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Resumen

El cancer de mama (CM) es la neoplasia maligna mas frecuente en mujeres y
representa una de las principales causas de mortalidad femenina a nivel mundial.
Entre sus subtipos, el cancer de mama triple negativo (TNBC) destaca por su alta
agresividad, escasas opciones terapéuticas y reducida expectativa de
supervivencia. Un desafio relevante en su tratamiento es la quimiorresistencia,
estrechamente vinculada con alteraciones en la maquinaria de traduccion y la
sobreexpresion de transportares de eflujo. En este contexto, la subunidad elF4E del
complejo elF4F ha sido identificada como regulador clave en este proceso. El
objetivo del presente estudio fue caracterizar el papel de elF4E en los mecanismos
de quimiorresistencia a doxorrubicina (Dox) en un modelo celular de TNBC. Para
esto, se genero la variante resistente MDARr a partir de la linea MDA-MB-231,
mediante exposicion prolongada a la concentracion inhibitoria 25 (IC25) de Dox.
MDAR mostré mayor capacidad migratoria e invasiva y la activacion sostenida de
elF4E por fosforilacion en Ser209 (elF4E-pSer209), la cual se asocié a la induccion
de la via de VEGF y a la secrecion de MMP-9 bajo tratamiento con Dox. Asimismo,
se detectaron niveles elevados del transportador ABCB1, cuya regulacion dependio
de elF4E, como se confirmé con el inhibidor 4E1RCat y ensayos de silenciamiento
por siRNA. De forma complementaria, el analisis in silico revel6 la capacidad de
unién de Dox al transportador ABCB1; ademas, bajo condiciones de alta
concentracion de Dox, se observo la activacion del factor nuclear Nrf2. En conjunto,
estos hallazgos evidencian que el elF4E promueve la traduccidn selectiva de genes
asociados con quimiorresistencia, facilitando tanto el aumento del potencial invasivo
como la activacion de mecanismos de desintoxicacion mediados por ABCB1 en

células TNBC resistentes a Dox.



Abstract

Breast cancer (BC) is the most common type of cancer in women and one of the
leading causes of cancer-related deaths worldwide. Within its subtypes, triple
negative breast cancer (TNBC) is especially aggressive and is associated with a
shorter life expectancy. One of the greatest challenges in treating TNBC is the
chemoresistance development, a process through which cancer cells adapt to
survive chemotherapy. This phenomenon is often linked to changes in the way cell
protein production control and the increased activity of drug efflux pumps expel

therapeutic agents.

In this study, we developed a doxorubicin resistant TNBC model (MDAR) derived
from the MDA-MB-231 cell line by exposing it to inhibitory concentration 25 (IC2s).
The resistant cells not only displayed higher survival but also showed enhanced
migration and invasion capacities. We found that this phenotype was associated with
sustained activation of the translation factor elF4E, specifically through
phosphorylation at Ser209, which in turn promoted VEGF signaling and secretion of
MMP-9. Moreover, resistance correlated with higher expression levels of the ABCB1
drug transporter, a condition confirmed by experiments using the elF4E inhibitor
4E1RCat.

Supporting these findings, molecular docking simulations suggested that
doxorubicin can directly bind to ABCB1, reinforcing its role in drug efflux. At higher
drug concentrations, resistant cells also activated the stress response factor Nrf2,
adding another layer of protection. Finally, knockdown experiments targeting elF4E
confirmed its central role in regulating Nrf2 and ABCB1 expression. Altogether, our
results suggest that chemoresistance in this model is driven by elF4E activity, which
promotes invasive behavior and drug detoxification through ABCB1, highlighting

elF4E as a potential therapeutic target in TNBC.
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2. Introduccion

2.1 Cancer de mama triple negativo

El cancer de mama es la neoplasia maligna mas frecuente en mujeres y constituye
una de las principales causas de mortalidad por cancer a nivel mundial. De acuerdo
con las estimaciones de la Agencia Internacional para la Investigacion en Cancer
(IARC), en el afio 2022 se diagnosticaron aproximadamente 2.3 millones de nuevos
casos de cancer de mama (23.8% del total de canceres) y se registraron 666,103
muertes. En Meéxico, los datos del Observatorio Global del Cancer
(GLOBOCAN,2026) indican que el cancer de mama ocupa el primer lugar en
incidencia, con cerca de 31, 043 casos nuevos Yy alrededor de 8,195 defunciones en
2022 (IARC/WHO,2026). El cancer de mama es una enfermedad heterogénea que
engloba multiples entidades biolégicas y moleculares, cada una con diferente
prondstico y respuesta al tratamiento. Tradicionalmente, se clasifica en cuatro
subtipos moleculares: luminal A, luminal B, HER2 positivo y basal, definidos por la
presencia de receptores hormonales de estrogeno y progesterona, la
sobreexpresion de HER2 (receptor para el factor de crecimiento epidérmico humano
2)y el marcador de proliferacion Ki-67 (Perou et al., 2019). Dentro de estos subtipos,
el cancer de mama triple negativo (TNBC, por sus siglas en inglés) se caracteriza
por la ausencia de la expresion de los receptores de estrogeno (ER), progesterona
(PR) y HERZ2, lo que lo convierte en un cancer clinicamente desafiante debido a la
ausencia de blancos terapéuticos especificos (Bianchini et al., 2022). El TNBC
representa entre el 10 — 20% de todos los carcinomas mamarios, caracterizado por
un comportamiento clinico agresivo, una alta tasa de proliferacion, y una elevada
frecuencia de metastasis (viscerales y cerebrales), asi como un prondstico adverso
(Schneider et al., 2021). Pacientes con metastasis suelen tener una mediana de
sobrevida menor a 18 meses, con tasas de recaida temprana que ocurren
generalmente entre los primeros 2 a 3 anos después del diagndstico (Denkert et al.,
2017; Garrido-Castro et al., 2019). El tratamiento estandar para el TNBC es la
quimioterapia basada en antraciclinas. Sin embargo, un obstaculo importante para
el éxito terapéutico es la quimiorresistencia, tanto intrinseca como adquirida. Se

estima que hasta el 90% de los fracasos terapéuticos en el escenario metastasico
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estan asociados con quimiorresistencia (O'Reilly et al., 2019). La quimiorresistencia
en TNBC es un fendmeno multifactorial que involucra alteraciones en la respuesta
al dafno en el ADN, la activacion de rutas de sefalizacion relacionadas a la
supervivencia (PI3K/Akt/mTOR, MAPK, NF-kB), la remodelacion del microambiente
tumoral y la sobreexpresion de proteinas transportadoras de la familia ABC que
median el eflujo de farmacos como la doxorrubicina (Chen et al., 2020; Nedeljkovic
& Damjanovic, 2019). En afios recientes, los procesos que regulan la traduccion han
cobrado relevancia en la oncologia molecular. Factores de iniciacion como el elF4E
se han vinculado al control selectivo de transcritos (ARNm) que codifican proteinas
relacionadas con proliferacion, angiogénesis, estrés oxidativo y resistencia
farmacolégica (Hinnebusch et al., 2022). Particularmente, elF4E ha mostrado
interaccién funcional con factores de la transcripcion, como Nrf2 y con
transportadores de la familia ABC, como ABCB1, lo cual podria contribuir a la
agresividad y resistencia del TNBC (Sun et al., 2020; Hu et al., 2021).

2.2 Regulacion de la traduccion y papel del complejo elF4F

La traduccion del ARNm se puede dividir en cuatro etapas fundamentales:
iniciacion, elongacion, terminacion y reciclaje ribosomal. La iniciacién abarca los
procesos previos a la formacién del primer enlace peptidico, mientras que la
elongacion comprende todas las reacciones desde la formacion de este enlace
hasta la incorporacién del ultimo aminoacido. La terminacién se refiere a la
liberacion de la cadena polipeptidica completa y el reciclaje se encarga de preparar
a los ribosomas para iniciar un nuevo ciclo de traduccién (Andreev et al., 2017). La
iniciacion es considerada el punto mas regulado y determinante, ya que establece
el marco de lectura y define los ARNm que seran traducidos. La expresion génica
puede regularse a distintos niveles, pero la traduccion es fundamental para ajustar
de manera efectiva y rapida las concentraciones de proteinas en respuesta a
estimulos internos y externos (Guo, 2018). Tradicionalmente, el ribosoma se
consideraba un componente invariable de este proceso; sin embargo, estudios
recientes han revelado una heterogeneidad estructural y funcional en las
subunidades. Se ha documentado la existencia de subunidades ribosomales

especializadas que permiten funciones especificas incluso dentro de un mismo tipo
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celular, lo cual amplia la diversidad de control traduccional (Shi et al., 2017). Esta
especializacion también se observa en los factores de iniciacién, como los
complejos elF3 y elF4E, los cuales son esenciales para el reclutamiento del
ribosoma a la regién 5°-UTR de los ARNm y para la seleccion diferencial de ARN
mensajeros (Genuth & Barna, 2018). El factor elF4F es un complejo heterotrimérico
altamente conservado compuesto por elF4E, proteina que reconoce y se une a la
'mG (7-metil-guanosina o cap) del extremo 5° del ARNm, elF4A, una proteina con
funcién de helicasa dependiente de ATP que desenrolla estructuras secundarias de
la region 5° no traducida (5°-UTR), y elF4G, una proteina de andamiaje que conecta
al mRNA con la proteina ribosomal 43S y la extension de poli-adeninas (cola poli-
A). El factor elF4E constituye un elemento central de este complejo y representa un
punto critico en la traduccion dependiente de cap (Amiri et al., 2025). En condiciones
fisiologicas, elF4E es inhibido por las proteinas 4E-BPs, evitando la formacion del
complejo elF4F. La activacion de la via mTORC1 induce la fosforilacion de 4E-BPs
y su disociacion de elF4E, liberandolo para promover la traduccion de ARNm
asociados a proliferacion, angiogénesis, metabolismo y supervivencia celular
(Hinnebush et al., 2022). Por estas razones, la traduccion mediada por el complejo
elF4F, y en especial el control ejercido por elF4E, representa un punto regulador
crucial en la oncologia molecular. Actualmente, diversas estrategias terapéuticas,
incluyendo inhibidores de la interaccion elF4E-cap y moduladores de la via
mTOR/4E-BP, se encuentran en evaluacion como moléculas prometedoras para
superar la resistencia en tumores como el TNBC (Chu & Pelletier, 2021; Pelletier et
al., 2021).

2.3 El factor de iniciacion elF4E: caracteristicas y su implicacion en cancer

El factor de iniciacion de la traduccion eucariético 4E (elF4E) constituye un
regulador esencial en la sintesis proteica y desempefia un papel central en el control
de la expresidn génica postranscripcional. Su relevancia biolégica radica en la
capacidad de reconocer y unirse a la estructura de cap (“™G) localizada en el
extremo 5" de los ARNm, paso indispensable para la formacion del complejo de
iniciacion elF4F y, por ende, del reclutamiento del ribosoma durante la traduccion

dependiente de cap (Sharma et al., 2023). En condiciones fisiolégicas, elF4E
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asegura la produccién de proteinas necesarias para el crecimiento y la homeostasis
celular. Sin embargo, alteraciones en su regulacion han sido vinculadas con estados
de hiperactividad que favorecen la proliferacion celular descontrolada y el desarrollo
de fenotipos tumorales agresivos (Wang et al., 2024; Pettersson et al., 2020). El
factor elF4E es una proteina pequefia de aproximadamente 25 kDa, localizada
principalmente en el citoplasma, aunque también se han descrito funciones
nucleares relevantes. Su estructura contiene un dominio altamente conservado para
la union al cap del ARNm mediante interacciones con residuos de triptéfano (Trp56
y Trp102), lo que confiere especificidad en la union (Saini & Bhattacharyya, 2021).
Ademas, elF4E interactua con proteinas reguladoras como los factores de union
4E-BP1/2/3 y con elF4G, modulando la formacién del complejo elF4F. Este
complejo permite desenrollar las estructuras secundarias del ARNm, facilitando el
escaneo ribosomal (Sharma et al., 2023). En el nucleo, elF4E participa en la
exportacion selectiva de ARNm que contienen elementos de sensibilidad a elF4E,
favoreciendo la expresion de genes relacionados con proliferacion, supervivencia y
adaptacién al estrés (Wang et al., 2024). De igual forma, estudios recientes han
demostrado que mutaciones en sitios de regulacion de elF4E, asi como su
sobreexpresion, pueden desestabilizar la homeostasis del transcriptoma y promover
la plasticidad tumoral (Fawzy et al., 2021). Adicionalmente, la actividad de elF4E
estd intimamente vinculada con la sefalizacién intracelular. Vias como
PI3K/Akt/mTOR regulan la fosforilacion de las 4E-BPs, lo que libera a elF4E para
asociarse con elF4G y formar el complejo elF4F, mientras que la via MAPK/MNK
modula directamente la fosforilacion del propio elF4E (Saini & Bhattacharyya, 2021;
Hao et al., 2022). Esta integracién con cascadas de sefializacidén convierte a elF4E
en un punto estratégico para la traduccion de proteinas asociadas con proliferacion
y la resistencia celular. Uno de los mecanismos que contribuyen a la hiperactividad
de elF4E es su fosforilacion en la serina 209 (Ser209), catalizada por las quinasas
MNK1 y MNK2. Este evento postraduccional incrementa la afinidad de elF4E por
ARNm con regiones 5-UTR extensas o altamente estructuradas, potencia la
exportaciéon nuclear de transcritos oncogénicos y favorece la traduccion de

proteinas que confieren ventajas selectivas a las células tumorales (Bhat et al.,
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2022). En modelos celulares, la fosforilacion de elF4E ha demostrado promover
resistencia frente a quimioterapia, supervivencia bajo estrés oxidativo y mayor
capacidad de invasion (Sharma et al., 2023). El equilibrio entre la unién de elF4E a
los 4E-BPs y su liberacion por fosforilacion constituye otro nivel critico de regulacion.
En condiciones fisiolégicas, los 4E-BPs no fosforilados secuestran a elF4E,
inhibiendo la formacion del complejo elF4F. Sin embargo, la activacion de mTORCA1
induce la fosforilacion de los 4E-BPs, liberando elF4E y aumentando de manera
significativa la traducciéon dependiente de cap (Wang et al., 2024). Evidencias
recientes demuestran que la hiperactividad de elF4E fosforilado también incrementa
la traduccion de factores angiogénicos, como VEGF, lo que contribuye directamente
a la formacion y mantenimiento de un microambiente tumoral proangiogénico
(Siddiqui et al., 2022). La sobrexpresion y fosforilacion de elF4E se han identificado
como caracteristicas comunes en varios tipos de cancer, incluyendo pulmon, colon,
prostata y mama. En estos escenarios, elF4E favorece la traduccion de genes
relacionados con proliferacion, angiogénesis y evasion de la apoptosis,
contribuyendo a la progresién tumoral y a un prondstico desfavorable (Bhat et al.,
2022; Fawzy et al., 2021). La forma libre de elF4E, asi como su forma fosforilada,
han sido implicadas en procesos asociados a fenotipos malignos, incluyendo la
resistencia a la muerte celular y la angiogénesis, a través de la traduccion
preferencial de transcritos diana como BCL2 y VEGF, respectivamente (Sonenberg
& Hinnebusch, 2009). En modelos de cancer de mama, estudios en lineas luminales
como MCF-7 han demostrado que la activacién de elF4E y del complejo elF4F
favorece la expresion de proteinas antiapoptéticas y pro-angiogénicas,
contribuyendo a la supervivencia celular y a la progresién tumoral (Avdulov et al.,
2004). De manera consistente, en otras lineas de cancer de mama, incluyendo
T47D y BT-474, se ha observado que la sefalizacién asociada a elF4E y a sus
quinasas reguladoras modula la traduccién de genes involucrados en proliferacion,
angiogénesis y resistencia terapéutica (Furic et al., 2010; Graff et al., 2021). En el
contexto clinico, estudios en pacientes con melanoma han mostrado que la
sobreexpresiéon de VEGF se asocia con la activaciéon del eje VEGF/VEGFR,

promoviendo una mayor capacidad invasiva del tumor y una respuesta deficiente a
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la terapia. No obstante, aunque estos antecedentes sugieren que el control
traslacional mediado por elF4E podria desempefar un papel relevante en la
regulacion de programas angiogénicos y de supervivencia en cancer de mama
(Avdulov et al., 2004, Graff et al.,2021). En el cancer de mama, niveles elevados de
elF4E y su fosforilacion en Ser209 se asocian con recurrencia temprana y menor
supervivencia global (Sharma et al., 2023). En el subtipo de TNBC, caracterizado
por la ausencia de receptores hormonales y HER2, elF4E adquiere un papel aun
mas critico. Estudios recientes sugieren que la fosforilacion de elF4E, potencia la
traduccion de transportadores de eflujo como ABCB1, asi como de factores de
invasion y angiogénesis, favoreciendo un fenotipo altamente agresivo y resistente a
quimioterapias convencionales (Wang et al., 2024; Hao et al., 2022). Estos
hallazgos posicionan a elF4E como un biomarcador prondstico y como una posible
diana terapéutica en el TNBC, donde su inhibicion podria revertir mecanismos de

resistencia y mejorar la respuesta clinica (Siddiqui et al., 2022).

2.4 El papel de Nrf2 en el cancer y su relevancia en el cancer de mama triple
negativo

El factor nuclear eritroide 2 (Nrf2) es un regulador maestro de la respuesta
antioxidante y del equilibrio redox celular. En condiciones fisioldgicas, Nrf2 se
mantiene inactivo en el citoplasma a través de su interaccion con el supresor
KEAP1, el cual facilita su degradacion via proteasoma. Frente a estimulos de estrés
oxidativo o la presencia de especies reactivas de oxigeno (EROs), Nrf2 se libera de
KEAP1, se transloca al nucleo y activa la transcripcion de genes que codifican
enzimas antioxidantes y de desintoxicacion. Esta activacion permite a las células
mantener la homeostasis y sobrevivir en ambientes adversos, otorgando a Nrf2 un
papel protector en tejidos sanos (Pei et al., 2025; Lee et al., 2023). Sin embargo, en
el contexto oncoldgico, la funcién de Nrf2 adquiere una dualidad que lo convierte en
un factor clave para la progresion tumoral. La activacion persistente y no regulada
de Nrf2 otorga ventajas selectivas a las células cancerosas, al potenciar la
resistencia a quimioterapia, promover la reprogramacion metabdlica, inhibir la
apoptosis y mantener caracteristicas fenotipicas “steam-like” de células madre

tumorales (Bottoni et al., 2024). Estas adaptaciones han sido documentadas en
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diferentes tipos de cancer, y en el TNBC adquieren especial relevancia debido a la
naturaleza agresiva y a la limitada disponibilidad de opciones terapéuticas. Cabe
destacar que la activacién sostenida de Nrf2 se ha relacionado con un peor
prondstico clinico y una menor respuesta a la quimioterapia (Mokhtarpour et al.,
2024; Yu et al., 2025). Un aspecto emergente es la regulacion traduccional de Nrf2
mediada por elF4E, donde este ultimo facilita la traduccién selectiva de ARNm con
regiones 5 -UTR extensas, entre ellos el de Nrf2. Estudios recientes muestran que
la hiperactivacién de elF4E en modelos resistentes a antraciclinas aumenta la
traduccioén de Nrf2, reforzando las capacidades antioxidantes y detoxificantes del
tumor (Xu et al., 2023; Sharma et al., 2024). Asimismo, la interaccién funcional entre
elF4E y Nrf2 parece reforzar fendmenos de plasticidad tumoral en TNBC. Mientras
que por otro lado, Nrf2 favorece la transcripcidn de genes antioxidantes y
transportadores de farmacos como lo son los transportadores ABCB1, la actividad
de elF4E asegura su traduccion eficiente, generando un circuito de
retroalimentacion que consolida la resistencia a multiples agentes
quimioterapéuticos. Esta sinergia favorece la supervivencia celular bajo tratamiento,
a la vez que contribuye a la transicion epitelio — mesénquima (EMT), a un fenotipo
steam-like y a la capacidad metastasica caracteristica del TNBC. Por lo tanto, la
coactivacion de elF4E y Nrf2 constituye un eje central de la quimiorresistencia y de
la agresividad tumoral, planteando la posibilidad de intervenciones terapéuticas
combinadas dirigidas a ambos puntos de la red traduccional y transcripcional. (Yu
et al., 2025; Taddei et al., 2025).

2.5 Transportadores ABC y su papel en la quimiorresistencia en cancer de
mama triple negativo

La superfamilia de transportadores con casete de union a ATP (ATP-binding
Cassette, ABC) constituye una de las familias de proteinas de membrana mas
amplias y conservadas evolutivamente, desde bacterias hasta organismos
superiores. En humanos, esta conformada por siete subfamilias (ABCA-ABCG) y al
menos 48 miembros con funciones diversas (Wang et al., 2021). Estos
transportadores, también conocidos como bombas de eflujo, median el transporte

de moléculas endoégenas y xenobidticos a través de la membrana plasmatica
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mediante hidrolisis de ATP. Se clasifican en importadores tipo | y tipo Il (descritos
solo en bacterias) y exportadores, identificados tanto en bacterias como en células
de mamiferos (Beis, 2015).Estructuralmente, los transportadores ABC se componen
de dos dominios transmembrana (TMD), que forman el canal a través del cual se
movilizan los sustratos, y dos dominios de unidén a nucleétidos (NBD), localizados
en el citoplasma, donde la union y la hidrolisis de ATP impulsan los cambios
conformacionales necesarios para el transporte (Beis, 2022). La alternancia entre
los estados abierto y cerrado de estos dominios permite el movimiento vectorial de
una amplia gama de compuestos, incluyendo lipidos, metabolitos, péptidos y
agentes quimioterapéuticos. En las células humanas, los transportadores ABC
participan en procesos esenciales de homeostasis, en la regulacion del transporte
del colesterol, bilis, iones y xenobidticos, asi como en la resistencia de multiples
farmacos (MDR), especialmente en el contexto del cancer (Robey et al., 2021). La
sobreexpresion de algunos de estos miembros disminuye la acumulacion
intracelular de quimioterapéuticos, reduciendo su eficacia y contribuyendo a la
resistencia farmacolégica (Sharom, 2020; Wang et al., 2023). El papel de los
transportadores ABC en cancer se describio inicialmente en la década de 1970, tras
la observacion de resistencia cruzada a multiples farmacos no relacionados
estructuralmente, incluso en ausencia de exposicion previa. Desde entonces, se
han identificado y caracterizado numerosos transportadores en relacién con su
estructura, funcidén y participacion en la tumorigénesis (Fletcher et al., 2010).
Ademas de su funcion como bombas de eflujo, estudios recientes han demostrado
su papel regulador en procesos como sefalizacion celular, metabolismo lipidico y
regulacion del microambiente tumoral (Theile & Wizgall, 2021). En oncologia,
aproximadamente 13 de los 48 miembros de la familia ABC (principalmente de los
grupos ABCA, ABCB y ABCG) se han asociado directamente con la
quimiorresistencia, al reducir la concentracion intracelular de farmacos y limitar su
eficiencia (Wang et al., 2021). Entre estos, ABCB1 (Glicoproteina P, MDR1) es el
transportador mas estudiado desde hace mas de cinco décadas y se considera el
principal mediador de la resistencia a diferentes agentes quimioterapéuticos, como

la doxorrubicina. Otro transportador relevante es ABCG2 (BCRP), caracterizado por

18



un amplio rango de sustratos que en parte se solapan con ABCB1, incluyendo
algunos inhibidores de topoisomerasas (Theile & Wizgall, 2021). La subfamilia
ABCC, en particular ABCC1 y ABCC4, también se ha mostrado un papel relevante
en la resistencia a multiples farmacos, cuya sobreexpresion puede ser inducida por
la exposicion cronica a agentes citotoxicos (Sun et al., 2012). En el contexto del
TNBC, la sobreexpresién de transportadores ABC se asocia a una reduccioén en la
acumulacién intracelular de farmacos, menor respuesta clinica y peor pronéstico
(Sharom, 2020). La activacion sostenida de ABCB1 disminuye la eficiencia de
antraciclinas y taxanos, contribuyendo al fracaso terapéutico (Zhou et al., 2022).
Esta regulaciéon ocurre a distintos niveles; Nrf2 induce directamente la transcripcion
de ABCB1 mediante elementos de respuesta antioxidante en su promotor (Martinez
et al., 2022; Wang et al., 2023), mientras que la traduccion eficiente de este
transportador depende de la disponibilidad de elF4E, cuyo incremento potencia la
sintesis de proteinas de resistencia (Xu et al., 2023; Sharma et al., 2024). En
consecuencia, la relacion de Nrf2-ABCB1 refuerza la capacidad de las células TNBC
para evadir el efecto citotéxico de la quimioterapia. Ademas de la regulacion
transcripcional por Nrf2, la expresion de ABCB1 en TNBC puede ser inducida por
hipoxia, a través de HIF-1a, que activa elementos de respuesta en su promotor, asi
como por la activacion de vias de sefalizacion como PI3K/Akt/mTOR y MAPK/ERK
(Chen et al., 2020). Asimismo, se ha demostrado que microRNAs como miR-27ab
y miR-451 modulan negativamente la expresion de ABCB1, al regular a la baja la
via Akt/mTOR, sugiriendo que la desregulacion de estos pequeifios ARN no
codificantes puede reforzar el fenotipo quimiorresistente (Kwak et al., 2020). En el
ambito clinico, diversos estudios han explorado el uso de inhibidores farmacolégicos
de ABCB1, como verapamilo, taraquidar y zosuquidar, con el objetivo de sensibilizar
a las células tumorales a la quimioterapia. Sin embargo, la eficacia clinica ha sido
limitada debido a la toxicidad sistémica y a la falta de selectividad hacia células
tumorales (Robey et al., 2021). Mas recientemente, se han evaluado nanoparticulas
y sistemas de liberacién dirigidos, disefiados para evadir la expulsién mediada por
ABCB1 o para coadministrar inhibidores en el microambiente tumoral, lo que

representa un campo emergente en el desarrollo de terapias combinadas (Zhang et
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al., 2023). Finalmente, estrategias terapéuticas innovadoras buscan modular la
expresion de transportadores ABC de manera indirecta. La inhibicion de elF4E y la
supresién de Nrf2 no solo impactan en la traduccion y transcripcion de ABCB1,
respectivamente, sino que también favorecen la activacion de procesos como la
ferroptosis, aumentando la vulnerabilidad celular frente a la quimioterapia (Lin et al.,
2025).

2.6 elFAE-Nrf2-ABCB1 como eje central de la quimiorresistencia en TNBC

Por un lado, Nrf2 promueve la transcripcion de genes antioxidantes, asi como de
transportadores de la familia ABC, entre ellos ABCB1, lo que facilita la supervivencia
celular bajo estrés oxidativo y presion farmacoldgica (Martinez et al., 2022; Wang et
al., 2023). De manera complementaria elF4E asegura la traduccion eficiente de
estos ARNm a proteinas funcionales, particularmente en condiciones de activacion
sostenida de la via mTOR vy fosforilacion de 4E-BPs (Hinnebusch et al., 2022; Sun
et al., 2020). Asi, la cooperacion entre elF4E y Nrf2 refuerza un circuito de
retroalimentacion que incrementa la expresion y funcién de ABCB1, favoreciendo el
eflujo de farmacos como la doxorrubicina y consolidando el fenotipo multirresistente
a farmacos. La activacion del eje propuesto por nuestro laboratorio, elF4E-Nrf2-
ABCB1, también se relaciona con procesos de plasticidad tumoral. Nrf2 contribuye
a la transicién epitelio mesenquimal y al fenotipo steam-like en subtipos
mesenquimales de TNBC (Bottoni et al., 2024), mientras que el elF4E potencia la
traduccién de proteinas asociadas a invasion y angiogénesis, como MMP-2 y 9, asi
como VEGF (Pelletier et al., 2021). En este contexto, ABCB1 no solo participa en la
resistencia farmacoldgica, sino que también se ha vinculado con una mayor
capacidad metastasica, reforzando la agresividad clinica de este subtipo tumoral
(Zhou et al., 2022). Resultados experimentales de nuestro grupo confirman esta
relacion en un modelo derivado de células MDA-MB-231, variantes resistentes a
doxorrubicina mostraron una mayor capacidad invasiva y una disminucion de la
expresion de PDCD4, acompafada de un aumento en la formacion del complejo
elF4F (Gonzalez-Ortiz et al., 2022; Castafieda-Sanchez et al., 2024). Este hallazgo
sugiere que la hiperactivacion del complejo traduccional contribuye a la resistencia.

De manera interesante, moléculas terpénicas como la criptotanshinona han
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mostrado capacidad para revertir este fenotipo, posiblemente a través de la
modulacién de elF4A, interfiriendo con la funcién de elF4A y/o la interaccion elF4E
— elF4G (Galindo-Hernandez et al., 2019; Pulido-Capiz et al., 2024). Por otro lado,
la evidencia experimental en modelos in vitro e in vivo respalda la nocion de que la
inhibicion de alguno de estos puntos criticos puede impactar de forma significativa
en todo el eje. Inhibidores de elF4E, como 4EGI-1 o 4E1RCat, han demostrado
reducir la expresion de genes dependientes de Nrf2 y limitar la sintesis de ABCB1,
sensibilizando las células a la quimioterapia (Boussemart et al., 2014; Sai Kiran
Naineni, 2020; Chu & Pelletier, 2021) De manera analoga, la supresion de Nrf2 no
solo disminuye la transcripcién de transportadores ABC, sino que también potencia
la induccién de ferroptosis, un mecanismo de muerte celular especialmente
prometedor en TNBC (Lin et al., 2025).

En conjunto, el eje elF4E-Nrf2-ABCB1 representa un punto estratégico de
regulacion cruzada que articula la resistencia farmacoldgica, el control traduccional
y la respuesta al estrés oxidativo. Su analisis Integrado permite entender mejor la
base molecular del fenotipo quimiorresistente en el TNBC y sugiere nuevas
oportunidades terapéuticas basadas en intervenciones combinadas dirigidas

simultaneamente a la traduccion, la transcripcién y eflujo de farmacos.
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3. Planteamiento del problema

El cancer de mama constituye la neoplasia maligna mas diagnosticada en mujeres
a nivel mundial y es una de las principales causas de mortalidad femenina. Dentro
de sus subtipos, el TNBC se caracteriza por su elevada agresividad clinica, la
ausencia de receptores hormonales y HERZ2, asi como por un prondstico limitado,
con una sobrevida promedio que no supera los 15 meses. Este subtipo afecta
aproximadamente entre el 13 y 15% de la poblacion hispana, lo que acentua su

relevancia biomédica y social (Kumar & Aggarwal, 2016).

El tratamiento estandar para el TNBC incluye el uso de agentes quimioterapéuticos,
en particular antraciclinas, combinados con ciclos de radioterapia. Sin embargo, una
de las principales limitaciones terapéuticas radica en la quimiorresistencia,
fendmeno responsable de la falla farmacoldgica en un 85 — 90% de los casos. Esta
resistencia esta estrechamente asociada con la sobreexpresion y actividad de
transportadores de la familia de proteinas ABC, los cuales modulan el eflujo de
farmacos antineoplasicos y disminuyen su eficacia intracelular. En este contexto,
resulta critico profundizar en la regulacion de los mecanismos moleculares que
controlan su expresion, particularmente aquellos relacionados con el inicio de la
traduccién (O'Reilly et al., 2019; Chen et al., 2020).

Evidencias generadas en nuestro grupo de investigacion han demostrado que, en
un modelo celular de TNBC derivado de la linea MDA-MB-231, la proteina PDCD4
se encuentra regulada a la baja en variantes “parcialmente” resistentes a
doxorrubicina. Estas células, ademas, presentan una mayor capacidad invasiva y
sugieren niveles elevados de formacion del complejo elF4F, determinado a través
de la interaccion entre elF4A y elF4E. Lo anterior indica que el complejo elF4F
constituye un regulador central en los mecanismos de quimiorresistencia,
favoreciendo la traduccion de proteinas asociadas a este proceso, incluyendo
transportadores de la subfamilia ABC.

De manera especifica, el factor elF4E desempefia un papel esencial en el

reconocimiento de la estructura cap (5-'"™G) del ARNm, siendo regulado por
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proteinas moduladoras como 4E-BP1/2/3. Por lo tanto, resulta fundamental analizar
como la hiperactividad de elF4E y la dinamica de sus proteinas reguladoras

contribuyen a la activacion de transportadores ABC y a la instauracion de un

fenotipo quimiorresistente en el TNBC.
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4. Hipétesis

La hiperactivacion del factor traduccional elF4E promueve la formacion y
funcionalidad del complejo elF4F, lo cual potencia la sobreexpresion de bombas de
eflujo de la familia ABC, favoreciendo tanto el eflujo de doxorrubicina como el
desarrollo de un fenotipo quimiorresistente y altamente invasivo en células de
cancer de mama triple negativo.

5. Objetivo general

Analizar el papel del factor traduccional elF4E en la activacién de bombas de eflujo
de la familia ABC y en los mecanismos moleculares asociados que favorecen la
quimiorresistencia a doxorrubicina en un modelo celular de cancer de mama triple
negativo, mediante la caracterizacion de su expresion, su interaccion con proteinas
reguladoras y la evaluacién funcional de las bombas de eflujo, para identificar
posibles blancos terapéuticos para revertir la resistencia farmacologica y mejorar la

eficacia del tratamiento en este tipo de cancer.

6. Objetivos especificos

1. Generar un modelo celular de cancer de mama triple negativo mediante el
establecimiento de variantes resistentes a doxorrubicina.

2. Caracterizar los marcadores proteicos asociados al fenotipo resistente en la
variante generada, evaluando ademas indicadores del comportamiento celular
como la capacidad de migracioén e invasion.

