Interestingly,
enriching the number of G2-phase cells has resulted in enhanced
radiosensitivity [45]; therefore, future studies are warranted combining

dovitinib and calcitriol with radiotherapy.

It is known from earlier studies that calcitriol may either favor or
inhibit angiogenesis by stimulating proangiogenic factors or down-
regulating some RTKs, including FGFR1 [23,34-36,46,47]. However,
considering that this hormone inhibits breast cancer cell proliferation
through different mechanisms [16,48], we hypothesized that its com-
bination with a VEGFR/FGFR-targeting agent would improve overall
anticancer effects. Our results showed that, while the antitumor effects
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Fig. 5. In vivo antitumor and antiangiogenic effects of doviti-
nib in combination with calcitriol. MBCDF-T cells were xeno-
grafted in female nude mice, starting treatments the following
day with saline solution (C), calcitriol (Cal), dovitinib (Dov), or
their combination (Dov + Cal) during three weeks. During the
experiment, tumor volume was calculated, and the results are
depicted as the mean + SEM (A). N = 4 mice per treatment. * P
< 0.05vs. C, ** P < 0.05 vs. Dov and vs. Cal. At the end of the
treatments, °°™Tc-RGD, tumor uptake was evaluated in
representative mice by SPECT/CT imaging (B).
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of both compounds were synergistically enhanced in both in vivo and in
vitro conditions, the antiangiogenic activity of dovitinib remained un-
changed in the presence of calcitriol, as shown in endothelial cell pro-
liferation, tumor vessel count, and °°™Tc-RGD, tumor uptake. This
positive effect suggests the convergence of different antitumorigenic
mechanisms of calcitriol and dovitinib, resulting in a beneficial anti-
cancer outcome. Similarly, previous studies have shown that vitamin D
derivatives exert synergistic effects when used in combination with
other oncological drugs [18-21]. In particular, it has been demonstrated
that the combination of calcitriol or its analogs with gefitinib, a syn-
thetic RTKI, enhances global anticancer activity by inhibiting tumor
growth and inducing apoptosis, and in cancer patients it does not result
in serious undesirable side effects [17,20,49,50]. To the best of our
knowledge, this is the first study addressing the antineoplastic effects of
dovitinib in combination with calcitriol. Notably, the effective inhibi-
tory concentrations of calcitriol determined herein and in other studies
[23], which are in the nanomolar range, are significantly lower than the
blood levels reached in calcitriol-treated cancer patients in which little
toxicity has been reported [49,51], making it a safely achievable dose in
the clinic. Likewise, the dovitinib ICsq values calculated herein for breast
cancer cells (< 60 nM, equivalent to ~24 ng/mL) were significantly
lower than the previously reported serum levels in dovitinib-treated
patients (60-100 ng/mL) [52]. Considering this, we believe that this is
a promising drug combination for TNBC patients.

In this study, cancer cells resulted a more sensitive target to dovitinib
compared to endothelial cells, which might be explained by the different
RTKs present in each cell line, as well as their differential levels of
expression. These results further support RTKs in TNBC tumors as
plausible oncological targets. Regarding this, the observed ability of
dovitinib to downregulate tumor VEGFR2 expression is of particular
relevance.

Limitations of this study include the lack of evaluation of: 1) overall
survival as an endpoint in the in vivo murine model, 2) the type of cell

death induced by the co-treatment and 3) tumor regrowth and angio-
genesis restoration after dovitinib withdrawal. All this remain the sub-
ject of future studies. The overall findings reported herein open new
avenues for upcoming clinical research designed to assess the mecha-
nisms by which TNBC-tumors respond to dovitinib and calcitriol in
combination.