3. Analizar el papel del factor elF4E en la variante resistente mediante la evaluacién
de sus niveles de expresion, la formacion del complejo elF4F y su interaccion
con proteinas regulatorias de la familia 4E-BP empleando técnicas de Western
Blot.

4. Caracterizar el efecto del knockdown de los componentes del complejo elF4F
sobre los mecanismos de quimiorresistencia, con énfasis en el papel de elF4E
utilizando la tecnologia siRNA.

5. Evaluar el efecto del inhibidor sintético 4E1RCat, sobre la modulacién de la

actividad de elF4E en la variante resistente.
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7. Materiales y métodos

7.1 Cultivo celular

Se utilizé la linea celular de cancer de mama triple negativo MDA-MB-231 de la
American Type Cuture Collection (ATCC HTB-26) como linea celular parental para
generar la variante celular resistente a la doxorrubicina y como control interno para
realizar estudios comparativos. A menos que se indique otro punto, las células
proliferaron en medio DMEM suplementado con suero fetal bovino al 10% y

antibidticos (50 U/mL de penicilina y 50 ug/mL de estreptomicina).

7.2 Generacion de la variante resistente a doxorrubicina

Para este trabajo, decidimos evaluar la linea celular MDA-MB-231, ya que esta se
encuentra clasificada como una linea celular mesenquimal con similitudes a una
célula madre, lo que nos permite estudiar los fendmenos moleculares con la
quimiorresistencia. A continuacion, implementamos dos protocolos para generar la
variante celular resistente a doxorrubicina. El primero consistio en el tratamiento con
concentraciones crecientes de doxorrubicina, con una dosis inicial de 0.05 uM. Se
realizaron periodos de tratamiento de 4 — 6 dias y se establecié un periodo de
recuperacion de 20 — 30 dias. En este caso, el protocolo se basé en el enfoque

experimental previo del grupo, con adecuaciones.

En el segundo, se confirmd el ICso de la linea celular parental (0.6 uM de
doxorrubicina) durante un periodo de 3 dias y un periodo de recuperacion de 3 — 4
semanas; este proceso se repitid durante siete veces. Sin embargo, para este
protocolo, solo el ICso era el adecuado. Finalmente, en el tercer protocolo, las células
resistentes a la doxorrubicina se obtuvieron mediante tratamientos con la IC25 de la
doxorrubicina (0.3 yM) durante 72 h y un periodo de recuperacién de 24 — 27 dias.
Este esquema de tratamiento se aplico durante siete ciclos. Las células se
mantuvieron bajo una concentracién baja de doxorrubicina (15 nM) durante los
periodos de recuperacion y proliferacion. Esta variante generada bajo el esquema
de 1C25 se denominé MDAR y, como control, evaluamos las células parentales MDA-
MB-231 denominadas MDAN.
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7.3 Ensayos de viabilidad celular

Se utilizaron ensayos de reduccién de bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolio (MTT) con una modificacién del protocolo de Hernandez-Valencia et
al., para evaluar la quimiorresistencia. Las células en proliferacion se sembraron en
placas de 24 pocillos a una densidad de 40 000 células por pocillo con 500 uL de
medio DMEM suplementando durante 24 h a 37°C/5% de CO2. Los cultivos
celulares se mantuvieron en un medio DMEM no suplementado durante 24 h. A
continuacion, los cultivos celulares se trataron con concentraciones crecientes de
doxorrubicina (0.05 — 6.4 pM) durante 48 h. Ademas, se caracterizo el efecto
concomitante de doxorrubicina (1.6 uM) y verapamilo (10 uM) durante 24 h.
Posteriormente se afiadieron 250 uL por pocillo de solucion de MTT (0.5 mg/mL de
MTT disuelto en medio DMEM sin suplementar) y la placa se incubé a 37°C/5% de
COz2 durante 3 h. Se retir6 el medio y la monocapa celular fue lisada con 250 pL de
DMSO (90%yvV/v), se recogio en tubos cénicos de 1.5 mL y estos se centrifugaron a
2504 x g durante 10 min a 20°C. Se recogieron las medidas de absorbancia a 595

nm.

7.4 Internalizacion de la Doxorrubicina mediante analisis citométrico

Las células se incubaron bajo varios tratamientos con doxorrubicina en medio
DMEM durante 24 h, con un periodo previo de ayuno de 24 h. A continuacion, las
células se lavaron dos veces con PBS 1X. La monocapa celular se recuper6 en
PBS (300 pL) y la suspension celular se homogenizo suavemente. La
caracterizacion celular se realizé en un citobmetro Beckman-Coulter Cytoflex
(Pasadena, CA, EE. UU); se caracterizaron 15 000 eventos utilizando el filtro PC7-
A para registrar la fluorescencia asociada a la doxorrubicina, y se utilizé la intensidad

media de fluorescencia para el analisis.

7.5 Cuantificacion de doxorrubicina en medios extracelulares

Los cultivos celulares proliferaron hasta alcanzar una confluencia del 90% en medio
DMEM completo. Los cultivos se mantuvieron en ayuno durante 24 h con medio
DMEM sin suplementar. Se prepararon los estimulos con concentraciones

crecientes de doxorrubicina (0 — 1-6 pM) en medio OptiMEM, que contiene bajo
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contenido en rojo de fenol. Las células se incubaron durante 24 y 48 h. Del mismo
modo, realizamos experimentos bajo el tratamiento con la molécula de verapamilo
(10 uM), un inhibidor de ABCB1 descrito en la literatura; evaluamos su efecto sobre
la exportacion de doxorrubicina. Se recogieron los sobrenadantes y se centrifugaron
a 3170 x g a 4°C durante 10 minutos para eliminar los detritus celulares. Los
sobrenadantes se recolectaron y se evalu6 en un flourémetro CaryEclipse Variant
(Agilent Technologies, Inc., Santa Clara, CA, EE. UU.) con una longitud de onda de
excitacion y emision de 470 nm y 595 nm, respectivamente. Se construy6 una curva

estandar para determinar la concentracion.

7.6 Ensayo de migracion por cierre de herida

El efecto de la quimiorresistencia a la doxorrubicina sobre la migracion se evalud
mediante un ensayo de cierre de herida, tal y como lo describen Leal-Orta et al. Las
células se sembraron en placas de 6 pocillos a una densidad de 200 000 células por
pocillo y se incubaron a 37°C/5% de CO2 durante 48 h hasta alcanzar la confluencia
del 100%. Se retiré el medio y se adicioné 1 mL de medio DMEM sin suplementar
durante 24 h. Previo a la estimulacion, las células se pretrataron con mitomicina C
durante 2 h (8 uyg/mL). La herida se realizé utilizando una punta estéril de 200 pL,
se realizaron dos lavados con PBS 1X y las células se incubaron durante 48 h con
los diferentes tratamientos. Se incluyeron un pocillo con DMEM sin suplementar
como control negativo y un pocillo con DMEM suplementado como control positivo.
Posterior a las 48 h de tratamiento, el sobrenadante se recolecto para los ensayos
de zimografia, y las células fueron fijadas con metanol frio durante 10 minutos en
agitacion suave. El metanol fue retirado y las células fueron tefiidas con azul de
Coomassie durante 10 minutos en agitacion suave. Se realizaron dos lavados

finales con PBS 1X frio y se observaron bajo el microscopio invertido.

7.7 Ensayos de invasion

Los ensayos de invasion se realizaron en sistema transwell con un tamafno de poro
de 8 uM (NEST, Wuxi Nest Biotechnology Co. Jiansu, China). Se anadieron 50 uL
de BD Matrigel (Corning, Somerville, MA, EE. UU.) a los insertos del cultivo y se

mantuvieron a 37°C durante 45 minutos. Las células MDA~ y MDAR se sembraron
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a una densidad de 1 x105 células por inserto en DMEM sin suero en la camara
superior. En la camara inferior se colocaron 600 yL de DMEM suplementado al 10%
con SFB, junto con las concentraciones de tratamiento de doxorrubicina (0 — 1.6
MM). Se utiliz6 medio DMEM completo como control positivo. El sistema de camaras
se incubd durante 48 h a 37°C en una atmosfera del 5% de CO2. A continuacion,
posteriormente se eliminaron las células y el matrigel de la superficie superior de las
membranas con hisopos de algodon, y a las células de la superficie inferior se
lavaron una vez con PBS 1X y posteriormente se fijaron con metanol durante 5

minutos, se realizaron tres replicas biolégicas para el analisis estadistico.

7.8 Western Blots

En placas de cultivo de 60 mm2, se sembraron 500, 000 células en 4 ml de medio
DMEM suplementado durante 24 h y se incubaron a 37 °C y 5 % de CO2 hasta
alcanzar una confluencia del 90%. EI medio DMEM suplementado se sustituyd por
el medio DMEM experimental y las células se incubaron a 37 °C durante 24 h
(ayuno). Se retir6é el medio y se colocaron 4 ml de medio DMEM experimental bajo
concentraciones crecientes de doxorrubicina (0-1,6 uM). Los tratamientos se
mantuvieron durante 48 h. Para los ensayos de siRNA, el tratamiento con dox se

mantuvo durante 12 h.

Posteriormente, se retiraron los tratamientos y la monocapa celular se lavé una vez
con PBS. El lisado total de proteinas se realizé utilizando el sistema tampén RIPA
(sc-24948) (Santa Cruz Biotechnology Inc., CA, EE. UU.). Para la separacion de
proteinas, se utilizaron geles de poliacrilamida-SDS al 10% para la caracterizacion
de las proteinas que integran el complejo elF4F, y geles de poliacrilamida-SDS al
12% para la identificacion de las 4EBP y el VEGF. Las proteinas se transfirieron
durante la noche a membranas de PVDF a 4 °C, 90 mA. Las membranas se
bloquearon con leche desnatada al 5%/TBST al 0,1% y posteriormente se incubaron
con el anticuerpo primario durante la noche a 4 °C bajo agitacion suave. Evaluamos
estos objetivos: anti-elF4E (sc-9976), anti-elF4E-pSer-209 (ab76256), anti-p-
4EBP1/2/3 (sc-271947), anti-VEGF (sc-57496) y anti-Nrf2 (sc-365949); anti-GAPDH
(sc-32233) se utilizd como control de carga. Se utilizé el anticuerpo secundario anti-
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ratdbn conjugado con peroxidasa de rabano para la deteccion utilizando el kit

Immobilon Western (Millipore, Burlington, MA, USA)

7.9 gPCR

Las variantes celulares MDAN y MDAR con una confluencia de 90% fueron tratadas
segun los esquemas de tratamientos anteriormente mencionados. A continuacion,
se obtuvo el ARN total de las variantes celulares con Trizol, siguiendo las
especificaciones del proveedor. EI cDNA se sintetizo utilizando 1 ug de ARN vy el kit
Primer Script RT-PCR (Takara Inc, Tokio, Japon). La concentracion de cDNA se
estandarizé para qPCR con PowerUp Sybr Green Master Mix 2X (Applied
biosystems, Waltham, MA, EE. UU.), de acuerdo con las indicaciones del fabricante,
y se utilizaron 4 pL de los cDNA resultantes para cada reaccién de PCR. Las
secuencias de los cebadores fueron ABCB1 forward 5'-
GCCAGCTGAACTCCTTAGAC-3", y reverse 5-GATTCGTGCACAGCAGCA-3’,
ABCC1 forward 5'-GGCTCAAGGAGTATTCAGAG-3’", ABCC1 reverse 5'-CCATCG
ATGATGATCTCTCC-3, GAPDH forward 5-AGACAGCCGCATCTTCTTGT-3' y
GADPH reverse 5-CTTGCCGTGGGTAGAGTCAT-3". Las reacciones de qPCR se
realizaron por triplicado utilizando un sistema de deteccion se secuencias ABI
PRISM 7000 (Applied Biosystem); Los datos se analizaron utilizando el método 2-A
ACt con GAPDH como calibrador de referencia y se presentaron como cambio

relativo.

7.10 Ensayos de inmunoprecipitacion (IP)

Los cultivos celulares de MDAN y MDAR se trataron con unas dosis crecientes de
doxorrubicina (0 — 1.6 uM). Para estos experimentos se utilizaron 250 ug de los
lisados celulares totales. El lisado total de proteinas se realizé utilizando el sistema
tampdn RIPA (sc-24948) (Santa Cruz Biotechnology Inc., CA, EE. UU.). Para el total
de proteina de estos lisados se emplearon 2 uL de anti-elF4E (sc-9976). Todas las
muestras se incubaron durante 3 h a 4°C con agitacién suave. A continuacion, se
afiadieron 10 uL de proteina A/G agarosa (sc-2003) y se mantuvo la incubacion a
4°C por 12 h mas. Posteriormente las muestras se centrifugaron a 1409 x g durante

3 minutos. Se evalu6 la formacién de los complejos inmunes a través de la
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separacion proteica por SDS-PAGE, posterior transferencia a membrana PVDF y la
identificacion por western-blot mediante el procesamiento de 20 pL de las muestras

de sobrenadante. Se utilizo GAPDH como control de carga.

7.11 Acoplamiento molecular (Docking)

Las coordenadas atomicas de la proteina ABCB1 (PDB 7A69), con una resolucion
de 3.2 A, fue utilizado para el experimento de acoplamiento molecular. La estructura
de la doxorrubicina (CID 31703) y el verapamilo (CID 2520) se obtuvieron de la base
de datos de PubChem. Se preparé la estructura de la proteina y se eliminaron
pequefias moléculas, asi como el agua. Los ligandos y las proteinas se protonaron
en 3D y se minimizo la energia utilizando un entorno operativo molecular (MOE) con
los parametros predeterminados (colocacién: Triangle Matcher, recalificacion 1:
London G, campo de fuerza AMBER99). Cada ligando se generé mediante
diferentes conformaciones y la proteina se visualizé utilizando las interacciones de
los ligandos implementadas en MOE. Se utilizo una estrategia similar para la
caracterizacion de ABCC (PDB 6UY0) con doxorrubicina. Para la caracterizacion
del factor elF4E, se evalud la estructura PDB 4UED, incluida en la interacciéon con
4E-BP1 y la molécula 4E1RCat (CID 1619554). Los resultados del acoplamiento se
analizaron utilizando los valores de la puntuacién S. La puntuacion S, en MOE es
una funcién de puntuacién compuesta que se utiliza para estimar la afinidad de
union entre un ligando y una proteina diana durante las simulaciones de
acoplamiento molecular. Integra multiples términos energéticos incluyendo
interacciones de Van der Waals, electrostaticas, puentes de hidrogeno, de
solvatacién y tension torsional, para aproximar la energia libre de unién. La
puntuacion se expresa en unidades arbitrarias que se correlacionan con la fuerza
de unién, donde los valores mas negativos sugieren interacciones mas favorables

entre el ligando y el receptor.

AutoDock Vina (version 1.2.7). La estructura cristalina ABCB1 humano, misma
utilizada para la plataforma MOE, se prepard eliminando las moléculas de agua y
los ligandos co-cristalizados no esenciales. Se afadieron hidrogenos polares y se
asignaron cargas de Gasteiger utilizando AutoDock Tools 1.5.7 (ADT). Los ligandos,
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incluidos la doxorrubicina y la rodamina 123, se prepararon en sus conformaciones

de energia minima vy la flexibilidad torsional se definié dentro de ADT.

Se definié una cuadricula para abarcar la region de unidn al sustrato y la region
transmembrana del transportador ABCB1, con las dimensiones de 73 x 92 x 82 A.
El acoplamiento se realizé utilizando los parametros predeterminados de Vina con
un nivel de exhaustividad de 8, y se selecciond la posicion de union con la posicion
mas alta (La energia libre de union mas baja) para su posterior analisis. Las
afinidades de union se registraron en kcal/mol, y las interacciones entre el ligando y

la proteina se visualizaron utilizando MOE.

7.12 Ensayos de siRNA

Las células se sembraron a una densidad de 7.5 x 10* células por placa y se
incubaron durante toda la noche en medio DMEM sin antibi6ticos. El siRNA elF4E
(h) (sc-35284) y el siRNA control A (sc-37007) se adquirieron de Santa Cruz
Biotechnology (Santa Cruz, CA, EE. UU.) La transfeccion se realizé en las
siguientes condiciones: se diluyeron 4 yL de siRNA elF4E (10 uM) en 50 pL de
medio de transfeccién (Solucién A) y, por otro lado, se homogenizaron 3 uL de
reactivo de transfecciéon con 50 uL de medio de transfeccion (Solucidon B). A
continuacion, se anadid, la solucion A la solucidn B, se mezcldé suavemente y se
incubo durante 30 minutos a temperatura ambiente. Posteriormente, se afadieron
400 uL de medio de transfeccion y nuevamente se mezclé de manera suave, y se
afiadieron 500 uL de solucién total por pozo. Las células se incubaron a 37°C
durante 6 h y fueron afnadidos 500 uL de medio completo (2X) y se incubaron
durante 24 h. Se retiro el medio y se afiadieron 500 L de medio completo 1x durante
12 h, tras lo cual se colocaron los tratamientos con doxorrubicina. Tras verificar la
eficacia de la transfeccion mediante Western Blot, se llevo a cabo el experimento
con doxorrubicina utilizando una concentracion final de 1.6 uM de doxorrubicina y

un tiempo de tratamiento de 12 h.

7.13 Zimogramas
Los cultivos de MDAN y MDAR se incubaron bajo diferentes tratamientos y el medio
condicionado fue recolectado. Se mezclaron volumenes de 40 yL de muestra
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(medio condicionado) sin calentar con tampon de muestra 5x (0,313 M Tris pH 6,8,
10 % SDS, 50 % glicerol y 0,05 % azul de bromofenol) y se procesaron en geles de
poliacrilamida al 8% co polimerizados con gelatina (1% m/v). Los geles se
enjuagaron dos veces con Triton X-100 al 2.5% y posteriormente fueron incubados
en solucion de revelado (50 mM Tris-HCI pH 7,4, 10 mM CaClz y 0,02 % NaN3)
durante 48 h a 37°C. Los geles se fijaron y se tifieron en azul de Coomassie G-250
al 0.25% en acido acético al 10% y metanol al 30%). La actividad proteolitica se

detecté como bandas claras sobre el fondo tefido del sustrato sin procesar.

7.14 Analisis GEPIA

Analizamos la base de datos GEPIA, para evaluar las posibles implicaciones de las
proteinas de interés elF4E y ABCB1 en el cancer de mama. Evaluamos los
siguientes niveles de expresion del ARNm de elF4E (Gen codificado EIFE, ID del
gen: 1977) y ABCB1 (Gen codificador ABCB1, ID del gen: 5243) y su relacion con
la supervivencia global en pacientes con cancer de mama utilizando GEPIA, que
recopila informacién del Atlas del Genoma del Cancer (TCGA) y GTEx (Genotype-

Tissue- Expression).

7.15 Analisis KM-Plot

De manera similar, utilizamos la base de datos de KM-plot para evaluar la
implicacion de la expresion de la proteina elF4E (Uniprot ID: P0O6730) y su relacion
con as supervivencia en pacientes con TNBC y pacientes con TNBC tratados con

doxorrubicina. Seleccionamos la base de datos TCGA-RPPA para el analisis KM.

7.16 Dinamica Molecular

Se realiz6 una simulacion de dinamica molecular utilizando el complemento
QwikMD 1.364 en VWD y el motor de simulacion NAMD 2.1465 para evaluar la
estabilidad del complejo ABCB1- Dox derivado del acoplamiento molecular. La
simulacion se llevé a cabo en un disolvente explicito para agilizar el analisis y evitar
la complejidad afnadida de incrustar la proteina transmembrana en una bicapa
lipidica. Se aplicaron restricciones posicionales arménicas a los Ca de la proteina a
lo largo de la simulacion para preservar la arquitectura general del poro
transmembrana en ausencia de un entorno de membrana lipidica.
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El complejo ABCB1-Dox se solvato en una caja rectangular de moléculas de agua
TIP3P con un amortiguador de 18 A, y el sistema se neutralizé con iones Na+ y Cl-
para alcanzar una fuerza ionica fisiolégica de 0.15 M. Se utilizé el campo de fuerza
CHARMM36 para la proteina ABCB1. La topologia y los parametros de
doxorrubicina se generaron utilizando CHARMM-GUI, sin embargo, debido a la
complejidad estructural de este ligando, faltaban o eran incorrectos varios
parametros, incluidas las definiciones de enlaces, angulos, diédricos y torsiones

inadecuadas, que se corrigieron manualmente antes de la simulacion.
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8. Resultados

8.1 Generacion de una variante celular de MDA-MB-231 resistente a
doxorrubicina

Con el objetivo de desarrollar un modelo celular representativo de resistencia
adquirida a doxorrubicina, se implementaron dos protocolos de induccion basados
en las concentraciones inhibitorias 1C25 e 1Cso0 (Figura 1A, B), aplicados durante un
periodo total de 14 meses mediante siete ciclos consecutivos de tratamiento. Debido
a la elevada citotoxicidad inherente a la doxorrubicina, la concentracion I1C2s fue
determinada como la estrategia mas adecuada, ya que los intentos de induccién
utilizando la ICso no condujeron al establecimiento de una poblacion resistente, sino
al desarrollo de células en estado quiescente. En consecuencia, se seleccion6 un
esquema de exposicidn sostenida a la IC2s para generar una variante derivada de
MDA-MB-231, denominada MDAR (Figura 2A). Cada ciclo de induccion consistié en
tres dias de exposicion al farmaco, seguidos de un periodo de recuperacion de 27
dias hasta alcanzar una confluencia del 85-90%, previo al inicio del siguiente ciclo,
lo que permitié la adaptaciéon progresiva de las células al tratamiento y la

consolidacion del fenotipo resistente.

MDA-MB-231
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— /""__ BN —-
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Figura 1. Estrategias para la generacion de variante quimiorresistente.

(A) Ensayos de MTT con la linea MDA-MB-231 para determinar la 1Cso a doxorrubicina, en
tratamientos dosis crecientes durante 48 horas. (B) Modelos de generacién de la variante

quimiorresistente utilizando las concentraciones IC2s e I1Cso.
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La caracterizacién funcional de la variante celular resistente se llevé a cabo
mediante ensayos de viabilidad celular (MTT) frente a un gradiente de
concentraciones crecientes de doxorrubicina (0-6.4 uM), con un tiempo de
exposicién de 48 horas. Los experimentos se realizaron por triplicado, lo que
permitié determinar de manera robusta el perfil de sensibilidad farmacologica. Bajo
estas condiciones, la variante identificada como MDAR se mantuvo en cultivo con
una dosis de mantenimiento de doxorrubicina (15 nM). Los resultados revelaron un
aumento significativo en la concentracion inhibitoria media (ICs,) de la linea MDAR
(1.883 uM) en comparacion con la linea parental sensible, denominada MDAN, cuyo
ICs0 fue de 0.619 uM en las mismas condiciones experimentales (Figuras 2B, C).
Este incremento aproximado de tres veces en la resistencia sugiere la activacion de
mecanismos celulares adaptativos implicados en la evasion de la citotoxicidad

inducida por la doxorrubicina.

Es probable que el fenotipo quimiorresistente observado sea consecuencia de
procesos moleculares relacionados con el metabolismo y el transporte de los
farmacos, tales como la sobreexpresion de bombas de eflujo, la disminucién en la
acumulacién intracelular del agente quimioterapéutico o la activacién de rutas
detoxificacion celular. En conjunto, estos hallazgos sustentan el establecimiento de
una variante resistente a doxorrubicina, util para el estudio de los mecanismos
subyacentes a la quimiorresistencia en cancer de mama triple negativo. Para fines

de este proyecto nos concentramos en la expresion de las bombas de eflujo.
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Figura 2. Generacion del fenotipo de quimiorresistente usando IC2s doxorrubicina (0.3 pM).
(A) Esquema general del protocolo para la generacion de quimiorresistencia. (B) Curva dosis
respuesta bajo el tratamiento de doxorrubicina (0 — 6.4 uM) durante 48 horas de tratamientos en las
variantes celulares MDAN y MDAR. (C) Valores de ICso para ambas variantes celulares, MDA\ y
MDAR, ensayos correspondientes a tres replicas bioldgicas (x + D.S) Se presentan el valor medio
(n=3). Los datos se analizaron mediante ANOVA de una via y la prueba de comparacion multiple de
Newman-Keuls donde * p < 0.05.

8.2 La quimiorresistencia se asocia con una administracion de Ila
doxorrubicina en la variante resistente.

Con el propdsito de dilucidar los mecanismos celulares implicados en la
quimiorresistencia, se llevd a cabo un analisis detallado del manejo intracelular y
extracelular de la doxorrubicina en las células MDAR. Esta estrategia experimental
se basd en la cuantificacion de la concentracidn de doxorrubicina en el
sobrenadante de los cultivos, completados con ensayos de citometria de flujo,
aprovechando la fluorescencia intrinseca de la doxorrubicina como marcador de su
distribucion subcelular. Inicialmente, se evaluaron los niveles extracelulares de
doxorrubicina como un indicador indirecto de la dinamica celular de expulsion del
farmaco, procesos asociados tipicamente a fenotipos quimiorresistentes (Figura 3A,
B). Para esto, los cultivos celulares fueron tratados con concentraciones crecientes
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de doxorrubicina (0 — 3.2 yM) durante 24 y 48 horas (Figura 3A, B). Posteriormente,
se recolectaron los sobrenadantes y se analizaron mediante espectroflourometria,
empleando una curva estandar previamente validada para cuantificar la
concentracion de doxorrubicina. Los resultados mostraron un incremento
significativo en la concentracion de doxorrubicina en el sobrenadante de las células
MDAR, comparadas con las células MDAN. A las 24 horas de tratamiento, la
diferencia fue estadisticamente significativa a partir de la concentracion de 1.6 yM
hasta las 3.2 yM de doxorrubicina (Figura 3A). A las 48 horas, el aumento en los
niveles extracelulares de doxorrubicina en cultivos MDARr se observd también a
partir de la misma concentraciéon (1.6 uM), manteniéndose elevado con respecto a
los cultivos control (Figura 3B). Estos hallazgos sugieren que las células MDARr
poseen un manejo mas eficiente de la doxorrubicina, probablemente mediante una
mayor actividad de mecanismos de eflujo activo, como los transportadores de
membrana tipo ABCB1, o bien una menor captacion intracelular. En conjunto, los
datos respaldan la hipétesis de que la gestion optimizada de doxorrubicina por parte
de las células MDAr constituye un componente funcional clave del fenotipo
quimiorresistente observado. Como complemento al analisis de los niveles
extracelulares de doxorrubicina, se evalud la capacidad de excrecion del farmaco
en células parentales (MDAN) mediante citometria de flujo, bajo condiciones de
exposicion creciente a doxorrubicina (0-1.6 yM) durante 24 horas. Para este
analisis se establecid previamente una plantilla de citometria que permitid
considerar y corregir la auto fluorescencia celular, garantizando asi una
cuantificacion precisa de la fluorescencia atribuible a la doxorrubicina. Esta
estrategia permiti6 determinar la eficiencia del eflujo activo del farmaco,
considerando que aquellas células incapaces de eliminarlo conservarian su
fluorescencia intrinseca, lo que se traduce en acumulacién intracelular. Los
experimentos se realizaron por ftriplicado en ensayos independientes, y la
determinaciéon de ambas variantes celulares (MDA~ y MDAR) se llevé a cabo una
vez generada y validada la plantilla de analisis, asegurando la reproducibilidad y
consistencia de los resultados. Los resultados indicaron un aumento progresivo de

la sefal fluorescente hasta una concentracion de 0.8 uM en ambas lineas celulares,
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MDAN y MDAR (Figura 3C). Sin embargo, a concentraciones superiores (0.8 — 1.6
MM), se observd la aparicion de una segunda poblacién en la linea MDAN,
caracterizada por una menor intensidad de fluorescencia. Este fenémeno sugiere
un aumento en la proporcion de ceélulas no viables, posiblemente asociado a la
citotoxicidad generada por la elevada acumulacion intracelular de doxorrubicina.
Para una evaluacion mas precisa del contenido intracelular de doxorrubicina, se
determind la intensidad media de fluorescencia, IMF (MFI, por sus siglas en inglés),
parametro que refleja la carga intracelular del farmaco independientemente del
numero total de células fluorescentes. Los datos obtenidos mostraron que, aunque
la poblacion de células viables en la linea MDAN fue menor, estas presentaron una
IMF significativamente mayor en comparaciéon con las células MDAR, lo que indica
una mayor acumulacion intracelular de doxorrubicina en células sensibles. En
contraste, las células MDARrR mostraron una menor IMF conforme se incrementaba
la proporcion de células viables, lo cual es consistente con la activaciéon de
mecanismos de expulsion del farmaco o con una reduccion en su captaciéon. Las
determinaciones se realizaron en ensayos independientes por triplicado, incluyendo
en cada uno de ellos el analisis paralelo de las variantes MDAN y MDAR, lo que
aseguro la consistencia y reproducibilidad de los resultados obtenidos. Estos
hallazgos respaldan la hipdtesis de que las células MDAR han desarrollado
mecanismos adaptativos (como pudiera ser el aumento en la expresion de
transportadores ABC) capaces de regular los niveles intracelulares de
doxorrubicina, favoreciendo su eliminacién y, en consecuencia, contribuyendo a la
preservacion de la viabilidad celular. Este comportamiento es coherente con un
fenotipo quimiorresistente sostenido, estrechamente relacionado con las

caracteristicas moleculares que definen a las células tumorales agresivas.
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Figura 3. La quimiorresistencia a la doxorrubicina en células MDA-MB-231 se asocia a la
excrecion intracelular de doxorrubicina.

Cuantificacion de doxorrubicina en el medio sobrenadante a las 24 (A) y 48 (B) horas de estimulo a
dosis crecientes de doxorrubicina (0 — 3.2 yM) en las variantes MDA~ y MDAR. Los valores se
determinaron en base a tres replicas (n=3, X + D.S.) Los datos fueron analizados estadisticamente
utilizando ANOVA de una via y la prueba de comparacion de Newman-Keuls, * p < 0.05, ** p < 0.01.
Se registraron los valores de la fluorescencia de doxorrubicina a 560 nm. (C) Ensayos de citometria
de flujo para evaluar los efectos de la doxorrubicina sobre ambas variantes celulares MDAN y MDARr
tras 24 horas de tratamientos a dosis crecientes. Para este andlisis se evalud la intensidad media de
fluorescencia (IMF).

8.3 Impacto de la quimiorresistencia sobre la capacidad de migracion celular
Una caracteristica distintiva del cancer de mama triple negativo (TNBC, por sus
siglas en inglés), asi como de las células quimiorresistentes, es su elevada
capacidad migratoria, la cual se asocia con un comportamiento mas agresivo y un
mayor potencial metastasico. Para evaluar el impacto de la quimiorresistencia sobre
la migracion celular, se realizaron ensayos de migracién con ambas variantes
celulares, MDAN y MDAR, bajo tratamiento con concentraciones crecientes de
doxorrubicina (0.05-3.2 uM). Con el fin de minimizar la influencia de la proliferacion
y mantener constante la densidad celular inicial durante el ensayo, las células fueron
tratadas previamente con mitomicina C, permitiendo asi atribuir los cambios

observados principalmente a la capacidad migratoria. Asimismo, los experimentos
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se realizaron a partir de tres réplicas bioldgicas independientes, garantizando la
robustez estadistica de los resultados. Imagenes representativas del ensayo para
ambas variantes celulares se presentan en la Figura 4A. Como control negativo, se
utilizaron células cultivas solo en medio DMEM, mientras que el control positivo
consistié en células que crecieron en DMEM suplementado con 10% de suero fetal
bovino (SFB). Para ambas variantes celulares, los tratamientos con doxorrubicina
se realizaron en presencia de SFB, con el propdsito de evaluar el efecto de la
doxorrubicina sobre la induccién de la migracidén. En las células MDAN, se observo
que el control positivo indujo un aumento de 2.8 veces en la migracion celular con
respecto al control negativo. Ademas, la exposicion a 0.05 uM de doxorrubicina
estimuld la migracion de manera aun mayor, alcanzando un incremento de 3.12
veces segun el analisis densitométrico (Figura 4B). Este efecto estimulador de la
migracion se mantuvo hasta una concentracion de 0.4 yM de doxorrubicina. Sin
embargo, a partir de 0.8 uM, se observé una disminucion progresiva y significativa
de la migracion celular, indicando un efecto inhibitorio dosis-dependiente de la
doxorrubicina a concentraciones mas altas. La significancia de estas diferencias fue
evaluada mediante analisis estadistico utilizando pruebas de ANOVA, lo que
permiti6 confirmar la validez de las variaciones observadas entre las distintas
condiciones experimentales. En las células MDAN, se observo que el control positivo
indujo un aumento de 2.8 veces en la migracién celular con respecto al control
negativo. Ademas, la exposicion a 0.05 uM de doxorrubicina estimulé la migracion
de manera aun mayor, alcanzando un incremento de 3.12 veces segun el analisis
densimétrico (Figura 4B). Este efecto estimulador de la migracion se mantuvo hasta
una concentracion de 0.4 uM de doxorrubicina. Sin embargo, a partir de 0.8 uyM, se
observo una disminucién progresiva y significativa de la migracion celular, indicando
un efecto inhibitorio dosis dependiente de doxorrubicina a concentraciones mas
altas. Las diferencias entre las condiciones experimentales fueron evaluadas
estadisticamente mediante ANOVA, confirmandose la significancia de los cambios
observados. En contraste, las células MDAR mostraron un patrén de respuesta
distinto. A bajas concentraciones de doxorrubicina (0.05 0.8 uyM), se observd un

incremento notable en la migracion, con aumentos de hasta 5 y 5.23 veces, con
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comparacién con el control negativo, respectivamente. Este fenotipo de migracién
fue constante incluso a concentraciones donde la migracion de las células MDAN ya
habia comenzado a disminuir. La inhibicion del comportamiento migratorio en
MDAR, solo se hizo evidente a concentraciones elevadas de doxorrubicina (1.6 y 3.2
MM), donde se registré una reduccion en la migracién celular (Figura 4B). Las
comparaciones entre tratamientos fueron validadas mediante analisis de varianza,
lo que permitié sustentar estadisticamente los efectos observados. Estos resultados
indican que la variante resistente no solo tolera la presencia de la doxorrubicina,
sino que también mantiene una elevada capacidad migratoria en un rango mas
amplio de concentraciones de doxorrubicina. Esta combinacion de resistencia y
migracion podria representar una ventaja adaptativa fundamental en el contexto
tumoral, al favorecer tanto la supervivencia frente a la quimioterapia como a la

diseminacion metastatica.
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Figura 4. Las bajas concentraciones de doxorrubicina promueven la migraciéon celular en las
células MDARg.

(A) Imagenes representativas de ensayos de cierre de herida bajo tratamientos con dosis crecientes
de doxorrubicina (0.05 — 3.2 uyM) en ambas variantes celulares. (B) Ensayo densitométrico de los
ensayos de migracion en las variantes MDAN y MDAR. Los resultados se muestran en media y
desviacion estandar de tres replicas biolégicas (n=3, x * DS). Para este analisis se utiliz6 medio
DMEM suplementado con suero fetal bovino (SFB) al 10%, y medio DMEM sin suplementar como
control negativo. Los datos se analizaron estadisticamente mediante ANOVA de una via y la prueba
de comparacion multiple Newman-Keuls. * p < 0.05, ** < 0.01.
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8.4 Modulacién del factor elF4E en respuesta al tratamiento con doxorrubicina
Con el propdsito de analizar la modulacion del factor de iniciaciéon de la traduccién
elF4E, se evaluaron tanto los niveles de expresion total como la forma fosforilada
activa (elF4E-pSer209), cuya activacion depende de la fosforilacion mediada las
quinasas MNK y sus mecanismos regulatorios asociados. Los tratamientos con
doxorrubicina se aplicaron en un rango de concentraciones crecientes (0 — 1.6 yM)
durante 48 horas, siguiendo los protocolos previamente establecidos. Estas
concentraciones fueron seleccionadas con base a valores cercanos al ICg
determinado para cada variante celular y en rangos comunmente utilizados en
estudios in vitro de cancer de mama, donde concentraciones entre 0.1 y 2 yM han
sido ampliamente empleadas para inducir estrés quimioterapéutico y respuestas
adaptativas sin provocar citotoxicidad masiva (Wang et al., 2021). Tal como se
ilustra en la Figura 5A, la expresion de elF4E total y de elF4E-pSer209 se asocia
con caracteristicas de agresividad tumoral. En la variante celular MDAN, se observo
una disminucion progresiva de elF4E en respuesta a dosis crecientes de
doxorrubicina. En contraste, en la variante MDAR, los niveles de elF4E se
mantuvieron estables incluso ante la exposicion mas alta (1.6 pM), una
concentracion cercana al valor de ICs, determinado para esta variante celular
(Figura 2C). Aunque en este estudio no se evalu6 directamente el origen de esta
estabilidad, no puede descartarse que en MDAR la conservacion de los niveles de
elF4E responda a mecanismos postraduccionales, como una mayor estabilidad
proteica o una reduccién en su degradacion, mas que a un aumento transcripcional
per se, como ha sido descrito en contextos de estrés terapéutico y activacion
sostenida de vias de supervivencia. En este sentido, se ha reportado que la
fosforilacion de elF4E y la activacion de rutas asociadas a mTOR/MNK pueden
contribuir a su estabilizacion funcional y a la persistencia de programas
traduccionales prooncogénicos. En conjunto, este patron diferencial sugiere una
posible asociacion con mecanismos de quimiorresistencia, alteraciones en el
manejo intracelular de la doxorrubicina y una mayor capacidad migratoria de la

variante resistente.
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Adicionalmente, se registr6é una disminucion dependiente de la dosis en los niveles
de elF4E-pSer209 en la variante MDAN, mientras que en la variante MDARr estos
niveles se mantuvieron constantes, e incluso mostraron un leve incremento a la
concentracion de 1.6 uM de doxorrubicina (Figura 5A, C). Este hallazgo sugiere que
la activacién de elF4E podria mantenerse sostenida bajo condiciones de estrés
quimioterapéutico, lo cual implica un mecanismo adaptativo critico para la

supervivencia y persistencia celular en contextos de resistencia a la doxorrubicina.

Por otra parte, un mecanismo regulador crucial de la actividad de elF4E involucra a
las proteinas de unién a elF4E (4EBP’s), cuya fosforilacién, inducida principalmente
por la via de sefalizacion Akt/mTORCH1, impide su interaccién con elF4E y favorece
asi su activacion funcional. En el contexto de cancer, particularmente en cancer de
mama, 4EBP1 ha sido identificada como la isoforma con mayor relevancia funcional,
ya que su estado de fosforilacion se asocia estrechamente con la activaciéon de la
traduccion cap-dependiente, progresidon tumoral y resistencia a farmacos
(Sonenberg & Hinnebusch, 2009; Martineau et al., 2013; Graff et al., 2021). En
contraste, 4EBP2 y 4EBP3 han sido menos caracterizadas en este contexto, aunque
podrian desempenfar funciones moduladoras o compensatorias dependientes del
tipo celular. Con base en estas consideraciones, se evaluaron los niveles de
fosforilacidén de las isoformas 4EBP1, 4EBP2 y 4EBP3 en respuesta al tratamiento
con doxorrubicina, con el objetivo de explorar su posible contribucién diferencial a

la regulacién de elF4E en condiciones de estrés quimioterapéutico.

En la variante celular MDAN, se observd una disminucion dependiente de la dosis
en la fosforilacion de las proteinas 4EBP conforme aumentaba la concentracion de
doxorrubicina (Figura 5D). Este patrén sugiere una reduccidén progresiva de la
inactivacion de las 4EBPs, lo que potencialmente podria contribuir a la represion de
la traduccion mediada por elF4E en esta variante. Si bien en este estudio no se
evalu6 de manera directa la sintesis global de proteinas ni el estado del ciclo celular,
la disminucién en la fosforilacion de 4EBPs es consistente con un escenario de
inhibicion de la traduccién cap-dependiente, proceso que ha sido previamente

asociado con una reduccion de la actividad biosintética global y con la induccion de
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arresto del ciclo celular bajo condiciones de estrés quimioterapéutico,
particularmente en respuesta a agentes genotdxicos como la doxorrubicina (Proud,
2015; Robichaud et al., 2018). En este sentido, los cambios observados podrian
reflejar una respuesta adaptativa de la variante sensible orientada a limitar la

proliferacion celular frente a la exposicion al farmaco.

Por el contrario, en la variante MDARr se registré un incremento en los niveles de
fosforilacion de 4EBP1/2/3 en respuesta a concentraciones crecientes de
doxorrubicina (Figura 5A, D), lo que sugiere una activacion sostenida de la via
Akt/mTORC1 incluso bajo condiciones de estrés quimioterapéutico. Si bien en este
estudio no se evaluaron directamente los niveles de fosforilacion de Akt nide mTOR,
la fosforilacion concomitante de multiples isoformas de 4EBP —blancos candnicos
de mTORC1— es consistente con la activacion funcional de esta via de
sefalizacion. En este contexto, estos hallazgos apoyan la preservacién de
mecanismos de sefalizacidn prooncogénicos en la variante resistente, los cuales
favorecerian la liberacion de elF4E y el mantenimiento de una traduccion
dependiente de “cap” activa, contribuyendo asi a la adaptacion celular frente al

tratamiento con doxorrubicina.
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Figura 5. En la variante MDARg, se registra una mayor expresion y actividad de elF4E en
concentraciones elevadas de doxorrubicina.

(A) Caracterizacion de las proteinas asociados a la actividad de elF4E, elF4E-pSer209 y p-
4EBP1/2/3 en las variantes celulares MDAN y MDAR posterior al tratamiento con concentraciones
crecientes de doxorrubicina (0 — 1.6 uM). Densitometrias de elF4E (B) y de elF4E-p-Ser209 (C),
respectivamente. (D) Deteccién de los niveles de fosforilacion del regulador de la actividad elF4E,
4E-BP1/2/3 bajo un rango de concentraciéon de doxorrubicina (0 — 1.6 uM); se muestra la
densitometria utilizando GAPDH como control. Los resultados se muestran en media y desviacion
estandar de tres replicas bioldgicas (n=3, X *+ DS). Los datos de tres replicas se analizaron
estadisticamente utilizando ANOVA de una via y la prueba de comparacién multiple de Newman-
Kleus. * p <0.05, "™ p <0.01y *** p < 0.001.

8.5 Via de senalizacion de elF4E: un factor critico en la quimiorresistencia
Con el propdsito de profundizar en el papel de la maquinaria de iniciacién de la
traduccion en la respuesta diferencial a la quimioterapia, se evalué la expresién de
los factores elF4A y elF4G en ambas variantes celulares bajo tratamiento con dosis
crecientes de doxorrubicina (0 — 1.6 uyM) (Figura 6A). En las células MDAR, se
observé un aumento en la expresion de elF4G a concentraciones de 0.4 y 0.8 uM
de doxorrubicina, mientras que a 1.6 yM su expresiéon disminuyo (Figura 6A, B).
Para examinar la formacion del complejo elF4F, se realiz6 la inmunoprecipitacion
de elF4E a partir de los lisados celulares totales, identificandose la presencia
asociada de elF4G y elF4A (Figura 7A). De manera notable, el reclutamiento de
elF4G difirid entre ambas variantes, lo que sugiere una regulacion dinamica del
ensamblaje del complejo elF4F inducida por el tratamiento con doxorrubicina. Este
cambio en la asociacion de elF4G podria reflejar una modulacion de la eficiencia
traduccional, ya sea a nivel global o de manera selectiva hacia subconjuntos de
ARNmM que dependen de una mayor actividad del complejo elF4F, como aquellos
con regiones 5’-UTR altamente estructuradas. En este contexto, aunque el presente
analisis no permite discriminar entre un efecto generalizado o selectivo sobre la
traduccion, los resultados son consistentes con la idea de que la regulacion del
ensamblaje de elF4F puede impactar preferentemente la expresion de genes
involucrados en adaptacion al estrés y resistencia terapéutica.
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Figura 6. Via elF4E, un factor critico para la quimiorresistencia

Las células MDA~ y MDAR fueron estimulados con concentraciones crecientes de doxorrubicina (0

— 1.6 uM) posterior a 48 horas de tratamiento. (A) Western Blot de la proteina de andamiaje elF4G
y su densitometria (B) y (C) respectivamente. (D) Western blot de la expresion de VEGF en ambas
variantes, se utilizd6 GAPDH como control de carga. (E) Densitometria de VEGF. Los resultados se
muestran en media y desviacién estandar de tres replicas bioldgicas (n=3, x + DS). Los datos se
analizaron estadisticamente mediante ANOVA de una via y la prueba de comparacién multiple de
Newman-Keuls. * p <0.05, ** p < 0.01.

En este trabajo, se observo una asociacidon directa en células MDAR entre la
fosforilacion sostenida de elF4E (Figura 5A, C) y la expresién de VEGF (Figura 6D,
E), incluso bajo tratamiento con doxorrubicina a concentraciones elevadas (1.6 uM),
cercanas al valor de ICs0 (1.88 uM). En contraparte, las células MDAN mostraron
una respuesta inversa, en la cual la expresion de VEGF se redujo de forma
concomitante con una disminucion en la fosforilacion de elF4E, particularmente a la
dosis mas alta de doxorrubicina. Si bien estos resultados son consistentes con un
control translacional dependiente de elF4E, no puede descartarse que la regulacién
de VEGF involucre mecanismos postranscripcionales adicionales, tales como la
estabilizacion del ARNm o la participacion de proteinas de unién a ARN vy
microARNs sensibles al estrés celular. Este fendbmeno podria contribuir a una
respuesta diferencial en procesos que sostienen rutas oncogénicas, tales como la
invasion celular, y ayudar a explicar los mecanismos subyacentes a la
quimiorresistencia observada en la variante MDAR. Por tanto, la expresion sostenida
de VEGF observada en la variante MDAr probablemente refleje la convergencia de

multiples niveles de regulacién postranscripcional, reforzando el caracter adaptativo de este

fenotipo frente al tratamiento con doxorrubicina.
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Figura 7. Dinamica del complejo elF4F en MDAy y MDAR inducida por el tratamiento con
doxorrubicina.

(A) Ensayo IP para evaluar la interaccion elF4E-elF4G y elF4E-elF4G con concentraciones
crecientes de doxorrubicina durante 48 horas, en ambas variantes celulares MDAN y MDAR. (B)
Analisis densitométrico de elF4A y elF4G (C). Los resultados muestran la media y la desviacion
estandar de tres replicas bioldgicas (n=3, x + DS). Para la evaluacién de este proceso, se utilizo
DMEM suplementado con SFB al 10% como control positivo. Los datos se analizaron
estadisticamente mediante ANOVA de una via y la prueba de comparacién multiple de Newman-
Keuls. * p <0.05, * p<0.01y** p<0.001.

8.6 Actividad de MMP-9 e invasion celular en el contexto de la resistencia a
doxorrubicina

La secrecion de metaloproteasa de matriz 9 (MMP-9) se encuentra estrechamente
asociada con una mayor capacidad migratoria e invasiva de las células tumorales.
Para evaluar este fendmeno, se analizé la actividad de MMP-9 en el medio
extracelular de ambas variantes celulares, posterior al tratamiento con una
concentracion elevada de doxorrubicina (1.6 pM). Los resultados muestran una
actividad significativamente aumentada de MMP-9 en las células MDAR, mientras
que en las células MDAN, dicha actividad se redujo bajo las mismas condiciones de

tratamiento (Figura 8A, B).

Esta respuesta diferencial concuerda con la regulacién del factor de traduccion
elF4E, previamente caracterizada, y resulta coherente con las variaciones
observadas en el comportamiento invasivo de ambas variantes. Especificamente,
el aumento progresivo de las concentraciones de doxorrubicina (0 — 1.6 yM) provoco
una disminucién significativa en la capacidad invasiva de las células MDAN, mientras
que las células MDAR conservaron esta capacidad invasiva a pesar de la exposicion

a la doxorrubicina (Figura 8C, D).

Ademas, se detectd actividad invasiva en las células MDAR incluso a las

concentraciones mas altas de doxorrubicina, en correlacion con la persistencia de
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la actividad de MMP-9. Estos hallazgos ponen de manifiesto una diferencia
fenotipica en la variante quimiorresistente, respaldando la hipétesis de que las
propiedades invasivas pueden mantenerse activas incluso bajo condiciones de

estrés quimioterapéutico intenso.
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Figura 8. Actividad de MMP-9 e invasion celular por efecto de la doxorrubicina.

(A) Actividad de la metaloproteasa — 9 evaluada mediante zimografia y su densitometria
correspondiente (B). Los resultados se muestran como media + desviacion estandar de tres muestras
biolégicas (n=3, x + DS). Para evaluar este proceso, se utiliz6 como control la variante MDAN. (C)
Imégenes representativas de los experimentos de invasion celular MDAN y MDAR bajo tratamiento
con concentraciones crecientes de doxorrubicina (0 — 1.6 yM) y con medio DMEM suplementado con
SFB al 10%. (D) Densitometria de los ensayos de invasion en las variantes MDA~ y MDAR. Para
evaluar este proceso, se utilizé DMEM mas SFB 10% como control positivo. Los datos se analizaron
estadisticamente mediante ANOVA de una via y la prueba de comparacion multiple de Newman-
Keuls. * p <0.05, ** p < 0.01.

8.7 Papel de los transportadores ABC en la quimiorresistencia a doxorrubicina

Con el propdsito de evaluar la implicacion de los transportadores de la superfamilia
ABC como determinantes de Ila quimiorresistencia, se seleccionaron
transportadores representativos de esta familia para su caracterizacion mediante
gPCR. En una primera estrategia, se establecieron las condiciones experimentales
para analizar la expresion de ABCC1 y ABCB1 en ambas variantes celulares. Bajo
condiciones basales, se observo una expresion ligeramente superior de ABCC1 en
la variante resistente (MDAR) comparada con las MDAN (Figura 9A, B). Sin embargo,
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tras el tratamiento con doxorrubicina (0 — 1.6 yM), se evidencié una modulacién de
ABCC1 que sugiere una posible regulacion negativa en MDARr. No obstante, no se
detectaron diferencias estadisticamente significativas entre ambas variantes
celulares a ninguna de las concentraciones evaluadas. Esta falta de respuesta
diferencial podria deberse a la existencia de mecanismos compensatorios que
permiten mantener la viabilidad celular en condiciones de estrés farmacolégico en

las células MDAR.

En contraste, bajo las mismas condiciones experimentales, se observo una
sobreexpresion de ABCB1 dependiente de la concentracion de doxorrubicina en
ambas variantes celulares (Figura 9B). Este efecto fue particularmente evidente en
la variante MDAR, donde ABCB1 mostré un incremento significativo a partir de 0.4
MM de doxorrubicina, alcanzando niveles elevados a 1.6 uyM. En las células MDAN,
la expresion de ABCB1 también aumenté de manera dosis-dependiente, aunque
con una magnitud considerablemente menor. Esta respuesta contrasta con la
observada para ABCC1, cuya expresion se mantuvo estable tras el tratamiento.
Aunque los mecanismos moleculares subyacentes no fueron evaluados
directamente en este estudio, no se puede descartar que la induccién de ABCB1
esté mediada, al menos en parte, por la activacidon de vias de sefalizacion
asociadas a la supervivencia celular, como PI3K/AKT, las cuales han sido
previamente implicadas en la regulacion de transportadores ABC en contextos de
estrés quimioterapéutico y resistencia farmacoldgica (Katayama et al., 2014; Xia et
al., 2020; Wang et al., 2021). En conjunto, estos resultados sugieren que ABCB1
podria representar un transportador predominante en la respuesta adaptativa a la

doxorrubicina, en concordancia con lo descrito en otros tipos de cancer.
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Figura 9. La quimiorresistencia a la doxorrubicina esta asociada con el transportador ABCB1.
(A) Niveles de expresion de ABCB1 en las variantes MDAN y MDAR bajo tratamiento con un rango
de concentraciones de doxorrubicina (0 — 1.6 yM) mediante determinacion por gqPCR. (B) En las
mismas condiciones se caracterizaron los niveles de ABCB1. En ambos casos, se utiliz6 GAPDH
como gen de referencia. Los resultados se muestran como media y la desviacion estandar de tres
replicas bioldgicas (n=3, x + DS).

En este contexto, las simulaciones de acoplamiento molecular (docking) aportaron
evidencia adicional del papel funcional de ABCB1 en el transporte de doxorrubicina
(Figura 10A, B). Se observo que la doxorrubicina se acopla dentro de los dominios
transmembrana 1 y 2 (TMD 1/2) de ABCB1, interactuando especificamente con
residuos criticos como Phe343, GIn347, Glu875 y GIn946, reconocidos por su
participacion en el reconocimiento y estabilizacion del sustrato. El valor de S-score
(-8.977) sugiere una conformacion de union estable y energéticamente favorable.
Las interacciones principales incluyeron multiples puentes de hidrogeno,
particularmente con GIn195, GIn347 y Glu875, asi como contactos hidrofébicos con
residuos aromaticos (Phe343), posicionando el anillo antraciclinico de la

doxorrubicina en el centro del sitio de unién del transportador ABCB1.

Para validar los resultados de las simulaciones de acoplamiento molecular
doxorrubicina-ABCB1, se utilizé como control positivo a la rodamina 123, un sustrato
ampliamente caracterizado de este transportador. Las simulaciones por “docking”
revelaron que la rodamina se acopla dentro de la cavidad de union al sustrato,
localizada entre los dominios transmembrana de ABCBH1, interactuando con varios
residuos criticos, como 11e340, GIn 990, GIn347, Leu65 y Phe983 (Figura 10B).
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De forma notable, varios de estos residuos, en particular Glu875, GIn990 y Phe343,
también participan en la unidn de doxorrubicina, lo que indica una superposicion
parcial entre los sitios de union de ambos compuestos. Sin embargo, la
doxorrubicina establece interacciones adicionales con un conjunto mas amplio de
residuos, incluyendo GIn946, Met986 y GIn195, los cuales podrian contribuir a su

mayor afinidad de uniéon y mayor estabilidad conformacional.

La coincidencia parcial de los sitios de unidn, junto con las diferencias en los perfiles
de interaccion, sugiere que tanto la doxorrubicina como la rodamina 123 comparten
un dominio comun de reconocimiento dentro de ABCB1, aunque establecen
contactos especificos distintos con residuos clave del transportador. Estas
diferencias en el modo de unién podrian influir en el posicionamiento del sustrato
dentro del sitio de unién para el transporte y, potencialmente, en la eficiencia del
proceso de translocacién y expulsion del farmaco, sin que ello implique
necesariamente mecanismos idénticos de eflujo. En este sentido, se ha propuesto
que variaciones sutiles en las interacciones ligando—ABCB1 pueden modular la
cinética de transporte y la afinidad relativa de distintos sustratos. En conjunto, estos
hallazgos refuerzan el papel funcional de ABCB1 en el eflujo de doxorrubicina
(Figura 9B) y respaldan el uso del enfoque computacional como una herramienta
valida para explorar diferencias funcionales en la interacciéon farmaco—
transportador, las cuales deberan ser confirmadas mediante ensayos
experimentales de eflujo. De manera complementaria, se llevaron a cabo
simulaciones de acoplamiento molecular utilizando el software AutoDock Vina, con
el proposito de evaluar de forma comparativa las afinidades de union y los perfiles
de interaccion de ambos ligandos con el transportador ABCB1 (Figura 10C). Los
resultados revelaron afinidades de union de —8.977 kcal/mol para doxorrubicina y
-7.568 kcal/mol para rodamina 123, valores consistentes con las tendencias
observadas previamente con MOE. La diferencia aproximada de 1.4 kcal/mol
sugiere una afinidad relativa mayor de la doxorrubicina por el sitio de unién
evaluado, lo que, desde un punto de vista termodinamico, podria traducirse en una
interaccion mas estable; sin embargo, esta variaciéon se encuentra dentro de un

rango moderado y no necesariamente implica diferencias proporcionales en la
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eficiencia de transporte o expulsion del sustrato. De igual manera, se evalud la
estabilidad dinamica del complejo doxorrubicina — ABCB1 mediante una simulacion
de dinamica molecular de 10 nanosegundos. El analisis de la desviacién cuadratica
media (RMSD, por sus siglas en inglés) del ligando con respecto a su posicién inicial
(Figura 10E, F) mostro un incremento progresivo durante los primeros 5 ns, hasta
alcanzar una meseta cercana a 1.5 A, la cual se mantuvo estable a lo largo del resto
de la dinamica. La ausencia de fluctuaciones o desviaciones significativas indica
que la doxorrubicina conservd una conformacién estable en el dominio
transmembrana dentro de sitio de uniéon de ABCB1. Una captura estructural del
complejo, donde se comparan la conformacion inicial (verde) y la final (purpura) de
la doxorrubicina, confirma su permanencia embebida de manera consistente con la
proteina. Asi mismo, el sitio de union delimitada por multiples a-hélices, conservo
su integridad estructural y mantuvo al ligando fijo en el sitio union, lo que respalda
la hipétesis de que la doxorrubicina no solo se acopla eficientemente, sino que
ademas se retiene en una conformacién estable compatible con el proceso de
traslocaciéon. Sin embargo, resulta necesario enfatizar que simulaciones
adicionales, de mayor duracion y que integren el ciclo completo del transporte, seran
esenciales para dilucidar con mayor precision la dinamica funcional de ABCB1 en

condiciones fisioldgicas.
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Figura 10. Ensayos de acoplamiento molecular de ABCB1 con doxorrubicina y rodamina 123.
Acoplamiento molecular de ABCB1 (PDB: 7A69) bajo interaccion con doxorrubicina, se muestra un
incremento en la region de interaccion (A) y la prediccion de los residuos determinantes de ABCB1
de la interaccion con doxorrubicina obtenida mediante el programa MOE (B). (C) Superposicion del
ligando (doxorrubicina) en su conformacion inicial (verde) y final (morado) dentro del bolsillo de unién
transmembrana tras una simulacién de dinamica molecular de 10 ns. (D) RMSD del ligando durante
el tiempo de simulacién (10 ns), calculado con respecto a la postura del acoplamiento inicial. (E)
Superposicién en DockVina del sitio de interaccion de doxorrubicina (amarillo) y rodamina 123 (rojo)
en ABCB1. (F) Interaccién del ligando de rodamina en ABCB1.
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Complementando la caracterizacién del transportador, se realizé un analisis in sillico
de bases de datos de prondstico en cancer de mama (TCGA y GTEx) empleando la
plataforma de GEPIA. Los resultados mostraron que altos niveles de expresiéon de
ABCB1 se asocia con una reduccion significativa en la supervivencia global de las
pacientes con cancer de mama (Figura 11 A, B). Lo que respalda su participacion
en los mecanismos de resistencia a doxorrubicina. De manera paralela, el analisis
en GEPIA reveld6 una correlacion estadisticamente significativa entre la

sobreexpresion de elF4E y un peor prondstico en términos de supervivencia global.

Estos hallazgos fueron validados de forma independiente mediante la base de datos
KM-Plot, donde se observd que una alta expresion de elF4E se correlaciona con
menor supervivencia en pacientes tratados con doxorrubicina en todos los subtipos
de cancer de mama, siendo este efecto particularmente mas pronunciado en el
subtipo TNBC (Figura 11C, D). En conjunto, estos resultados clinico-
computacionales refuerzan el papel dual de ABCB1 y elF4E como biomarcadores
de mal prondstico y como un punto critico en la adquisicién de quimiorresistencia,

lo que resalta su relevancia en el disefio de estrategias terapéuticas dirigidas.
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Figura 11. Expresién de elF4E y ABCB1 en cancer de mama en bases de datos.

(A) Grafico de supervivencia global para la expresion baja y alta del gen ABCB1 en pacientes con
cancer de mama de GEPIA. (B) El grafico de supervivencia global para la expresion baja y alta de
elF4E en pacientes con cancer de mama se obtuvo de la base de datos GEPIA (http://gepia2.cancer-
pku.cn/#index). (C) Curva de Kaplan-Meier utilizando la base de datos TCGA-RPPA para elF4E en
todos los casos de TNBC notificados y repercusién en la mortalidad de elF4E en casos de TNBC
bajo tratamiento con doxorrubicina (https://kmplot.com/analysis/) (D).

Para explorar el papel funcional de ABCB1 en la quimiorresistencia del cancer de
mama, se empled verapamilo, un inhibidor clasico de este transportador, tanto en
ensayos funcionales como en analisis in silico. Considerando la elevada expresion
de ABCB1 en la variante MDAR, las células resistentes fueron expuestas
inicialmente a 1.6 yM de doxorrubicina durante 12 h para inducir la sobreexpresion
y, posteriormente, tratadas con verapamilo a 10 yM, una concentracion previamente
reportada como inhibitoria. La cuantificacion de los niveles extracelulares de

doxorrubicina mostré una reduccion significativa posterior al uso del inhibidor,
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indicando que el verapamilo bloqueo de manera efectiva el eflujo mediado por
ABCB1. Ademas, la combinacién doxorrubicina-verapamilo produjo un incremento
en la citotoxicidad bajo las mismas condiciones experimentales (Figura 12A, B),
respaldando la hipdtesis de que la inhibicién del transportador ABCB1 potencia la
sensibilidad de las células resistentes al interferir directamente con su funcién de

transporte.

Para profundizar en las bases moleculares de esta inhibicidn, se realizaron estudios
de “docking” empleando la estructura cristalografica de ABCB1 (PDB: 7A69) con
doxorrubicina y verapamilo (Figura 12C, D). Ambos ligandos se localizaron dentro
de los dominios transmembrana (TMD1/2) de ABCB1, estableciendo interacciones
con residuos criticos como GIn347, Glu875 y GIn946, lo que permitié posicionar el
anillo antraciclinico de la doxorrubicina en el espacio central del sitio de union al
sustrato. La representacion estructural de las conformaciones de unién evidencio
que doxorrubicina (amarillo) y verapamilo (magenta) ocupan posiciones espaciales
casi idénticas dentro del sitio de union de ABCB1 (azul), lo cual resulta consistente
con el perfil de interacciones superpuestas descrito y respalda el posible mecanismo

competitivo del verapamilo sobre el transportador.
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Figura 12. La inhibicién de ABCB1 con verapamilo promueve citotoxicidad significativa en las
células MDAR.

(A) Evaluacion de la excrecion de doxorrubicina (1.6 uM) posterior a 24 horas de tratamiento y
tratamiento concomitante con el inhibidor (verapamilo, 10 uM) de ABCB1. (B) Ensayo de viabilidad
de MTT en las mismas condiciones. Ensayo de acoplamiento molecular de ABCB1 (PDB: 7A69) bajo
la interaccién de doxorrubicina y verapamilo (C), se muestra un acercamiento a la regién de
interaccién de los ligandos doxorrubicina (amarillo) y verapamilo (magenta) (D), y la prediccion de
los residuos de ABCB1 determinantes de la interaccion del verapamilo obtenida por el programa
MOE. Los resultados se muestran como media y la desviacion estandar de tres replicas biolégicas
(n=3, X + DS). Los datos se analizaron estadisticamente utilizando ANOVA de una via y la prueba
de comparacién multiple de Newman-Keuls. * p < 0.05, ** p < 0.01.

Estos hallazgos refuerzan la importancia de elF4E no solo como un modulador de
la quimiorresistencia, sino también como un posible facilitador de rasgos asociados
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a la progresion tumoral, incluyendo el aumento de la capacidad invasiva. En este
sentido, la sobreexpresion de elF4E podria contribuir de manera indirecta a la
resistencia a farmacos mediante la regulacién preferencial de la traduccién de
transcritos involucrados en respuestas al estrés celular y en mecanismos de
adaptacién tumoral. Aunque la evidencia directa aun es limitada, se ha propuesto
que elF4E puede influir en la expresion y funcionalidad de transportadores ABC a
través de la activacion de programas de sefializacion asociados a la supervivencia
celular y al control redox, incluyendo vias dependientes de Nrf2. Estas interacciones
podrian afectar procesos postraduccionales como la estabilidad proteica o la
actividad funcional de dichos transportadores, con consecuencias en el eflujo de

farmacos y, por ende, en la respuesta terapéutica (Wang et al., 2021).

8.8 Caracterizacion de Nrf2 como factor regulador clave en la
quimiorresistencia

Evaluamos la expresion de Nrf2 para determinar su posible asociaciéon con la
regulacion de ABCB1 en ambas variantes celulares bajo tratamientos con dosis
crecientes de doxorrubicina (0—1.6 uM) (Figura 13A, B). En las células MDAR, Nrf2
mostré un incremento significativo de expresion a concentraciones elevadas de
doxorrubicina (1.6 uM), lo que podria interpretarse, en primera instancia, como parte
de una respuesta general al estrés oxidativo inducido por el tratamiento. Sin
embargo, este aumento coincidid con una mayor expresion de elF4E bajo las
mismas condiciones, asi como con el mantenimiento parcial del potencial
proliferativo de la variante resistente, reflejado en la formacién de esferoides,
mientras que en la linea MDAN esta capacidad fue abolida (Figura 13C). Esta
asociacion sugiere que, en el contexto de resistencia, la activacion de Nrf2 podria
no ser unicamente una respuesta inespecifica al estrés, sino estar modulada, al
menos en parte, por mecanismos dependientes del control traduccional mediado
por el complejo elF4E/elF4F, como ha sido propuesto en otros modelos de
adaptacién tumoral (Sonenberg & Hinnebusch, 2009; Graff et al., 2021).
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Figura 13. Nrf2 esta asociado con la expresion de elF4E.

(A) Western Blot evalué los niveles de expresion de la proteina Nrf2 en variantes MDA~ y MDAR bajo
concentraciones crecientes de doxorrubicina (0 — 1.6 pM) y la densitometria correspondiente de Nrf2
(B). Los resultados muestran la media y desviacién estandar de tres replicas bioldgicas (n=3, x *
DS). Los datos se analizaron estadisticamente mediante ANOVA de una via y la prueba de
comparacion multiple de Newman-Keuls. * p < 0.05, ** p < 0.01. (C) Ensayo de formacién de
esferoides. Tratamientos con doxorrubicina en MDAN y MDAR. 48 horas para la formacion de
esferoides (control) y 192 horas con tratamientos con doxorrubicina (1.6 pM).

Asimismo, la disminucién marcada en la actividad de MMP-9 (Figura 14C)
observada tras el silenciamiento de elF4E podria explicarse tanto como una
consecuencia indirecta del bloqueo de la traduccion cap-dependiente de efectores
proinvasivos, como por una posible atenuacién de programas regulados por Nrf2,
sin que pueda establecerse en este estudio un mecanismo transcripcional directo
(DeNicola et al., 2011). En este sentido, la represion concomitante de elF4E, de su
forma fosforilada (Ser209) y de Nrf2 tras la combinacion de siRNA contra elF4E y
doxorrubicina (Figura 14E, F, G) respalda la existencia de un eje funcional

elF4E/Nrf2 en la respuesta a la quimioterapia en TNBC, el cual podria actuar como
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un nodo integrador entre mecanismos antioxidantes y resistencia farmacologica
mediada por ABCB1.