5. Conclusions

In summary, we demonstrated that at clinically achievable and safe
concentrations, the combination of calcitriol with dovitinib is highly
synergic in inhibiting tumorigenesis and breast cancer cell proliferation.
Mechanistically, the combination regimen inhibited tumor angiogenesis
and induced cancer cell death. The conclusions of this study suggest the
feasibility of dose-reduction to avoid dose-related toxicity while
retaining therapeutic efficacy in a combined treatment scheme for TNBC
in the clinic. Further studies are warranted to explore dovitinib and
calcitriol in combination with radiotherapy.
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depicted as the mean + SEM of the number of vessels in
three different high-density fields per tumor (N = 4
different tumors/treatment), P < 0.05 vs. C.
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Fig. 7. Tumor VEGFR2 expression was inhibited by
dovitinib. VEGFR2 immunohistochemistry was per-
formed on tumor slides from control mice (C), calcitriol
(Cal), dovitinib (Dov), or their combination (Dov +
Cal). Slides were counterstained with hematoxylin.
Representative images show VEGFR2 in brown color
with 20 X magnification. VEGFR2-DAB staining was
normalized against the total number of nucleus present
in each picture, and is shown in the graphic as semi-
quantitative analysis of VEGFR2 intensity. Results are
depicted as mean normalized VEGFR2 intensity + SEM
considering 8 different photographs of each treatment,
P < 0.05 vs. C and vs. Cal.
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Abstract: Breast cancer is the most common neoplasm and the leading cause of cancer death in
women worldwide. Although 5-fluorouracil is a conventional chemotherapeutic agent for breast
cancer treatment, its use may result in severe side effects. Thus, there is widespread interest in
lowering 5-fluorouracil drawbacks, without affecting its therapeutic efficacy by the concomitant use
with natural products. Herein, we aimed at evaluating whether x-mangostin, a natural antineoplastic
compound, could increase the anticancer effect of 5-fluorouracil in different breast cancer cell lines,
allowing for dose reduction. Cell proliferation was evaluated by sulforhodamine-B assays, inhibitory
concentrations and potency were calculated by dose-response curves, followed by analysis of their
pharmacological interaction by the combination-index method and dose-reduction index. Cell cycle
distribution was evaluated by flow cytometry. Each compound inhibited cell proliferation in a
dose-dependent manner, the triple negative breast cancer cells being the most sensitive. When
5-fluorouracil and x-mangostin were used concomitantly, synergistic antiproliferative effect was
observed. The calculated dose-reduction index suggested that this combination exhibits therapeutic
potential for reducing 5-fluorouracil dosage in breast cancer. Mechanistically, the cotreatment induced
cell death in a greater extent than each drug alone. Therefore, x-mangostin could be used as a potent
co-adjuvant for 5-fluorouracil in breast cancer.

Keywords: a-mangostin; breast cancer; combination index; dose-reduction index; 5-fluorouracil

1. Introduction

Breast cancer is the most frequently diagnosed tumor and is the leading cause of
oncological-related mortality among women worldwide [1]. Considering the molecular
expression profile, breast cancer is generally classified into four different subtypes: luminal
A, luminal B, human epidermal growth factor receptor 2 (HER-2) enriched and triple nega-
tive breast cancer (TNBC) [2-5]. Luminal tumors are estrogen receptor positive (ER+) [2-5],
thus benefiting from hormonal therapy such as tamoxifen, fulvestrant and aromatase
inhibitors [2,6], while HER-2 enriched breast tumors are mainly treated with monoclonal
antibodies or tyrosine kinase inhibitors [7]. However, the TNBC are not candidates for
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targeted therapy, and there are few existing therapeutic alternatives, including chemother-
apeutic agents such as 5-fluorouracil (5-FU), a false nucleotide [6,8-10]. However, the
well-known side effects of 5-FU limit its use [10-12]. A promising way for overcoming
these drawbacks is to reduce 5-FU dose by its combination with less toxic agents with
anti-neoplastic activity, such as natural compounds. In this regard, a-mangostin (AM), a
xanthone obtained from the pericarp of mangosteen (Garcinia Mangostana Linn), exhibits a
broad spectrum of anticancer effects including apoptosis, inhibition of cell proliferation
and metastasis [13-15]. The antineoplastic mechanisms of AM have been widely studied in
leukemia [16,17], prostate [18-20], pancreatic [21], colon [22-24], and breast cancer [25-30].
In the last, different outcomes have been reported regarding AM potency in non-hormone
and hormone-dependent breast cancer [25,28,30]. On one hand, Li and colleagues showed
that AM induces apoptosis with similar potency regardless of ER expression by inhibiting
fatty acid synthase, which is required for cell proliferation [28]. On the other hand, Won
and colleagues reported that only ER+ breast cancer cells are highly sensitive to AM [30].
Similarly, Balunas and colleagues showed that, in this phenotype, AM inhibits aromatase
activity, blocking the main survival pathway of these cells [25]. Of note, the antineo-
plastic effect of AM has been evaluated in conjunction with chemotherapeutic agents in
colon [31,32], melanoma [33], pancreatic [34], cervical [35] and gallbladder cancer cells [36],
where the effect was greater than mono-treatments. The above suggests that the xanthone
could act as an adjuvant agent of conventional chemotherapy. Regarding breast cancer,
there are only two reports studying the effects of the ethanolic extract of mangosteen or
AM combined with doxorubicin [37,38]. However, to our knowledge, there are no studies
looking specifically at the combination of AM in combination with 5-FU in breast cancer
cells with different phenotypes.

Therefore, in this study we investigated the effects of AM alone or combined with
5-FU on proliferation of breast cancer cell lines with a different phenotype. Additionally,
we evaluated the nature of the pharmacological interaction between the chemotherapeutic
agent and the natural compound, as well as the effect on cell cycle distribution in order to
gain insight into the mechanisms involved.

2. Materials and Methods
2.1. Cell Culture

In this study, we used breast cancer cell lines with different phenotypes (Table 1). The
established human breast cancer cell lines SUM-229PE (Asterand, San Francisco, CA, USA),
HCC-1806 and T-47D (ATCC, Manassas, VA, USA) were maintained following indications
from suppliers. The M serial breast cancer ductal F primary cell culture (MBCDF) and
MBCDEF-D5 were kindly provided by Dr. Maria de Jesus Ibarra-Sanchez and Dr. José
Esparza-Lopez (Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiran,
Meéxico). All experimental procedures were performed in DMEM-F12 medium supple-
mented with 100 units/mL penicillin plus 100 pg/mL streptomycin and 5% charcoal-
stripped-heat-inactivated fetal bovine serum (Gibco, Dublin, Ireland) under standard cell
culture conditions.

Table 1. Breast cancer cells phenotype.

Cell Line Phenotype References
SUM-229PE TNBC [39]
MBCDEF-D5 TNBC [40,41]

HCC-1806 TNBC [39]

MBCDF HER-2 enriched [41]

T-47D ER+ [42]

The SUM-229PE, MBCDE-D5 and HCC-1806 cells represent a triple negative breast cancer (TNBC) phenotype.
MBCDF is human epidermal growth factor receptor 2 (HER-2) enriched, and T-47D cells are estrogen receptor
positive (ER+).
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2.2. Proliferation Studies

Cells were seeded in 96-well plates (1000 cells/well) and after 24 h they were incu-
bated in the presence of different concentrations of 5-FU (0.01-6.0 uM, Sigma-Aldrich,
St Louis, MO, USA), AM (0.1-8.0 uM, Sigma-Aldrich) or their vehicle (0.1% v/v DMSO)
for 6 days. Afterward, cell proliferation was evaluated by the sulforhodamine B (SRB)
colorimetric assay [43]. Briefly, cells were fixed in ice-cold trichloroacetic acid at 4 °C for
1 h and air-dried, then SRB (dissolved in acetic acid at 0.057%) was added to each well
and incubated at room temperature for 1 h. The unbound dye was removed with acetic
acid (1% v/v) and the protein-bound dye was extracted from viable cells with an alkaline
solution (10 mM Tris base, pH 10.5) and shaking. The absorbance was read at 492 nm in
a microplate reader (Synergy HT Multi Mode Microplate Reader, BioTek, VT, USA). The
concentration values that caused 20% (ICyg) and 50% (ICsp) cell growth inhibition were
calculated by the dose-response fitting function, using the scientific graphing software
Origin 9.0 (OriginLab Corporation, Northampton, MA, USA).

2.3. Combination Index and Dose Reduction Index Determination

The ICyp and ICs( values of each compound were used to determine the pharmacologi-
cal interaction between 5-FU and AM, by calculating the combination index and dose reduc-
tion index (DRI), as previously reported [44,45]. Combination index values < 1, =1 or >1 de-
pict synergism, additive effect or antagonism, respectively, while DRI values < 1, =1 or >1
indicate not favorable dose-reduction, no dose-reduction or favorable dose reduction,
respectively [44,45].