Este planteamiento adquiere mayor relevancia al considerarse junto con estudios
previos en cancer de mama ER+, donde Nrf2 ha sido identificado como mediador
de resistencia a terapias endocrinas como el tamoxifeno (Mufioz-Ayala et al., 2024),
lo que sugiere que, aunque los contextos moleculares difieren entre subtipos, la
activacion de Nrf2 podria representar un mecanismo adaptativo compartido en la

respuesta terapéutica del cancer de mama.
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Figura 14. Efecto de siRNA elF4E en el modelo de resistencia a doxorrubicina en ambas
variantes celulares.

(A) Western Blot de la expresion de elF4E de control utilizando siRNA en células MDA con la
densitometria correspondiente (B). (C) La actividad de MMP-9 se evalué mediante zimografia
posterior al tratamiento con siRNA de elF4E y analisis densitométrico (D). (E) Western blot de la
expresion de elF4E, p-elF4E y Nrf2 posterior al tratamiento de siRNA elF4E, en tratamiento
concomitante con doxorrubicina (1.6 uM). Analisis densitométrico de elF4E (F) y p-elF4E (G). Los
resultados muestran la media y desviacién estandar de tres replicas bioldgicas (n=3, X + DS). Los
datos se analizaron estadisticamente mediante ANOVA de una via y la prueba de comparacion
multiple de Newman-Keuls. * p < 0.05, ** p < 0.01 en relacion con el control de carga (GAPDH).
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Con el objetivo de explorar las posibles interacciones funcionales asociadas a la
regulacion de elF4E y su papel en la respuesta a la quimioterapia, se realizdé un
analisis de redes de interaccion proteica utilizando la plataforma STRING. Este
analisis permitio identificar asociaciones de alta confianza entre componentes clave
de la maquinaria de iniciacion de la traduccion y proteinas reguladoras involucradas

en senalizacion celular (Figura 15).

El anadlisis de redes de interaccion proteica realizado mediante STRING
(https://string-db.org/) revelé asociaciones de alta confianza entre las cinasas
reguladoras MNK1/2 y la proteina de andamiaje elF4G1, componente esencial del
complejo elF4F y requerido para la fosforilacion de elF4E en Ser209 (Figura 16).
Asimismo, dentro de la red generada se identific6 a Nrf2 como un nodo
funcionalmente relacionado, cuya traduccion ha sido previamente asociada a la
actividad de elF4E. De manera concordante, el analisis mostré que Nrf2 presenta
conexiones directas con ABCB1, un transportador clave implicado en el eflujo de
doxorrubicina (Xia, X., et al., 2020).

En conjunto, estos resultados del analisis de interaccion proteica evidencian la
existencia de una red funcional que vincula la sefalizacion MNK—elF4E con la
regulacion de Nrf2 y la expresién de ABCB1, en concordancia con los datos

experimentales observados en la variante celular resistente.
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Figura 15. Representacion de la red funcional de asociaciéon de proteinas MNK1 y MNK 2 con elF4E.

61



8.9 Regulacion de elF4E mediada por la molécula de inhibicién de 4E1Rcat

Como estrategia para evaluar la regulacién de elF4E, se analizé el efecto del
inhibidor 4E1Rcat en variantes celulares TNBC, considerando procesos criticos
como la migracion y secrecion de MMP-9 en células MDAR. A partir de un rango de
concentraciones crecientes (0.5 — 4 yM), se determin6 que 3 pM constituye la dosis
optima para la inhibicién de elF4E (Figura 16A, B). Con este dato, se exploro la
relacion entre la expresion de ABCB1 y la actividad de elF4E en el contexto del
tratamiento con doxorrubicina a 1.6 yM. Como se esperaba, la exposicion a
doxorrubicina indujo un aumento de ABCB1 en ambas variantes, siendo mas
evidente este efecto en la variante resistente (Figura 17A). No obstante, el
tratamiento combinado con el inhibidor redujo la expresion de ABCB1 unicamente
en MDAN, mientras que en MDAR se mantuvo elevada a pesar del uso del inhibidor.
Este hallazgo sugiere que la regulacion de ABCB1 en la variante resistente presenta
menor sensibilidad al efecto inhibitorio de 4E1Rcat, posiblemente debido a una
fosforilacion sostenida en Ser209. De hecho, se detectaron niveles mas altos de
elF4E-Pser209 en MDAR en comparacion con MDAN tanto en tratamiento solo con
la doxorrubicina, como en combinacion con 4E1Rcat (Figura 17B, C). Estos
resultados indican que el estado de fosforilacion de elF4E podria desempefiar un
papel relevante en el mantenimiento de la expresion de ABCB1 en células
quimiorresistentes, lo que sugiere que la actividad de este factor de iniciacion no
depende unicamente de su abundancia total, sino también de su regulacion
postraduccional, particularmente de la fosforilacion en Ser209. No obstante, |a falta
de respuesta observada al inhibidor de elF4E en la linea MDAR sugiere que este
fenotipo resistente podria no depender exclusivamente de la traduccion cap-
dependiente. En este sentido, no se puede descartar la activacion de vias
compensatorias de traduccion cap-independiente, como aquellas mediadas por
elementos IRES, las cuales han sido descritas como mecanismos adaptativos en
condiciones de estrés terapéutico. La posible coexistencia de estos programas
traslacionales alternativos podria contribuir al mantenimiento de proteinas
asociadas a la resistencia farmacoldgica, reforzando el fenotipo quimiorresistente y

proporcionando un mecanismo adicional de escape frente a la inhibicion de elF4E.
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Figura 16. Efecto del inhibidor de elF4E (4E1RCat) en células MDAR.

(A) Imagenes representativas de ensayos de cierre de herida bajo tratamientos con concentraciones
crecientes del inhibidor 4E1RCat (0.05 — 4 pM) en cultivos de células MDARr. (B) Analisis
densitométrico de ensayos de migracién en la variante MDAR. (C) Actividad de la metaloproteasa —
9 evaluada mediante zimograma. Para la evaluacion de la migracién se utilizé DMEM suplementado
con SFB al 10% vy se utiliz6 como control positivo, mientras que medio DMEM sin suplementar fue
utilizado como control negativo. Los resultados mostraron la media y la desviacién estandar de tres

replicas bioldgicas (n=3, X + DS). Los datos se analizaron estadisticamente mediante ANOVA de
una via y la prueba de comparacion multiple de Newman-Keuls. * p < 0.05, ** p < 0.01.

Las simulaciones de acoplamiento molecular in silico revelaron que el sitio de unién
de 4E1RCat en la estructura de elF4E (PDB: 4UED) se ve modulado por la
presencia del péptido 4EBP1 acoplado en la regién N-terminal de elF4E (Figura
17D). La interaccién entre 4EBP1 y elF4E se favorece bajo condiciones de baja
fosforilacion de 4EBP1, como se observd en las células MDAN tratadas con
doxorrubicina (1.6 uM) (Figura 5A, D). En este contexto, la inclusion de 4EBP1 en
la simulacion promovié el posicionamiento de 4E1RCat en proximidad al residuo
Ser209, un sitio critico asociado con la activacion de elF4E por fosforilacion,
mostrando ademas valores de energia libre de unién mas favorables y una mayor
convergencia estructural del complejo, reflejada en RMSD bajos entre las

posiciones de interaccidon mas favorables, lo que sugiere una interaccion mas
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estable en este estado conformacional. En contraste, en ausencia de 4EBP1 —
condicion que refleja lo observado en las células MDAR, donde la fosforilacion de
4EBP1/2/3 impide su interaccion con elF4E—, 4E1RCat adopté una orientacion
alternativa cercana al sitio de unién al “cap”, estableciendo interacciones con

residuos criticos como Trp102 y Trp56 (Figura 17E).

Estas observaciones estructurales sugieren que la accesibilidad diferencial de los
dominios de elF4E, modulada por el estado de fosforilacion de 4EBP1, podria
condicionar el modo de union de 4E1RCat y, en consecuencia, influir en su
eficiencia inhibitoria en distintos contextos celulares de cancer de mama triple
negativo. Desde una perspectiva funcional, este escenario plantea la posibilidad de
que la plasticidad conformacional de elF4E, regulada por sefiales de fosforilacion
dependientes del contexto, contribuya a modular tanto sus interacciones proteina-
proteina como su susceptibilidad a la inhibicién farmacoldgica. Aunque este modelo
requiere validacion experimental adicional, resulta consistente con reportes previos
que describen como las modificaciones postraduccionales de elF4E y de sus
proteinas reguladoras influyen en la formacion del complejo elF4F y en la respuesta
a inhibidores dirigidos a la traduccion cap-dependiente (Sonenberg & Hinnebusch,
2009; Graff et al.,, 2021). En conjunto, estas consideraciones podrian tener
implicaciones relevantes para la comprension de la quimiorresistencia mediada por
elF4E y para el disefio racional de inhibidores que contemplen la heterogeneidad

estructural y funcional de esta proteina.
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Figura 17. El eje elF4AE/ABCB1 en la quimiorresistencia, el papel de la molécula 4E1RCat.

(A) Niveles de expresién de ABCB1 en células MDA~ y MDAR bajo tratamiento con doxorrubicina
(1.6 uM) y 4E1Rcat (3 uM) durante 48 horas mediante determinacion por gPCR, se utilizé6 GAPDH
como gen de referencia. (B) Niveles de expresion de p-elF4E evaluados por western blot bajo
tratamiento concomitante con doxorrubicina (1.6 uM) y 4E1RCat (3 uM), las variantes MDAN y MDARr
tratadas por 48 horas. (C) Analisis densitométrico de p-elF4E. Los resultados mostraron la media y
la desviacién estandar de tres replicas biolégicas (n=3, X + DS) y se expresaron como % del control.
Los datos se analizaron estadisticamente mediante ANOVA de una sola via y la prueba de
comparaciéon multiple Newman-Keuls. ** p < 0.01 en relacion con el control. Se utilizo GAPDH como
control. (D, E) Ensayo de acoplamiento molecular de elF4E (PDB: 4UED) bajo 4E1RCat e interaccion
concomitante de 4E1RCat y 4EBP-1. Cian: elF4E, Verde: triptéfano, rojo: proteina de unién (4E-BP-
1).
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8. Discusion de resultados

El cancer de mama triple negativo (TBNC) se caracteriza por un prondstico
desfavorable y por la alta frecuencia de desarrollar resistencia a los tratamientos
quimioterapéuticos convencionales. Para modelar este fendmeno, se establecié una
estrategia innovadora basada en la generacion de una variante resistente a
doxorrubicina a partir de linea celular MDA-MB-231 (Figura 2). La exposicion
continua de la linea parental (MDAN) a una concentracion subletal, correspondiente
al IC25, permitié obtener una variante resistente (MDAR), cuya viabilidad mostré un
incremento de 3.1 veces la ICso respecto a MDAN. Cabe destacar que el ICso de
doxorrubicina en MDAN (0.619 pM) se encuentra dentro del rango clinico reportado
en pacientes con cancer de mama (0.023 — 1.14 uM), mientras que el valor
correspondiente en MDAR (1.8 uM) se encuentra en rangos superiores, validando el
establecimiento de un fenotipo resistente. Este modelo in vitro permite estudiar la
resistencia adquirida frente a moléculas altamente citotéxicas y ademas constituye
un sistema celular robusto para evaluar nuevas estrategias terapéuticas dirigidas a

contrarrestar este fenotipo en cancer de mama triple negativo.

Los resultados indican diferencias en la respuesta a la doxorrubicina entre ambas
variantes. En la variante MDAR, la mayor viabilidad celular se acompafo6 de una
menor acumulacion intracelular y un aumento en la concertacion de doxorrubicina
extracelular, lo que sugiere la participacion de los mecanismos de eflujo (Figura 3).
Este comportamiento implica procesos adaptativos que le confieren ventajas
selectivas frente a altas concentraciones de doxorrubicina, el cual coincide con
reportes previos que relacionan la resistencia adquirida con la sobreexpresion de

los transportadores de la familia ABC.

Los ensayos de migracion e invasion confirmaron que el fenotipo resistente se
asocia con un aumento de la agresividad tumoral (Figura 4). Especificamente, las
células MDARrR mostraron una capacidad migratoria aumentada frente a
concentraciones subletales de doxorrubicina (0.05 — 0.8 yM), concordando con
estudios que reportan la activacion de la via Src y el aumento de motilidad celular

inducido por antraciclinas (Mohammed, S. et al., 2021). Ademas, a diferencia de las
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células MDAN, que redujeron significativamente su actividad invasiva y secrecion de
MMP-9 frente a dosis elevadas de doxorrubicina, las células MDAR mantuvieron
estos rasgos (Figura 8), EI mantenimiento de la capacidad de formaciéon de
esferoides bajo tratamientos de doxorrubicina (Figura 13) refuerza la hipotesis de
que la resistencia adquirida no solo promueve la supervivencia celular, sino que

también potencia mecanismos relacionados con la plasticidad tumoral y metastasis.

A nivel molecular, el transportador ABCB1se identific6 como un mediador central
en la resistencia observada. Su expresién aumentdé de manera dosis dependiente
en ambas variantes celulares, pero de manera significativamente mayor en MDAR,
lo que respalda su papel como regulador del eflujo de doxorrubicina. Los estudios
in silico aportaron evidencia complementaria. Las simulaciones de acoplamiento
molecular revelaron interacciones estables con doxorrubicina en residuos criticos
dentro de los dominios transmembrana de ABCB1, incluyendo Leu236, Glu243 y
Lys826. Estas interacciones, mantenidas por puentes de hidrogeno y fuerzas de van
der Waals, sugieren un acoplamiento de alta afinidad. Asimismo, el control
experimental con rodamina 123 mostro un perfil de union parcialmente solapado,
confirmando la selectividad de doxorrubicina hacia este transportador. Los valores
de energia libre obtenidos con AutoDock Vina (-8.977 kcal/mol para doxorrubicina 'y
-7.568 kcal/mol para rodamina 123) confirman esta afinidad. Finalmente, las
simulaciones de dinamica molecular de 10 ns corroboraron la estabilidad del
complejo Dox-ABCB1 (Figura 10), evidenciando una retencion sostenida del ligando

en la cavidad transmembrana y reforzando la validez de los resultados estructurales.

En conjunto, estos hallazgos permiten proponer que la resistencia a doxorrubicina
en el modelo de la variante resistente se sustenta en dos puntos. Por un lado, el
refuerzo de los mecanismos de eflujos mediados por ABCB1, y, por otro lado, la
conservacion de los rasgos de agresividad celular bajo la presencia de la
doxorrubicina. Esta integracion de datos celulares, moleculares e in sillico posiciona
a este modelo como una herramienta valiosa para para la comprension de la

resistencia en cancer de mama triple negativo y para la evaluacion de
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intervenciones terapéuticas que busquen bloquear la actividad de los

transportadores ABC en este contexto clinico.

La inhibicion de transportadores ABC ha sido propuesta como una estrategia clave
para superar la resistencia a diferentes agentes quimioterapéuticos en distintos
tipos de cancer (Robey, R. W. et al, (2021)). En este contexto, el uso de verapamilo
como inhibidor competitivo de ABCB1 resulta relevante (Limniatis, G., & Georges,
E., (2022), ya que los resultados muestran que su presencia reduce
significativamente el eflujo de doxorrubicina en células MDAR, aumentando la
retencion intracelular y disminuyendo la viabilidad celular (Figura 12). Los ensayos
de docking molecular respaldan esta evidencia, al demostrar que tanto la
doxorrubicina como el verapamilo se unen en la misma region en el sitio de unién
del transportador ABCB1. Este hallazgo sugiere un mecanismo de inhibicién
competitiva, mediante el cual el verapamilo bloquea la expulsion de doxorrubicina
al ocupar el mismo sitio de interaccion. Aunque no se descarta la participacion de
otros transportadores ni de mecanismos adicionales de resistencia, la relevancia de
ABCB1 se confirma como un eje central en este modelo, enfatizando la importancia

de comprender los procesos que regulan su expresion.

No obstante, la resistencia en cancer de mama triple negativo no se explica
unicamente por la actividad de ABCB1, sino que también involucra mecanismos de
regulacion traslacional (Silvera, D., Formenti, S. C., & Schneider, R. J., 2010). Los
datos indican que la actividad de elF4E se mantiene incluso bajo condiciones de
estrés farmacolégico, con expresion sostenida de elF4E; asi como de su forma
fosforilada en Ser209 en la variante resistente y bajo tratamientos de doxorrubicina.
Este fendbmeno se acompafia de una reduccion en la fosforilacion de las proteinas
reguladoras 4EBP1/2/3, lo cual libera a elF4E y favorece la formacion del complejo
elF4F (Figura 7). La conservacion de la actividad de elF4E en este contexto es
consistente con la activacion de vias de sefalizacion rio arriba, en particular de las
MNK (Figura 15), que facilita la fosforilacién y potencia la traduccion de ARNm
asociados a supervivencia y en respuesta al estrés (Lineham, E., Spencer, J., &
Morley, S. J., 2017).
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Nuestros resultados demuestran que a concentraciones de doxorrubicina
superiores a los niveles plasmaticos reportados (1.6 yM), la actividad de del eje
mTOR/elF4E se mantiene funcional en células MDAR, correlacionandose con un
incremento en la capacidad invasiva y en la secrecion de MMP-9 (Figura 17). Esta
relacion se ve potenciada por condiciones de sobrecarga lipidica, previamente
descritas como moduladoras de procesos invasivos mediados por elF4E.
Experimentos complementarios de silenciamiento génico confirmaron el papel
central de elF4E, ya que su inhibicidn mediante siRNA redujo la expresion de Nrf2
y ABCB1, ademas de disminuir la invasion celular y la activacion de vias de
supervivencia (Figura 14). Estos resultados refuerzan la nocion de elF4E como

mediador clave de la quimiorresistencia en cancer de mama triple negativo.

De manera adicional, el uso del inhibidor 4E1RCat permitié corroborar la
importancia de elF4E en la resistencia a doxorrubicina, al observar cambios en
significativos en la expresion de ABCB1 tras el tratamiento con doxorrubicina (Figura
17). Nuestros ensayos de docking mostraron que, en presencia 4EBP1, 4E1RCat
se localiza preferentemente cerca de Ser209, interfiriendo potencialmente con su
fosforilacion y actividad. Este resultado es consistente con los datos experimentales
y sugiere un modelo en el que el acceso conformacional de elF4E condiciona la
eficacia del inhibidor. Aun asi, reconocemos la necesidad de estudios estructurales
tridimensionales, como la cristalografia de rayos X o cryo EM, para validar estos

mecanismos de manera concluyente.

Desde una perspectiva terapéutica, el bloqueo de elF4E puede lograrse mediante
distintas aproximaciones. Mientras que 4E1RCat actua compitiendo con el sitio de
unién de elF4G e impidiendo la formacion del complejo elF4F, otros compuestos
como la ribavirina ejercen efectos indirectos sobre su funciéon (Tan, H., He, L., &
Cheng, Z., 2020). Alternativamente, las estrategias combinadas con la inhibicién
simultanean de elF4E y de sus cinasas regulatorias (MNK) podrian interrumpir de
manera mas eficiente su actividad y su impacto sobre la expresion de ABCB1
(Kosciuczuk, E. M., Saleiro, D., & Platanias, L. C.,2017). Mas recientemente el

desarrollo de PROTACs ofrece una via innovadora para inducir la degradacién
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selectiva de elF4E (Ge, J. et al., 2024), abriendo nuevas posibilidades para el
estudio funcional del eje elF4E-Nrf2-ABCB1 en la resistencia a la doxorrubicina. La
quimiorresistencia en el TNBC es el resultado de una compleja red de adaptaciones
moleculares que incluyen alteraciones en la sefializacion, la plasticidad tumoral y la
remodelacion del microambiente. Entre los multiples mecanismos descritos, la
interaccién funcional entre elF4E, el factor de transcripcion Nrf2 y el transportador
ABCB1 ha emergido como un eje central que refuerza la resistencia a multiples

agentes quimioterapéuticos.

Finalmente, nuestro grupo proyecta validar estos hallazgos en modelos in vivo
utilizando ratones BALB/c con inoculacion ortotépica de células 4T1. El empleo de
edicion geénica mediante CRISPR-Cas9 permitira generar lineas Knockout
(Dastjerd, N. T. et al, 2022) de elF4E, evaluando de forma directa su papel en la
resistencia y en la progresion metastasica. Estos experimentos aportaran evidencia
esencial para consolidar la relevancia del eje elF4E-Nrf2-ABCB1 en cancer de
mama triple negativo y sentaran bases solidas para el disefio de intervenciones

terapéuticas dirigidas.

En conjunto, los resultados obtenidos describen un modelo en el que la resistencia
a doxorrubicina en cancer de mama triple negativa se sustenta en la convergencia
de dos puntos relacionados entre si. El eflujo de la doxorrubicina mediada por
ABCB1 y la regulacion traslacional controlada por elF4E. La activacion sostenida el
eje elF4E-Nrf2-ABCB1 constituye un mecanismo adaptativo que permite a las
células tumorales evadir el estrés quimioterapéutico, manteniendo simultdneamente
su capacidad invasiva (Figura 18). Esta vision integradora identifica a elF4E y a Nrf2
como puntos centrales en el fendmeno de resistencia, y propone nuevas rutas
terapéuticas que combinan inhibidores de elF4E, moduladores de ABCB1 y
aproximaciones innovadoras como PROTACSs. De esta manera el trabajo aporta una
base conceptual y experimental sélida para el desarrollo de estrategias efectivas

contra el cancer de mama triple negativo.
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Figura 18. Modelo integrativo del eje elF4E-Nrf2-ABCB1 en la resistencia a la doxorrubicina.
Resumen grafico del mecanismo propuesto por el cual la activacion sostenida de elF4E en las células
MDAR promueve la traduccion selectiva de Nrf2 y ABCB1, lo que mejora la respuesta antioxidante y
la excrecion de farmacos. La convergencia del control de la traduccién y la sefalizacion adaptativa
al estrés reduce la acumulacion intracelular de doxorrubicina, lo que refuerza el fenotipo
quimiorresistente en las células de cancer de mama triple negativo.
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9. Conclusiones

El presente trabajo demuestra que el factor traduccional elF4E es un
componente esencial en el desarrollo de la quimiorresistencia a la
doxorrubicina en el cancer de mama triple negativo. La persistencia de su
forma activa fosforilada en Ser209 (elF4E-p-Ser209), incluso bajo
concentraciones citotoxicas del farmaco, evidencia su capacidad para
mantener la maquinaria traduccional activa y favorecer la sintesis de
proteinas relacionadas con la supervivencia y la invasion tumoral. Estos
hallazgos refuerzan la idea de que la resistencia no se debe unicamente a
mecanismos de desintoxicacion o eflujo, sino también de una regulacién
traduccional sostenida mediada por elF4E.

Se confirmé la existencia de un eje funcional entre elF4E-Nrf2-ABCB1, que
opera como un circuito de retroalimentacion adaptativo frente al estrés
quimioterapéutico. Mientras que Nrf2 promueve la expresién génica de los
transportadores de eflujo y enzimas antioxidantes, elF4E garantiza su
eficiente traduccién, generando una respuesta coordinada en la reduccion de
la concentracién intracelular de doxorrubicina y mantiene la viabilidad celular.
Estos hallazgos proponen que este eje constituye un mecanismo importante
de la resistencia a diferentes agentes quimioterapéuticos, asi como una
potencial diana terapéutica para la modulacion farmacoldgica.

El modelo celular desarrollado MDAR permitié establecer un sistema robusto
y confiable para estudios la quimiorresistencia, revelando ademas un
comportamiento biolégico mas agresivo, caracterizado por una mayor
capacidad migratoria e invasiva. Este fenotipo se asocié con la activacion de
rutas angiogénicas y el aumento de la actividad de MMP-9, lo que sugiere
que la quimiorresistencia adquirida va acompanada de una plasticidad
tumoral que potencia la progresion y la metastasis.

Los estudios in silico complementaron la evidencia experimental, mostrando
que tanto la doxorrubicina como el verapamilo se unen de forma estable y
competitiva al sitio de interaccion del transportador ABCB1. Estos resultados

confirman la base estructural del eflujo de farmacos y apoyan la idea de que
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la inhibicion de ABCB1 o la modulacion de elF4E pueden participar en una
reversion parcial del fendmeno de resistencia. Estas observaciones abren la
posibilidad de explorar terapias combinadas mas selectivas y posiblemente
menos toxicas.

En conjunto, los resultados de esta investigacion consolidan el eje elF4E-
Nrf2-ABCB1 como un punto regulador critico de la quimiorresistencia en el
TNBC, y posiciona a elF4E como una diana terapéutica prometedora. Su
inhibicién farmacologica o genética podria representar una estrategia eficaz
para restaurar la sensibilidad a la doxorrubicina. Mas alld de su valor
experimental, este trabajo aporta una visidn integradora del control
traduccional en la resistencia tumoral, sentando bases para futuros estudios
preclinicos/clinicos orientados al desarrollo de tratamientos mas precisos y

personalizados para pacientes con cancer de mama triple negativo.
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11. Perspectivas

Se propone extender el modelo experimental hacia estudios in vivo, utilizando
modelos ortotépicos en ratones BALB/c con tumores resistentes a doxorrubicina,
permitira evaluar la contribucion del eje que se propuso (elF4E-Nrf2-ABCB1) en la
progresion tumoral, la metastasis y la respuesta a la quimioterapia con doxorrubicina

en condiciones fisiologicas controladas.

Por otro el desarrollo de inhibidores selectivos de elF4E y Nrf2, dado que ambos
factores representan puntos centrales de control, traduccional y antioxidante,
respectivamente, dentro del proceso de quimiorresistencia. Planteamos Ia
busqueda y caracterizacion de inhibidores duales que modulen al mismo tiempo la
actividad de elF4E y Nrf2. El disefo racional de estas moléculas podria apoyarse
en el cribado virtual dentro de bibliotecas quimicas. Siendo optimizado por técnicas
como las descritas en este trabajo, de acoplamiento y dinamica molecular

prolongada.

Por ultimo, los resultados obtenidos sugieren que tanto la inhibicion farmacolégica
de elF4E (4E1RCat) y del transportador ABCB1 (verapamilo) puede sensibilizar las
células resistentes a doxorrubicina. Se propone, por lo tanto, explorar esquemas
combinados que integren inhibidores traduccionales moduladores redox, con el

objetivo de aumentar la especificidad y reducir la toxicidad sistémica.

81



12. Anexos

12.1 Autoria de articulo

Frayde-Gémez, H., Chimal-Vega, B., Pulido-Capiz, A., Muioz-Ayala, A., Galindo-
Hernandez, O., Vique-Sanchez, J. L., Leija-Montoya, A. G., Diaz-Molina, R.,
Madero-Ayala, P. A., Ramos-lbarra, M. A., & Garcia-Gonzalez, V. (2026). The
translation factor elF4E is a key mediator of doxorubicin resistance: insights from a
triple-negative  breast cancer  model. Scientific  reports, 16(1), 1805.
https://doi.org/10.1038/s41598-025-31313-6

82



www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

The translation factor elF4E is a key
mediator of doxorubicin resistance:
insights from a triple-negative
breast cancer model

Héctor Frayde-Gomez'2, Brenda Chimal-Vegal?, Angel Pulido-Capiz2,

Andrea Mufioz-Ayala'?, Octavio Galindo-Hernandez2, José Luis Vique-Sanchez?3,
Ana Gabriela Leija-Montoya?3, Raul Diaz-Molina“, Pablo A. Madero-Ayala®,

Marco A. Ramos-Ibarra® & Victor Garcia-Gonzalez2"

Triple-negative breast cancer (TNBC) tumors are highly aggressive and typically associated with poor
prognosis due to limited therapeutic options and significant chemoresistance. This study investigated
the role of the translation initiation factor elF4E in doxorubicin (Dox) resistance using a novel TNBC
model. A doxorubicin-resistant cell variant, MDA, (IC,,=1.8 pM), was derived from MDA-MB-231
cells (IC,,=0.6 pM) following prolonged exposure to Dox at its IC,, concentration. Compared to the
parental line, MDA, cells exhibited enhanced migration, invasion, and drug efflux capabilities. Dox
treatment sustained the phosphorylation of eIF4E at Ser209 (elF4E-p5©2%%), which promoted activation
of the VEGF pathway and secretion of matrix metalloproteinase-9 (MMP-9). This dysregulated
phosphorylation correlated with increased expression of the ABCB1 drug transporter, as confirmed
by treatment with the elF4E inhibitor 4E1RCat. In silico molecular docking and dynamics simulations
further demonstrated the Dox-binding affinity of ABCB1. Moreover, at higher Dox concentrations,
MDA, cells showed elevated Nrf2 activation. Conversely, elF4E knockdown via siRNA reduced both
chemoresistance and Nrf2 expression. These findings suggest that Dox resistance enhances cellular
invasiveness through an elF4E-dependent mechanism involving ABCB1 and Nrf2, both of which are
overexpressed in TNBC transcriptomic datasets, highlighting their potential clinical relevance.

Keywords Triple-negative breast cancer, EIFAE, Chemoresistance, ABCB1, Doxorubicin

Breast cancer (BC) is the most frequently diagnosed malignancy and a leading cause of cancer-related mortality
in women worldwide. According to 2022 data from the International Agency for Research on Cancer (IARC),
breast cancer accounted for 2.3 million new cases and over 8 million prevalent cases worldwide, with a mortality
rate ranging from 9 to 13%"%

BC is classified into four subtypes: Luminal A, Luminal B, human epidermal growth factor receptor 2 (HER-
2)-positive, and triple-negative breast cancer (TNBC). This classification is based on immunohistochemistry
detection of estrogen receptor alpha (ERa), progesterone receptor (PR), HER-2, and the proliferation biomarker,
Ki-67"3. Tumors with triple-negative features (TNBC: ERa-, PR-, and HER-2-) are highly aggressive. In this
regard, patients who develop metastatic TNBC typically have a short life expectancy, with relapse occurring in
less than three years and overall survival not exceeding five years post-diagnosis*®. During tumor progression,
several processes, such as cellular invasion, metastasis, angiogenesisﬁ, and chemoresistance’, are critical for
cancer evolution and clinical outcome.
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Chemotherapy is the standard clinical treatment for TNBC. However, chemoresistance is the main obstacle
to therapeutic success, especially in metastatic tumors, wherein chemotherapy failure accounts for up to 80-
90%81%. Chemoresistance mechanisms in TNBC are multifactorial and based on a complex interaction between
the tumor microenvironment, the expression of transporters for drug efflux, alteration in signaling pathways
such as PI3K/Akt/mTOR!!"13, and overexpression of targets such as vascular endothelial growth factor (VEGF)'3.
These mechanisms regulate the translational modulator complex eukaryotic initiation factor 4 F (eIF4F).

Translational control occurs predominantly at the initiation stage, wherein the eIF4F complex plays a key role.
eIF4F is a heterotrimeric complex composed of protein eukaryotic initiation factor 4E (eIF4E), which binds the
7-methylguanosine (m7G) cap; eukaryotic initiation factor 4 A (eIF4A), which unwinds secondary structures on
5’untranslated regions of the mRNA (RNA G-quadruplex), and the scaffold protein eukaryotic initiation factor
4G (eIF4G). eIF4E has been associated with cancer hallmarks such as invasion capability, impacting metastasis
development'”, and a dependent process on protein translation initiation'°.

eIF4E represents the limiting factor in the eIF4F complex activity; the primary eIF4E function is to mediate
ribosome recruitment on the specific mRNA to begin protein synthesis!”. The formation of an active initiation
complex containing eIF4G is hindered when eIF4E is coupled to the eIF4E-binding proteins 1, 2, and 3 (4EBPs),
which inhibit cap-dependent translation in their hypophosphorylated state. Their phosphorylation status,
regulated by the rapamycin (mTOR) pathway’s mammalian target determines their binding affinity to e[F4E'8.
This process is crucial for activating the translation machinery regulated upstream by the mTOR pathway!s.

The relative abundance of eIF4G and the regulation of 4EBPs influence cap-dependent translation. Targeting
eIF4E is a promising strategy to suppress translation in cancer cells using small interfering RNA (siRNA) or
small molecules. 4E1RCat, for example, inhibits eIF4E activity and has shown efficacy in hepatocarcinoma and
melanoma cells'®.

elF4E is overexpressed in several cancer types?’-22. Its phosphorylation at Ser209 (eIF4E-pS¢2%), catalyzed by
MAPK-interacting kinases (Mnks)?*, promotes the translation of genes involved in tumorigenesis. However, its
role in chemoresistance remains to be fully elucidated. Components of the eIF4F complex may also participate
in the translation of nuclear factor erythroid 2-related factor 2 (Nrf2)*, a transcription factor involved in stress
responses and detoxification?>%, functions possibly linked to chemoresistance.

Nrf2 is the master regulator of redox homeostasis and is activated under oxidative stress?’. Its activation
contributes to cancer progression and metastasis® and may enhance drug efflux?. Upon activation, Nrf2
dissociates from KEAPI, translocates to the nucleus, and heterodimerizes with Maf proteins to promote the
transcription of genes with antioxidant response elements (AREs), including ATP-binding cassette (ABC)
transporters®.

ABC subfamily B member 1 (ABCBI) is implicated in the processing of anthracyclines® and in the
development of chemoresistance®?. An Nrf2-dependent regulation of ABCBI, potentially involving eIF4E, has
been proposed®*!. ABCB1 overexpression correlates with reduced survival, higher relapse rates, and poor
prognosis®.