2.4. Cell Cycle Distribution

Cells were seeded in 6-well plates (30,000-70,000 cells per well, depending on the cell
line). After 24 h, the cells were incubated with vehicle (DMSO 0.1%) or 5-FU (ICy( or ICsp)
in the presence or absence of AM (ICsp) during 72 h. After treatment, cells were collected,
washed in PBS, fixed in ethanol (70% v/v) and kept at —20 °C. For cell cycle analyses,
samples were washed twice with PBS pH 7.2 and incubated in a solution containing RNase
(10 pg/mL), Triton X-100 (0.1% v/v) and 7-amino actinomycin D (7AAD, 1 ug/mL) in
the dark at room temperature for 20 min. The DNA content was determined using the
FACSCanto II flow cytometer (Becton Dickinson, CA, USA) and results were analyzed by
Flow]Jo V10 software (Becton Dickinson, Ashland, OR, USA).

2.5. Statistical Analysis

Statistical differences were established by one-way ANOVA followed by appropriate
post hoc tests for multiple comparisons. The comparisons between two treatments were
analyzed by Student s t-test using a specialized software package (SigmaStat 3.5, Jandel
Scientific, CA, USA). Differences were considered statistically significant at P < 0.05.

3. Results
3.1. 5-FU and AM Alone Inhibited Breast Cancer Cell Proliferation in a Dose-Dependent Manner

The antiproliferative effects of 5-FU and AM were evaluated in a panel of breast cancer
cell lines. Briefly, the cells were treated with different concentrations of 5-FU or AM for
6 days followed by the analysis of proliferation by the SRB assay. After analysis, both
compounds significantly inhibited breast cancer cell proliferation in a dose-dependent
manner (Figure 1). According to the dose-response curves, the greatest growth inhibitory
effect of the compounds was observed in the TNBC cells. When using drug concentrations
higher than 2 uM and 5 uM for 5-FU and AM, respectively, a complete inhibition of cell
proliferation was observed.



Processes 2021, 9, 458

40f12

A SUM-229PE A SUM-229PE
120 1 = MBCDF-D5 120 1 = MBCDF-D5
® HCC-1806 ® HCC-1806

Proliferation (% of control)
Proliferation (% of control)

5-FU (M) AM (M)
+MBCDF + MBCDF
120 - 120 -
g £ 100
= 1= -
o [+]
- S 80
[=] [+]
§ Ep GO 4
[ [ =
2 8
8 T 407
2 &
§ _E 20
o o
0 0.1 1 10 0 0.1 1
5-FU (uM) AM (M)
C v 747D F ¥ T-47D
120 120 -
3 3
S 100 5
= [ =4
8 8
s s
= =
= (=
2 8
o o
2 £
° I
o o
0 0.1 1 10 0 0.1 1 10
5-FU (uM) AM (M)

Figure 1. Antiproliferative effects of 5-fluorouracil and x-mangostin in a panel of breast cancer
cells. The chemotherapeutic agent 5-fluorouracil (5-FU) and the xanthone x-mangostin (AM)
dose-dependently inhibited cell proliferation with different potency, depending on the cell phe-
notype: triple negative (A,D), HER-2 enriched (B,E) and ER+ (C,F). The results are depicted as the
mean + SEM of six replicates in at least three independent experiments. Data from vehicle-treated
cells were normalized to 100%. * P < 0.001 vs. control.

Based on the dose-response curves, the ICyy and IC5p values were calculated for
both drugs (Table 2). These concentrations were taken into account for the combined
treatments. Considering ICs( values, the following scale of sensitivity was obtained among
the cells studied, for 5-FU: SUM-229PE > MBCDEF-D5 > HCC-1806 > T-47D > MBCDF, and
for AM: MBCDE-D5 > HCC-1806 > SUM-229PE > T-47D > MBCDF. According to these
results, TNBC cells were the most sensitive for 5-FU and AM, while the HER-2 enriched
were the less sensitive cells. The mean values of ICyy and ICsy of 5-FU in TNBC cells
are 0.105 £ 0.11 uM and 0.213 £ 0.192 uM, respectively; while mean values for AM are
1.47 £1.16 uM and 2.16 £ 1.236 uM, respectively.
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Table 2. ICy and ICsg values of 5-fluorouracil and a-mangostin.
5-FU (uM) AM (uM)
Cell line
ICy ICsp 1Cy ICsp
SUM-229PE 0.016 4+ 0.01 0.061 £+ 0.01 2.39 £0.12 3.13 £ 0.09
MBCDEF-D5 0.07 £ 0.01 0.15 £ 0.01 0.16 £ 0.11 0.77 £ 0.22
HCC-1806 0.23 £ 0.02 0.43 £+ 0.02 1.87 +0.20 2.59 +£0.17
MBCDF 0.36 £+ 0.03 0.70 £ 0.03 4.67 £ 0.24 523 £0.19
T-47D 0.18 £ 0.07 0.54 +£0.13 2.70 £ 0.11 436 +£0.17

Inhibitory concentrations at 20% (ICy) and 50% (ICsg) were calculated based on the dose-response curves of
5-fluorouracil (5-FU) and a-mangostin (AM). Results are depicted as the mean + SEM.

3.2. The Antiproliferative Activity of 5-FU Was Significanlty Enhanced by AM in Cultured Breast
Cancer Cells

To evaluate the antiproliferative effects of 5-FU combined with AM, the following
combination schemes (5-FU/AM) were considered: IC5q/ICyq, IC50/IC50, ICs5¢/ICoo and
ICs50/1Csp. As shown in Figure 2, the combination of both drugs significantly reduced breast
cancer cells proliferation in a greater extent than each compound alone. The ICsy/1Cs
combination inhibited cell growth up to ~90% in SUM-229PE, 86% in HCC1806 and 80%
in MBCDE-D5, MBCDF and T-47D (Figure 2). Although in the cell lines MBCDF-D5
(Figure 2B) and HCC-1806 cells (Figure 2C) all the combination schemes resulted in a
similar growth inhibitory potency, in SUM-229PE, MBCDF and T-47D (Figure 2A, D and
E, respectively), the scheme using higher doses of both compounds (ICsy/ICsp) was more
potent as compared to the ICy)/1Cy9 combination.

3.3. The Combination of 5-FU with AM Acted Synergistically to Inhibit Cell Growth in Most Cell
Lines Tested, Allowing for a Significant 5-FU Dose-Reduction While Preserving Its Potency

To discern the pharmacological interaction of 5-FU with AM, the combination index
and DRI were calculated taking into account the combination schemes. In SUM-229PE,
MBCDEF-D5 and T-47D cells, all the co-treatment schemes showed combination index
values < 1, reflecting synergism (Figure 3). A similar result was obtained in HCC-1806
cells with ICyy/1Cyg (5-FU/AM), while an additive effect was observed with ICs/1Cyq
and ICsy/1Csp. Regarding MBCDF cells, the drug combinations, although inhibitory, did
not reflected synergistic effect (Figure 3). Of note, combination index values closer to zero
reflect greater synergism than the values closer to one, while fraction affected values closer
to one indicate greater inhibitory growth effect than the values closer to zero. In a general
way and comparing the combination schemes per cell line, the greatest synergistic effect
was observed with ICy/ICy (Figure 3, circles) while the greatest fraction affected was
observed with ICsy/ICs (Figure 3, diamonds).

With the aim to determine how many folds the dose of each drug in combination
may be reduced, we calculated the DRI values on the combination schemes showing
synergistic and additive antiproliferative effects (Table 3). Remarkably, in all cell lines
tested, incubations in the presence of AM allowed to reduce 5-FU doses while maintaining
the same efficacy as the drug alone. The cell lines in which 5-FU and AM doses could
be significantly reduced were those where the compounds alone showed the highest
antiproliferative effect (Table 2), as is the case of SUM-229PE and MBCDEF-D5 (Table 3),
where 5-FU and AM doses could be reduced up to 7- and 15-folds, respectively.

3.4. Breast Cancer Cell Death Was Promoted by AM, 5-FU and Their Combination

To get mechanistic insights, we studied the cell cycle distribution effects of both
compounds alone and combined in one cell line per breast tumor phenotype. Representative
histograms depicting the cell cycle distribution of SUM-229PE cells treated with 5-FU, AM
or their combinations are shown in Figure 4A. As seen, only 5-FU significantly induced cell
death (Sub G1) in SUM-229PE cells, an effect that was further enhanced by its combination
with AM (Figure 4A,B). Such effect was accompanied with a reduction in the G1 population
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(Figure 4B). The opposite was observed in MBCDF and T-47D cells, where AM per se
significantly promoted cell death, while 5-FU did not (Figure 4C,D). In these two cell lines,
the drug combination did not further modify the effect of AM.
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Figure 2. The combined treatment inhibited cell proliferation in a greater extent than each compound alone. The antiprolif-
erative effect of the respective inhibitory concentrations (IC) at 20% and 50% of 5-fluorouracil (5-FU) and «-mangostin (AM)
per se or in combination was evaluated in a panel of breast cancer cell lines. Results are depicted as the mean £ SEM of six
replicates in at least three independent experiments. Data from vehicle-treated cells were normalized to 100%. * P < 0.001 vs.