Elucidating the role of eIF4E regulation in a doxorubicin-resistant TNBC model could enhance our
understanding of the chemoresistance process, particularly those associated with increased migration and
invasion, key factors in TNBC malignancy. At a cellular level, breast cancer is heterogeneous, with multiple
subpopulations of breast tumor cells*. Specifically, the MDA-MB-231 cell line is considered a mesenchymal
stem-like model, making it suitable for studying TNBC. Therefore, we developed a novel strategy using the cell
viability inhibitory concentration 25 (IC,;) of the TNBC MDA-MB-231 cells (denominated MDA,) to generate
a chemoresistant variant named MDA, Critically, this MDA variant showed an inhibitory concentration 50
(IC,,) value three times higher than MDA and has optimized management of doxorubicin coupled with the
high capability for cellular migration and invasion. Mechanisms such as ABCB1 expression and Nrf2 activation,
potentially modulated by eIF4E, may underlie this chemoresistance. These findings are supported by eIF4E
silencing via siRNA and inhibition by 4E1RCat, suggesting that the eIF4E/Nrf2/ABCBI1 axis may play a central
role in doxorubicin resistance in TNBC.

Results

Generation of doxorubicin-resistant MDA-MB-231 cells

To generate doxorubicin (Dox)-resistant cellular models, we established two protocols based on the IC,. (14
months or 7 cycles) and IC, (Sup. Figure 1). Considering the high effectiveness of dox, we employed an IC,,
strategy (0.3 uM) to generate a chemoresistant variant referred to as MDA, (Fig. 1A). Viability assays assessed
MDA, chemoresistance at increasing concentrations of dox (0-6.4 pM), and the IC, value was subsequently
determined. Notably, the MDA, cells (IC,,=1.883 uM) exhibited significant doxorubicin resistance, displaying
an IC, value three times higher than MDA cells (IC,;=0.619 uM) under the same conditions (Fig. 1B-C).
This phenotype may be explained by the cellular processes associated with drug metabolism. MDA, variant
cells must develop dox-induced mechanisms that favor drug resistance, decreased intracellular accumulation, or
enhanced efflux of doxorubicin.

Chemoresistance is associated with optimized doxorubicin management in MDA, cells

To investigate the mechanisms underlying chemoresistance, we analyzed cellular handling of doxorubicin
(Dox), by quantifying its concentration in the culture supernatant and through flow cytometry assays. This
strategy leveraged the intrinsic fluorescence of Dox. Then, we assessed extracellular Dox levels to characterize
drug management related to either increased efflux or decreased intracellular accumulation (Fig. 2A, B). Cell
cultures were treated with increasing concentrations of Dox (0-3.2 uM) for 24 h (Fig. 2A) and 48 h (Fig. 2B) to
evaluate dose- and time-dependent responses. Supernatants were collected and analyzed by spectrofluorometry
using a previously established standard curve. The data revealed significantly higher Dox concentrations in
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Fig. 1. Generation of chemoresistance phenotype using doxorubicin IC,; (0.3 uM). (A) General scheme of the
protocol for chemoresistance generation. (B) Dose-response curve under treatment with dox (0-6.4 uM) in
MDA and MDA, variant cells at 48 h treatment. (C) IC,, values for the MDA, and MDA, cell variants, assays
corresponding to three biological replicates (x+S.D). The mean values are presented (n =3, mean £ SD); data
were statistically analyzed using one-way ANOVA and Newman-Keuls’s multiple comparison test, * p <0.05.
(1) FBS: Fetal bovine serum; (2) MDA : MDA native 3: MDA, : MDA resistant variant.

supernatant media of MDA, cells at 24 h from dox concentration 1.6 to 3.2 pM regarding MDA, (Fig. 2A). For
48 h of treatment, the difference was significant from dox 1.6 uM (Fig. 2B). In both conditions, 24 h and 48 h,
cell cultures of MDA, maintained higher dox concentrations in supernatant media compared to MDA, cells,
suggesting enhanced drug efflux or reduced uptake.

On the other hand, under increasing concentrations of Dox (0-1.6 uM) for 24 h, MDA cells were analyzed
by flow cytometry to evaluate their capacity for drug efflux, as cells unable to export Dox would retain it and
exhibit fluorescence. A progressive increase in fluorescence was observed up to a concentration of 0.8 uM in
both MDA, and MDA, cells (Fig. 2C). However, at higher concentrations (0.8-1.6 pM), a second population
of MDA, cells emerged in the region of lower fluorescence intensity, compared to MDA,. This shift is likely
associated with decreased cell viability.

To further evaluate Dox internalization, we measured the mean fluorescence intensity (MFI), which reflects
intracellular drug content independently of the number of fluorescent cells.

As shown in the plots, although the MDA population included fewer viable cells, these exhibited higher
fluorescence intensity than MDA, cells, indicating greater intracellular accumulation of Dox. Conversely, in the
MDA, variant, fluorescence intensity decreased as the number of viable cells increased (Fig. 2C). These findings
suggest that adaptive mechanisms in MDA, cells may regulate intracellular Dox levels by enhancing drug efflux,
thus contributing to sustained chemoresistance in association with cancer-related hallmarks.

Chemoresistance impact on cellular migration

A key characteristic of triple-negative breast cancer (TNBC) and chemoresistant cells is their high migratory
capacity. To evaluate this, cell migration was assessed in MDA and MDA, variants under increasing
concentrations of doxorubicin (0.05-3.2 uM). Representative images of the migration assay for both cell lines
are shown in Fig. 3A.

Cells cultured in unsupplemented DMEM were used as a negative control, while cells stimulated with DMEM
supplemented with 10% fetal bovine serum (FBS) served as a positive control. Treatments with increasing Dox
concentrations (0.05-3.2 pM) were performed under positive control conditions for both variants.

In MDA, cells, the positive control induced a 2.8-fold increase in cell migration, and exposure to 0.05 uM
Dox further enhanced migration to 3.12-fold over the negative control, as determined by densitometric analysis
(Fig. 3B). This stimulatory effect was maintained up to 0.4 uM Dox. However, a significant dose-dependent
decrease in migration was observed at Dox concentrations ranging from 0.8 to 3.2 uM.

In contrast, MDA, cells displayed a different response: low Dox concentrations (0.05-0.8 uM) led to an
increase in migration compared to the negative control (5.0 and 5.23-fold respectively), and a reduction in
migration was only evident at higher concentrations (1.6 and 3.2 uM) (Fig. 3B).
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Fig. 2. Doxorubicin chemoresistance in MDA-MB-231 cells is associated with an optimized intracellular
dox excretion. Doxorubicin quantification in supernatant media at 24 (A) and 48 h (B) stimuli (0-3.2.2 uM)
on MDA and MDA, cells; values were determined with three replicates, represented as mean and standard
deviation (n=3, X+S.D.). Data were statistically analyzed using one-way ANOVA and Newman-Keuls’s
multiple comparison test, * represents a p value <0.05, **represents a p value <0.01. Dox emission values of
fluorescence at 560 nm were reported. C) Cytometry assays were performed to evaluate the effects of dox on
MDA and MDA cellular variants under 24 h of treatment; for analysis, mean fluorescence intensity (MFI)
was evaluated.
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(fold basal)

Dox (uM) - 0.05 0.2 0.4 0.8 1.6 3.2

Fig. 3. Low doxorubicin concentrations promote cellular migration in MDA, cells. (A) Representative
images of wound-healing assays under treatment with increasing dox concentrations (0.05-3.2 uM) in MDA
and MDA, cell cultures. (B) Densitometric analysis of migration assays in the MDA  and MDA, variants.
Results showed three biological replicates’ mean and standard deviation (n=3, X+S.D.). To evaluate this
process, DMEM plus 10% fetal bovine serum (FBS) was used as a positive control, and a non-supplemented
DMEM medium was used as a negative control. Data were statistically analyzed using one-way ANOVA, and
Newman-Keuls’s multiple comparison test * represents a p value <0.05, **represents a p value <0.01.
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Based on the results, MDA, cells exhibited a higher migratory capacity compared to MDA, cells. Notably,
this increase was more pronounced at low concentrations of doxorubicin (0.05-0.2 uM), potentially reflecting
adaptive mechanisms related to drug metabolism. This behavior is consistent with the observed IC, values: 1.88
UM for MDA and 0.619 uM for MDA, indicating greater sensitivity of the MDA, variant to Dox treatment.
These findings suggest that specific signaling pathways may regulate chemoresistance, with mechanisms such as
protein translation initiation playing a critical role. Indeed, components of the eukaryotic initiation factor 4 F
(eIF4F) complex have been identified as key modulators in the acquisition of chemoresistance™’.

Chemoresistance is associated with elF4E dysregulation

We focused on modulating the eIF4E factor by evaluating its total expression, the phosphorylated form eIF4E-
p® 2 mediated by MNK activation and associated regulatory mechanisms. For this characterization, Dox
treatments were used under specific increasing doses (0-1.6.6 uM) for 48 h, according to previous results.

As shown in Fig. 4A, the expression levels of total eIF4E and its active phosphorylated form eIF4E-pSer—2%,
both of which are associated with cancer aggressiveness'®, were examined. Under the doxorubicin dose-
dependent treatment (0-1.6.6 uM), the expression of eIF4E was diminished in the MDA, variant. However,
its levels were constant in the MDA, variant, even at the highest Dox concentration tested (1.6 pM), which
approximates the IC, for this variant (Fig. 4A, B). This differential expression pattern may be linked to
chemoresistance, altered Dox handling, and increased migratory capacity. To explain these phenomena, while a
diminution of phosphorylation (eIF4E-p~2%) dependent on the doxorubicin dose was registered in the MDA
variant, the eIF4E-p>~2% levels were maintained constant in the MDA, variant. Notably, a slight increase in
eIF4E-p5~2%% was observed in MDA, cells at 1.6 uM Dox (Fig. 4A, C), suggestmg sustained eIF4E activation
under chemotherapeutic stress.

In addition, a key regulatory mechanism of eIF4E activity is the role of 4EBPs!7, whose phosphorylation
induced by the Akt/mTORCI1 pathway blocks the binding to eIF4E. In the evaluation of the phosphorylation
levels 4EBP1/2/3, revealed a dose-dependent decrease in phosphorylation in MDA cells as Dox concentration
increased (Fig. 4A, D). In contrast, in the MDA variant, an increase in the phosphorylation of these regulatory
proteins was registered (Fig. 4A, D). The evidence suggests the conservation of mechanisms such as the Akt/
mTORCI despite the treatment with high dox concentrations, increasing the 4EBP1/2/3 phosphorylation in the

MDA, variant.
A B
MDA, MDA
. A elF4E
Dox (uM) - 04 08 16 - 04 08 16 kba 15— = MDAy
= MDAgR
elF4E G G S - D WD S ey 3 *
— m/
S 1.0
p-IFAE - —— —  — — a— - 23 &
=
p-acep-1/2/ e RN S _-- » s £ 054
GAPDH e S —— 3G 0.0 18 : .
- 0.4 0.8 1.6
Dox (uM)
c p-elF4E == MDA D p-4EBP 1/2/3
N
MDA,
1.5+ %k %k = MDAR 1.5 * * %k - N
*x L * i M =3 MDAg
- i
P 1.04 s 1.0
3 3
o o
= T
S 05 £ 054
0.0 W 0.0-
. 0.4 0.8 1.6
Dox (pM
Dox (uM) (M)

Fig. 4. In the chemoresistant variant MDA, eIF4E’s higher expression and activity are registered under high
dox concentrations. A) Characterization of targets eIF4E, elF4E-p> 2% and p-4EBP1/2/3 on MDA, and
MDA cellular variants under increasing dox range (0-1.6.6 uM) treatment. Densitometry determlnatlons

of eIF4E (B) and eIFAE-pS¢=2%° (C), respectively. D) Detection of phosphorylation levels of eIF4E activity
regulator 4E-BP1/2/3 under dox range concentration (0-1.6.6 uM); densitometry analysis is shown using
GAPDH as the control. Three replicates data were statistically analyzed using one-way ANOVA, and Newman-
Keuls’s multiple comparison test * represents a p-value <0.05, **represents a p-value <0.01, and *** represents a
p-value<0.001.
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elF4E pathway, a critical factor for chemoresistance

Furthermore, we assessed the expression of the e[F4A and eIF4G factors in the MDA, and MDA, cells under
treatment with increasing concentrations of Dox (0-1.6.6 uM) (Fig. 5A, B, C). In MDA, cells, eIF4G expression
increased at 0.4 and 0.8 pM Dox, but decreased at 1.6 uM (Fig. 5A, B). To examine the formation of the eIF4F
complex, eIF4E was immunoprecipitated from whole-cell lysates, and associated eIF4G and eIF4A were detected
(Sup. Figure 2 A). Notably, eIF4G recruitment differed between MDA and MDA, variants, indicating Dox-
induced dynamic regulation of eIF4F complex assembly.

Free eIFAE and its phosphorylated form eIF4E-pS~2% are implicated in cancer hallmarks such as cell death
resistance and angiogenesis, by promoting the translation of targets such as Bcl-2 and VEGE, respectively®.
Critically, in melanoma patients with VEGF overexpression, the VEGF/VEGFR axis can be associated with
higher levels of tumor invasion and a poor response to therapy’®. However, this effect has not yet been clearly
described in breast cancer models.

Our results demonstrated a direct association in MDA, cells between sustained eIF4E phosphorylation
(Fig. 4A, C) and VEGF expression (Fig. 5D, E), even under Dox treatment at high concentrations (1.6 pM), a
dose close to the IC, (1.88 uM). In contrast, MDA cells exhibited the opposite response: VEGF expression was
downregulated in parallel with reduced eIF4E-pS™~2% phosphorylation, particularly at 1.6 uM Dox (Fig. 5D, E).

This phenomenon could contribute to a differential response in processes that support the oncogenic
pathways, such as cell invasion, and explain the effects of chemoresistance.

The secretion of matrix metalloproteinase-9 (MMP-9) is closely associated with enhanced migratory and
invasive capabilities in cancer cells*. To assess this, we evaluated MMP-9 activity in the extracellular medium
of both cell variants under high Dox concentrations (1.6 uM). The results showed elevated MMP-9 activity in
MDA cells. In contrast, MMP-9 activity was reduced in MDA cells treated under the same conditions (Fig.
5E G).

This differential response aligns with the regulation of the translational factor eIF4E and is consistent with
the observed variations in invasive behavior. Notably, increasing Dox concentrations (0-1.6 pM) significantly
impaired the invasive capacity of MDA, cells, whereas MDA, cells retained their invasive potential (Fig. 5H).

Moreover, invasion activity in MDA, cells was still detected at the highest Dox concentrations (0.8-1.6 uM),
correlating with sustained MMP-9 activity (Fig. 5I). These findings highlight a key phenotypic difference in
the chemoresistant MDA, variant, supporting the notion that invasive properties persist despite exposure to
cytotoxic doses of Dox.
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Fig. 5. eIF4E pathway, a critical factor for chemoresistance. MDA, and MDA, cells were stimulated with dox
increasing concentrations (0-1.6.6 M) at 48 h treatment; (A) Western blot analysis of the scaffold protein
eIF4G and helicase protein eIF4A and their densitometric analysis (B) and (C) respectively. (D)Western-blot of
VEGF expression in both variants, GAPDH was used as a loading control. (E) Densitometry analysis of VEGF.
(F) Metalloproteinase-9 activity evaluated by zymography and respective densitometric analysis (G); results
showed the mean and standard deviation (X +S.D.) of three biological replicates. To assess this process, MDA
control sample was used as control. (H) Representative images of cell invasion experiments in MDA and
MDA, cells under treatment with increasing dox concentrations (0-1.6.6 uM) and concomitant FBS (10%).

(I) Densitometric analysis of invasion assays in the MDA and MDA, variant. Results showed three biological
replicates’ mean and standard deviation (n=3, X£S.D.). To evaluate this process, DMEM plus 10% fetal
bovine serum (FBS) was used as a positive control. Data were statistically analyzed using one-way ANOVA and
Newman-Keuls’s multiple comparison test, * represents a p value <0.05** represents a p value<0.01.
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The role of ABC transporters in doxorubicin chemoresistance

We evaluated the implication of the ABC transporters as a determinant of chemoresistance. In the first strategy,
we selected representative transporters of this superfamily. We established the conditions for ABCCI and
ABCBI characterization through qPCR. Under basal conditions, ABCC1 expression was slightly higher in
MDA, cells compared to MDA, cells (Fig. 6A). Upon Dox treatment (0-1.6 pM), a modulation in ABCC1
expression was observed, suggesting a downregulation in MDA, cells (Fig. 6A). However, significant differences
were not detected between MDA and MDA at any Dox concentration tested (0-1.6 uM). These responses may
correspond with other compensatory mechanisms to maintain cell viability in MDA, cells.

Under the same Dox treatment (0-1.6.6 tM), we reported a crucial cell response, the ABCB1 overexpression
in both cellular variants, which was dependent on Dox concentrations (Fig. 6B). Notably, this effect was more
pronounced in the MDA, variant. Based on the results, ABCB1 expression was significantly upregulated in MDA
cells starting from 0.4 uM Dox, with a substantial increase observed at 1.6 uM (Fig. 6B). In MDA cells, ABCBI1
expression also increased in a dose-dependent manner, although to a lesser extent. This response contrasts with
ABCCI, whose expression remained marginally higher in MDA, cells only under basal conditions and was
not significantly modulated by Dox treatment. Data suggested ABCB1 could be the determining transporter in
doxorubicin chemoresistance, which has been described in other types of cancer??,

In this context, molecular docking simulations further support the involvement of ABCBI in doxorubicin
transport (Fig. 6C, D). Doxorubicin was found to dock within the transmembrane domains 1 and 2 (TMD1/2)
of ABCBI, interacting specifically with residues Phe343, GIn347, Glu875, and GIn946, which are known to
be critical for substrate recognition and stabilization. The calculated S-score of —8.977 indicates a stable and
energetically favorable binding conformation. Key interactions included multiple hydrogen bonds, particularly
with GIn195, GIn347, and Glu875, as well as hydrophobic contacts involving aromatic residues such as Phe343,
positioning the anthracycline ring within the central substrate-binding cavity of ABCBI.

For the validation of the docking results, Rhodamine 123, a well-characterized ABCB1 substrate, was used
as a control. Molecular docking simulations revealed that Rhodamine 123 binds within the transmembrane
substrate-binding cavity of ABCBI1, engaging several key residues including Ile340, GIn990, GIn347, Leu65
and Phe983 (Sup. Figure 3). Notably, several of these residues, particularly Glu875, GIn990 and Phe343 also
participate in the binding of doxorubicin, indicating a partial overlap in their binding pockets. However,
doxorubicin interacts with a broader and more intricate network of residues, including Gln946, Met986 and
GIn195 which are absent in the Rhodamine 123 binding profile. These additional contacts likely contribute to
the higher binding affinity and enhanced conformational stability observed for doxorubicin within ABCBI.
The partial overlap in binding sites, along with differences in interaction profiles, suggests that doxorubicin and
Rhodamine 123 share a common substrate recognition domain within ABCBI, reinforcing the transporter’s role
in Dox efflux (Fig. 6C).

In a complementary way, we conducted a docking using AutoDock Vina to evaluate further the binding
affinities and interaction profiles of doxorubicin and Rhodamine 123 with ABCB1 (Sup Fig. 5). The results
revealed a binding affinity of —8.977 kcal/mol for doxorubicin and —7.568 kcal/mol for Rhodamine 123,
consistent with the binding trends observed in the MOE analysis. Comparative analysis of the docking poses
revealed that doxorubicin forms multiple stabilizing interactions within the ABCB1 binding pocket, including
hydrogen bonds with Glu875 and GIn347, as well as hydrophobic interactions with residues Met986 and Phe343,
which support a tightly anchored conformation.

Additionally, we assessed the dynamic stability of the doxorubicin-ABCB1 complex using a 10-nanosecond
molecular dynamics (MD) simulation. The Root Mean Square Deviation (RMSD) values of the ligand relative
to its initial position were calculated (Fig. 6E). As shown in Fig. 6F, these values increased gradually during
the first 5 ns, reaching a plateau with an RMSD value of 1.5 A, and remained stable for the remainder of the
trajectory. The absence of large fluctuations or divergence implies that Dox retained a stable pose within the
transmembrane domain within the binding site of ABCBI. A structural snapshot of the complex is shown in
Fig. 6E, where the initial (green) and final (purple) poses of Dox are shown (overlaid). This illustrates that
Dox remained stably embedded within the ABCB1 structure. Additionally, the ligand-binding cavity of ABCBI,
formed by multiple a-helices, maintained its shape and continued to enclose the ligand. The overall structural
integrity of the complex during the simulation supports the hypothesis that Dox is not only efficiently docked but
also retained in a stable conformation, compatible with subsequent translocation, although further simulations
would be required to capture the full transport cycle.

To complete the characterization of ABCBI1, we analyzed breast cancer prognosis datasets from TCGA
and GTEx using the GEPIA database’!. The data revealed an association between high ABCB1 expression
and reduced overall survival in breast cancer patients (Fig. 6G), supporting its role in doxorubicin resistance.
Additionally, GEPIA analysis demonstrated a significant correlation between elevated eIF4E expression and
poor overall survival in breast cancer patients (Fig. 6H). These observations were further validated using the
KM-Plot database*. High eIF4E expression was associated with decreased survival in patients treated with
doxorubicin across all breast cancer subtypes (Sup. Figure 4 A), with the effect being more pronounced in TNBC
patients (Sup. Figure 4B).

To further elucidate the role of ABCB1 in breast cancer chemoresistance, we used verapamil, a well-recognized
inhibitor of ABCBI, in functional and in silico analyses (Fig. 7). Given the high ABCB1 expression observed in
the MDA, variant, chemoresistant cells were treated with 1.6 uM Dox for 12 h to induce ABCBI1 overexpression,
followed by co-treatment with verapamil at 10 uM, an inhibitory concentration*’. Quantification of extracellular
Dox levels revealed a significant reduction upon cotreatment (Fig. 7A), suggesting that verapamil effectively
inhibited ABCB1-mediated Dox efflux. Moreover, the combined treatment with (Dox-verapamil) resulted in
enhanced cytotoxicity under the same conditions (Fig. 7B), supporting the hypothesis that verapamil sensitizes
resistant cells by impairing ABCB1 function.
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To better understand the molecular basis of this inhibition, we performed molecular docking studies using
the ABCBI structure (PDB: 7A69) with Dox and verapamil (Fig. 7C, D). Both ligands were localized within
the transmembrane domains (TMD1/2) of ABCBI, interacting with key residues, such as GIn347, Glu875, and
GIn946, and positioning the anthracycline ring within the central substrate-binding cavity of ABCBI. A visual
representation of the binding poses shows that doxorubicin (yellow) and verapamil (magenta) occupy nearly
identical spatial positions within the ABCB1 binding site (blue), consistent with the overlapping interaction
profile described above.

These findings reinforce the relevance of eIF4E as a contributor to chemoresistance and to tumor progression
traits such as increased cell invasion. Notably, eIF4E may also play a regulatory role in the expression of the
transcription factor Nrf2, a key target in antioxidant responses and chemoresistance. This potential interaction
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«Fig. 6. Doxorubicin chemoresistance is associated with the ABCB1 transporter. (A) Expression levels of
ABCC1 in MDA, and MDA cells under treatment with doxorubicin concentration range (0-1.6.6 uM)
through qPCR determination; (B) under the same conditions, characterization of ABCB1 levels. In both cases,
GAPDH was used as a reference gene, Results showed three biological replicates’ mean and standard deviation
(n=3,X£S.D.). Molecular docking assay of ABCB1 (PDB: 7A69) under dox interaction, an increment in the
interaction region is shown (C), and prediction of ABCBI residues determinants of doxorubicin interaction
obtained by MOE program (D). (E) Overlay of the ligand (doxorubicin) in its initial (green) and final (purple)
conformations within the transmembrane binding pocket after a 10 ns molecular dynamics simulation. (F)
RMSD of the ligand over the simulation time (10 ns), calculated with respect to the initial docking pose. (G)
Opverall survival plot for low and high expression of the ABCB1 gene in BC patients from GEPIA. (H) The
overall survival plot for low and high expression of eIF4E in breast cancer patients was obtained from the
GEPIA database (http://gepia2.cancer-pku.cn/#index). Data were statistically analyzed using one-way ANOVA
and Newman-Keuls’s multiple comparison test **represents a p value <0.01 and *** p-value <0.001.
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Fig. 7. Inhibition of ABCB1 with verapamil promotes significant cytotoxicity in MDA, cells. (A) Evaluation
of Dox efflux under 24 h treatment with dox (1.6 uM) and concomitant treatment with the ABCBI inhibitor
(Verapamil) (10 uM). (B) MTT viability assay under the same conditions. Molecular docking assay of ABCB1
(PDB: 7A69) under dox and verapamil interaction (C), an approach to the interaction region of the ligands dox
(yellow) and verapamil (magenta) is shown (D), and prediction of ABCBI residues determinants of verapamil
interaction obtained by the MOE program. Results showed three biological replicates’ mean and standard
deviation (n=3, X£S.D.). Data were statistically analyzed using one-way ANOVA and Newman-Keuls’s
multiple comparison test, * represents a p value <0.05** represents a p value <0.01.
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could influence the expression of ABC transporters, further impacting therapeutic response (personal
communication).

Nrf2, a key factor in regulating chemoresistance

We evaluated Nrf2 expression to determine its potential association with ABCB1 regulation in MDA, and
MDA cells under the same range of doxorubicin concentrations (0-1.6 uM) (Fig. 8A, B). The results suggest a
correlation between Nrf2 and ABCB1 responses, particularly in MDA, cells, wherein Nrf2 expression increased
at the highest Dox dose (1.6 uM). This phenomenon coincided with sustained eIF4E activity under the same
treatment conditions. Complementary findings from a spheroid formation assay, used to assess proliferation
capacity, supported this observation. At high Dox concentrations (1.6 pM), spheroid formation was completely
suppressed in MDA cells, whereas only a slight reduction in spheroid size was observed in MDA cells (Sup.
Figure 5), suggesting preserved proliferative potential in the chemoresistant variant. This evidence suggests
differential regulation of Nrf2 and ABCB1 mRNAs by the eIF4E/eIF4F complex in MDA, cells, based on
previous cytometry data and extracellular doxorubicin quantification assays.

To further investigate this regulatory axis, we employed siRNA-mediated knockdown of eIF4E to assess its
downstream effects. Optimal knockdown conditions were established after 7 h of siRNA treatment, resulting in
a reduction of eIF4E expression to 28% relative to control levels (Fig. 8C, D). Notably, this downregulation was
accompanied by a significant decrease in MMP-9 activity in the extracellular medium (Fig. 8E, F), indicating a
functional impact on invasive capacity.

We next evaluated the protein levels of eIF4E, eIF4E-pS~2%°, and Nrf2 combined treatment with eIF4E
siRNA and doxorubicin (1.6 uM) for 12 h in both cell variants (Fig. 8G). Both MDA, and MDA, cells responded
to siRNA treatment with a marked reduction in total eIF4E protein (Fig. 8G, H) and its phosphorylated form
elF4E-pS—2% (Fig. 8G, I), with the effect being particularly pronounced in MDA, cells.

Importantly, under these same conditions, Nrf2 expression was also reduced in response to eIF4E knockdown,
even in the presence of Dox (Fig. 8G). These results support the existence of a functional e[F4E/Nrf2 regulatory
axis in doxorubicin-treated TNBC cells.

Interestingly, we have previously reported the involvement of Nrf2 in tamoxifen resistance in ER* breast
cancer cells*, further reinforcing its role in treatment response across BC subtypes.

Effect of elF4E regulation mediated by the molecule 4E1RCat

As a complementary approach to studying eIF4E regulation, we evaluated the effect of the eIF4E inhibitor
4E1RCat on TNBC cellular variants. We evaluated a range of doses of 4E1RCat (0.5-4 uM) on key cell processes,
including cell migration using the wound closure assay, as well as MMP-9 secretion in MDA, cells. The results
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Fig. 8. Nrf2 is associated with the eIF4E expression. (A) WB evaluated Nrf2 protein expression levels in
MDA, and MDA, variants under increasing dox concentrations (0-1.6.6 uM); (B) Densitometry analysis of
Nrf2. (C) WB of control eIF4E expression using siRNA on MDA, cells with respective densitometric analysis
(D). (E) MMP-9 activity was evaluated by zymography after treatment with siRNA eIF4E and densitometric
analysis (F). (G) WB evaluated eIF4E, p-eIF4E, and Nrf2 expression under eIF4E siRNA and concomitant
treatment with dox (1.6 uM). Densitometric analysis of eIF4E (H) and p-eIF4E (I). Results showed three
biological replicates mean and standard deviation (n=3, X£S.D.). Data were statistically analyzed using one-
way ANOVA and Newman-Keuls’s multiple comparison test, *represents a p-value <0.05, and **represents a p
value <0.01 concerning the control. GAPDH was used as a loading control for WB.
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led to the selection of 3 uM as the optimal dose for eIF4E inhibition (Sup. Figure 7). Therefore, to further explore
the relationship between ABCBI1 expression and eIF4E activity, we analyzed the effect of 4E1RCat in the context
of Dox treatment (1.6 uM). As expected, Dox alone induced ABCBI expression in both MDA and MDA, cells,
with a more pronounced effect in MDA, (Fig. 9A). Interestingly, co-treatment with 4E1RCat (3 uM) led to a
decrease in ABCB1 expression only in MDA cells. In contrast, expression remained elevated in MDA, cells
despite treatment with the inhibitor (Fig. 9A).

These observations suggest that ABCB1 regulation in MDA, cells may be less sensitive to eIF4E inhibition,
possibly due to sustained phosphorylation of eIF4E at Ser209. Supporting this hypothesis, we detected higher
eIF4E-pS—2% levels in MDA, cells compared to MDA cells under both Dox (1.6 uM) and Dox +4E1RCat (3
uM) treatments (Fig. 9B, C). This phenomenon indicates that the phosphorylation stage of eIF4E may play a
pivotal role in maintaining ABCB1 expression in chemoresistant TNBC cells.

In silico docking simulations revealed that the binding site of 4E1RCat on the eIF4E structure (PDB: 4UED)
shifts depending on the presence of the 4EBP1 peptide bound to the N-terminal region of eIF4E (Fig. 9D, E).
The interaction between 4EBP1 and eIF4E is likely promoted under conditions of low 4EBP1 phosphorylation,
as observed in MDA, cells treated with increasing concentrations of doxorubicin (1.6 uM) (Fig. 4A, D).

When 4EBP1 was included in the docking simulation, 4E1RCat was found to bind near Ser209, a residue
associated with eIF4E activation through phosphorylation (Fig. 9D). In contrast, when 4EBP1 was excluded,
representing a condition akin to MDA, cells, where 4EBP1/2/3 phosphorylation prevents its binding to eIF4E;
4E1RCat was located near the cap-binding pocket, interacting with key residues such as Trp102 and Trp56 on
the eIF4E structure (Fig. 9E).

These structural insights support the hypothesis that phosphorylation-dependent accessibility of eIF4E
domains modulates the binding mode of 4E1RCat, potentially influencing its inhibitory efficacy in different
TNBC cellular contexts.

Discussion

TNBC is characterized by poor prognosis and frequent development of chemoresistance. To model this clinically
relevant feature, we established a new strategy to generate a doxorubicin-resistant variant of the MDA-MB-231
TNBC cell line. By treating the parental line (referred to as MDA ) with the IC,, dose of doxorubicin, we were
able to develop a chemoresistant variant, MDA, (Fig. 1). The MDA, cells exhibited a 3.1-fold increase in IC,
compared to MDA cells, suggesting their resistant phenotype. Significantly, the IC, of doxorubicin in MDA
cells (0.619 pM) falls within the range reported in breast cancer patients (0.023-1.14 uM)**. In contrast, the
MDA, IC, (1.8 uM) exceeds this clinical range, further supporting its resistance status. This approach appears to
provide an innovative platform for modeling acquired chemoresistance, particularly for compounds or regimens
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Fig. 9. The eIF4E/ABCBI axis in chemoresistance, the role of the 4E1RCat molecule. (A) Expression levels of
ABCBI in MDA, and MDA, cells under treatment with dox (1.6 uM) and 4E1RCat (3 uM) for 48 h through
qPCR determination, GAPDH was used as a reference gene. (B) p-eIF4E expresion levels evaluated by WB
under dox (1.6 uM) and 4E1RCat (3 uM) concomitant treatment, MDA and MDA, variants were treated

for 48 h. (C) Densitometry analysis of p-eIF4E; Results showed three biological replicates’ mean and standard
deviation (n=3, X+S.D.) and expressed as % of control; data were statistically analyzed using one-way
ANOVA and Newman-Keuls’s multiple comparison test ** represents a p-value <0.01 concerning the control.
GAPDH was used as a control. (D, E) Molecular docking assay of eIF4E (PDB used 4UED) under 4E1RCat
and concomitant interaction of 4E1RCat and 4EBP-1. Cyan: eIF4E, Green: Tryptophan, Red: 4E Binding
Protein —1.
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with high cytotoxicity, wherein resistance development is often limited under standard culture conditions*®. Our
model could serve as a foundation for testing therapeutic strategies targeting resistance mechanisms in TNBC.

Evidence suggested improved doxorubicin handling in the MDA, variant compared to the parental MDA
cells (Fig. 2). Despite its well-documented side effects, doxorubicin remains a first-line anthracycline used in
breast cancer treatment. However, while initially effective, the development of chemoresistance can reduce
its efficacy and is often associated with increased tumor aggressiveness*’. To explore this phenomenon, we
performed a series of cell biology assays aimed at characterizing key features of resistance. Notably, TNBC is
known for its high metastatic potential, a trait that is further exacerbated in cases of chemoresistance®®.