control, ** P < 0.001 vs. monotreatment (5-FU or AM alone).
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Figure 3. Combination index versus fraction affected in cells exposed to different combinations of 5-fluorouracil with
a-mangostin. The combination index and the fraction affected were determined by co-incubating the cells in the presence of
the inhibitory concentrations at 20% (ICyg) and/or 50% (ICsp) of 5-fluorouracil (5-FU) and a-mangostin (AM) in the breast
cancer cell lines MBCDF-D5, HCC-1806, SUM-229PE, MBCDF and T-47D. The combination schemes evaluated (5-FU/AM)
were 1Cpq/ICy, IC5 /1C50, ICs50/ICyp and ICs5/ICsq. The symbols under, on or over the horizontal line depict synergism,
addition or antagonism, respectively. Fraction affected values closer to 1 indicate greater inhibitory growth effect than
values closer to 0. N > 3 independent experiments with six replicates each.

Table 3. Dose reduction index of 5-fluorouracil and x-mangostin.

. Combination Schemes DRI (Folds)
Cell Line
5FU/AM 5-FU AM
1Ca0/1Cs0 3.32 10.38
1Cy0/ICso 3.40 2.20
MBCDF-D5 1Cs0/1Cs0 1.94 15.45
1Csy/ICsp 2.11 1.24
1Ca0/ICa0 6.43 1.45
I1Cy0/ICs 6.44 134
SUM-229PE ICs0/ICa0 1.87 1.61
ICs0/ICso 7.25 1.48
1Cy0/1Ca0 4.73 1.91
1Cy0/1Cso 6.48 1.35
T-47D ICs0/1Ca0 2.68 2.39
ICso/1Cs 3.58 1.67
ICy0/1Cy 3.00 1.73
HCC-1806 ICy( /IC5 3.76 1.37
1Cs0/1Cs0 2.63 1.52

The dose reduction index (DRI) calculation was based on the synergic or additive effect between 5-fluorouracil
(5-FU) and x-mangostin (AM) using their inhibitory concentrations at 20% (ICy) and 50% (ICsp). DRI values
higher than one indicate a favorable dose reduction. DRI values highlighted in bold indicate the higher DRI value

for each combination scheme.
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Figure 4. Effects of 5-fluorouracil, «-mangostin or their combination on the cell cycle distribution in neoplastic cells. The
effects of the inhibitory concentrations at 20% (ICyg) and 50% (ICsg) of 5-fluorouracil (5-FU) and ICsy of a-mangostin
(AM) and/or 5-FU were evaluated in the cell cycle distribution of SUM-229PE (A,B), MBCDF (C), and T-47D (D) breast
cancer cells. Results are depicted as the percentage of cells in each phase of the cell cycle from at least three independent
experiments. * P < 0.05 vs. control, ** P < 0.05 vs. AM, *** P < 0.05 vs. 5-FU.

4. Discussion

One of the motivations of this study was to determine AM antiproliferative activity
and potency in breast cancer cells with different phenotypes, given the discrepancy prevail-
ing in the literature in this topic [25,28,30]. In addition, as chemotherapy is the main option
for TNBC, we thought of importance to study if AM allowed for 5-FU dose reduction while
maintaining a similar antiproliferative activity. Our results showed that AM consistently
and significantly reduced proliferation in all breast cancer phenotypes, with TNBC being
the most sensitive (ICsg = 2.16 £ 1.24 uM), followed by ER+ cells (IC5y = 4.36 &= 0.17 pM)
and HER-2 enriched cells (IC5y = 5.23 & 0.19). These results support the idea that AM in-
duces its antineoplastic effects regardless of ER expression. As expected, 5-FU also reduced
proliferation in all breast cancer cells and the TNBC was the most sensitive. These results
were consistent with other studies showing increased sensitivity to 5-FU in ER negative
tumors [46,47]. A possible explanation for the increased effects of both compounds in
TNBC cells may reside in their increased sensitivity to oxidative stress due to defects in the
DNA damage response pathways, which can lead to mitotic catastrophe [48,49]. Regarding
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this, both AM [18,32] and 5-FU [11] induce reactive oxygen species (ROS) accumulation,
promoting oxidative stress and cell death.