The development of chemoresistance following prolonged exposure to chemotherapeutic agents is commonly
associated with an enhanced ability of tumor cells to migrate and metastasize’**°. The data obtained in this
study are consistent with these observations, as demonstrated by our in vitro experiments (Fig. 3). However,
additional validation using in vivo models would be necessary to gain a more comprehensive understanding of
the mechanisms involved.

The results indicate enhanced migratory activity in MDA, cells compared to the parental MDA variant.
Notably, low concentrations of doxorubicin (0.05-0.8 uM) promoted migration in MDA, cells. This finding is in
agreement with previous reports showing that sub-cytotoxic doses of Dox can activate the Src signaling pathway,
thereby promoting cell motility>®. The concentrations used in this study are within the range reported in plasma
samples from breast cancer patients®, suggesting clinical relevance. Importantly, invasive behavior and MMP-9
secretion were maintained in MDA, cells even under high Dox concentrations (0.8-1.6 uM) (Fig. 5), in contrast
to the marked suppression observed in MDA, cells. This pattern was further supported by spheroid formation
assays, in which MDA, cells retained the ability to form spheroids despite Dox exposure, whereas MDA  cells
showed complete suppression (Sup. Figure 5).

Additionally, we evaluated doxorubicin internalization and elimination. MDA, cells showed a reduced
capacity for drug efflux, as evidenced by lower levels of extracellular Dox. In contrast, MDA, cells retained
greater viability and higher extracellular Dox levels following treatment, particularly at elevated concentrations
(Fig. 2). These findings may indicate that MDA, cells have acquired adaptive mechanisms that counteract
the cytotoxic effects of high Dox concentrations. One key contributor to this phenotype could be the ABCB1
transporter, which may mediate enhanced drug efflux and confer chemoresistance.

The implication of the ABC transporters as a determinant of chemoresistance, in this instance ABCB1
expression, was significantly induced by Dox in a dose-dependent manner, with MDA, cells exhibiting
significantly greater upregulation in comparison with MDA cells. This supports the notion that ABCB1 acts as
a major mediator of Dox efflux and resistance. Molecular docking simulations confirmed a specific interaction
between Dox and key residues in ABCB1’s transmembrane domains, including Leu236, Glu243, and Lys826.
These interactions were stabilized by hydrogen bonding and van der Waals forces, suggesting a high-affinity
binding conformation. Further validation with Rhodamine 123, a known ABCBI1 substrate, showed a partial
overlapping, reinforcing the selectivity of Dox for this transporter. AutoDock Vina simulations revealed a
stronger binding affinity for Dox (-8.977 kcal/mol) compared to Rhodamine 123 (—7.568 kcal/mol), which is
consistent with its tighter docking profile. Importantly, molecular dynamics simulations over a 10- nanosecond
trajectory supported these findings, revealing minimal ligand displacement and sustained retention of Dox
within the transmembrane cavity.

Moreover, despite the importance of verapamil, the exact site where it binds to the ABCBI structure has not
been described. Importantly, we observed that the inhibition of ABCB1 with verapamil at the MDA, reduces
the export of Dox. This process was coupled with cell viability (Fig. 7). A Molecular Docking assay supported
this interpretation, revealing that Doxorubicin and verapamil bound to the same region of the ABCBI binding
pocket, which is consistent with the hypothesis that verapamil inhibits Doxorubicin efflux by competitively
occupying the same site. Although we do not rule out the possibility that other transporters and Dox resistance
mechanisms may be involved, the data underscore the likely importance of ABCBI, and therefore of the
mechanisms that regulate its expression.

Results suggest that ABCB1 mediated drug efflux represents one axis of chemoresistance, which might be
further reinforced by translational control mechanisms, such as eIF4E regulation and changes in 4EBP activity
in the presence of doxorubicin. Therefore, we investigated how eIF4E is modulated in response to doxorubicin.
Our data indicates that both eIF4E expression and its phosphorylated form (eIF4E-pS¢'=2%%) were maintained as
Dox concentration increased, particularly in the MDA, variant. This may suggest that e[F4E activity is preserved
in chemoresistant cells under therapeutic stress. While our primary focus was on eIF4E, we acknowledge that
further exploration of the MAPK signaling pathway, including p38/MNK activation®, could provide additional
insight into the mechanisms sustaining eIF4E phosphorylation. In parallel, eIF4E regulation appears to be linked
to a reduction in the phosphorylation of its modulatory binding proteins, 4EBP1/2/3, as evidenced by our data
(Fig. 4A, D). These findings point toward an adaptive response in the eIF4F complex in MDA, cells, reflecting
dynamic regulation in response to Dox treatment.

Moreover, our analysis of protein-protein interactions using the STRING database (https://string-db.org/)*!
supports the potential functional relevance of the MNK-eIF4E signaling axis in the context of chemoresistance.
The interaction network highlights high-confidence associations among eIF4E, its upstream kinases MNK1
and MNK2, and the scaffolding protein eIF4G1, which facilitates eIF4E phosphorylation at Ser209. This post-
translational modification has been implicated in the selective translation of mRNAs involved in cell survival and
stress response pathways (Sup. Figure 6). Among the candidate downstream targets, Nrf2 emerges as a plausible
effector, as previous studies have suggested its translation may be regulated by eIF4E activity'®. In turn, Nrf2 is
known to transcriptionally activate ABCBI, a key transporter associated with drug efflux and chemotherapy
resistance®3. This interaction patterns align with the model proposed in this study, in which sustained eIFAE
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activity could contibute to increased ABCBI expression via a Nrf2-dependent mechanism, ultimately reducing
intracellular doxorubicin levels and contributing to the chemoresistant phenotype observed in MDA, cells.

Our data suggests that the translation factor eIF4E remains functionally active at elevated doxorubicin
concentrations in MDA cells, promoting the selective translation of targets such as Nrf2 and ABCB1. The
sustained activity of the mTOR/eIF4E axis at 1.6 uM, above clinically reported plasma concentrations, appears
to correlate with increased cellular invasion (Fig. 5). Additionally, lipid overload has been proposed to potentiate
these oncogenic processes'>. In previous work, we demonstrated the role of eIF4E as a key regulator of protein
synthesis and lipogenesis, establishing a link between eIF4E activity, mRNA processing, and carcinogenesis,
with potential implications for chemoresistance. This hypothesis is further supported by the results of our
eIF4E siRNA experiments, which showed that silencing eIF4E impairs downstream targets and reduces cellular
invasion and survival pathways (Fig. 8), reinforcing its possible role as a central mediator of the chemoresistant
phenotype.

As a complementary approach, we employed a small molecule-based regulatory strategy targeting
elF4E. Treatment with the eIF4E inhibitor 4E1RCat>® further support the potential involvement eIF4E in
chemoresistance mechanisms, as evidenced by changes in ABCB1 expression (Fig. 9). Additionally, our docking
simulations provided further insight into the structural interactions between eIF4E, 4EBP1, and 4E1RCat. The
results suggest that the presence of 4EBP1 promotes the localization of 4E1RCat near Ser209, a key regulatory
site on eIF4E, thereby potentially inhibiting its activity. This observation is consistent with the experimental
data presented in Fig. 9. Nonetheless, further validation using three-dimensional structural analyses, such
as crystallography, would help to strengthen our understanding of the binding interactions and inhibitory
mechanism of 4E1RCat on eIF4E.

4E1RCat inhibits the translation process by competing with the eIF4G binding site on eIF4E, thereby
preventing the formation of the eIF4F complex. This mechanism allows for the direct evaluation of eIF4E
functional involvement and its regulatory relationship with downstream proteins that rely on its activity™.
Other molecules, such as Ribavirin, have shown similar effects on eIF4E function, although through indirect
mechanisms®®. Our findings support the activation hypothesis of the eIF4E-Nrf2-ABCB1 axis in MDA, cells,
which may contribute to the observed chemoresistance phenotype. Previous data from our group have also
indicated a Nrf2-dependent transition from an ER* phenotype to a TNBC-like profile in response to tamoxifen-
derived metabolites*!. Building on this evidence, our team is currently developing Nrf2 inhibitors through in
silico screening and molecular docking approaches using a large chemical compound library. These efforts aim
to identify compounds capable of targeting Nrf2 as a strategy to overcome doxorubicin resistance in TNBC
MDA, cells (personal communication).

An additional therapeutic strategy might involve the concomitant inhibition of eIF4E and MNK kinases,
which could effectively disrupt eIF4E function and allow for a more precise assessment of its impact on ABCB1
expression. Alternatively, the use of Proteolysis Targeting Chimeras (PROTACsS) represents a promising approach
to selectively degrade eIF4E, thereby enabling functional studies on the elF4E-Nrf2- ABCB1 axis. Such strategies
could provide valuable insights into the translational regulation underlying doxorubicin resistance in TNBC,
supporting the development of targeted therapeutic interventions.

Our research team plans to further evaluate the eIF4AE-Nrf2-ABCBI1 axis in in vivo models to validate
the functional relevance of our findings. We will use the BALB/c murine model, in which 4T1 cells will be
orthotopically inoculated. To assess the specific role of eIF4E, we will employ CRISPR-Cas9 genome editing to
generate eIF4E knockout in 4T1 cells, enabling the evaluation of its impact on chemoresistance and metastatic
potential. These experiments are expected to provide essential validation of our in vitro observations.

Specifically, our results suggest that sustained eIF4E expression in MDA, cells is associated with the enhanced
translation of the drug efflux transporter ABCB1, contributing to reduced intracellular doxorubicin accumulation.
Therefore, our findings point toward the involvement of the eIF4AE-Nrf2-ABCBI axis in chemoresistance and
identify potential molecular targets for both pharmacological and genetic modulation. To provide an integrative
perspective, Fig. 10 summarizes the main mechanisms proposed in this work, highlighting the interplay between
eIF4E activation, Nrf2 regulation, and ABCB1-mediated efflux. This schematic representation offers a visual
overview of our proposed model of chemoresistance, facilitating the interpretation of how translational control
and stress response pathways converge in TNBC.

Methods

Cell culture

The triple-negative breast cancer cell line MDA-MB-231 from the American Type Culture Collection (ATCC
HTB-26) was used as the parental cell line to generate the doxorubicin-resistant cell variant and the internal
control to perform comparative studies. Unless otherwise stated, cells were proliferated in a DMEM medium
supplemented with fetal bovine serum (FBS) and 10% and antibiotics (50 U/mL penicillin and 50 pug/mL
streptomycin).

Generation of the doxorubicin-resistant cell variant
In this work, we decided to evaluate the MDA-MB-231 cell line since it is classified as a mesenchymal stem-
like cell, which allows us to study the molecular phenomena associated with chemoresistance®. Then, we
implemented three protocols to generate the doxorubicin-resistant cell variant. The first consisted of treatment
with increased concentrations of doxorubicin, with an initial dose of 0.05 uM. Treatment periods of 4-6 days
were performed, and a recovery period of 20-30 days was made. In this case, the protocol was based on the
experimental approach established by Garcia-Gonzalez et al.>* with modifications.

In the second one, the IC, of the parental cell line was confirmed (0.6 uM) by performing a dose-response
assay using increasing concentrations of doxorubicin (0-3.2.2 pM). Later, cells were treated with half-maximal
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Fig. 10. Integrative model of the eIlF4E-Nrf2-ABCBI axis in doxorubicin resistance. Schematic summary of
the proposed mechanism by which sustained eIF4E activation in MDA, cells promotes the selective translation
of Nrf2 and ABCBI, enhancing antioxidant response and drug efflux. The convergence of translational

control and stress-adaptive signaling reduces intracellular doxorubicin accumulation, thereby reinforcing the
chemoresistant phenotype in triple-negative breast cancer cells.

inhibitory concentration IC,, (0.6 uM of doxorubicin) for 3 days and a recovery period of 3—4 weeks; this protocol
was performed seven times. However, for this protocol, only the IC, value was suitable. Finally, in the third
protocol (Fig. 1A), the doxorubicin-resistant cells obtained were reached using treatments with the doxorubicin
IC,; (0.3 uM) for 72 h and a recovery period of 24-27 days. This treatment scheme was implemented for 7 cycles.
Cells were maintained under a low dox concentration (15 nM) during the recovery and proliferation periods.
This variant generated under the scheme of IC,, was named MDA, and as a control, we evaluated the parental
MDA-MB-231 cells denominated as MDA cells.

Cell viability assays

3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assays were used with a
modification to the protocol of Hernandez-Valencia et al.® to evaluate the chemoresistance. Proliferating cells
were seeded in 24-well plates at a density of 40,000 cells per well with 500 pL of supplemented DMEM medium
for 24 h at 37 °C/5% CO,. Cell cultures were maintained in a non-supplemented DMEM medium for 24 h. Then,
cell cultures were treated with increasing doxorubicin concentrations (0.05-6.4 uM) for 48 h. In addition, the
effect of concomitant treatment of Dox (1.6 pM) and verapamil (10 uM) for 24 h was characterized. Later, 250
uL per well of MTT solution (0.5 mg/mL of MTT dissolved in non-supplemented DMEM medium) was added,
and the plate was incubated at 37 °C/5% CO, for 3 h. The medium was removed, and the cell monolayer was
lysed with 250 pL of DMSO, collected in 1.5 mL conical tubes, and centrifuged at 2504 xg for 10 min at 20 °C.
Absorbance measures were collected at 595 nm.

Doxorubicin internalization by cytometer analysis

Cells were incubated under several treatments with doxorubicin in a DMEM medium for 24 h, with a previous
fasting period of 24 h. Next, the cells were washed twice with PBS 1X. The monolayer recovered in PBS (300
uL), and the cell suspension was mixed gently. Cellular characterization was performed in a Beckman-Coulter
cytometer Cytoflex (Pasadena, CA, USA); 15, 000 events were characterized using the PC7-A filter to record
doxorubicin-associated fluorescence, and median fluorescence intensity was used for analysis®”>%>.

Dox quantification in extracellular media

Cell cultures were grown to reach a confluence of 90% in the complete DMEM medium. Cultures were fasted for
24 h with a non-supplemented medium. Stimuli with increasing dox concentrations (0-1.6.6 M) were prepared
in OptiMEM medium, low in phenol-Red. Cells were incubated for 24 and 48 h. Likewise, we performed
experiments under the treatment with verapamil molecule (10 uM), a reported ABCBI inhibitor; we evaluated
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its effect on Dox cellular exportation. Supernatants were collected and centrifuged at 3170 xg at 4 °C for 10 min,
for cellular detritus elimination. Supernatants were collected and centrifuged at 3170 x g at 4 °C for 5 min. The
supernatant was collected and evaluated in a CaryEclipse Variant fluorometer (Agilent Technologies, Inc., Santa
Clara, CA, USA) with a 470 nm and 595 nm excitation and emission wavelength, respectively. A standard curve
was constructed to ascertain the concentration.

Wound-healing migration assays

The effect of doxorubicin chemoresistance on migration was evaluated by wound healing assay as described
by Leal-Orta et al.®*. Cells were seeded in 6-well dishes at a density of 200,000 cells per well and incubated at
37 °C/5% CO, for 48 h until complete confluence was reached. The medium was removed, and 1 mL of non-
supplemented DMEM medium was plated for 24 h. Before stimulation, cells were pretreated with mitomycin-C
for 2 h (8 ug/mL). Wound healing was performed using a sterile 200 pL tip, two washes with PBS were performed,
and cells were incubated for 48 h with several treatments. Positive control DMEM medium supplemented with
10% FBS and negative control with non-supplemented DMEM were included. After 48 h, supernatant media was
collected for zymogram assays, and the cells were fixed with cold methanol for 10 min under gentle agitation at
4 °C. Methanol was removed, and the cells were stained with Coomassie blue for 10 min under gentle agitation
at 4 °C. Final washes were performed with cold PBS and observed under an inverted microscope.

Invasion assays

The modified transwell method performed invasion experiments in 24-well plates containing 12 cell culture
inserts with 8 um pore size (NEST, Wuxi Nest Biotechnology Co. Jiangsu, China). Briefly, 50 uL of BD Matrigel
(Corning, Somerville, MA, USA) was added into culture inserts and maintained at 37 °C for 45 min. MDA and
MDA, cells were plated at 1 x 10° cells per insert in serum-free DMEM on the top chamber. The lower chamber
contained 600 uL DMEM and FBS 10% with the doxorubicin range treatment concentration (0-1.6.6 puM).
DMEM medium with FBS 10% was used as a positive control; Boyden chambers were incubated for 48 h at 37
°Cina 5% CO, atmosphere. Then, cells and matrigel on the upper surface of the membranes were removed with
cotton swabs, and the cells on the lower surface of the membrane were washed and fixed in methanol for 5 min®%;
three biological replicates were performed for statistical analysis.

gPCR

MDA and MDA, cellular variants under 90% confluence were treated under the specific schemes. Then,
total RNA from cellular variants was obtained with Trizol reagent, following the supplier’s instructions. cDNA
was synthesized using 1 ug of RNA and the Primer Script RT-PCR Kit (Takara Inc, Tokyo, Japan). cDNA
concentration was standardized for qPCR with the PowerUp Sybr Green Master Mix 2X (Applied Biosystems,
Waltham, MA, USA) according to the manufacturer’s instructions, and 4 uL of the resultant cDNAs were used
for each PCR reaction (62). Primers sequences were ABCB1 forward 5-GCCAGCTGAACTCCTTAGAC-3,
ABCBI1 reverse 5-GATTCGTGCACAGCAGCA-3, ABCCl1 forward 5-GGCTCAAGGAGTATTCAGAG-3,
ABCCI1 reverse 5-CCATCG ATGATGATCTCTCC-3, GAPDH forward 5’ AGACAGCCGCATCTTCTTGT3/,
and GADPH reverse 5’ CTTGCCGTGGGTAGAGTCAT3'. qPCR reactions were performed in triplicate using
an ABI PRISM 7000 sequence detection system (Applied Biosystem); data were analyzed using the 2-AACt
method with GAPDH as a reference calibrator and reported as fold change.

Immunoprecipitation (IP) assays

MDA and MDA cell cultures were treated under an increasing doxorubicin concentration range (0-1.6.6 pM).
For these experiments, 250 pug of protein cell lysates were used. For the total protein lysates, 2 pL of anti-eIF4E
(sc-9976) was employed. All samples were incubated for 3 h at 4 °C with mild agitation. Further, 10 pL of protein
A/G plus agarose (sc-2003) was added, and incubation was maintained for 12 h at 4 °C with mild agitation. Then,
samples were centrifuged at 1,409 xg for 5 min at 4 °C. The supernatant was discarded. The obtained pellets
were resuspended and washed with mild agitation using STE 1x buffer (TBS, EDTA 100 mM, NP40 10%), and
centrifugation at 1,409 x g for 5 min was made. This process was performed twice. Next, 40 uL of Laemmli buffer
1x was added to the pellet, mild mixing, and heated for 2 min at 90 °C. The solution was centrifuged at 1,409
x g for 3 min. Immune complexes were evaluated, as well as SDS-PAGE, PVDF transference, and western-blot
identification by processing 20 uL of the supernatant samples. GAPDH was used as a loading protein.

Molecular docking

The atomic coordinates of the protein ABCB1, Protein Data Bank (PDB) ID: 7A69, with a resolution of 3.2 A, were
used for molecular docking experimentation. The structure of doxorubicin (CID 31703) and verapamil (2520)
was obtained from the PubChem database. The protein structure was prepared; water and small molecules were
removed. Ligands and proteins were 3D protonated, and energy was minimized using a Molecular Operating
Environment (MOE) with default parameters (Placement: Triangle Matcher, Rescoring 1: London G, AMBER99
forcefield). Each ligand was generated by many different conformations, and the protein was visualized using the
ligand interactions implemented in MOE. A similar strategy was used for ABCC1 characterization (PDB 6UY0)
with doxorubicin. For the characterization of the eIF4E factor, the PDB structure 4UED was evaluated, including
the interaction with 4E-BP1 and the small molecule 4E1RCat (CID 1619554). Docking results are analyzed using
the S-score values.

The S-score in the Molecular Operating Environment (MOE) is a composite scoring function used to
estimate the binding affinity between a ligand and a protein target during molecular docking simulations. It
integrates multiple energetic terms, including van der Waals interactions, electrostatics, hydrogen bonding,
desolvation, and torsional strain, to approximate the free energy of binding. The score is expressed in arbitrary
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units correlating with binding strength, where more negative values suggest more favorable ligand-receptor
interactions.

AutoDock Vina (version 1.2.7). The crystal structure of human ABCBI is the same as MOE and was
prepared by removing water molecules and non-essential co-crystallized ligands. Polar hydrogens were added,
and Gasteiger charges were assigned using AutoDock Tools 1.5.7 (ADT). Ligands, including Doxorubicin and
Rhodamine 123, were prepared in their energy-minimized conformations, and torsional flexibility was defined
within ADT.

A grid box was defined to encompass the transmembrane substrate-binding region of ABCBI, with
dimensions of 73x92x82 A. Docking was performed using default Vina parameters with an exhaustiveness
level of 8, and the top-scoring binding pose (lowest binding free energy) was selected for further analysis.
Binding affinities were recorded in kcal/mol, and ligand-protein interactions were visualized using MOE.

SiRNA experimentation

Cells were seeded at a density of 7.5x10* cells/plates and incubated overnight in a standard growth medium
without antibiotics. eIF4E siRNA (h) (sc-35284) and control siRNA-A (sc-37007) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Transfection was performed according to the following conditions:
4 uL of siRNA was diluted on 50 pL of transfection medium (Solution A), on the other hand, the transfection
reactive (3 pL) was homogenized with 50 pL of transfection (Solution B). Then, solution A was added to solution
B, mixed kindly, and incubated for 30 min at room temperature. Next, 400 uL of transfection was added and
mixed, and 500 pL of total solution was added per well. Cells were incubated at 37 °C for 6 h, and 500 uL of
complete medium (2x) was added and incubated for 24 h. The medium was withdrawn, and 500 pL of complete
medium (1x) for 12 h, subsequently dox treatment was added. After verifying the transfection efficiency by WB,
experimentation with dox was performed using a final concentration of dox 1.6 pM and 12 h treatment.

Zymography

MDA, and MDA, cell cultures were incubated under different treatments, and the conditioned medium was
collected. Volumes of 40 pL non-heated conditioned medium samples were mixed with 5x sample buffer (0.313 M
Tris pH 6.8, 10% SDS, 50% glycerol, and 0.05% bromophenol blue) and processed on 8% polyacrylamide gels
copolymerized with gelatin (1% w/v). Gels were rinsed twice with 2.5% Triton X-100 and then incubated in
a development buffer (50 mM Tris-HCI pH 7.4, 10 mM CaClz, and 0.02% NaN3) for 48 h at 37 °C. Gels were
fixed and stained with 0.25% Coomassie Brilliant Blue G-250 in 10% acetic acid and 30% methanol. Proteolytic
activity was detected as clear bands against the background stain of the unprocessed substrate.

GEPIA analysis

We used the GEPIA database to evaluate the potential implications of protein targets eIF4E and ABCBI in
breast cancer. We analyzed the mRNA expression levels of eIF4E (EIF4E coding gene, Gene ID: 1977) and
ABCBI (ABCBI coding gene, Gene ID: 5243) and their relationship with overall survival in BC patients using
GEPIA, which collects information from the The Cancer Genome Atlas (TCGA)and GTEx (Genotype-Tissue-
Expression)*1:63,

KM-PLOT analysis

Similarly, we use the KM-plot database*? to evaluate the implication of eIF4E protein (UniProt ID: P06730)
expression and its relationship with survival TNBC patients and TNBC patients with dox treatment. We selected
the TCGA-RPPA database for the KM analysis.

Molecular dynamics (MD)

MD simulation was performed using the QwikMD 1.3 plugin® in VMD and the NAMD 2.14 simulation
engine® to evaluate the stability of the ABCB1-Dox complex derived from molecular docking. The simulation
was carried out in an explicit solvent to streamline the analysis and avoid the added complexity of embedding
the transmembrane protein in a lipid bilayer. Harmonic positional restraints were applied to the Ca atoms of the
protein throughout the simulation to preserve the overall architecture of the transmembrane pore in the absence
of a bilayer membrane environment.

'The ABCB1-Dox complex was solvated in a rectangular box of TIP3P water molecules with an 18 A buffer,
and the system was neutralized with Na* and CI” ions to achieve a physiological ionic strength of 0.15 M. The
CHARMM36 force field was used for the ABCBI protein. The Dox topology and parameters were generated
using CHARMM-GUI’however, due to the structural complexity of this ligand, several parameters were
missing or incorrect, including bond definitions, angles, dihedrals, and improper torsions, which all were
manually corrected prior to simulation.

The ligand-receptor system was subjected to energy minimization (20,000 steps), followed by annealing in
the NPT ensemble (0.24 ns, heating from 60 K to 298 K), and equilibration (1.0 ns) at 298 K and 1 atm using the
Nosé-Hoover Langevin piston. A production MD run of 10 ns was then performed under NPT conditions at
298 K. The r-RESPA multiple time step scheme was used, with short-range interactions updated every single step
and long-range electrostatics every two steps. A 2 fs integration time step was used, and long-range electrostatic
interactions were computed using the particle mesh Ewald (PME) method. All bonds involving hydrogen atoms
were constrained using the SHAKE algorithm. The analysis tools included in QwikMD were used to calculate
RMSD.

Data availability

Data is contained within the article.
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Abstract: Resistin is an adipokine with metabolic and inflammatory functions. Epidemiological and
translational studies report that an increase in plasma levels and tissue expression of resistin increases
the aggressiveness of prostate tumor cells. Extracellular vesicles (EVs) are secreted constitutively
and induced by cytokines, growth factors, and calcium and are found in multiple biological fluids
such as saliva, serum, semen, and urine. In particular, EVs have been shown to promote tumor
progression through the induction of proliferation, growth, angiogenesis, resistance to chemotherapy,
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updates . ) ) .
invasive prostate tumor cells remains to be studied. In the present study, we demonstrate that
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accompanied by increased p-FAK levels and increased secretion of MMP-2 and MMP-9 in resistin-
treated PC3 cells. Interestingly, EVs isolated from supernatants of PC3 cells treated with resistin
induce an increase in migration and invasion accompanied by high MMP-2 and MMP-9 secretion
in an autocrine stimulation model. In summary, our data for the first time demonstrate that resistin
induces migration and invasion, partly through the secretion of EVs with pro-invasive characteristics
in PC3 cells.

Keywords: resistin; prostate cancer; extracellular vesicles; FAK; invasion

1. Introduction

Prostate cancer is a global public health problem. According to the Global Cancer
Observatory, in 2020, more than 1 million new diagnoses were reported, resulting in the
deaths of more than 375,000 men worldwide [1-3]. Prostate cancer is caused by mutations
in tumor suppressor genes and oncogenes such as p53, Src, FAK, and Akt, resulting in
uncontrolled growth and proliferation [4]. Although prostate cancer can originate from

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

any prostate cell, 95% of tumors originate from luminal epithelial cells [5].

Evidence links obesity with the development of multiple types of cancer [6] because
adipose tissue can secrete different molecules that can regulate metabolism [7]. In addition,
obesity is associated with various pathologies such as hypertension, diabetes, and prostate
cancer [8]. Evidence suggests that at least 20% of all tumors are caused by excess weight,
causing a more aggressive disease [9]. Adipose tissue releases more than 20 different
types of adipokines, including leptin, adiponectin, TNF-«, and resistin, which can promote
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tumor growth, proliferation, and metastasis [10]. In obesity, the paracrine communication
between adipocytes and cells of the immune system is altered due, among other factors, to
the deregulation of adipokine secretion, leading to low-grade chronic inflammation. The
increase or decrease in the secretion of hormones, growth factors, and adipokines derived
from adipose tissue promotes tumor growth, proliferation, migration, and invasion, with
subsequent metastasis. In particular, in prostate cancer, the adipokines leptin, visfatin, and
resistin have been related as promoters of various stages of tumor progression. However,
the molecular mechanisms involved have not been fully elucidated [11,12].

Resistin (an adipose tissue-specific secretory factor) is a protein rich in cysteine residues
and was originally proposed as a link between obesity and diabetes. In humans, this
adipokine is found in blood circulation (2-40 ng/mL) as an oligomer and is widely ex-
pressed and secreted by macrophages infiltrating visceral adipose tissue. In contrast,
adipocytes and preadipocytes express minimal protein levels [13]. Structurally, resistin
has several subunits that are held together by non-covalent interactions. This charac-
teristic allows the origination of a multimeric complex consisting of hexamer-forming
disulfide bonds. Resistin-mediated transduction pathways have been described in various
cancer cells, including signaling through toll-like receptor 4 (TLR4) and activation of the
PI3K/Akt/NFkB pathway. Activation of these pathways can cause a chronic inflammatory
state to be maintained through the constant secretion of pro-inflammatory cytokines. This
can lead to a favorable tumor microenvironment. Cytokines, in turn, can activate specific
pathways such as MAPKs and JAK/STAT that will promote cellular responses such as
tumor proliferation [13,14]. Likewise, resistin induces the activation of PI3K concomitant
with the phosphorylation and activation of Akt, resulting in increased cell proliferation in
prostate cancer cells [15].

Migration and invasion are associated with cancer pathophysiology, giving rise to
metastasis. Migration is associated with cell motility promoted by the participation of
proteins such as Arp2/3, WASP, and Cdc42 [10]. Integrins are transmembrane receptors that
couple the extracellular matrix with the cytoskeleton. Therefore, they promote cell survival
and migration and promote the activation/phosphorylation of FAK at the Y397 residue,
which is associated with the metastasis process [16]. Additionally, FAK overexpression
and amplification are associated with tumor progression, favoring migration, invasion,
metastasis, and a poor prognosis. Gelatinases are enzymes that degrade extracellular matrix
components, such as collagen. It has been observed that the overexpression and increase
in the secretion of MMP-2 and MMP-9 are associated with processes such as invasion,
metastasis, and a poor prognosis, resulting in key factors in tumor progression [17,18].

Extracellular vesicles (EVs) are a group of vesicles bounded by a lipid bilayer and
secreted by multiple cell types, including exosomes, microvesicles, and apoptotic bodies.
EVs secreted by tumor cells have been related to different stages of tumor progression, such
as proliferation, migration, invasion, angiogenesis, metastasis, and resistance to infection
and chemotherapy [19]. EV secretion is a constitutive process present in multiple cell
types. However, exogenous stimuli such as growth factors, epinephrine, and adenosine
diphosphate induce an increase in secretion and the differential expression of associated
molecules in EVs from different cancer cell lines. The cargo molecules present in EVs,
including proteins, lipids, miRNA, mRNA, and DNA, are responsible for promoting the
different stages of tumor development [20]. Therefore, the composition and function of
EVs as intercellular information packets depend on various factors present in the tumor
microenvironment (cytokines, hormones, and growth factors, among others) [19,20].

In this work, we show that treatment with resistin induces an increase in FAK phos-
phorylation levels and an increase in MMP-2 and MMP-9 secretion in PC3 cancer cells. In
addition, resistin promotes increased migration and invasion of PC3 cells. Interestingly,
EVs isolated from supernatants from PC3 stimulated with resistin promote migration and
invasion in a model of autocrine cell communication. Therefore, our data for the first
time indicate that resistin induces increased migration and invasion in PC3 cells. This is
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accompanied by the secretion of EVs with cargo molecules that induce processes associated
with metastasis.

2. Materials and Methods
2.1. Chemicals

Resistin, FAK antibody (sc-271126), anti-phospo-FAK antibody (Tyr-397, sc-81493), anti-
CD63 antibody (sc-5275), anti-actin antibody, and agarose were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-Flotillin-2 antibody and basement membrane
matrix (BD Matrigel) were obtained from BD Biosciences (Bedford, MA, USA).

2.2. Cell Culture

The PC3 prostate cancer cells were cultured in 100 mm Petri dishes with Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 3.7 g/L sodium bicarbonate, 10%
fetal bovine serum (FBS), and antibiotics in a humidified atmosphere containing 5% CO,
and 95% air at 37 °C. For experimental purposes, PC3 cells were starved in DMEM without
FBS for 18 h before treatment with resistin.

2.3. Stimulation of PC3 Cancer Cells with Resistin

After starvation, 8 x 10° PC3 cells (confluent cultures) were washed twice with
phosphate-buffered saline (PBS), re-fed in DMEM without FBS, and then untreated or
treated with resistin at various concentrations and times indicated. The stimulation was
terminated by aspirating the conditioned medium.

2.4. Isolation of EV's from Conditioned Medium of PC3 Cells Stimulated with Resistin

PC3 cells were maintained and cultured in DMEM with 10% FBS (with serum EVs). Once
the cultures reached 80-90% confluence (8 x 10° cells/dish), they were starved by removing this
DMEM-FBS and replacing it with DMEM only (without FBS) for 18 h. At the end of this period,
the cells were treated with and without resistin using only DMEM (without FBS) medium for
48 h. Therefore, our experimental conditions do not include the presence of FBS. Conditioned
medium (supernatant) was collected from PC3 cells that were unstimulated and stimulated
with resistin (25 ng/mL). Isolation of EVs was performed as described previously [21-23].
Briefly, the conditioned medium was centrifuged twice for 15 min at 200 x g. Supernatants were
then sequentially centrifuged at 600 x g twice for 30 min, once at 2000 x g for 30 min, once at
10,000 g for 30 min, and once at 120,000x g for 75 min. Finally, the EVs were washed once
with PBS 1X at 120,000 g for 75 min. After centrifugation at 120,000 g, the supernatant was
discarded, and the pellet was resuspended in 1X PBS (=100 pL/condition). The EV fractions
were enriched in exosomes and microvesicles. Finally, the protein levels in the EV fraction were
analyzed using the micro-Bradford protein assay.

2.5. Treatment of PC3 Cells with EV Fractions Isolated from Supernatants of PC3 Cells Stimulated
with Resistin

Confluent cultures of PC3 cells were washed twice with PBS, re-fed in DMEM for
30 min, and then stimulated with EV fractions obtained from 8 x 10° PC3 cells unstimulated
or stimulated with resistin (25 ng/mL). Each condition was treated with 30 pug/mL of EVs.
EVs stimulation was terminated by aspirating the medium, and/or cells were solubilized
in 0.5 mL of ice-cold RIPA buffer (1.5 mM MgCl,, 1 mM EGTA, 150 mM NaCl, 10 mM
sodium pyrophosphates, 1 mM sodium orthovanadate, 100 mM NaF, 10% glycerol, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 50 mM HEPES, pH 7 .4).
The micro-Bradford protein assay analyzed the protein concentration of each sample.

2.6. Western Blotting

Proteins (~20 pg/condition) were processed by PAGE under denaturing conditions
with 10% gels and transferred to nitrocellulose membranes or, alternatively, PVDE. Mem-
branes were stained with Ponceau red to confirm protein transfer to the membrane. Next,
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the membranes were blocked with 5% non-fat dried milk in PBS pH 7.2/0.1% Tween
20 (wash buffer) and incubated with the indicated primary antibody at 4 °C overnight.
The membranes were washed three or four times with the washing buffer for 15 min
and incubated with the secondary antibody (horseradish peroxidase-conjugated) at room
temperature. After incubation, the membranes were washed to remove excess antibodies
and visualize the bands with ECL detection reagent. Autoradiograms were scanned or pho-
tographed with the ChemiDoc XRS+. The bands were analyzed with the Image] software
(1.54c version, NIH, Bethesda, MD, USA), while the statistical analysis was performed with
GraphPad Prism (version 8.0.2, 263, January 2019).

2.7. Scratch Wound Assay

Cultures of PC3 cells (100% confluent) were exposed to 12 uM mitomycin C to block
cell proliferation.

Cell cultures were scratch-wounded using a sterile 200 pL pipette tip, washed twice with
PBS, and re-fed with DMEM stimulated or unstimulated with resistin or EV fractions from
8 x 10° PC3 cells stimulated or unstimulated with resistin. The progress of cell migration
into the wound was photographed at the end of the experiment (48 h) using an inverted
microscope coupled to a camera. Each experimental condition was repeated three times.

2.8. Zymography

Confluent cultures of PC3 cells were treated with resistin or EV fractions obtained from
8 x 10° PC3 cells unstimulated or stimulated with 25 ng/mL resistin for 48 h (experimental
condition), and conditioned medium was collected and concentrated using centricon
filters (Millipore, Burlington, MA, USA). An equal volume of non-heated conditioned
medium samples was mixed with 5X non-reducing sample buffer (2.5% SDS, 1% sucrose,
and 4 pg/mL phenol red) without reducing agent and loaded onto 8% acrylamide gels
copolymerized with gelatin at 1 mg/mL. Gels were rinsed thrice in 2.5% Triton X-100
and then incubated in incubation buffer (50 mM Tris-HCl pH 7.4 and 5 mM CaCl,) at
37 °C for 48 h. Gels were fixed and stained with a staining solution (0.25% Coomassie
Brilliant Blue G-250 in 10% acetic acid and 30% methanol). The gels were washed twice
with the destaining solution (40% methanol and 10% acetic acid) to remove the excess
stain. Proteolytic activity was detected as clear bands against the background stain of the
undigested substrate.

2.9. Invasion Assays

Invasion assays were performed by the modified Boyden chamber method in 24-well
plates containing 12 cell culture inserts with 8 um pore size (Costar, Corning Inc., Corning,
NY, USA). Briefly, 30 uL of BD Matrigel was added to culture inserts and incubated for
30 min at 37 °C. Cells were plated at 1 x 10° per insert in 100 uL serum-free DMEM in the
top chamber. The lower chamber contained 600 uL. DMEM with resistin (25 ng/mL) or EV
fractions from PC3 cells unstimulated or stimulated with resistin. After 48 h of incubation,
PC3 cells and the Matrigel were removed from the upper surface with cotton swabs, while
the cells that invaded were fixed with 100% methanol for 5 min. Next, the cells were stained
with 0.1% crystal violet in PBS. The dye was eluted with 500 uL of 10% acetic acid, and
the absorbance at 600 nm was measured. Background values were obtained from wells
without cells.

2.10. Spheroid Growth Assay (3D Culture)

The development of the spheroid assay was based on the protocol of Saraiva et al. [24],
with some modifications. Briefly, 24-well plates were coated with 1.5% agarose dissolved
in 1X PBS (400 uL/well). PC3 cell cultures (90% confluence) were trypsinized, and the cell
suspension (1 x 10° cells/well) was placed on the agarose-coated wells. The spheroids
were cultured under the indicated conditions (DMEM with 5% FBS alone or DMEM
supplemented with 25 ng/mL resistin + 5% FBS) for seven days, changing the fresh
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medium every 48 h. During the experiment, photos were taken on days 3, 5, and 7 with a
camera-coupled microscope. The spheroidal area was analyzed with the Image]J software
(Bethesda, MD, USA; 1.54c version). For each time point, the areas of four spheroids were
averaged. Statistical analyzes were performed using Student’s t-tests.

2.11. Statistical Analysis

Results are expressed as mean £ S.D. Data were statistically analyzed using one-
way ANOVA and Newman-Keuls’s multiple comparison test. A statistical probability of
p < 0.05 was considered significant.

3. Results
3.1. Resistin Induces an Increase in the Migration in PC3 Cancer Cells

Resistin overexpression has been reported in high-grade tumor tissue compared with
low-grade lesions and benign prostatic hyperplasia [15,25]. High-grade lesions are associ-
ated with a high metastatic capacity, involving cell migration and invasion [15,25]. Therefore,
we decided to evaluate the effect of resistin on cell migration in PC3 cells by scratch wound
assay. PC3 cell cultures were scratch-wounded and stimulated at different resistin concen-
trations (10, 25, 50, and 100 ng/mL) and 10% FBS as a positive control for 48 h. As observed
in Figure 1A, resistin promotes an increase in the migration of PC3 cells, with a maximum
migration at 25 ng/mL of resistin. Since a high migratory capacity of PC3 cells treated with
resistin at 25 ng/mL was observed, we decided to use this condition for all subsequent
experiments. FAK is a non-receptor tyrosine kinase that is overexpressed in prostate cancer
and regulates processes such as migration and invasion by modulating the dynamics of
focal adhesions. Therefore, we decided to evaluate the effect of resistin on the levels of
Tyr-397 phosphorylation of FAK, indicative of maximum catalytic activity [26]. Cell lysates
from PC3 cells stimulated with and without resistin at 25 ng/mL at the indicated times
were obtained and processed by Western blotting with anti-p-FAK (Tyr-397), anti-FAK, and
anti-actin antibodies as loading controls. Our data indicate that treatment of PC3 cells with
resistin induces a time-dependent increase in FAK phosphorylation levels, with a maximum
phosphorylation level at 60 min of treatment (Figure 1B). As an inhibitor of cell proliferation,
they were pre-treated with mitomycin C (Figure S1).

3.2. Resistin Promotes an Increase in the Invasion in PC3 Cells

MMP-2 and MMP-9 are gelatinases involved in the invasion and metastasis of cancer
cells, and their synthesis and secretion are regulated by pathways such as MAPK and FAK/Src.
In line with this notion, we determined the impact of resistin on the secretion of MMP-2 and
MMP-9. Briefly, confluent PC3 cell cultures were treated with or without 25 ng/mL resistin
for 48 h, at which time the conditioned medium was obtained and processed by zymography.
As shown in Figure 2A, resistin-treated PC3 cells significantly increase the secretion of MMP-2
and MMP-9 in conditioned medium. High expression and secretion of MMP-2 and MMP-9
have been associated with increased prostatic tumor invasion, an important phenomenon for
subsequent tumor metastasis [27,28]. Based on previous data indicating that resistin induces
the secretion of MMPs, the role of resistin in tumor invasion was evaluated. The invasion assay
was performed by the Boyden chamber method. The inserts were coated with Matrigel, and
1 x 10° cells/well were placed, while in the lower chamber was added DMEM supplemented
or not with resistin and FBS as a positive control. Our data indicate that resistin induces a
significant increase in the invasive capacity of PC3 cells (Figure 2B).

3.3. Resistin Induces an Increase in 3D Culture Spheroid Growth in PC3 Cells

Our previous data show that resistin increases PC3 cell invasion. Therefore, we
decided to examine the role of resistin in spheroid formation (3D cultures) in PC3 cells. PC3
cells were seeded in 24-well plates coated with 1.5% agarose. PC3 cells (1 x 10° cells /well)
were treated with 5% FBS or resistin (25 ng/mL) + 5% FBS for 7 days. Finally, photos were
taken on days 3, 5, and 7. As shown in Figure 3, our data indicate that resistin + 5% FBS
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induces a significant growth of the spheroids, doubling the area of the spheroid on day 7 of
treatment with respect to the condition with 5% FBS alone.

A Resistin Resistin
10 ng/m 25 ng/ml PC3
: ' 20
8 _ 15
T) —"
°8
X 2 2 10
Resistin Resistin S %
50 ng/ml 100 ng/ml 2e
= 5
0_
ctl 10 25 50 100 FBS
_— 1%
Resitin (ng/ml)
150
B —_—
- FBS .
o Resistin 25 ng/ml 10% E 100
Time (min) 60 10 20 30 45 60 60 >
©°
S
125 kDa —— i~ f—— -? «— p-FAK (Tyr 397) ; 50- e
< Py
U e T
o
125 kDa . —— — — — — ] <« FAK
0_
: Time (min) 60 10 20 30 45 60 60
43 kDa - <«— B-Actin e
Ctrl Resistin (25 ng/ml) FBS

10%

Figure 1. Resistin induces migration in prostate cancer cells. (A) Cell migration was evaluated through a
scratch wound assay. Cells were treated with different concentrations of resistin, and the migration of cells
was analyzed after 48 h. (B) Cell lysates of PC3 cells treated with or without resistin were analyzed with
Western blotting to evaluate p-FAK and FAK levels and actin as a loading control. The graphs represent
the mean =+ SD of three independent experiments and are expressed as the fold of migration above the
control value. Asterisks indicate comparisons made to control. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 2. Resistin increases PC3 cell invasiveness by upregulating MMP-2 and MMP-9 secretion.
(A) PC3 cells were treated for 48 h with resistin, at which time a conditioned medium was obtained
and processed through zymography to evaluate MMP-2 and MMP-9 secretion; (B) Boyden chamber
method was used to evaluate PC3 cell invasion. Cells were seeded in the upper chamber precoated
with Matrigel, and treatment with resistin was added to the lower chamber. After 48 h, cell invasion
was analyzed. The graph represents the mean £ SD of three independent experiments and is
expressed as the fold of invasion above the control value. ** p < 0.01, and *** p < 0.001.
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Figure 3. Resistin promotes an increase in the area of spheroids in PC3 cells. (A) 24-well plates
were coated with 400 uL of 1.5% agarose. Subsequently, about 1 x 10° PC3 cells were placed per
well/condition, which were treated with 5% FBS alone or with 5% FBS + resistin (25 ng/mL) for
seven days. During the assay, follow-up was maintained by taking photos of the spheroids on days 3,
5, and 7. Finally, the spheroidal area was analyzed with the Image] software. (B) The graph represents
the mean + SD of three independent experiments and is expressed as spheroid area (mm?). The scale
bar is equal to 1 mm. * p < 0.05 and ** p < 0.01.

3.4. Resistin Induces the Secretion of EV's That Promote PC3 Cell Migration

EVs are vesicles that contain multiple cargo molecules, which are determined according
to the cell type secreting the EVs and the particular signals to which the cell is exposed [29,30].
Multiple factors, such as physical signals, hypoxia, low glucose levels, cytokines, and growth
factors, induce EV secretion. Therefore, we decided to analyze whether resistin modulates
the function of EVs in PC3 cells. First, we obtained a fraction enriched in EVs by differential
centrifugation, according to the strategy schematized in Figure 4A. To verify that the EV
fractions were properly obtained, they were processed by Western blotting using anti-CD63
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and anti-flotillin-2 antibodies since these proteins are considered EV markers. The results
show that we obtained an EVs fraction positive for flotillin-2 and CD63, indicating that these
fractions are enriched in EVs (Figure 4B). EVs have been involved in tumor progression,
participating in the modulation of the tumor microenvironment and favoring tumor growth,
proliferation, migration, and invasion. However, the role of resistin in EV secretion remains
to be studied. Thus, we decided to evaluate the effect of resistin on the secretion of EVs. PC3
cultures were treated without or with resistin for 48 h, a conditioned medium was obtained,
and EV fractions were isolated (Figure 4A). We decided to study whether the EV fractions
from PC3 cells treated with resistin regulate cell migration. Our data indicate that EVs
derived from resistin-treated PC3 cells induce an increase in PC3 cell migration compared to
migration promoted by EVs from PC3 cells not stimulated with resistin (Figure 4C). In this
assay, we included control of uptake inhibition with EVs pre-treated with annexin V [31-33],
a protein that binds to phosphatidylserine on EVs and regulates uptake. This indicates that
EVs stimulate cell migration.
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FBS 10%
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EVs Resistin

Figure 4. EVs derived from resistin-treated PC3 cells induce cell migration in PC3 cells. (A) Differential
ultracentrifugation was used to isolate a fraction enriched with EVs. (B) EVs fraction was processed by
Western blot assay using anti-flotillin-2 and anti-CD63 as EV markers; (C) cell migration was evaluated
through scratch wound assay. Cells were treated with EVs derived from resistin-treated PC3 cells or
without resistin treatment (30 ug/mL per condition). After 48 h, the migration of cells was analyzed.
(D) Graphs are the mean & SD of three independent experiments and are expressed as the fold value of
migrated cells above the control value. * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.5. EVs Derived from Resistin Treatment Induce Cell Invasion

MMP-2 and MMP-9 are involved in the remodeling process of the extracellular matrix,
increasing its secretion during invasion and tumor metastasis. Therefore, we determined
whether EVs from PC3 cells regulate the secretion of MMPs. PC3 cultures were treated for
48 h with EVs isolated from the supernatant of PC3 cells treated with or without resistin.
Subsequently, the supernatants were collected and analyzed by zymography. Consistent
with our previous data, resistin induces the secretion of MMP-2 and MMP-9 compared
to the control group (Figure 5A). In addition, treatment of PC3 cells with DMEM EVs
induces the secretion of MMP-2 and MMP-9 to a lesser extent. Interestingly, treating PC3
cells with resistin EVs promotes the secretion of MMP-2 and MMP-9 without reaching the
levels of DMEM EVs. We included EVs pre-incubated with annexin V, which significantly
decreased the secretion of MMP-9 into the conditioned medium without affecting MMP-2
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levels (Figure 5A). We decided to evaluate the EVs by zymography. Our data suggest that
EVs carry MMP-9, with a slight increase in the EVs resistin fraction; while MMP-2 is not
detectable in both fractions. As controls we added the conditioned medium and the free
fraction of EVs. These data suggest that MMP-9 is an cargo enzyme in PC3 cell-derived EVs
(Figure S2). Since the secretion of MMPs in the extracellular space is strongly associated
with cancer invasion, we decided to evaluate the impact of EVs isolated from PC3 cells on
cell invasion by Boyden chamber assays. The inserts were coated with Matrigel, placing
PC3 cells on this extracellular matrix surface. In the lower chamber, EVs isolated from
PC3 cells treated or not with resistin were placed. As shown in Figure 5B, EVs isolated
from resistin-treated PC3 cells induce a significant increase in cell invasion compared to
PC3 cells stimulated with EVs isolated from PC3 cells without resistin treatment or DMEM
alone (control group).
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Figure 5. EVs derived from resistin-treated PC3 cells induce cell invasion in PC3 in an autocrine
way. (A) PC3 cells were treated for 48 h with EVs derived from resistin-treated PC3 cells or without
resistin treatment. Supernatants were collected and analyzed by zymography to evaluate MMP-2
and MMP-9 secretion; (B) Boyden chamber method was used to evaluate PC3 cell invasion when
stimulated with EVs derived from resistin-treated PC3 cells or without resistin treatment. Cells were
seeded in the upper chamber precoated with Matrigel, and treatment with EVs was added to the
lower chamber. After 48 h, cell invasion was analyzed. The graph represents the mean + SD of three
independent experiments and is expressed as the fold of invasion above the control value. * p < 0.05,
**p <0.01, and *** p < 0.001.

4. Discussion

Resistin is an adipokine involved in metabolic and inflammatory processes. Studies
have indicated a relationship between high levels of circulating resistin with overweight
and obesity. These conditions are associated with the development of diabetes, hyperten-
sion, dyslipidemia, metabolic syndrome, and an increased risk of cancer [34,35]. There is
evidence that resistin increases aggressiveness in breast cancer, favoring processes such
as tumor growth by increasing BCL-2 and BCL-xL activity, accompanied by a decrease
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in cleaved caspase-7 and -3. Interestingly, resistin promotes breast cancer metastasis by
increasing Src activity and phosphorylation and favoring PKC«x translocation to the nu-
cleus [36]. Resistin has been linked to tumor progression in patients with prostate cancer.
In a study in which Korean patients participated, it was observed that as the Gleason score
increased, there was an increase in the expression of resistin in prostate tumor tissue. This
was accompanied by an increase in the proliferation and phosphorylation of Akt in the
prostate cancer cell lines PC3 and DU-145 [15]. Therefore, we decided to evaluate whether
resistin impacts other cellular processes associated with prostatic cancer progression. Here,
we show that resistin induces an increase in migration and invasion in PC3 cells, con-
comitant with an increase in the secretion of MMP-2 and MMP-9 and high levels of FAK
phosphorylation (Tyr-397) [15,35]. FAK overexpression (and high phosphorylation levels)
is associated with increased tumor aggressiveness in processes such as migration, invasion,
and metastasis [37-39]. It has been shown that the phosphorylation of FAK at its Tyr-397
residue is related to its maximum catalytic activity, activating proteins such as PI3K, Src,
Grb7, and N-WASP [40,41]. Resulting in a high migratory and invasive capacity in cancer
cells [41].

The secretion of MMP-2 and MMP-9 by cancer cells is an important mechanism of the
cell invasion process since these enzymes degrade basal membrane components such as
type IV collagen, a process associated with highly invasive and metastatic tumors [24]. The
secretion of MMPs can be induced by the activation of the PI3K/ Akt pathway, which leads
to the activation of the transcription factor NF-kB. The transcription factor NF«B regulates
the expression of multiple proteins that modulate cell invasion, among which are Snaill
and 2, Twistl and 2, vimentin, MMP-9, and MT1-MMP, which induces the activation of
MMP-2 [24,25]. Our group confirmed that exposure of PC3 cells to resistin increases the
secretion level of MMP-2 and MMP-9 in the conditioned medium, favoring invasion in
prostate cancer cells.

EVs are involved in cellular communication processes as well as physiological pro-
cesses. EVs contain in their membrane phospholipids, transmembrane proteins, and
proteins that are components of lipid rafts. At the same time, inside the EVs, there are
various intracellular proteins, second messengers, and genetic material that can be pack-
aged in the EVs [42,43]. As a consequence, the properties and biological role of EVs may
differ depending on the parent cell and the microenvironment to which they are exposed.
EVs can fuse with the plasma membrane of target cells, transferring genetic information,
second messengers, and receptors that can induce cell signaling, whereby the recipient cell
acquires new functions [42,43]. The secretion of EVs by cancer cells represents a mechanism
by which bioactive molecules such as nucleic acids, chemokine receptors, growth factor
receptors, functional transcription factors, enzymes, and various intracellular proteins that
modulate signaling pathways are transferred. In addition, EVs are secreted in response to a
wide variety of stimuli, released at high concentrations by cancer cells. Thus, we hypothe-
sized that resistin could regulate cell-cell communication mediated by EVs in the PC3 cells.
Our results indicate that resistin induces the secretion of EVs that promote migration and
invasion in PC3 cells, simulating a model of autocrine communication. Resistin-mediated
EVs secretion can be supported by the fact that, in MDA-MB-231 invasive mammary cancer
cells, resistin promotes an increase in intracellular calcium concentration, a phenomenon
known to induce EV secretion [42,43]. EVs contain a variety of cargo molecules that pro-
mote invasion and metastasis, including PI3K/AKT, a«vf35 integrin, EGFRVIII, and a wide
variety of miRNAs [36,37]. This strongly suggests that resistin-exposed PC3 cells secrete
EVs with cargo molecules that induce invasion and metastasis, highlighting the importance
of resistin in prostatic tumor progression. However, further assays are required to support
these events. Our data indicate that the EVs-enriched fraction presents Flot-2 and CD63;
however, it is necessary to characterize the EVs populations by electron microscopy and/or
nanoparticle tracking analysis.

Resistin is a protein secreted by cells such as macrophages, and it regulates the inflamma-
tory response by promoting the secretion of TNF-alpha and IL-12 in macrophages [44]. These
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effects could be induced by their possible interaction with and activation of TLR4 [42,45]. It
has been observed that the activation of TLR4 generates an increase in calcium release [46,47]
from the endoplasmic reticulum to the cytoplasm (intracellular calcium). In cancer cells,
resistin promotes phosphorylation of Src (a downstream target of FAK kinase) and increases
intracellular calcium levels [42]. It has been shown that the FAK/Src pathway induces Akt
activation in cancer cells. This results in increased secretion of MMP-2 and MMP-9, favoring
proliferation, migration, invasion, and metastasis [48]. Particularly, an increase in intracel-
lular calcium levels is a key event in microvesicle and exosome biogenesis and secretion by
tumor cells [43]. In line with this notion, we hypothesize that, in PC3 cells, resistin interacts
with and activates TLR4, increasing p-FAK and intracellular calcium levels. FAK activation
promotes the phosphorylation of p-Src and the PI3K/Akt/NF-kB pathway, which increases
the secretion of MMP-2 and MMP-9, favoring proliferation, migration, and invasion in PC3
cells. Furthermore, the increase in intracellular calcium levels generates an increase in the EV
biogenesis and secretion of cargo molecules that induce the invasion process of PC3 cells.

In summary, our data show for the first time that resistin triggers invasion in PC3 cells.
In addition, PC3 cells exposed to resistin secrete EVs that induce migration and invasion in
PC3 cells. This highlights resistin as an important adipokine in prostate cancer progression
and metastasis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life13122321/s1, Figure S1: Effect of resistin and mitomycin C on the
proliferation of PC3 cells. Cell proliferation was evaluated at 48 h using the MTT assay. Figure S2:
Analysis of EVs fractions by zymography. Protein levels in EVs were quantified by micro-Bradford
protein assay. In each condition, 25 ug of protein were analyzed. Figure S3: The effect of resistin EVs
on migration is dependent on protein levels. Cell migration was evaluated through scratch-wound
assay. Cells were treated with different protein levels from EVs fraction (30, 60 and 100 png/mL) and
migration of cells was analyzed after 48 h.
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ABSTRACT: Cellular labeling through the use of dyes is of great interest to the biomedical sciences for the characterization of the
location and distribution of biomolecules and also for the tracking of the course of biological processes in both health and illness.
This paper reports the synthesis, characterization, and subsequent evaluation as metal sensors and cell staining probes of four aza-
BODIPY compounds [herein referred to as 7(a—d)]. Compounds 7(b—d) were found to display an outstanding selectivity for
Cu(1I) because their emission band at 720 nm was progressively quenched by this metal, presenting fluorescence quenching between
75 and 95%. On the other hand, cell imaging studies with pancreatic f-cells proved that aza-BODIPYs 7a and 7b showed selectivity
for the cytoplasm, while 7¢ and 7d were selective for the cell membrane. Moreover, aza-BODIPY 7b allowed to characterize in a
clear way a lipotoxic condition mediated by saturated fatty acids, a critical phenomenon on f-cell damage associated with diabetes
mellitus type II. Taken together, the presented results highlight the obtained aza-BODIPY compounds as selective sensing/staining
probes with the potential to be used in the biomedical field.

1. INTRODUCTION

Diabetes mellitus types I and II are diseases that are

important information for the design of novel aza-BODIPY
photosensitizers for biomedical applications.”~’

The aza-BODIPY is obtained from the substitution of the
meso-carbon atom (position 8) with one hydrogen atom.
Nowadays, the development of fluorescent aza-BODIPY dyes
has increased.””'” However, they have not been widely
explored hitherto as fluorescent sensors.'”'® According to
the excellent characteristics described above, the aza-BODIPYs
are recognized as molecules that offer a great opportunity to be

characterized by hyperglycemia, resistance, and lack of insulin.
The latter is due to the destruction of pancreatic islets;
therefore, studies to determine the health of these cells are very
important. The use of dyes to determine the status of
Langerhans f-cells is very important to study the factors that
affect their proliferation because these cells are responsible for

the production of insulin required for the functions of the
body.! Aza-BODIPY compounds are outstanding dyes that
have been developed for cell characterization. These dyes have
unique spectral properties such as intense absorption in the
UV region, intense fluorescence, and high quantum yield.
Moreover, these compounds are of great interest to many
researchers because structural modifications modulate their
optical properties such as fluorescence. In this context,
synthesis and the exploration of their potential use in
bioimaging, cancer therapy, and diagnosis have proven

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

used as fluorescent probes for organelle characterization, as
well as in the evaluation of endocytosis."' In addition, aza-
BODIPYs are good candidates for use in phototherapy because
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Figure 1. Synthesis route for the four aza-BODIPY products. The chalcones (4) were condensed with nitromethane to obtain (5), which were
reacted with ammonium acetate to obtain the dipyrrole imine groups (6), and finally with BF;:Et,O to obtain the aza-BODIPYs (7).
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Figure 2. UV—vis absorption graphs of the aza-BODIPY compounds: (A) 7a, (B) 7b, (C) 7¢, and (D) 7d. Insets in each graph show the linear

regression of the absorption maxima with concentration.

of their structural similarity to phthalocyanines. Phthalocya-
nines have already been tested for photodynamic therapy
(PDT),"”* a soft and noninvasive technique that has been
used in conjunction with medications for the successful
treatment of several types of cancer.”’

In this work, four aza-BODIPY compounds were synthesized
and evaluated in terms of their photophysical properties, metal
sensing by fluorescence quenching, and fluorescence staining
of pancreatic Langerhans f-cells at healthy and induced
lipotoxic conditions. The characterization was carried out by a
battery of theoretical/experimental techniques including UV—
vis and attenuated total reflectance—Fourier transform infrared
spectroscopy (ATR—FTIR), 'H and "F NMR, mass

42753

spectrometry, cell culture/staining, and confocal laser scanning
microscopy (CLSM), among others.

2. RESULTS AND DISCUSSION

The selection of the aza-BODIPY as a molecule of interest
relies on the fact that it is a fluorophore that when emitting at
wavelengths greater than 700 nm allows a clear contrast against
plenty of cell staining agents. Aza-BODIPYs are chemically
stable and capable of penetrating the cytoplasm membrane
with very little damage to the biological systems that are being
studied when processing the images by fluorescence. Also, they
present a high quantum yield."”
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Scheme 1. Structures of the Synthesized Aza-BODIPY 7(a—d)“
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Figure 3. Fluorescence emission of aza-BODIPY compounds upon interaction with different metal ions: (A) 7a, (B) 7b, (C) 7c, and (D) 7d.
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denote the dipolar moment vectors (u). Straight, empty arrows stand for the orientation of the expected ICT process. Red crosses denote the
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2.1. Synthesis of Aza-BODIPY. The aza-BODIPY
compounds (7a, 7b, 7c, and 7d) were synthesized as described
in Figure 1, starting with the Claisen-Schmidt condensation
reaction of different acetophenones (2) and benzaldehydes (3)
to obtain the corresponding chalcones (4) to subsequently
carry out a Michael reaction with the addition of the nitro
group in the  proton of the chalcone (5), followed by the
synthesis to obtain the aza-dipyrromethenes (6) using
ammonjum acetate in butanol, which were finally reacted
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with triethylamine and BF;-EtO, for the synthesis of aza-
BODIPYs (7).

2.2. Aza-BODIPY Spectroscopic Evaluation. 2.2.7. UV—
Visible Spectroscopy. UV—vis experiments were performed to
obtain the calibration curve of each aza-BODIPY with the
following concentrations in acetonitrile 1 X 1076, 2.5 x 1076,
5.0 X 107% and 7.5 X 107° M. Figure 2 shows the obtained
results, presenting absorption bands at 655, 689, 688, and 684
nm for 7a, 7b, 7¢, and 7d, respectively; the insets of each graph
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.-

Figure 6. Cellular distribution of aza-BODIPY compounds on cultures of S-cells: (A) 7a, (B) 7b, (C) 7¢, and (D) 7d. Hoechst 33342 was used as
counterstain to identify the cell nuclei (blue staining). Scale bars stand for 20 ym.

show the linear regression of each absorption maxima as a
function of concentration.

2.2.2. Fluorescence Spectroscopy. Scheme 1 shows the
synthesized aza-BODIPY compounds 7(a—d) containing
protic (OH) and aprotic (—OCH,) polar donor groups,
their photophysical properties, and the effect of each group on
their emission band relative to compound 1 (denoted by the
red portrayed arrows). Fluorescence spectral data for all Aza-
BODIPYs are summarized in Table S1, which also includes the
calculation of quantum yields (Supporting Information).”" In
general, the emission maxima of all aza-BODIPYs were
detected to occur within the 709—721 nm range, demonstrat-
ing a rather similar fluorescence response. As observed, the
incorporation of oxygen induces a red shift of all compounds
7(a—d) with respect to compound 1 and also modifies the
quantum yield.”* Interestingly, aza-BODIPY 7b was found to
present its absorption/emission bands at the shortest wave-
lengths (659/709 nm) and the largest Stokes shift (S0 nm)
(see Table S1). According to the literature, these changes are
indicative of an intramolecular charge transfer (ICT) process
between the aromatic rings at the 3,5-positions (donor) and
the nitrogen bridge at the 8-position (N8, acceptor).”” This
ICT progess is the key factor behind the fluorescence
emission.™

As a next step in our study, we committed to characterize
possible effects of the Li*, Na*, K*, Mg**, Ca**, Zn*', Fe(Ill),
and Cu(II) metal ions on the fluorescence emission of the aza-
BODIPY compounds. These ions are of interest to the
biomedical and environmental fields; the obtained results are
shown in Figures 3 and 4. Figure 3A shows that aza-BODIPY
7a is completely transparent to all ions under study, as
evidenced by a mere slight decrease of the fluorescence signal
with the metal concentration in all cases. By contrast, the rest
of the aza-BODIPY compounds 7(b—d) proved to present a
high selectivity for the Cu(Il) ion, as depicted by the sharp
decrease of the fluorescence signal with Cu(Il) concentration,
nonobserved for the other metals (Figure 3B—D). Chemically
speaking, aza-BODIPYs 7(b—d) contain oxygen atoms in the
methoxy and hydroxy groups positioned at the bottom of the
structure in all cases (see Figure 1). In our opinion, this result
reveals that these oxygen-bearing groups might promote
quenching in the fluorescence signal by a competitive photo
electron transfer oxidation process (PET) when interacting
with the Cu(Il) ion as a heavy atom, as discussed below.
Interestingly, aza-BODIPY 7b was found to present the
greatest sensitivity for Cu(Il) and very good linearity upon
the metal titration (Figure 4). The fluorescence quenching of
the aza-BODIPY 7b:Cu(II) complex was determined to occur
at a low Cu(Il) concentration of 0.4 nM, proving to be lower
than values previously reported for other systems.”*~*’

Figure S shows the possible driving mechanisms for the aza-
BODIPY:Cu(Il) interactions, which might explain the
preservation or quenching of the fluorescence emission of

the aza-BODIPY products. In general, it appears that the
presence and positions of oxygen atoms along the aza-BODIPY
structure play a key role.

First, a photo electron transfer oxidation process (PET) is
anticipated to occur with Cu(Il) as it interacts with aza-
BODIPY functional groups bearing oxygen atoms, as has been
postulated in other similar models.”” Next, the position of the
oxygen atoms seems to govern a subsequent preservation or
perturbance of the already stablished ICT process between the
aromatic rings at the 3,5-positions (donor) and N8 (acceptor).
Namely, the ICT process is preserved when the oxygen atoms
are present in the 1,7-aromatic rings, thus keeping the
fluorescence emission (see Figure 3, panel A). By contrast,
when oxygen atoms are present in the 3,5-aromatic rings (see
Figure 3, panels B and C), the ICT process is most likely
perturbed by the oxidative PET process of Cu(Il), which
redistributes the electronic density of the aza-BODIPY:Cu(II)
complex toward the Cu(II) ions in the opposite direction of
the N8 atom, thereby quenching the fluorescence emission.
This PET process is established between Cu(II) (acceptor)
and oxygen (—OH and —OCHj; donor),”” making the Cu(1I)
ion to become paramagnetic while no interaction of Cu(II)
with the nitrogen bridge (N8) is predicted because no increase
in the fluorescence signal was observed.>! In sum, the
conjunction of these process is involved in the fluorescence
quenching of the aza-BODIPY’s compounds 7(b—d) as they
interact with Cu(1I).*

Hartree—Fock calculations were carried out with the
Gaussian 09 program to investigate, confirm, and support the
driving mechanism of the binding between aza-BODIPY and
Cu(Il). Table S2 (Supporting Information) describes the
performed calculations, including the dipole moments (u) as
well as the direction of the resulting vector. The obtained
results demonstrated a fluctuation of y for all aza-BODIPY
compounds 7(a—d), from —4.90 to +4.50 Debye, and the
resulting vector is directed toward positions 1 and 7, located
on the nitrogen bridge (N8).*" The effect of the oxygen atoms
in the 3,5-positions when comparing structures 7a and 7b with
compound 1 was that y increased. In the particular case of
structure 7b, p is greater than that in 7a. The interaction of the
Cu(II) cation with the aza-BODIPY strongly increases the 4 of
the latter structure and is clearly dependent on the position of
the phenol groups. The difference in y between base structure
1 and compounds 7(a—d) denotes that the values are lower in
polarity when having the hydroxy groups in the 1,7-positions
and increase when they are in the 3,5-positions. The
interaction of Cu(Il) cations with the hydroxy of the 1,7
positions intensifies the magnitude of u, with the resulting
vector being oriented toward the nitrogen bridge (N8), but it
does not promote the fluorescence quenching (7a); mean-
while, when interacting with the hydroxy groups of the rings at
the 3,5-positions, the magnitude of y increases in a similar
proportion but obviously inverting its orientation. This
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cells were incubated under the specific ER-probe, the ER-tracker (1 uM) (A), PA-BDP (25 uM) (B) and merge is showed (C). Scale bar in all
images corresponds to 20 ym. Under the same PA-lipotoxicity induced, Aza-BODIPY 7b was evaluated; cell images correspond to aza-BODIPY 7b
(0.8 uM) (D), PA-BDP (25 uM) (E), and merge (F). In a parallel way, SA-BDP was characterized; cell images correspond to aza-BODIPY 7b (0.8
uM) (G), SA-BDP (25 uM) (H), and merge (I). As a complementary experimentation (J), lipotoxicity was characterized under standardized MTT
assay (upon incubation for 20 h). The percentage of cell viability is shown. Mean values are presented (n = 6, mean = SD), *p < 0.01.

observation is consistent with the fact that 7b is the structure
that presents the greatest decrease in the fluorescence signal
when in contact with Cu(II).