Our results regarding the combination index strongly suggest that AM may function
as an excellent adjuvant of 5-FU, given the synergic pharmacological activity observed
in several breast cancer cell lines. The observed synergism may be the result of mutually
exclusive antineoplastic mechanisms of both compounds [44]. While 5-FU targets cancer
cells by blocking the synthesis of nucleic acids [8-10], AM exerts its antineoplastic effects
by inhibiting cyclin-dependent kinases (CDK) involved in cell cycle progression [50,51],
the expression and activity of fatty acid synthase [28], aromatase activity [25] and (4) the
expression of ER in breast cancer [30].

Regarding the mechanisms of action of AM involved in the synergic effect observed
herein, further studies are warranted; however, previous studies in other neoplasms such
as leukemia and colon cancer have shown that AM induced apoptosis via the caspase-3
pathway or through the rupture of the mitochondrial membrane and the subsequent release
of endonuclease-G [17,24].

One major aim for achieving synergy in drug combination studies is the dose-reduction
of the cytotoxic agent while preserving the therapeutic effect [44]. Our results showed
favorable dose reduction (DRI > 1), supporting the possibility to scale down the dose of
5-FU in breast cancer patients by combining it with AM. The combination of 5-FU and
AM has been previously tested in colon cancer cells resistant to the chemotherapeutic
agent, showing the sensitization of these cells to 5-FU-dependent apoptosis [32]. Sim-
ilarly, other studies have shown an enhanced effect of chemotherapeutic agents when
combined with AM in different tumors [31-36]. Particularly in breast cancer MCF-7 cells,
the combination of doxorubicin with mangosteen derivatives has resulted in improved
antineoplastic effects [38], including the reduction of stemness and the induction of cell
death [37]. The above, together with our results, strongly support the concept that AM
could act as an adjuvant of conventional chemotherapy. The current chemotherapeutic
regimen to treat breast cancer includes 5-FU, commonly combined with other cytotoxic
agents such as doxorubicin, epirubicin, cyclophosphamide and/or methotrexate [6]. The
advantage to combine 5-FU with AM instead of these drugs would be the induction of
synergism without increasing systemic toxicity. In line with this, in vivo studies have
shown AM cardioprotective [52] and neuroprotective [53] properties, suggesting that the
xanthone could counteract the adverse effects of 5-FU.

To our knowledge, this is the first report showing the combined effects of 5-FU with
AM in breast cancer cells with different phenotypes. Interestingly, the synergic interaction
between 5-FU and AM was not observed in MBCDF cells [54], which can satisfactorily be
explained by the high cellular heterogeneity prevailing in this cell line [41,55].

Several studies have been carried out in order to elucidate AM anticancer mechanism.
In TNBC, AM has been shown to promote apoptosis, cell cycle arrest [27], and spheroids-
cell adhesion reduction [56]. Similarly, in ER+ cells, the xanthone induces apoptosis [26]
and reduces metastasis [57]. The present study demonstrates that the combination of AM
with 5-FU promoted greater accumulation of cells in Sub G1 phase, suggesting that death
is part of the mechanisms involved. A limitation of this investigation is the lack of in vivo
experiments, which remain the subject of future studies.

In summary, herein we describe the effects of combining 5-FU with AM on cell
growth in various established and primary breast cancer cell lines. We determined the
pharmacological interaction of the combined effect and the possibility to scale down the
doses of both compounds, contributing to new knowledge in the field. Overall, our results
provide scientific basis to test 5-FU with AM as a therapeutic option for patients whose
only alternative is chemotherapy, specifically those with TNBC tumors.

5. Conclusions

The xanthone AM inhibited breast cancer cells proliferation independently of their
phenotype, with greater potency in TNBC cells. AM allowed to significantly reduce 5-FU
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dose while maintaining its efficacy to inhibit cell growth. Given the synergic interaction
between 5-FU and AM, the use of this natural compound as co-adjuvant might result
in less chemotherapy-derived adverse effects. We believe that our results may help to
conceptualize further preclinical and clinical studies to provide TNBC-patients with an
affordable and effective new therapeutic approach with reduced undesirable side effects.
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