2.2.3. Confocal Microscopy Analysis. In previous results of
our group,””** we characterized the role of lipotoxicity induced
by free fatty acids on the deregulation of proteostasis of
Langerhans f-cells (RIN-mSF cells), then in the control of
their metabolism. Langerhans f-cells are well known as a
model that maintains an active metabolism and insulin
secretion. Having this in mind, we herein employed this cell
line to evaluate the four synthesized aza-BODIPYs as staining
agents. Results suggest a differential distribution of the
products (Figure 6). Cell cultures treated with aza-BODIPYs
7c and 7d (0.4 uM) exhibited a membrane distribution of the
probes (Figure 6A,C; red staining). Meanwhile, in the case of
aza-BODIPYs 7a and 7b, the distribution was localized in the
cytoplasm (Figure 6A,B), being more evident for aza-BODIPY

42757

7b. Apparently, the presence of —OH groups in the aza-
BODIPY structures favors their cytoplasmic localization of the
probe, with greater efficiency in the case of compound 7b. By
contrast, the presence of the —OMe group in molecules 7c and
7d very likely promotes the impediment to permeabilize the
cell membrane in the periphery of the cell clusters (Figure 6,
panels A—E), leading to a preferential spatial ordering at the
membrane level. Worth mentioning, the low concentration
employed in this characterization (0.4 uM) highlights the aza-
BODIPY products as having a high cell affinity. More
micrographs at different magnifications can be found in the
Supporting Information.

Considering the clear distribution of aza-BODIPY 7b along
the cytoplasm, the experimentation with this probe was
extended to elucidate its localization and response at induced
lipotoxic conditions, which are known to affect critical
functions of Langerhans J-cells such as insulin secretion
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(Figure 7). Induced lipotoxicity and intracellular co-local-
ization assays were carried out as reported previously,’”**
employing fluorescent probes of palmitic (18C) and stearic
acid (16C) coupled to BODIPY (PA-BDP and SA-BDP,
respectively), along with commercial ER-tracker as a control (a
fluorescent agent with high selectivity for the endoplasmic
reticulum). We have identified PA and SA saturated fatty acids
as inducers of endoplasmic reticulum stress, a phenomenon
associated with alterations in insulin metabolism and cell
toxicity.””** The obtained results revealed that aza-BODIPY
7b (red staining) co-localized indeed with ER-tracker, PA-
BDP, and SA-BDP (all in green staining) on the endoplasmic
reticulum, as evidenced by the red and green merge in the
three cases (Figure 7; panels C, F, and I, respectively). As
expected in these lipotoxic conditions, the cell viability was
confirmed impaired upon incubation with PA and SA (Figure
7).

Interestingly, these findings might be attractive for research
in cell and molecular biology considering the already outlined
affinity of aza-BODIPY 7b for Cu(II) (see Figure 4B) and the
well-known biological functions and localization of this metal
at the intracellular level.”*® Copper is critical for the function
of proteins involved in connective tissue formation, oxidative
phosphorylation process, antioxidant mechanisms, and cat-
echolamine synthesis.”” For instance, ATP7A protein is a
regulator of cell copper homeostasis, involving the supply of
copper to copper-dependent enzymes within the trans-golgi
network (TGN),***” and copper efflux on the plasma
membrane.”” In an important way, several of these proteins
are situated on the endoplasmic reticulum, highlighting the
future exploration of these aza-BODIPY compounds as
promising for the tracking of changes in Cu(II) levels at the
cytoplasmic domain.

3. CONCLUSIONS

Four aza-BODIPY compounds containing protic (OH) and
aprotic (—OCH,) terminal groups (7a—d) were synthesized
and characterized in terms of their photophysical properties,
metal sensing by fluorescence quenching, and cell staining
functionality in pancreatic Langerhans f-cells at healthy and
induced lipotoxic conditions. Concerning their photophysical
properties, all synthesized compounds presented a red shift in
fluorescence emission and modified quantum yields relative to
compound 1 (absent of terminal groups), with emission
maxima in the 709—721 nm range. These changes were
attributed to an ICT process most likely occurring between the
aromatic rings at the 3,5-positions (donor) and the nitrogen
bridge at the 8-position (N8, acceptor). On the other hand,
with respect to metal sensing, aza-BODIPYs 7(b—d) were
found to present a high selectivity for the Cu(Il) ion, as
depicted by the sharp decrease of the fluorescence signal with
Cu(II) concentration, nonobserved for the other metals under
study (Li*, Na*, K', Mg*, Ca®, Zn**, Fe(Ill)). These
compounds (7b—d) bear oxygen atoms in the methoxy and
hydroxy terminal groups, positioned at the bottom of the
structure in all cases, which might promote a quenching in the
fluorescence signal by a competitive PET oxidation process
when interacting with the Cu(II). Worth mentioning, The
fluorescence quenching of the aza-BODIPY 7b: Cu(Il)
complex was determined to occur at the low Cu(Il)
concentration of 0.4 nM (Figure 4B), proving to be lower
than values previously reported for other systems. Finally, with
respect to their cell staining functionality, it was verified that

the aza-BODIPYs 7(a, b) selectively stained the cytoplasm,
while aza-BODIPYs 7(c, d) containing methoxy groups
demonstrated a greater affinity to the cellular membrane.
This finding suggests that the position of hydroxy and methoxy
terminal groups plays a very important role in the cell affinity
of the studied aza-BODIPY compounds. Taken together, the
obtained results highlight the synthesized aza-BODIPY
compounds as versatile cell staining agents with high selectivity
for the cytoplasm and cell membrane, with additional
capability of being sensitive for Cu(II) detection.

4. MATERIALS AND METHODS

4.1. General Procedures. All reagents and solvents were
purchased from a commercial source (Sigma-Aldrich, Saint
Louis, USA), and used without further purification. Anhydrous
solvents for organics synthesis were prepared by passing
through a solvent purification tower. Silica gel 60 (230—400
mesh) was used to purify the products. Thin-layer chromatog-
raphy (TLC) was performed on silica gel F254 plates (Sigma-
Aldrich, Saint Louis, USA). All compounds were detected
using UV light. Melting points were obtained with an
Electrothermal 88629 apparatus and were not corrected.
Fourier transform infrared (FTIR) spectra were recorded
with a PerkinElmer FTTR 1600 spectrometer. 'H, 13C, and VF
nuclear magnetic resonance (NMR) spectra at 400, 101, and
376 MHz were recorded, respectively, using a Bruker Avance
III spectrometer in CDCl;, dimethyl sulfoxide (DMSO-dy), or
CD;OD with tetramethylsilane (TMS) as an internal standard,
and trifluoroacetic acid was the reference for '°F spectra. Mass
spectra were obtained with an Agilent Technologies 5975C
MS spectrometer at 70 eV by direct insertion and an Agilent
HPLC (Mod 1100) coupled to mass selective detector (MSD)
version SL. High-resolution mass spectra (HRMS) were
obtained with an Agilent ESI-QTOF (Mod G6530B). UV—
vis absorption spectra were obtained with a Varian Cary 50
SCAN spectrophotometer. Fluorescence spectra were recorded
with a Photon Technology International Fluorescence System
with a 1 cm standard quartz cell.

4.2, General Method for Preparing Chalcones. In a
250 mL ball flask fitted with magnetic stirring, p-hydroxy
acetophenone (5.0 g, 36.72 mmol) and benzaldehyde (3.73
mL, 36.72 mmol) in acetic acid (180 mL) were added and
H,SO, (6.0 mL) was gradually added. The reaction mixture is
left for 12 h. The product (4a) was washed with distilled H,O.

4.2.1. (E)-1-(4-Hydroxyphenyl)-3-phenylprop-2-en-1-one
(4a). A red solid was obtained (1.2 g S5.35 mmol, 69%
yield). Mp 162—164 °C. IR (ATR, neat): 3105, 3060, 1644,
1599, 1562, 1442, 1283, 981 cm™'. 'H NMR (400 MHz,
CDCl,/DMSO-d,): 6 10.42 (br, s, 1H), 8.09 (d, J = 8.0 Hz,
2H), 7.91 (d, ] = 15.6 Hz, 1 H, p—H), 7.86 (m, 3H), 7.7 (d, ]
= 15.6 Hz, 1H, a-H), 7.4(dd, J, = 8.0 Hz, ], = 4.0 Hz, 2H),
6.93 (d, J = 8.0 Hz, 2H). *C NMR (101 MHz, CDCl,/
DMSO-d,,): & 187.8, 1622, 142.9, 134.9130.8, 130.1, 129.4,
128.8, 1282, 1219, 115.5. ESLMS m/z: C,H,,0, found
22271 (M-).

4.2.2. (E)-3-(4-Hydroxyphenyl)-1-phenylprop-2-en-1-one
(4b). A red solid was obtained (1.66 g 7.4 mmol, 89%
yield). Mp 162—164 °C. IR (ATR, neat): 3200, 3057, 1643,
1577, 1349, 1211, 972 cm™'. 'H NMR (400 MHz, CDCl,/
DMSO-dy): & 10.1 (br, s, 1H), 8.1 (d, ] = 8.0 Hz, 2H), 7.74 (d,
J = 8.0 Hz, 2H), 7.89 (d, J = 15.6 Hz, 1 H, f-H), 7.64 (d, ] =
8.0 Hz, 1H), 7.57 (d, ] = 8.0 Hz, 2H), 7.53 (d, J = 15.6 Hz, 1H,
a-H), 6.87 (d, ] = 8.0 Hz, 2H). '*C NMR (101 MHz, CDCl,/
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DMSO-dg,): 6 189.9, 160.4, 145.2, 138.5, 132.6, 130.4, 128.4,
128.0, 125.9, 118.5, 116.3. ESI-MS m/z: C,iH,,0, found
223.06 (M—).

4.2.3. (E)-3-(4-Hydroxyphenyl)-1-(4-methoxyphenyl)prop-
2-en-1-one (4c). A pink solid was obtained (3.9 g, 11.8 mmol,
92% yield). Mp 170—172 °C. IR (neat): 3153, 3068, 1641,
1575, 14342, 1224, 1164, 1023, 827 cm™'. 'H NMR (400
MHz, CDCl,/DMSO-dg): & 9.6 (br, s, 1H), 8.03 (d, ] = 9.0
Hz, 2H), 7.72 (d, ] = 15.6 Hz, 1H, -H), 7.53 (d, ] = 9.0 Hz,
2H), 7.43 (d, J = 15.6 Hz, 1H, a-H), 6.99 (d, ] = 9.0 Hz, 2H),
6.88 (d, ] = 9.0 Hz, 2H), 3.9 (s, H). *C NMR (101 MHz,
CDCl,/DMSO-d,,): 6 188.0, 163.1, 144.0, 131.1, 130.5, 130.3,
126.0, 118.3, 116.0, 113.7. ESI-MS m/z: C,cH,,0; found
252.62 (M—).

4.2.4. (E)-1-(4-Hydroxyphenyl)-3-(4-methoxyphenyl)prop-
2-en-T-one (4d). A pink solid was obtained (1.2 g, 5.35 mmol,
73% yield). Mp 179—181 °C. IR (neat): 3153, 3068, 1641,
1575, 14342, 1224, 1164, 1023, 827 cm . 'H NMR (400
MHz, CDCl,/DMSO-dg): 5 9.88 (bs, 1H, OH), 7.96 (d, J =
8.0 Hz, 2H, Ar-H), 7.73 (d, ] = 15.6 Hz, 1H, $-H), 7.61 (d, ] =
8.0 Hz, 2H, Ar-H), 7.46 (d, J = 15.6 Hz, 1H, a-H), 6.93 (dd, J,
= 8.0 Hz, ], = 2 Hz, 4H, Ar-H), 3.85 (s, 3H, methoxy). °C
NMR (101 MHz, CDCl,/DMSO-d,,): § 194.0, 167.6, 167.0,
148.8, 136.4, 135.4, 133.2, 1252, 120.1, 120.0, 119.8, 60.8.
ESI-MS m/z: C;4H,,0; found 252.62 (M—).

4.3. General Method for Preparing Nitro Chalcones.
In a 250 mL ball flask equipped with magnetic stirring, the
chalcone (4a) (3.4 g, 14.9 mmol), CH;NO, (4.0 mL, 74.56
mmol), and Et,NH (7.7 mL) were added. The reaction
mixture was maintained at a temperature of 60 °C for 15 h. It
was kept at room temperature for half an hour and placed in a
250 mL separatory funnel, dissolved in ethyl acetate, and
extractions were carried out with saturated NaCl (3 X 30 mL).
The organic phase was dried with anhydrous Na,SO,; finally,
the excess solvent was removed. Purification is carried out by
flash chromatography using a mobile phase 7.0—3.0 petroleum
ether—ethyl acetate.

4.3.1. 1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan-1-one
(5a). Brown oil was obtained (3.0 g 10.5 mmol, 70.0%
yield). IR (ATR, neat): 3248.3, 1662.3, 1585.4, 1545.6, 1508.5,
1367.9, 1206.1, 834.8 cm™. 'H NMR (400 MHz, CDCl,/
DMSO-dy): 6 7.80 (d, J, = 8.0 Hz, 2H), 7.32—7.24 (m, SH),
6.83 (d, J, = 8.0, 2H), 5.50 (bs, 1H), 4.72 (dddd, J, = 12.0 Hz,
J, = 8.0 Hz 2H), 4.22—4.15 (m, 1H), 3.43—3.30 (m, 2H).C
NMR (101 MHz, CDCl,/DMSO-d,,): § 196.6, 161.4, 139.2,
130.8,129.1, 127.9, 127.4, 115.7, 79.7, 41.2, 39.6 ppm. ESI-MS
m/z: C;¢H,;sNO, found 283.72 (M—).

4.3.2. 3-(4-Hydroxyphenyl)-4-nitro-1-phenylbutan-1-one
(5b). Brown oil was obtained (0.74 g, 2.6 mmol, 73.0%
yield). IR (ATR, neat): 3375.7, 1678.2, 1593.4, 1545.6, 1450.1,
1375.9, 1206.1, 834.8 cm™'. 'H NMR (400 MHz, CDCl,/
DMSO-dy): 6 7.90 (d, J, = 8.0 Hz, 2H), 7.56 (4, J, = 8.0 Hz,
1H), 7.44 (t, ], = 8.0, 2H), 7.09 (d, J, = 8.0, 2H), 6.73 (d, ], =
8.0, 2H), 6.08 (bs, 1H), 4.69 (dddd, J, = 12.0 Hz, ], = 8.0 Hz
1H), 4.1 (m, 2H), 3.41 (dd, J, = 8.0 Hz, ], = 4.0 Hz 2H). *C
NMR (101 MHz, CDCl,/DMSO-dg,): & 197.7, 155.5, 136.4,
133.4, 130.6, 128.8, 128.1, 116.0, 79.9, 41.7, 38.8. ESI-MS m/z:
C¢HsNO, found 283.72 (M—).

4.3.3. 3-(4-Hydroxyphenyl)-1-(4-methoxyphenyl)-4-nitro-
butan-1-one (5c). Brown oil was obtained (3.25 g, 10.31
mmol, 88.0% yield). IR (ATR, neat): 3341.1, 1654.4, 1596.0,
1513.8, 1442.2, 1264.5, 1163.7, 1031.1, 824.2 cm™!. 'H NMR
(400 MHz, CDCl;/DMSO-dg): 5 7.88 (dd, J, = 8.0 Hz, J, =

4.0 Hz, 2H), 7.08 (dd, J; = 8.0 Hz, J, = 4.0 Hz, 2H), 6.91 (dd,
J,=8.0Hz, ], = 4.0 Hz, 2H), 6.79 (dd, J, = 8.0 Hz, ], = 4.0 Hz,
2H), 4.87—4.54 (m, 2H), 4.17—402 (m, 2H), 3.86 (s, 3H),
3.44—319 (m, 1H). *C NMR (101 MHz, CDCl,/DMSO-dg,):
6 195.7, 163.7, 156.7, 130.3, 129.8, 129.6, 128.4, 115.9, 113.8,
80.0, 55.5, 41.4, 38.9. ESI-MS m/z: C,,H,,NOj; found 313.63
(M-).

4.3.4. 1-(4-Hydroxyphenyl)-3-(4-methoxyphenyl)-4-nitro-
butan-1-one (5d). Brown oil was obtained (1.6 g, 5.1 mmol,
68.0% yield). IR (ATR, neat): 3277.5, 1662.3, 1601.3, 1585.4,
1511.1, 1436.9, 1248.6, 1163.7, 1025.8, 826.9 cm™'. '"H NMR
(400 MHz, CDCl,/DMSO-dy): 6 7.82 (d, ], = 8.0 Hz, 2H),
7.17 (d, ], = 8.0 Hz, 2H), 6.93—6.74 (m, 4H), 4.69 (dddd, J, =
12.0 Hz, ], = 8.0 Hz 2H), 4.18—4.10 (m, 1H), 3.75 (s, 3H),
3.40-3.28 (m, 2H). 3C NMR (101 MHz, CDCl,/DMSO-
dg): 6 196.0, 161.2, 159.1, 131.1, 130.7, 129.3, 128.5, 115.6,
114.5, 79.9, 55.3, 41.3, 38.9. ESI-MS m/z: C,,H,;NOj found
313.76 (M-).

4.4. General Method for Preparing Aza-Dipyrrome-
thenes. In a 250 mL ball flask equipped with magnetic
stirring, nitro chalcone (Sa) (1.2 g, 4.2 mmol) and
CH;COONH, (109 g, 141.4 mmol) in butanol (100 mL)
were added. The reaction mixture was refluxed for 24 h. It was
kept at room temperature for half an hour. The excess solvent
was removed.

4.4.1. (Z)-4-(2-((5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-
2-yl)imino)-3-phenyl-2H-pyrrol-5-yl)phenol (6a). A golden
metallic solid was obtained (0.914 g, 1.7 mmol, 42.0% yield).
Mp 274—276 °C. IR (ATR, neat): 3150.2, 1590.7, 1542.9,
1463.4, 1346.7, 1224.7, 906.4, 760.6 cm™''H NMR (400
MHz, CD,COCD,): & 8.06 (d, ] = 8.0 Hz, 4H), 7.86 (d, ] =
8.6 Hz, 4H), 7.50—7.35 (m, 6H), 7.33 (s, 2H), 7.00 (d, J = 8.6
Hz, 4H)."*C NMR (101 MHz, CD,COCD;): § 160.1, 154.7,
149.1, 142.0, 134.0, 128.8, 128.5, 128.2, 127.7, 123.5, 116.3,
114.5. ESI-MS m/z: C3,H,3N,0, found 480.02 (M—).

4.4.2. (Z)-4-(2-((3-(4-Hydroxyphenyl)-5-phenyl-1H-pyrrol-
2-yl)imino)-5-phenyl-2H-pyrrol-3-yl)phenol (6b). A golden
metallic solid was obtained (0.534 g, 0.98 mmol, 44.0% yield).
Mp 320-322 °C. IR (neat): 3304.0, 1598.6, 1535.0, 1489.9,
1232.7, 898.5, 760.6 cm ™ 'H NMR (400 MHz, CD,COCD,):
57.96 (d,] = 7.2 Hz, 4H), 7.92 (d, ] = 8.8 Hz, 4H), 7.46 (t, ] =
7.5 Hz, 3H), 7.38 (t, ] = 7.3 Hz, 3H), 7.26 (s, 2H), 6.81 (d, ] =
8.8 Hz, 4H). *C NMR (101 MHz, CD;COCD;): § 157.9,
155.1, 149.3, 142.6, 132.2, 130.5, 130.1, 129.2, 126.5, 125.5,
115.3, 113.4. ESI-MS m/z: C3,H,3N;0, found 480.25 (M+).

4.4.3. (Z2)-4-(2-((3-(4-Hydroxyphenyl)-5-(4-methoxyphen-
yl)-1H-pyrrol-2-yl)imino)-5-(4-methoxyphenyl)-2H-pyrrol-3-
yl)phenol (6¢c). A golden metallic was obtained (0.712 g, 1.3
mmol, 47.0% yield). Mp 274—276 °C. IR (neat): 3330.6,
2839.9, 1598.7, 1497.8, 1460.8, 1243.3, 1023.1, 903, 792.0
cm™'. '"H NMR (400 MHz, CD,COCD;): § 7.95 (d, ] = 8.2
Hz, 8H), 7.30 (s, 2H), 7.2 (d, ] = 8.8 Hz, 4H), 6.93 (d, J = 8.8
Hz, 4H), 3.90 (s, 6H). *C NMR (101 MHz, CD;COCD;,): §
162.4, 157.7, 150.8, 146.5, 141.7, 130.3, 128.1, 127.7, 123.0,
1152, 114.8, 112.8, 55.0. ESI-MS m/z: C3,H,,N;0, found
540.02 (M—).

4.4.4. (Z2)-4-(2-((5-(4-Hydroxyphenyl)-3-(4-methoxyphen-
yl)-1H-pyrrol-2-yl)imino)-3-(4-methoxyphenyl)-2H-pyrrol-5-
yl)phenol (6d). A golden metallic solid was obtained (2.11 g,
3.8 mmol, 48.0% yield). Mp 260—262 °C. IR (ATR, neat):
3190.0, 2881.9, 1590.7, 1542.9, 1450.1, 1237.9, 1020.5, 898.5,
803.0 cm™'. 'H NMR (400 MHz, CD,COCD;): § 8.18 (s,
2H), 7.95 (d, J; = 6.3 Hz, 8H), 7.3 (s, 2H), 7.2 (d, ] = 8.1 Hz,
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4H), 6.90 (d, ] = 7.9 Hz, 4H), 3.90 (s, 6H). *C NMR (101
MHz, CD;COCD;): § 164.6, 159.5, 155.6, 146.2, 131.1, 130.2,
128.3, 124.0, 116.2, 115.0, 113.7, 55.0. ESI-MS m/z:
C34H,,N;0, found 540.04 (M—).

4.5. General Method for Preparing Aza-BODIPYs. Aza-
dipyrromethene (6a) was added to a 50 mL ball flask equipped
with magnetic stirring (0.08 g, 0.17 mmol), DIPEA (0.50 mL,
2.88 mmol), BF;-OEt, (0.44 mL, 14.1 mmol), and DCM dry
(15 mL) under inert conditions using argon. The reaction
mixture was left in magnetic stirring at room temperature for
24 h. The excess solvent was removed to reduced pressure.
The product was purified by prep-plate chromatography using
a mobile phase of petroleum ether—ethyl acetate (7:3).

4.5.1. 4,4’-(5,5-Difluoro-3,7-diphenyl-5H-414,514-
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-1,9-diyl)-
diphenol (7a).*° Metallic solid red, (0.036 g 0.07 mmol,
41.0% yield). Mp >330 °C. IR (ATR, neat): 3351.8, 1599.0,
1508.5, 1017.8, 816.3, 742.0 cm™". '"H NMR (400 MHpg,
CD,COCD,): & 820 (dd, J, = 17.4 Hz, ], = 8.0 Hz, 8H),
7.55—7.46 (m, 6H), 7.44 (s, 2H), 7.01 (d, J = 8.9 Hz, 4H). *C
NMR (101 MHz, CD,COCD,): & 160.2, 156.0, 145.1, 142.7,
133.1, 132.0, 130.1, 129.5, 128.0, 125.1, 118.2, 116.6. '°F NMR
(376 MHz, CD;COCD;): § —131.93 (q, ] = 36.0 Hz). ESI-MS
m/z: C3,H,,BF,N;0, found 510.5 (M-H,0-1).

4.5.2. 4,4'-(5,5-Difluoro-1,9-diphenyl-5H-414,514-
dipyrrolo[1,2-c:2’,1'-f][1,3,5,2]triazaborinine-3,7-diyl)-
diphenol (7b)."" Metallic solid red, (0.038 g, 0.07 mmol,
61.0% yield). Mp >314 °C. IR (ATR, neat): 3370.3, 1604.0,
1582.8, 1484.6, 1227.4, 1025.8, 805.7, 742.0 cm™'. 'H NMR
(400 MHz, CD,;COCD,): § 8.29—8.07 (m, 8H), 7.63—7.45
(m, 6H), 7.26 (s, 2H), 7.02 (d, J = 48.6 Hz, 4H). '*C NMR
(101 MHz, CD,COCD,): 6 160.4, 159.8, 146.1, 145.0, 133.0,
132.2, 131.5, 130.5, 129.3, 125.0, 118.3, 116.7. ’F NMR (376
MHz, CD;COCD;): § —130.29 (q, J = 32.0 Hz). ESI-MS m/z:
C3,H,,BF,N;0, found 528.21 (M-1).

4.5.3. 4,4'-(5,5-Difluoro-1,9-bis(4-methoxyphenyl)-5H-
424,5)4-dipyrrolo[1,2-c:2’,1'-f][1,3,5,2]triazaborinine-3,7-
diyl)diphenol (7¢).*’ Metallic solid red, (0.55 g 0.93 mmol,
49.0% vyield). Mp 218—220 °C. IR (ATR, neat): 3513.6,
3396.9, 1599.0, 1474.0, 1232.7, 1076.2, 813.6, 742.0 cm™". 'H
NMR (400 MHz, CD,COCD): § 8.9 (bs, 1H), 8.15 (dd, J, =
12.0 Hz, ], = 8.0 Hz, 8H), 7.25 (s, 2H), 7.07 (d, J = 8.0 Hg,
4H), 7.00 (d, J, = 8.0 Hz, 4H), 3.91 (s, 6H). *C NMR (101
MHz, CD,COCD;): § 162.9, 158.6, 145.8, 143.9, 132.5, 131.9,
125.2, 125.1, 118.0, 116.6, 114.9, 55.9. '’F NMR (376 MHz,
CD;COCD,): § —130.99 (q, J = 36.0 Hz). ESL-MS m/z:
C3,H,BF,N;0, found 588.28 (M—). HRMS (EI) m/z calcd
for C3,H,4BF,N;NaO, [M] + 612.1877, found 612.1880.

4.5.4. 4,4'-(5,5-Difluoro-3,7-bis(4-methoxyphenyl)-5H-
424,514-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-1,9-
diyl)diphenol (7d). Metallic solid red, (0.2 g 0.33 mmol,
54.0% yield). Mp >252 °C. IR (ATR, neat): 3192.6, 1601.3,
1489.9, 1230.0, 1097.4, 805.7, 747.3 cm™'. '"H NMR (400
MHz, CD,COCD;): & 8.20 (d, ] = 9.0 Hz, 4H), 8.13 (d, ] =
9.0 Hz, 4H), 7.29 (s, 2H), 7.10 (d, ] = 9.0 Hz, 4H), 7.00 (d, J
= 9.0 Hz, 4H), 390 (s, 6H). *C NMR (101 MHz,
CD,COCD;): § 161.9, 161.3, 145.0, 143.2, 132.8, 1324,
131.7, 121.2, 124.2, 118.4, 115.1, 55.8. YF NMR (376 MHz,
CD,COCD;): 6 —131.22 (q, J = 32.0 Hz). ESI-MS m/z:
Cy4H,4BF,N;0, found 587.83 (M-1).

4.6. Computational Calculations. Hartree—Fock calcu-
lations were carried out with the Gaussian 09 program,

employing the following conditions: RHF calculation method,
6-31G* basis set, charge 0, spin singlet.

Table S2 (Supporting Information) describes the performed
calculations.

4.7. Cell Culture. In this study, a model of Langerhans f-
cell was employed (RIN-mSF), and it comes from the
American Type Cell Culture. RIN-mSF was proliferated in
RPMI 1640 medium supplemented with glutamine and 10%
fetal bovine serum. Penicillin (50 U/mL) and streptomycin
(50 pug/L) were added to the media. The culture conditions
were at a temperature of 37 °C and a 5% CO, humidified
atmosphere, according to the previous protocols.””****

4.8. Preparation of Fatty Acids. Models of lipotoxicity
were evaluated according to previous work.””** Palmitic (PA)
and stearic acid (SA) were prepared in an ethanol/H,O
solution (1:1; vol:vol) at 60 °C to reach a final concentration
of 75 mM. Subsequently, fatty acids (FA) were incubated with
free FA-bovine serum albumin (BSA) for 2 h at 37 °C, filtered
by 0.22 um, and then diluted in a culture medium under
different concentrations with a final molar ratio of 4:1 (FA/
BSA),'® before adding the different treatments to the culture
plates.

4.9. Synthesis of BDP-FA. Based on a methodology
developed by our group, BDP coupled to palmitic acid (BDP-
PA) and BODIPY coupled to stearic acid (BDP-SA) were
synthesized.'* Briefly, BODIPY-8-ethylendiamine (0.436 mM)
in dichloromethane anhydrous (8 mL) was added to N’-
ethylcarbodiimide hydrochloride (0.524 mM), hydroxybenzo-
triazole (0.524 mm), N-methylmorpholine (1.308 mM), and
the corresponding FA (0.48 mM). The mixture reaction was
stirred for S h under the argon atmosphere at 25 °C. The
solvent was eliminated under reduced pressure, and the
product was dissolved in water (20 mL) and extracted with
dichloromethane. The combined organic extracts were washed
with brine and dried over anhydrous Na,SO,, and later, the
product was concentrated. The crude product was purified by
flash chromatography. All structures were confirmed by mass
spectroscopy and nuclear magnetic resonance (NMR).

4.10. Confocal Microscopy. A LEICA TCS-SP8 confocal
laser scanning microscope (LEICA Microsystems Heidelberg
GmbH) was employed to characterize the cellular distribution
of the Aza-BODIPYs under different metabolic overload
conditions. For these experiments, cells were proliferated to
reach 90% of confluence on glass coverslips, previously treated
with UV radiation for 30 min. Then, during 1 h, cells were
maintained in starving conditions without PBS and treated
under different experimental conditions. Later, cell cultures
were washed with PBS three times, incubated with aza-
BODIPY (7b) for 30 min (0.8 uM), and then, the Hoechst
probe was added to the cultures and incubated for 30 min.
Later, cells were washed extensively and fixed with cold
paraformaldehyde and mounted for observation. Macroscopi-
cally different zones were recorded, preferentially at the center
of the specimens, to depict representative images. Images were
recorded at excitation/emission wavelengths of 405/430—550
and 638/650—750 nm for the detection of Hoechst (blue) and
aza-BODIPY (7b) (red), respectively.

4.10.1. Colocalization of the ER-Tracker Probe and BDP-
FA. RIN-mSF cells were proliferated to 90% of confluence and
treated with BDP-PA and SA (5—25 uM) for 12 h. Later,
culture cells were washed with HBSS buffer, and then, ER-
tracker (1 uM) was added and incubated for 25 min at 37 °C.
ER-tracker is a fluorescent probe that colocalizes on
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endoplasmic reticulum. Cells were washed once with HBSS
buffer and fixed with 4% formaldehyde for 2 min at 37 °C.
Finally, cells were washed twice with PBS 1X. Images were
recorded at excitation/emission wavelengths of 488/495—545
and 587/615 nm for the detection of BDP-PA, BDP-SA
(green), and ER-tracker (red), respectively.

4.11. Cell Viability Assays. Cell viability was evaluated
using the MTT assay according to previous protocols of our
group.®

First, cells were seeded onto 96-well plates at a density of
23,000 cells/well and allowed to grow at 90% of confluence.
Next, the culture medium was replaced with an Opti-MEM
medium. After 2 h under this condition, cells were treated
under the desired experimental conditions. Later, 30 uL of an
MTT stock solution (2.1 mg/mL) was added to the culture
media to obtain a final concentration of 0.5 mg/mL. Formazan
crystals formed after 4 h of incubation were further dissolved
by adding buffer lysis (20% sodium dodecyl sulfate, 50% N,N-
dimethylformamide, pH 4.0). Finally, the optical density was
measured at 570 nm using a microplate reader. Data are
expressed as mean + SD.

4.12. Statistical Analysis. Statistical analyses were
conducted by the one-way analysis of variance (ANOVA)
protocol, and differences among means were compared with
the Bonferroni assay using a significance level of p < 0.01.
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